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Abstract

Stable and reliable operation of an optical sensor for pH monitoring is important
for many industrial applications. This dissertation reports a sefiegidies on

the development of novel and highly sensitive fibre optic sensors which are
based on wavelengtinstead of intensity changand the development of thin
film optical fibre working combinations for effectively enhancing the durability
and valie of the sensor probe.

Several novel optical fibore sensors were fabricated and evaluated in this work.
In order tomeasure the pH of a solution using optical methods, the sensor
probes were prepared using laysrlayer deposition techniques, a simple and
versatile method to deposit a sensitive thin filmae&ive pH indicatoren such
optical fibrebased devices.

In further work, theselection of a charged and wassiuble pH indicator which
introduces the highest wavelength shift, while varying theoptthe media, was
investigated since the wavelength shift was considered as the basis of the
sensitivity index. Brilliant yellow (BY) was applied as an indicator because of
its greater wavelength shift with pH change compared to the use of other
indicatas. Poly (allylamine hydrochloride) (PAH) was also used as a-cross
linker. To this end, the layers of BY/PAH were deposited on the bare silica core
optical fibre using the laydny-layer technique.

The research wathen developedto optimize the design factors that have an
important effect orthe sensitivity of the devicdJtilizing U-shaped fibre with
small radius which coated six bilayers of (BY/PAH) prepared from a polyion
solution of low concentratiowas seen to provide a sensvith wider range of
sensitivity which presents a highly sensitive device working over a smaller pH
range offering higher resolution.

In a further study, covering the sensitive thin film with two layers of silica
nanoparticlesvas seen to improvéhe wavelength stability and enhandbe
device shelf life. Theparticular reult is that the peak wavelength continued
toremain constant for a pH; however, the layers were destroyed dineng
course ofseveral measuremeavens.

Consequently,hte optimal sesor configuration which waslesgned, created

and evaluatedn this work was a novelavelengthdependent measurement
device which is capable of being utilized as a high resolution pH sensor
(obtaining+0.2 pH unit). It shows wider range of sensitivitgpH 6.8 to pH

9.4) and the highest sensitivity achieved so f&.§ nm average wavelength
shift for 0.2 pH units). It is a rasable sensor which can be stored without any
apparentaging effects. In addition to this it is a device which is easy and
economical to prepare.
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Chapter 1 Introduction

1. Introduction

Nowadays there is a significant need to detect and analysigle variety of
chemical and biochemical substances. In addition to tthesneasurement of
parameters such as pH, humidity, volatile gascentration soluble gass
alcohol, heavy metals, soluble ions, glucose and pathogenic bacteria proteins
have played an important role in many important areas of life, including
environmental monitoring, health and safatyeasurement biotechnology,
medicine, drug discovery and food monitorinhe £nsing of critical chemical

and biochemical compowds is very important for crisisitigation and
monitoring of materials used ghemical and bigerrorism. As a result, a range

of chemical/biological sess have been developed by the scientific community

to meeta wide range ofindustrial needs. pH is one of the most common
analytical measurements in both industrial processing and laboratory research in
which real time measurement is needed. For instapEeis impotant in
industry for process control in bioreactof&, 2] and precipitation of heavy
metal ions in industrial waste waters. It is widely used in quality control in the
medical field for clinical analysis of blod8] and body fluidg4-6], orin food

industries, for example ithe control of freshness of meft] and drinking
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Chapter 1 Introduction

water [8]. It also has an important role in environmental monitofiég
However, optical pH sensors have been considered more widelyothan
types of pH sensors mecent timesdue to the demand for fast, reliable and high
resolution sensors. Fibre optiechniques presemhany advantages that made

such a technology a suitable candidate for real time pH-peimging.

New thinfilm materials and devices with specific optical, chemical, electronic,
mechanical and other propertiase required for applications a&gnsors and
measurement tools,in areas such assolar and photovoltaic cells,
biocompatibility systersy microdectronic devices, communication systems,
information storage, display systems, environmental treatment/purification

systems anth manyother fields.

The sensitiity of a pH sensor isa measure of the degree of change in the
sensor output with change the solution pH. For example in optical sensors
this transduction effect (that can then be related to the measurand) can be
absorbancgl0-12], reflected optical powdi 3, 14] transmitted powejl5], or

the wavelength at maximum absorbaiit&]. Therefae, the sensitivity of the
device will dependin part on the optimum choice of this transduction

mechanism.

However, in this work the design and characterizatimi a wavelength

dependent pH optical sendmats beerstudied. Thisnechanisnallows a sensor
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reading independent of source variation or any perturbation other than pH

change.

In order to achieve optical recognitiam the sensor devig¢eactive indicators
must be used as sensitive films. Hence active indicators like azo dyes (for
colourimetric puposes) should be immobilized on the optical fibnesthe
sensor device Changing the optical properties of sensitive films by changing
the analyte concentrationtise basis othe recognitiortechnique used In this

work the H* concentration is the nmaiparameterthat has been measured
through a pH monitoringTo date reports ofa limited number of pH indicatars
such as neutral red, methylene blue and prussian Wwhieh have been
deposited onto optical fibres to create pH senbak® been publishddl, 17

21]. In the presergtudy, in order to identify a vesuitable pH indicator which
shows better performance based on wavelength change with narrow intervals
based on colourimetric measuremerssyeralindicatorswould be examined

and their charateristics monitored andcompared with each other and the

indicator with the highest wavelength sifbuld besesn as very promising

The focus of this researchdiaeento investigateseveraldifferent techniques to
improve the optical properties giH-sensitive nanolayecoatings deposited
using the layeby-layer (LbL) techniqueThe LbL is a versatile selassembly
method, relying on electrostatic attraction between molecules, positively and
negatively charged, that has demonstrated its potewtiardate tailomade

nanocoatings for sensing applications.
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This thesis aimsotdevelop a suite gbH optical sens@rwhich workbased on

the wavelength shifbrinciple and shovinigh accuracynd stability
The major objectives of the workreported in ts thesis are:

X To reviewcritically the keyliterature associated with thin film deposition
and selfassembly techniques as welltascreatea comparison between
these techniques arttie layerby-layer techniqueand thus @ use the
informationdevelopedn the design of device

x To carry out a series of experiments itkentity the most important
parameters and the best process conditions for the prepaditithe
multilayer thin films to be used to codhe optical fibresusedand thus
createthesenoveloptical fibre sensors.

x To identify and selectthe most appropriatggH indicatos which
demonstrate stable and reproducivkevelength shigwith pH change.

X To create anaptimize fibre optic pH sensadesignshased orthe results
of a series okexperimets, thus leading to the most suitablalues of
different parameter®r optimumsensor device

x To monitor and optimizethe stability of thefiims depositedon the
optical fibres in order to enhance the stability of the semador use in
continuous measement and tocreate re-usable senser with stable

performancen terms of wavelength change

The sensodesignedand evaluated in the work was designed to be a reliable

portable, easyo use and inexpensive sensystem whichwill work, being

Page R7



Chapter 1 Introduction

based orthe wavelength shift with a narrow pHhange that will be a highly

effective devicen the field offibre optic sensors.

This thesishas aimedo pioneetbetterpH opticalfibre sensordesign, operating
throughas a precise functioof wavelengthwith high resolution. The laydry-

layer process was employed as a method for creation of reliable optical thin
films. The thesis consists of eight Chaptezporting on workundertakerto

achieve the objectives set out above.

Chapter 1lbegins with a bef overview of the necessity f@H sensing anthe
use ofself-assembly multilayerscomprisinga short introduction to the aims,
objectives and structure of the work.

Chapter 2describes a review of the literature showing publisieethiques to
create a seldssembly multilayer coatisgcovering different techniques and
their pros ad cons and thus providing a basis for the design of a new optical
sensor system.

Chapter 3reviewsthe key details ofthe materials and components, utiliztx
prepare and appli creatinga fibre gtic chemical sensor using the |ay®r
layer deposition technique.

Chapter 4is structured asso main sections: a review dfie principles of the
layer-by-layer techniqueas well as the most important parameters in this

process and secondpreliminary experiments oooatedglass slidegprepared
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based on thealyerby-layer technique toptimizethe fabricatiorprocess for use

in opticalfibre devices for recognizing purpase

Chapter 5reports on an investigation d@he functions of a number of pH
indicators, to identify thenostsuitable pH indicatgiwhich showshe optimum
wavelength shift whilst the pH changagervery narrowpH intervalsandbased
on colourimetric mesurements making comparison witlthe use of other

indicators.

Chapter 6is structured to report a detailed study carried out on the effects of
different parameters on fibre optic pH sengmepared as discussatdove This
chapter investigates influeatifactors inthe keysensing properties i.e. number

of bilayers, thickness of the layers and number of molecules constituted the
layers resulting from changing the concentration of the polyelectrolyte solution
and also the shape ohd probe;straight antbr U-bend with a vew to

optimizing the performance of the device

Chapter 7presents i overview ofthe variety of techniques studied to improve
the stability of the films and to obtain a sensor with stable wavelength,

independent on the length of usagwl thus with optimized performance

Chapter 8concludes the thesis with report ofthe results obtained from the
range of sensors developed and studied in this work. This chapter also describes
the scope of further developments ahdure applicationsof the sensors

designedtowards the overall objective of achievithg optimunsensor design.
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2. Overview of Thin Film

Deposition Techniques

Thin film materials are the key elements the continued technological
advancesnade in the fikels of optoelectronics, photoniasid magnetic devices
The incorporation of molecules into a thin film can be achieved by molecular
self-assembly processingwithout external intervention which r@duces
thermodynamially stable molecular structures. The driving forces between the
molecules are intermoleculattractions typically modelled as ionic, hydrogen,
van der Waals and covalent bondkin films are formed mostly by deposition,
either physical or chemical methodas far as the diversity of compounds
especially organic compounds is concerned, sevetdmcompounds exhibit

a wide variety of molecular properties and hence it is not surprising that there
are different routes for the preparation of thin films. For examplecsgting

is a very popular preparation method for polymeric thin fijdls For fatty
acids and thenoleculeswhich have the structurgmilar to the lipid, the most
common médiods are LangmuiBlodgett (LB) and_angmuirSchaefe(LS) [2-

4] and covalently selassembled monolayer processisgcommonly used for

deposition of biechemical materials such as protein, DNA and enzy[i5e3}.
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One of theimportant applications ofthin film depositionis its use to
functionalize an optical fibre for optical recognition purpo$6k Optical
sensors, sometimes callegtrodes, represent a group of chemical sensors in
which electromagnetic radiatian the optical part of the spectruis used to
generate the analytical signal inrartsduction element. These sensors can be
based on various optical principles (absorbance, reflectamo@escenceand
fluorescence), covering different regions of the spectra (UV, visible, IR, NIR)
and allowing the measuremeot the degree of change the sensor output
which can be absorban¢®0-12], reflected optical powdrl3, 14], transmitted
power [15] and the wavelength at maximum absorbafi®], for instance.
Optical fibres are commonly employed in this type of sensors to transmit the
electromagnetic radiation to and from a sensing region that is in direct contact
with the sample. The most common are didigle sensors, in which the
indicator chemistry is immobilized at the tip of a single or bifurcated optical
fibre. Alternatively, the sensing chemical reageah be immobilized along a
section of the core of the opticAbre to make an evanescent field senasr
illustrated inFig 2-1.

In a pH optical fibre sensarthin film of apH indicator is deposited onto the tip

or distal endof the fibre. To immobilize the pH indicator many deposition
techniques have been used so far such as thgetoLangmuirBlodgett and

layerby-layer approaches.
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Fig 2-1 Typical configurations of optical fibre chemical sensors. In A and B the fibre is used to
direct light; in C and D the sensor phase modifies the transmission characteristics of the fibre.
The indicator can be placed on the tip of the fibre (A and B) atherside (C); part of the
cladding can be removed and leave the fibre core exposed to the chemical interaction medium
(D) [17].

The propertiesof thin films can be controlledndividually by varying the
thickness parameter the film usedThe nanometescalecoatings deposited on

optical fibresare achieved usinghree main techniques, namely,angmuir
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Blodgett, solgel and layeby-layer approachesThis section explores these
techniques and theicharacteristic and haprovided an overview of the
literature on thin film deposition techniques and recommendation for future

designs, taking advantage of the gaps identified in current activity in the field.

Thesolgeltechnique is a deposition method eliglused in materialscience to
prepare nanomaterials, especially compos|te®20]. The soigel method
initially applied for ceramic fabrication Later thismethod was successfully
adopted for the processing of a wide variety of materials, from moicolith

ceramic and glasses, to fine powddlsn films, ceramic filbes, microporous

inorganic membranes, and extremely porous aerogel maﬁrELZS . The

most widespread use of sl is in coatings devices such as in antireflective
coatings, optical or infreed absorbing coatings, electrically conductive

coatings and coating that protects against scratch, oxidation and erosion on all

types of material 29-32].

The first step of any sajel process always consists of selecting the precursors
(the preparatory materglof the desired materials. It is the precursor that, by its
chemistry, lead the reaction towards the formation of either colloidal particles
(e.g. metal alkoxides) or polymeric gels (e.g. metals). The use of a combination

of different precursors and proeeds enhances different chemical synthesis
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and hence different products such as orgarocganic hybrid material$20,

22].

In the typical procedure, the precursor is mixed with water and-soleent
(usually ethanol or methanol), yielding a homogenesois Hydrolysis and
polycondensation can be accelerated by employing an appropriate acid or base
catalyst. As the reactions proceed, gradual increase of the solution's viscosity
occurs and a rigid, porous, interconneagedlis formed.This gel is a bphasic
system containing both a liquid phase (solvent) and a solid phase (integrated
network, typically polymer network)After aging and drying at room
temperature, a xerogel is obtained, which may be further densified at high
temperatures if a neporous naterial is intendedThin xerogel films (in the
range of 100 nm) can be formed on the solid substrates by dip coating, spin
coating, or spraying of the solutiodeating of the xerogel completely removes
solvent molecules which lead to further aggregatbrnorganic clusters and

the formation of solid materialseither bulk or in the form of thin films
Subsequent repeating of the routine allows the formation of thicker multilayered

film 33, 34]. Solgel technologies and their products that are available at

present are illustrated|fig 2-2

A quick, supercritical drying carried out at high temperature leads to the
formation of the aerogel, &ighly porousand extremely low densityfgreater
than 75% porosity)naterial. Onthe other extreme, a very slow evaporation of

the solvent at ambient conditiomsuses the precipitation of solid phase, and

eventually yields fine, uniform particl 35].
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Fig 2-2 Sol gel technologies and their produi@s].

2.2.1 Sol -gel chemistry

There are two distinct reactions in the-gel process: hydrolysis of the alcohol
groups and condensation of the resulting hydroxyl grotips.chemistry of the
solgel process is largely based on an alkoxide solution r{Rite Metal
alkoxidesare membex of the family ofmetalorganiccompounds, whiclhave
the general formula M(OR)where R is an alkyl groupnd M can be silicon,
aluminum, titanium, zirconium and other metalsd an alkoxide ion is the
conjugate base of an alcoH@4, 35, 37-39]. Typical alkoxides are: tetraethyl
orthosilicate (Si(OgHs)s or TEOS), tetramethyl orthosilicate (Si(O€H or
TMOS), zirconium propoxide 4r(OCsH7)s) and titanium butoxide

((Ti(OCsHo)a).

Page B7



Chapter 2 Overview of Thin Film Deposition Techniques

The solgel reaction,initiated by a catalyst, starts with the hydrolysis of
alkoxides in the watealcohol mixed solutionjn which analkoxide ligand
replaces with &ydroxyl ligandas shown in the scheme beI 39

(Hydrolysis)
M(OR)x+ H22 : M(OR).1(OH) + ROH

Once hydrolysis has occurred the sol can rdacdher and condensation

(polymerisation) occurs.

(Alcohol condensation)
2M(OR)1 2+ (ROX1M-O-M(OR)x-20OH + ROH
(Water condensation)
2M(OR})1 2+ (ROK1M-O-M(OR)x.1 + H20

It is these condensation reactions that lead to gel formation. In cataeNntwo
hydrolyzed fragments join together and either an alcohol or water is released
Condensation occurs by either nucleophilisubstitution or nucleophilic

addition.

The hydrolysis can be triggered by changes in ggHthe solution. Acidic
solutions are typically transparent, but become opaque at alkaline pH. This

critical pH value indicates a transition point, when the reaction of hydrolysis

becomes irreversible, and the-g@l process begin&ig 2-3| shows the effect

of pH on the structure of produced thin filf35, 40].

A molecule or group having a tendency to donate electrons or react at efdrogites such as
protons.

Page 38



Chapter 2 Overview of Thin Film Deposition Techniques

Fig 2-3 An example of sefel processing conditions on film formatif89].

Solgel films can be depdsid by spraying, dip coating @pin coating[35].

This processs very often performed in the digpating regime, in which the
solid substrate is slowly pulled out from the solution containing the required
chemicals. The reaction knows gelation (i.esolgel transition of the solution

in contact with the atmosphere) takes place in a thin liquid layer wetting the
substrate. Theerogel coating obtained requires additional annealing to remove
the residual solvent. The thickness of the resulting inorganic layer depends on
the viscosity of the solution, the withdrawal speed, and the wetting conditions of
the substrate (i.e., the dawt wetting angle between the solution and the

substrate)?2].

Another common method of performirige sol-gel reaction is spin coating, in
which the solution is dispensed onto the substrate rotating at high spéad.

methoda small drop of coatinghaterialis placedon the centre of a disc, which
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is then spun rapidly about its axis. The drop is then driven by two competing
forces: centrifugal forces cause the material to be thrown radially outwards,
whereas surface tension and viscous forces wollk against this spreading.
Large centrifugal forcescreates thinnecoating film. As the film thins, the
solvent evaporates and the solution viscosity increases, reducing the radial flow.
Eventually, the viscosity becomes so large that relative motidmally ceases

and the process is completed by evaporating the residual s¢ntSpin
coating is commonly used in manufacturing microelectronic devices or

magnetic storage discs.

Fig 2-4 Examples of deposition methods; (a) dip coating; (b) spin coating and (c) spray coating
[42].

In the spray coatinghe coating solution is directly sprayedtorthe hot
substrate at the glass manufacturer, mainly for the use as (tow emissivity)

glasses in architectufd3]. However, these technologies are rather costly and
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optical quality coatings can only be deposited on flat or weakly bent substrates

[44].

For solgel coatings, the nsb popular deposition technique the dip coating

process, a# is easy to perform and results in high quality thin films.

The final stage of the formation of thin solid films prepared by theslotoute

iIs annealing. Two processes occur during annealing: (1) final evaporation of
solvent from the film matrix, and2) further aggregation and sintering of
nanoclusters. The resulting films are typically polycrystalline, with the grain

size ranging from 10 to 20 nfA].

The physicechemical properties of the obtained gel and consequently the
product depend on the pamaters of the process. Factors such as the type of
precursor, the pH, the nature and concentration of the catal@tSHmolar
ratio (R), the type ohdditives,mechanical agitatigntemperature, method and
extension of drying, the presence of dopingssaices, or even the chemical
nature of the gelation vessel may have a strong influentieedkinetics, growth
reactions, hydrolysis, and condensation reactiasswvell as onthe product
characteristics such as porosity, surface area, refractive indeknehks and

mechanical properties.

2.2.2 Surface sol -gel

Ultrathin metal oxide gel films with molecular thickness can be formed on the

substrate surface, too. To do so, the functionalised solid substrate with hydroxyl
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groupsis immersed in the alkoxide solution, rinsed with adequate organic

solvent and the chemisorbed alkoxides are hydrolysed, as sh{vig arb|(a).

At this stage, hydroXygroups are regenerated on the film surface, which can be
employed for further chemisorption of metal alkoxides. This process, which is
named the surface s#jel process, is applicable to various alkoxides of

titanium, zirconiumaluminium, silica, indium, tin, and vanadium met§s].

Fig 2-5 Schematic illustrations of three types of lapgrlayer adsorption based on the surface
solgel process. Stepwise adsorption of metal alkoxides (a), alternate adsorption of metal
alkoxides and polyhydroxyl compounds (b), and alternate adsorption of metal alkoxide and
cationic compounds (¢#7].

The increase in thickness in one adsorption ciladjusted to a precision of
less than 1 nm. Generation of the surface hydraupup is achieved by

hydrolysis of chemisorbed alkoxides as well as by chemisorption of
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polyhydroxyl compounds as illustrated |kg 2-5| (b) [46]. For example, by

repeating chemisorption of titanium butoxide (TiBD)s) and poly(acrylic acid)
(PAA), alternating layers of 1 nm thick Ti@el and PAA have been formed on
the substrate by Ichinose et dU6]. Similar multilayer assemblies are
obtainable from various combinations of metal alkoxides and polyhydroxy
compounds. This methodology has been utilized to incorporate organic dyes,
protected amino acids, and sugar compounds into metal oxide gel fiims to

conduct molecular imprinting techniquigs-49].

2.2.3 Optical sensors based on sol -gel films

The solgel deposition of thin films of a large number of materials for various
sensorapplications has been reported so Tdre use of the sajel process to
produce materials for optical chemical sensors and biosenscositiauing to
attractconsiderable interestn most optical sensors, the chemical transducer
(analyte-sensitive corsists of immobilized chemical reagents eagganic and
inorganic dyes, enzymgproteins and so on, placed in the sensing region of the
optical fibre either by direct deposition or by encapsulation in a polymeric
matrix. The choice of the polymer supporay influence the performance of the
sensor, namely its selectivity and response time, and is governed by parameters
like mechanical stability, permeability to the analyte and suitability for reagent

immobilization 50, 51]. Porous glasike materials obtained by the sgkl

An analyteis a substance whose chemicahstituents are being identified and measured.
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method present several properties that make them attractivesdan woptical

chemical sensing applicatiofts2-54].

Paulaet al.in literature[17] havepresentd a comprehensive overvieof the
solgel thin filmsbased optical sensors. Applications reviewed include
numerous sensors for determination of pH, gases; species and solvents, as
well as biosensors. Their survey clearly illustrates the growing interest on the

solfel process to develop optical sensors.

As mentioned earlier, in order to obt&fiectivesensor devices, the chemical or
biological transducer can be added to the sol during different steps of the
process. The nature of the gml process and the chemical inertia of ;gel

glass make the system ideal for the immobilization of numerous organic,
organometallic and biological moleculeBhese combinations yield advanced
materials that exhibit the flexibility and functionality of organics and many of
the useful properties of inorganics, including stability, hardness and chemical
resistance. For example, the fabrication of integrated opgwicesusing sok

gel precursors and phetwrable polymers coating$55-57] allows the
fabrication of a range of sensor configurations on planar substrates with higher
sensitivity and photstability than dispersed dye molecules in a matrix which

carries the problem of leachinf7, 51].

An integrated optics devids a device that integrates multiple (at least two) photonic functions.
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2.2.4 Advantages and disadvantages of the sol -

gel process

Although potential applications of sgkl processing are numerous, the actual
number of successful applications is rather few. There are many advantages and

disadvatages in sebel processing in creating coatings for sensors. Thin films

benefit from most of following advantagﬁ 50, 58, 59

¥ High purity

¥ High chemical homogeneity witmulticomponent systems.

¥, Relatively bw temperature of preparatignsually 206600°C).

¥, Preparation of ceramics and glasses with novel compositions.

¥, Ease of fabrication for special products such as films, powder and fibres.
¥, Straightforward chemistry.

% Smaller particle size and morphological control in powder synthesis.

¥ Leading to inorganiorganic hybrid materials.

¥ The adjustment of appropriate viscosities for coating.

% The composition can be highly controllable.

Despite its advantagete solgel techique rarely arrives at its full industrial
potential due tseverakritical issueghat needo be considere 26, 28,

35, 51, 59] suchasthose shown below:

% Weak bonding
¥, Expensive and hazardous raw materials.

¥, Large shrinkage during fabrication.
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% High permeability

¥, Difficult controlling of porosity.

¥ The trapped organics with the thick coating often result in failure during
thermal process.

¥ The present sajel technique is very substradependent.

¥ The coating suffers from contraction and cracking.

% Leaching of reagent materials in sensing devices

¥, Diffusionlimited response time in sensors.

% Limited life time usage as a sensor

¥ Instable sensitivity

% Unable repeatability of measurement in sensing devices.

A Langmuirfilm can be defined as an amphiphilic spread monolayer of atoms
or molecules floating at the liquiglas interface (or liquidiquid) [42, 60, 61].

Amphiphilic molecules such as fatty acids contain a hydrophilic head group and

a hydrophobic tail[62] as shown inFig 2-6| These molecules, having the

general chemical formula (GHCH2),-COOH), contain a highly polar COOH
head group and a nonpolar (g§HCHs hydrocarbon chainThe nonpolar part
which is a hydrphobic group can also consist of fluorocarbon chains and
hydrophilic part can contain a polar group such #3H, -NHs", -PQy,
(CH2)2NHs*, etc. [63-65]. These amphiphilic molecules sometimes called

surfaceactiveagent compounds @urfactantsand the majority of them tend to

Page §6



Chapter 2

Overview of Thin Film Deposition Techniques

orient themselves on the water surface withgblar S KHDG” RI HDFK PRO

in contact with the water and the chain tilted at a more or less steep angle with

the plane of the water surfaf& 66].

Fig 2-6 The general chemical structure of an amphiphilic molecule.

Monolayer formation is made by the forces of ss$embly on insoluble

molecuks at the surface of the liquid and carcharacterized byhe parameter

of the surface pressure(f defined as the difference between the surface

tensions of pure waterk) (i.e. 7273 mN/m at room temperatuf@7]) and of

water covered by the monolayed {

E b *1 (Eq. 2.1)

Thereis a variety of methods for measuring surface pressure. Wilhelmy plate,

shown in

Fig 2-7

Is the mostommon method to measure the surface pressure

which is based upon the measurement of the weight of a hydrophilic plate
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partially submerged in the watéf.the contact angle of the wateittvthe plate

LV WKHQ WKH IRUFH HIHUWHG RQ WKH SODWH E\
F=MWcos T Eq

where L is the perimeter of the cross section of the plate. The Wilhelmy plates

usedcan be dilter paper, for which the contact angsezero, leaving F AL.

Fig 2-7 Schematic diagram of a filter paper Wilhelmy plate. The water makes contact with the
paper with contact angle = 0. The water exerts a force on the plate egiialvtbere Vis the
surface tension arldis the length of the contact line of the water vp#per{68].

In LangmuirBlodgett film(or LB film) method one or moreangmuir films is
deposited onto a solid surface by vertical dipping of the solid substrate into the

water subphasdor vice versa]69]. As can be seen |i|ﬁig 2-8| the molecular

density at the aiwater interface is controlled using moveable barriers. By
moving the barriers the film could be made to undergo compression or

expansion, which changes theface tension of the awater interface enabling
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interaction between the molecul@®]. This process takes several phases as can

be seen frorig 2-8|(a-d).

Fig 2-8 Surfactant molecules at different phases during monolayer compres$Spneayling of
an amphiphile solution at the air/water interfacecalbed gas phase; b) compressing of the
monolayer after solverdvaporation to a desired surface pressureafied liquid phase; ¢) The
monolayer undergoes different phase transitionsistled solid phase and d) Transfer of the
Langmuir monolayer at a solid substrate by vertical dippthgngmuirBlodgett film[33].

Initially the surface pressure is zero, thusinteractions occur between the
molecules which are randomly orientéithe molecules behaviour similar to a
two-dimensional gas whichkV WHUPHG DV W KJdon3 fudthér SKD V|
compression, whetthe surfge pressure is increased by moving the barriers
inwards the molecules begin to interact with each other #wedhydrophobic

tails of the molecules arise to lift from the surface. The molecules are pushed
closer togethewhich is termedW KH 3OLTX 3GV SKODN HBVROLG SKD
molecules are further compressed and would be in contact wlcites the

surface area occupied by each molecule close to its-seasi®nal arealn this
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statethe molecules are densely packed and in which the molecules form a
ordered arrayThe deposition of the film on a substrate is then performed by

dipping the substrate through the thus formed monolﬁe%, 62, 70, 71].

This can be seeschematically ifiFig 2-8|(d).

Fig 2-9 Typical <A diagram of the Langmuir monolayer. (a) Gas phase; (b) liquid phase; (c)
solid phase; and (d) monolayer collapse.

The most important index @honolayer properties of an amphiphilic material is

given by measuring the surface pressure as a function of the area of water

surface available to each molecalech as that shown|ifig 2-9| This is carried

out at constant temperature and is known as a surface preaseagisotherm or

VLPSO\ 3SLVRWKHUP” 8VXDOO\ DQ LVRWKHUP LV U

Page p0



Chapter 2 Overview of Thin Film Deposition Techniques

(reducingthe suface area by means of a moving bajradra constant rate while
continuously monitoring the surface pressure. Depending on the material being
studied, repeated compressions and expansions may be necessary to achieve a
reproducible tracg65, 71-74]. The watersubphasas temperatur&ontrolled

throughout the entire procelg®].

2.3.1 Deposition of Langmuir - Blodgett films

A Langmuir film can be used for building @phighly organisednonolayer of
amphiphilic moleculeg76]. The multilayer structuref Langmuir films are
commonly called LangmuiBlodgett or simply LB films. In classical LB
technique, it is fulfilled by theegjuential dipping and withdrawing af solid
substrate into the watesubphase7KH /% GHSRVLWLRQ LV FDUULH
phase. The surface pressure is then high enough to ensure sufficient cohesion in
the monolayer, e.g. the attraction between rti@ecules in the monolayer is

high enough so that the monolayer does not fall apart during transfer to the solid
substrate. Repeated deposition can be achieved to obtaell-organied

multilayers on the solid substrafEhe depositiorsetupis schematic# shown

in |Fig 2-10| |Fig 2-11] shows Langmu#Blodgett trough structured bKSV

NIMA Company.
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Fig 2-10 Schematic of LangmuiBlodgett setup.

Fig 2-11 KSV NIMA Trough equipped with a LangmuBlodgett trougt 77].
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In the case of hydrophobic substrate, the deposition process starts from dipping.
Some materials such gfass, quartz,ilcon, etc.can be made hydrophobic by
surface silanization78]. Silicon becomes hydrophobic after treatment by
hydrofluoric acid (HF) (but for few minutedyor silanization of the surface the
substrate is dipped into solutiasf dimethyldichlorosilane((CHs)2SiCl2) in
hexane (5%) for 15 t@0 mirutes and then into hexane, acetone and again
hexandor 3- 5 minutes for each. Finally,aghing with soap (mechanically) and
with distilled water [3, 78]. The following reaction happens during the

silanization of the surfac

Highly hydrophilic substrate can be prepared by surfezatrhent with acids,

alkalines or solution of hydrogen peroxii@ 78].

It should be noted that only selected compounds from the fatty acids family,
having a number of carbon atoms betweeradd 24, are suitable for LB film
deposition71].

Successful, repeatable deposition of LB films requires careful cleaning of the
LB deposition trough, and also of the substratkee vertical motionof the
substratecan be either down into the water (downstroke) or up out of the water

(upstroke). If the surface of the substrate is prepared such that it is hydrophilic,
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the first layer is deposited by raising the solid substrate fromsth@hase
through the monolaye©On the downstroke, the hydrophobic tail groups of the
floating monolayer are attracted to those of the deposited LB film, thus

depositing a second layer. Repeated dipping allows the film to be built one layer

at a time, using theseanoscale building blosk|Fig 2-12(a) representsan

illustration of this processvith the adjacent layers packing heaehead and
tail-to-tail, and the overall film is termed-¥pe which is the most common
configuration[3, 70, 4]. If the solid substrate is hydrophobic the first layer is
deposited by lowering the substrate into subphasdhrough the monolayer.
Depending on the behaviour of the molecule the solid substrate adipdssl
through the film until the desired thickness of the film is achiewtferent

kinds of LB multilayers can be produced and/or obtained by successive
deposition of monolayers on the same substi&figen the monolayer deposits
only in the up or dowmlirection the multilayer structure is called eitheitype

or X-type. Intermediate structures are sometimes observed for some LB
multilayers and they are often referred to be -¥§je multilayers. The
production of so called alternating layers which csingf two different kind of
amphiphiles is also possible by using specific instruments. In such an
instrument there is a trough with two separate compartments both possessing a

floating monolayer of a differeramphiphile These monolayers can then be

alternatingly deposited on one solid substr&ech a filmis illustrated inFig

2-13
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There are several parameters that affecthatype of LB film which can be
produced. These are the nature of the spread filnsubghaseomposition and
temperature, the surface pressure during the deposition and the deposition
speed, the type and nature of the solid substrate and the time the solid substrate
is stored in air or in theubphasdetween the deposition cycI 63, 74, 79,

80]. Moreover, there are many external factors affecting the successful film
transfer, and thus the quality of LB filmgelating to issuesuch aswater

contamination, surface contaminatjolust contaminatioand vibration2, 3].

Fig 2-12 Principles of LB deposition on hydrophilic substrate: (alyjye deposition and (b)-Z
type depositioni3].
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Fig 2-13 Different types of LB film deposition. YW\SH DOWHUQDWLY Hty@eD\HUV
andZ-type[2].

The LangmuitBlodgett films may beproduced from fatty acid bivalent metal
salts, which can be forrdeon the water surface according to the following

reaction:
M?*+2(R &22+ [(R-COOM

To perform such reactions in the monolayer, respective salts of bivalent metals,
such as CH, Plz*, Ci* andFe?* typically with the concentration in the range
of 10* M, have to be added to the Wamubphas 81, 82]. Such monolayers

are much more stable as compared to those formed from pure fatty acid
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molecules, and thus yield much better quality LB fi[®2, 63]. The speed with
which a film attaches itself tthe solid substrates governed by three factors,

pH, salt concentration, and temperature of the wsatbphas¢60, 83].

A LangmuirSchaefeffilm is an alternative way to deposit the monolayer on a
solid substrate and is very similaw LangmuirBlodgett film. It is a film
formed by one or severdalangmuir films deposited onto a solid surface by
horizontal dipping the solid substrate from @ietowardswateror from water

through to thair as illustrated ipfrig 2-14

The immobilization of globular protein molecules onto different solid substrates
by LB technique practicallys often problematic. Because the majority of
proteins are not amphiphilic, but soluble in water, they cannot form stable
monolayers on the water surfadéherefore, poteins dissolved in the aqueous
subphasean be electrostatically attached to the phospholipid monolayer on the
air-water interface. The transfer of suphospholipid/protein complexes onto
the solid substrate can be done by Langrainaeffer (LS) metho[84].
Nanoparticles with high electron density, can kmlarized andform stable
monolayers on the water sureg and can be transferred onto solid substrates
with either the LangmuiBchaeffer or the LangmuiBlodgett methodsAn
alternative method is to sandwictanoparticles between amphiphile bilayers

constructed using the LangmuBtodgett techniquéd1].
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Fig 2-14 Schemeof the LS technique

The LB techniquédnas beemsed fora number ofibre opticsensor applications
[85-87]. For example, Flannery et §87] usedLangmuirBlodgett (LB) films
deposited directly onto the polished regionaof opticalfibre to form a single
mode planar waveguide, evanescently coupled to a palshed singlenode

fibre for pH sensingThey could control the film thickness to 3 nm as shown in

Fig 2-15

Fig 2-15 Schematic of the fibre optic sensor of Flannery €84

Another example is the work of Rees et[&8b] who utilized the LB film
deposition technique to investigate the effects of coating a thin film of

tricosenoic acid on the transmission spectra obpircal fibore This has been
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achieved by spreading the acid from dilute chloroform solutions onto tlee pur
water subphasef one compartment of a Nima Technology Mo@4l0A LB
trough, leavingfor 10 min at ~2Qf, andthen beingcompressed at 0.5 éat
(~0.1%of total surface area). Deposition was then done at a surface pressure of
30 mN/m and a transfer mmbf 10 mm/min. The fibre was oriented such that the
dipping direction was aligned with the long axis of the fibre @ndvas
alternately dipped and withdrawn through the floating monolayer at the air
water interface. Multiple layers had produced &ype structure. The film
thickness was then determined by the product of the number of layers and the
thickness of each molecular layer (2.6 n@hoi et al.[88] developed a fibre

optic biosensor using alcohol dehydrogenase (Alxnobilized Langmuir
Blodgett(LB) films for the measurement of ethanol concentration. The enzyme
was immobilized on the lipid monolayers by adsorption from the aqueous
subphase solution. From the measurement of the surface prassarigotherm

and retained enzyme activity for theufotypes of lipids, they determined that

negatively charged arachidiacid (its molecular structure shown|kig 2-6

was the most suitable for adption of ADH, based on its electrostatic force as
well as hydrophobicity, compared to other lipids they applied (thetdutl of
this literature was not accessible). Caseli et al. reported in their[@@rkn the
construction of a new phyticacid biosensor on the basis of the Langmuir

Blodgett (LB) technique. Phytase was inserted in the subphase solution of

Arachidic acid, also called eicosanoic acid, is the saturated fatty acid witbal#th chain. It iss a
minor constituent of peanut oil and corn oil.

A saturated cyclic acid, is the principal storage formpladsphorusn manyplanttissues especially
branandseeds
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dipalmitoylphosphatidylglycerol (DPPG) Langmuir monolayers, and its
incorporation to the aiwater interface was monitored with surfaceegsure
measurements. Phytase was able to be incorporated into DPPG monolayers even
at high surface pressures, of 30 mN/m, under controlled ionic strength, pH, and
temperatureconditions Tao et al[90] XVHG WKH /DQJPXLUiIi%0ORGJ
to assemble manayers (with areas over 20 &mof aligned parallel silver
nanowires which could be used as substrates for deposition of sensitive layers

for sensing devices.

2.3.2 Advantages and disadvantages of LB technique

Although the LB technique is one of the olsiemethods for deposition of thin
films, it offers several advantages over other techniques The most important
advantages of multilayers created by means of LB technique are as fi@lgws

68, 91-94]:

¥ High uniformity of the film combined with mutual orientation of the
molecules and functional groups composing the film.

¥ The possibity of precisecontrolling offilm thickness to an accuracy
of a single molecule.

% A useful tool to fabricate monolayer and/or multilayer films with
controllable structure in the molecular level.

¥ High ratio of the active surface area of the molecular layers to the

film volume.
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¥ The possibility of varying the chemical nature of the film by varying
the nature of the amphiphile or by creating mixed monolayers.

¥ It has a high potential to use in a variety of industrial applications.

% The deposition process can be carried ioutow temperatureand

normal pressure.

There are several disadvantages of the LB film technigueh are as follow

[62, 65, 70, 79, 95-98]

¥ Poor mechanical and thermal stability of LB films becaulse resultant
films formed ae held together by Van der Waals forces

% LB films are poorly adhesive, too soft and fragile, and therefore can be
easily damaged during preparation and exploitation.

% Lack of flexibility in shape and size of the substrdteenables talign
layers for only flat panels.

% In addition to the poor thermostability of films built from aliphatic
compounds, there have been reports of changes in film properties with
time.

% Lack of flexibility in choosing molecules of different structures and
functiors. It can only be used for molecules tlaaéwaterinsoluble and
have surfactarike properties.

% Any change in the pressure can change the packing of the molecules and
hence alter the orientation of therBxcess pressure can break the

monolayers.

Page p1



Chapter 2 Overview of Thin Film Deposition Techniques

% In some cases, X and Z type films, both of which caarrent and form
thermodynamically stable-¥iims.
¥ It is very difficult to form films several hundred Angstroms thick with

good optical behaviour.

Due to these disadvantages of LB films, this métisonot very feasible fause
in commercial optoelectronic device applicatiomle kyerby-layer technique

described belowan be used toffset many of these disadvantages of LB films.

To date, severdhmiliar techniques have been widely used to create a sensitive
thin film in both liquid and gas phaseslowever, each of these techniques

presents some advantages and disadvantages.

The layerby-layer (LbL) selfassembly technique offers a number of
advantagesover the methods highlighted above. It can both control the
thickness of the film in nanometer scale aldws for efficient deposition of

thin films with welldefined properties The LbL deposition technique is
frequently used for preparing nanostruetimultilayered thin films to design
highly tailored surfaces on different substrates e.g. glass, ceramics, metals,
wood, plastics and so d®©9-102 with different shapes and siz§s03-105.

Due to the nature of the layby-layer technique, a variety eéagentsan be

usedsuch as polymerfl06, 107], nanoparticle 108 109, metals[106,
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114, dyes 111, 117, quantum dots[113 114, nanotubes[115],

biomolecules like enzymg$16], proteing117] andso forth.

This technique allows the incorporation of a wide variety of molecules to
provide multiple functions and properties todicate a variety of
chemical/biochemical componenits18121] for detecting asingle measurand

or a number ofanalytesat the same tim¢l22124. For example aensor
designedwith the deposition of pH indicator molecules performs for pH
measurement and with the depmn of palladium is able to recognize
hydrogen. Also using gold nanoparticles in layers encourages Surface Plasmon
Resonance(SPR) effect while the incorporation of hydrophilic/hydrophobic
molecules could change the sensor for humidity measuremesengor based

on the LbL technique is also able to hattee ability to sense more than one
analyte simultaneously. For example a carbon nanapabgelectrolyte
FRPSRVLWH PXOWLOD\HU W K-hy@layeO(EbL) bnEtbidd hasW H G |
been applied to elelop a multifunctional material to measure strain and
corrosion processgd24]. The simultaneous detection of proteins i.e. tumor
necrosis factor (TNF. 3 DQG IROOLFOH VWLPHKZBPWLQJ K
another exampleln the work presented by kKich in[126] multi-analyte
detection has been realized through the koyelayer assembly process by

using multiple enzymes within the layers such as Glucose Oxidase and

Acetylcholinesterase (AChE). This sensor showed the capability to distinguish

Surface plasmon resonang&PR) is the collective oscillation of electrons isdad or liquid
stimulated by incident light. Thesonanceondition is established when the frequency of Ijgtons
matches the natural frequency of surface electrons oscillating against the restoring force of positive
nuclei.
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between organophosphate neurotoxins (e.g. pesticides and chemical warfare

agents) and nororganophosphate compounds.

2.4.1 Layer -by -layer deposition

The soecalledlayer-by-layer (LbL) deposition technique which is also callbe
multilayer electrostatic selissembly (ESA) technique is based on the
construction of molecular multilayers by electrostatic attraction between
oppositely charged polyelectrolytes in each monolayer depogitef]. The
technique involves the constructioof complex composite materials with

nanoscale precision in film thickness, one layer at a [tirp@).

This techniqueis a simple and relatively cheap method to deposit alternate
layers of materials. Thin films are created by depositing alternate layers of
opposite charges with wash steps in between, providing a high degree of control

of the film thickness with a few nanometer resolution especially for biomaterials
which require precise control of film thickne$$29]. The layerby-layer
techniguewas devedped by Decher and agorkers in the early 199(0430].

Decher describes this techniquas 3*DQ HQDEOLQJ WHFKQROF

QDQRFRQVWUXFWLRQ RI PXOWLIXQFWLRQDO ILOPV

In this approacha charged substrate (assumed as negative charge) is dipped
into a polycation solution where a monolayer of polycation molecules is

deposited by adsorption, due to the strong electrostatic attraction between the

A chemical warfare agenf(CWA) is a chemical substance whose toxic properties are used to kill,
injure or incapacitate human beings.
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charged surface and the oppositely chargeteaules in the solution leading to

an oppositely charged surface (now positively charged). Usually, the substrate is
rinsed in pure water upon the formation of the polycation monolayer in order to
remove any excess surfaag#tached molecules that are mmically bonded to

the monolayer structure. The substrate is then dipped into a polyanion solution,
and rinsed again with pure water to form an anionic molecular monolayer on top
of the cationic layerThese two steps are repeated for a coating that needs
multiple layers. A noticeable consequence of this process is that the polycations
and polyanions overlap each other at the molecular level, so adjacent layers
interpenetrate to some degrig3, 129. Building up the monolayers at the
molecular level which is typically within nanometer scale, and the
interpenetration of the consecutive monolayers together with the overlapping
effect, lead to a material adh is optically homogeneoyg]. The detailed and

comprehensive description of this technique is given in Chapter 4.

2.4.2 Advantages of LbL technique

In summary, the major advantages demonstrated by using the LbL technique

over conventional methods ofaking opticatlthin films is summarised below:

% Mechanically high stability film; owing to much stronger Coulomb
interaction, both between the polymer layers, and between the first layer

and substrate, as compared to weak van der Waals forces in LBAjlms
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% High degree of control over thicknessiue to the linear growth of the
films with the number of deposition cycles, this method provides an
extremely uniform film and the thickness can be precisely controlled
with even 1Inm resolution.

¥ Synthesis at roontemperature and pressuregs a result of this factor,
the deposition process is flexible for a wide range of substrates without
neither damaging the substrate nor providing the specific instrument.

¥ Wide range of reagent moleculesis the basis of this press is the
electrostatic attraction of opposite charges, it can be used for varied
reagents such as polymers , nanopatrticles , metals , dyes , quantum dots ,
nanotubes , biomolecules like enzymes , proteinsetmd

¥ Broad range of layer functionalitypecause a variety of reagents can be
used, the secondary properties such as optical, electronic and mechanical
properties can be easily incorporated in the film.

¥ Inexpensive process through large scale automatidiere are no
complex reaction mechanismBhe process simply comprises of dipping
a charged substrate with oppositely charged polyelectrolyte solutions and
rinsing it afterwards. Thus the process is extremely cost effective and can
be easily automated.

¥ Long term shelflife; since the molecular ye&rs are arranged by
electrostatic forces to gain a thermodynamic stability, the resulting films
are highly stable and their structural ordering does not decay over the

storedtime.
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% Environment friendly; since it is water based process, it does not need
ary volatile organic compounds and the power consumption is also
negligible.

% Independent of substrate size and topologyilike LangmuirBlodgett,
sputtering and evaporation processes, substrates of any size or shape
maybe coated uniformly on all sides.

% Independent of substrate materialghis process can be applied for
preparing multilayered thin films on different solid substrates e.g. glass,
ceramics, metals, wood, plastics, organic films semiconductors, and so
on.[[102 128 132 133

% Compatibility with conventional photolithographic processeshe
meeting of lithography and LbL technique overcomes the resolution
limit of photolithography and also assists setsembly to form complex
patterns to create integrated devids4, 135.

% Molecular level uniformity due to the growth of thin films at the

molecular levethe technique presents a uniform film.

2.4.3 Disadvantages of LbL technique

These can be summarized as:

¥ Time consuming;long time isrequired to assemble a single film (up to
20 minutes). The low speed deposition limits the use of this method to

relatively thin film formation.
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¥ Some factors make it hard to contrad; variety of factors such as charge
transfer interactions and hydrogembong impact the process and make
it difficult to control[136].

¥, Instability in high polarity solution; as a result of electrostatic
interactions, high polar solutions such as the solution with extreme pH
values may cause an ionic strength problemdavastation of the layers.

¥ Difficulty in application of multilayers to large surface areas;
alternative methods to overwhelm this problem is to use spraying or
spinning approach instead of dip coatjag7].

¥ Less ordered thin filmthe prepared films are less orderedc@spared

to LB films [2].

The coating deposition methodsscussedi.e. Langmuir Blodgett and sgkl
approachesvere introducd in detai) with their advantages and disadvantages
consideredand the LbL techniquéused in this work for the deposition of
sensitive thin filmson fibre) was explained.The solgel is achemical synthesis
technique for preparing gelglassesceramic powders and thin films. Thel

gel processgenerally involves the use of metal alkoxides, which undergo
hydrolysis and condensation polymerization reactions to give gels. Tgelsol
process comprises solution, gelation, drying, and densificatidhe

development of sefjelbased optical materials has also been quite successful,
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and applications include monoliths (lenses, prisms and lasers), fibers- (wave
guides), and a wide variety of optical films.

A LangmuiraBlodgett film contains one or morenonolayersof an organic
material, deposited from the surface of a liquid onto a solid by immersing the
solid substrate into (or from) the liquid. A monolayer is adsorbed
homogeneously with each immersion or emersion step, thus films with very
accurate tlakness can be formed.

Both sotgel and LangmuiBlodgett approaches are satisfactory for the
deposition of sensitive layers onto a fibre optic. However, the LbL technique
addresses the disadvantages of these two techniques and demonstrates better
results.

A more detailed characterizah of the coating of a substratieposted using

LbL technique igliscussed in Chapter 4
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3. Chemicals and

Instrumentation

This section looks in detailt thematerials and components utilized to prepare
and create a fibre optic chemical sensor using laysrlayer deposition
technique. The gmsition of sensitive layers waarried out on two different
substrates; glass slides and optical fibres. Glass slides were appkedifidral

study prior to using mtical fibresfor further and complesntary experiments.

The overviewof the setup of a fibre optic chemical sensor is shoWrigr3-1

In this scheme shownthe transducerns a chemical substance (reagent)
immobilised on the optical fibre converts a parameter of the optical signal from
alight source as a function of thermentration of the measurand. The detector
measures the changes of the optical properties being measured. The main
reagent in this work is a pH indicator and a polymer is used as alicioss A

series of pH buffer solutions epplied to provide the nagurand (H). A white
tungsten halogen light is used as a light source wtisiers the whole visible

range starting from 360 nm up to 2000 nm. The detectoris an UV-visible
spectrophotometer to measure the properties of light passing through the glass

dide andthe optical fibre. Software is used to visualize the light properties
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(PerkinElmer UV Winlab for the glass slide and SpectraSuite for the optical
fibre). The materials and elementgich have been utilized in this studye

sorted in two partsshemicals and devices.
Chemicals:

X A transducer which is a pH indicator.

X The measurand which is hydrogen ion supplied from pH buffer solutions.
Devicesand components

X A waveguide which is a pieces of optical fibre.

x The connectors to connect pieces of tmtical fibres together and to

instruments.

P

The light source.

x The detector which is a spectrophotometer.

Fig 3-1 The main components offdore optic chemicalsensor The transducer: is an indicator
immobilised on the optical fibre. Measurand? KEoncentration (supplied from pH buffer
solutions). Light source is a tungstesogen light. The detectas:spectrophotometer.
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3.2.1 pH indicator

A pH indicator is a chemical which changeslourwhen it is pacedin acids
or bases. In fact, a pH indicator is a chemical detector which introduces

hydrogen ion (H) or hydroxyl ion (OH) concentration in a solution.

pH itself is an abbreviation for "power of hydreg' and is the negative
logarithm of hydrogen ion concentration in an aqueous solution which usually
runs from 0 to 14. A strong acid may have a pH-@ While a strong base may
have a pH of 144. A pH around 7 is considered to be neutral. Pure wasea ha

pH very close to 7. Each whole pH value below 7 is ten times more acidic than
the higher value and each whole pH value above 7 is ten times less acidic than
the one below it. For example, a pH of 2 is ten times more acidic than a pH of 3
and 100 more@dic than a pH value of 4. When the pH changes 0.2 units the

concentration of hydrogen ion becomes 1.6 times.

p+ LOGLFDWRUTVY PROHFXOH *Fd QepbotonSet RIEeRID D W H G
depending on the pH of the solutioAs the pH indicator is itsdlfrequently a
weak acid or a base, which when dissolved in water dissociates slightly and
forms ions with differentolours. If AH is an acidic indicator molecule that is
undissociated acid the following reaction will take place:

HA ' H"+ A

Where Ais known as the conjugate base of the acid.
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In a specific pH of the solution HA, “Aand H are in equilibrium and their

concentrations maintain constant with the passing of time. The equilibrium

constant can be callegde 3SDFLG GLVVRFLDWsdsdeipaFaRQVWDQW”’

>>79

—L>?

where brackets represdghtconcentration of the AH, Hand A.
If the term9Kaand pHare defined as shown below:
pKa = -log10Ka

pH =-loguH"]

C

then the above equation after rearranging will changéhe¢o® +HQGHUVRQ

+DVVHOEDOFKshownb&dwLRQ ™ DV

. >?7
) Ll _Ezlgw>_’)
~ E7?
or R _LZ‘g/Qp—iE,)

At half-ionization [A] = [HA] then pH is numerically equal to pkas shown in

Fig 3-2
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Fig 3-2 Variation of the% formation of a monoprotic acid, AH, and its conjugate basgwith
the difference between the pH and the pKthe acid1].

Some indicators have two or more functional acidic or basic grangfave
more than one pkand pH rangeln terns of acidic indicators, there is separate
dissociation equilibrium for each proton they are able to lose. Then for a
diprotic acid like HA that has two acidic protons, two differel@vels of
dissociation equilibrium are defined as below:

HaA ' HA + H*

HA ' A% + H'
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For each step it can be written:

>>7% 797
_5L >6 2
>>?>6??
6L S 2
andoverall:
HoA ' AZ + 2H"
and
>>P>677
L S L 5 &

The term pkdepends on the concentration odividual ionic chemical species
and the charge of ioﬂ which influence on ionic strength of a solution. The

ionic strength (1) is defined as

a

+L

~1 o

W6

i
-
where ¢is the molar concentration of ion i (M, mol/L),ig the charge number

of that ion, and the sum is taken over all ions in the solution.

When the ionic strength rises larger concentrations of ions are required to reach

equilibrium so pKa will decrease as a function of the ionic strength.

Choi et.al has illustrated4] that in the layeby-layer technique the effective

pKa of a polyelectrolyte substantially differs from solution state value when

Page B6



Chapter 3 Chemicals ad Instrumentation

incorporated into a multilayer filmOn the other hand, the degree of ionization
affects the thickness of the deposited laydis likewise adding a copolymer
such as sodium chloride to the polyelectrolyte solution increases the ionic
strength and degree of ionizatif@j. Furthermore, theH of the polyelectrolyte
solution is an important parameter that can change the ionic strergyttnean
degree of ionization andl can then create a thicker or thinner multilayer film
[6]. Therefore, every thin film has its own pWhich depends on seaifactors

such as the utilization of a copolymer, the pH of the polyelectrolyte solution and

the degree of ionization of the deposited material.

Table 3-1{shows some pH indicators and their change of colour depending on

the pHJFig 3-3|shows the chemical structures of some of the most interesting

and relevant indicats.

A suitable indicator for layeby-layer deposition must be positively or
negatively charged and water soluble, with significant colour change. For
example litmus, although has a significant change from red to blue via a
changing pH from acidic to alkae, it is not adequately water soluble.
Furthermore, a phenolic hydroxyl group is dissociable at high pH region and
structurally is not strong enough to attract positive charged molecules easily.
Thymol blue is another example, it is an anionic ageninty one phenolic

hydroxyl group and one sulphonate group, and its colour changes, as shown in

Table3-1] makes it suitable for a high range of pH measurement. ekemwit is

not water soluble and is dissolved in ethanol and propanol easily. As the table

shows, neutral red and brilliant yellow present good performances in neutral
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zone (6.0 £8.0) and both of them are charged molecules. Brilliant yellow
contains twanegative charges derived from sulphonate groups and two phenolic
hydroxyl groups are ionized negatively at high pH. In contrast, neutral red is a
positive charged molecule because of the presence of amine functional groups.
As neutral red has been used both pH sensing and layby-layer deposition

purposes in many published worT%—ll, experiments were initiated with

neutral red to recognize the optimum conditions of the deposition thin film

using hyerby-layer technique.

Table3-1 pH indicators and their colour with respect to pH rajig®, 167]

Indicator ULETEIL Ry Low pH colour Al Bl
range colour
Gentian violet (Methyl violet) 0.02.0 yellow blue-violet

Leucomalachite green (first

transition) 0.02.0 yellow green

Leucomalachite green (secc

transition) 11.644 green colourless

Thymol blue (first transition) 1.22.8 yellow

Thymol blue (second transitiol8.09.6 yellow blue

Methyl yellow 2.94.0 yellow
Bromophenol blue 3.04.6 yellow purple
Congo red 3.05.0 blue-violet

Methyl orange 3.14.4 orange
Bromocresol green 3.854 yellow

Methyl red 4462 yellow
Methyl red / Bromocresol gree4.55.2 green
Azolitmin 4.58.3 blue
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Bromocresol purple
Bromothymol blue
Phenol red

Neutral red

Brilliant yellow

Thiazol yellow
Naphtholphthalein

Cresol Red
Phenolphthalein
Thymolphthalein

Alizarine Yellow R

Litmus

Cyanidin (first transition)
Cyanidin (second transition)
Cyanidin (third transition)
Cyanidin (fourth transition)
Cyanidin (fifth transition)

Cyanidin (sixth transition)

5.26.8
6.04.6
6.88.4
6.88.0
6.6- 8.0
11.013.0

7.38.7

7.28.8
8.340.0
9.340.5
10.242.0
4.58.3
0-3.0
3.04.0
4.05.0
5.08.0
8.0-9.0
9.0-11.0

Cyanidin (seventh transition) 11.0-14.0

3.2.2 Polymers

It is generally accepted that macromolecule materials are more suitable for
building up layersthrough Electrostatic SelAssembly (ESA)[14].

larger molecular weight chains simply spread out and occupy more surface area

yellow
yellow
yellow _
yellow orange

yellow

colourless to greenish to
reddish blue

yellow reddishpurple
colourless
colourless blue

yellow

blue
cerise

cerise purple

purple blue

blue aguamarine

aguamarine

lime yellow

(1%
=
(1%
=
=
o
(@]
=
(9]
(9]
>

emerald green [l

Hence,

without increasing the thickness of the adsorbed I§fr It is common for

both negative and positive charged layers to becsadl as polymers; moreover,
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using the polymeraseither positive or negative layshas been report

. In the present wotktwo kinds of polymers were usedPAH as a

paycation and PAA as a polyanigiig 3-4|showstheir chemical structures.

The amine group in PAH provides a positive charge while the hydroxyl group in

PAA presents a negative charge.

Neutral Red Brilliant Yellow
Litmus Thiazol yellow G
Cyanidin Thymol blue

Fig 3-3 Chemical structure of songH indicators e.g. Neutral Red (NR), Brilliant Yellow (BY),
Litmus, Thiazol yellow G, Cyanidin and Thymol blue (TB)
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PAH PAA

Fig 3-4 The chemical structure of PAA (poly (acrylic acid)) and PAH (poly (allylamine
hydrochloride))

3.2.3 Types of chemicals

The indicators and chemicals applied to develop the optical saepanrded in

this work were brilliant yellow (BY) (dye content 70% alizarin red JARS),
neutral red, polyaniline (emeraldine salt), averdgelecular weight (MW)
>15,000, Poly(allylamine hydrochloride) (PAH) average MW ~15,000 and Poly
(acrylic Acid) (PAA) solution with average MW ~100,0@5 wt. % in HO, 3-
Aminopropyktrimethoxy silane (APTMS) 99%, SI40 contents 30 wt. % in

H20, andH2SQu.
3.24 pH buffer solutions

Changing the optical properties of sensitive films by changing the analyte
concentration is based on a recognition measurement.thd case of pH
sensing, the concentration of thé ikl the primary measurand of pH monitoring.

In order to prepare the pH buffer solutsom pH range of 6.60 to 9.0 the
instructions from Robinsogt al. [17] wereused. For wide range of pH from

acidic to alkaline, 95 mL of mixture of 2.5 mM NgPD, and 2.5 mM citric
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acid monohydrate in distilled water was placed in a conical flaske buffer
was adjusted to the desired pH with agueous NadlHe solution was then
transferred to 100 mL volumetriflask and made up to 100 mL with distilled

water.

3.3 Devices and components

3.3.1 Optical fibre

It is aboutfour decadesinceopticalfibre hasbeenappliedin sensingdueto its
many advantagesuch as highly sensitive,quick responsesmall size, remote
sensng capability, immunity to electromagnetic interference (EMI),
nonconductive,electrically passive,low loss, high bandwidth, lightweight,

relativelylow costandsoon.

Fibre optic sensorshave been proposedfor sensing a wide variety of
parametersboth physicalsuchas temperaturestrain, pressuremagneticand
electric fields, rotation rate, acceleration,acoustic waves, liquid level and
refractiveindex 19] and chemicalsuchas pH, environmentalmonitoring
andrecognitionof chemicalse.g.hydrogenammonia,CO,, hydrogenperoxide
andso forth . Optical fibre sensorscan be designedo work as either
extrinsic, if the modulation is performed by some external transduceror
intrinsic, if the modulationtakesplacedirectly in the fibre. Opticd modulation
mechanismscan be basedon intensity, phase,wavelengthand polarization.
There are three basic types of optical fibre, singlemode, gradedindex

multimode and stepindex multimode. A modein an optical fibre is a set of
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electromagnetiovaves that participatesin the propagationof light along an
opticalfibre [22].

Fibres that carry more than one mode at a specific light wavelength are called
multimode fibres. However, single mode fibres have very small diameter core
that they can carry onlgne mode which travels as a straight line at the centre of

the core.

Fig 3-5 Types of optical fibres (a) stepdex multimode, (b) gradeitidex multimode and (c)
singlemode optical fibrg23].

In a steppedndex multimode fibreFig 3-5|(a), the number of rays or modes of

light which are guided is determined by the core size and thectamtding

refractive index difference. In gradedindex multimode fibre|Fig 3-5|(b) the

core refractive index varies across the core diameter. Sigloetfavels more

slowly in the highindex region of the fibre relative to the landex region. An
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optical fibre with a core diameter of less than 10 microns can be a-siogle

fibre [Fig 3-5|(c), if only one fundamental mode is guided.

The mainrequiremenof thefibre usedin an optrode(an optical sensor device)

is to guidethelight to andfrom the sensingpart. Multimode fibres arethe most
frequentlyusedin chemicalsensorqaccordingto [24] around70 %). Single

mode fibres are usedonly in 5% of sensorswhereasplanar waveguidesare
appliedin 25 % of congructions. Becauseof the advantage®of multimode
fibres over othertypesof fibres for this purposesuchas (1) they are relatively
easy to work with; (2) because of the larger core size, light is easily coupled into
and from them; (3) they can be useithvboth lasers and LEDs as light sources;

and (4) coupling losses are less than those of smgl#e fibres.

Multimode fibres are capableof transmitting light over short and medium
distancesvith low loss In chemicalsensorsfibreswith 50 um to 1.5 mm glass
corediameterarewidely used. The diameterf plasticfibresvaryfrom 0.25to

1.5mm|[21].

Otherpropertyof optical fibres is numericalaperturewhich is a dimensionless
numberthat characterizes the range of angles over which the systeatcapt

or emit light and is defined by following equation generally:
0#L Jou® Bdoooacoaos
where NAis abbreviation for numerical aperture;r is the index of refraction

of the medigcommonly air)and TeceptancdS the angle made with the axis by the

most oblique ray entering the instrument.

Page p4



Chapter 3 Chemicals ad Instrumentation

In optical fibres it describes the range of angles within which light that is
incident on the fibre will be transmitted along it. A muittode optical fibre
only propagatedight that enters the fibre within a certain cone, known as the

acceptance cone of the fibre. The kaifle of this cone is called the acceptance

D Q J @aklas shown ifFig 3-6[ For stepndex multimode fibre, the acceptance

angle is determined only by the indexes of refraction of the core and the

cladding, Boreand Rad:

0#L Jous<hoel 8I8aab JBrox
To maximize the amount dight that can be launched in a fibre, a large core

with a large numerical aperture is preferable.

Fig 3-6 The full acceptance angle arikxin an optical fibre.

All fibres usedin this work were stepindex multimode with a numerical

aperture(NA) of 0.37 and consistingof a silica core and a hard polymer

cladding.A typical transmissiorprofile is shownin|Fig 3-7
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Fig 3-7 Transmission profile of the multimode fibres u$28§].

The fibre bundle which is attachedto the light sourceand the fibre bundle

couplesthe reflectedlight to the spectrometerof which crosssectionshownin

Fig 3-8| andconsistingof 6 fibres of 200pm corediameter.Thesetwo bundles

are joined togetherwith a 2x1 (Y shape)fibre couplet made using two
multimode UV/Visible fibres with hard polymer cladding, P silica core

and 0.37 NA, which is conrectedto the sensorprobewith the active sensing

regionbeinglocatd at the distalendof thefibre. This structureis shownin|Fig

3-9] Since the light from the analyte is usually a limiting factor, the six

surroundindibres areusedfor the collectionof a knownlevel of light while the
centralfibre is usedto guidetheinterrogatinglight. The sensoiprobeconsistof
a shortlengthof 600um core diameterfibre (will be changedo studythe effect

of the diameteron the sensitivity), of which distal ends are polished. The
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diameterof the fibre probeis approximatelyequalto the diameterof the fibre

bundle,which consistof three200umfibresside by side.

Fig 3-8 The cross section of the bundle of 6 fibres grouped together.

Fig 3-9 The structure of the connections of a sensor device.

3.3.2 Connections and connectors

The effective interconnection of the components is as important as the fibre
itself in the device. The main requirement of the connectors is to connect light

source to fibre, fibre to fibre and fibre to optodetector e.g. spectrophotometer.
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Depending on specific applications, the different forms and shapes of the

connectors can be utilized. They can be classified into three types:

(a) Demountable connectors: fibreto fibre, fibreto light sourcefibre to

photodetectar
(b) Splices tpermanenjoints betweertwo fibres
(c) Couplersfor distributionof thelight betweerfibres

It is importantto minimizethe opticalpowerthatmaybelostin anyconnection,
thus to ensure that fibre optic connections have adequate power for correct
operation esgecially in communication links, where goodptical power
budgeting reflectingthe maximum amount of power it can transngitequired.
An optical powerlosscanbe causedyy a numberof factorsthatarecategorized
into intrinsic and extrinsic losses. The mismatchingof the core area, the
numericalapertureand the fibre profile can causeintrinsic losses.Moreover,
some factors like interface inhomogeneity, poor cleavageand mechanical

misalignmentanbring aboutthe extrinsiclosses.

Usingstonepaper to polish the surface of the core a smooth cross section can be

created which can be effective in reduction of the light losses.
3.3.3 The light source

The light sourceis an integral part of a fibre optic sensor.ts mainrole is to
deliverthe appopriatelight to interactwith ananalyteor anindicator. It should
posses& wavelengthwell-matchedto the spectralpropertiesof the sensorsn

order to obtain the highestsensitivity There are many various light sources
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utilized in the fibre optic chemical sensors.They differ in spectralproperties,
generatedptical power and coherenceConsideringthe spectralbandwidthof

thelight sourcestheycanbe classifiedinto threemaingroups:
a) Monochromatiglasersjaserdiodes)

b) Pseudomonochromatitight emitting diodes)

c¢) Continuous(incandesceriamps,arclamps)

A comparisonof spectral propertiesof typical continuouslight sourcesis

presentedn |Fig 3-10] Incandescenand gasdischargelampsare called white

light sourcedecausdhey emit light in a very broad spectralrange|Fig 3-10

showsthreeof them,which arethe mostfrequentlyusedin chemicalsensorsA
xenonarclamp seemdo bethe mostwidely usedlight sourcelt emitsradiation
from the UV to infrared but it is expensiveand the optical power is not very
stable.If a sensomeedsto be excitedonly in the UV range,a deuteriumlamp
cangive betterresults.This is arelatively shortlived lamp (10062000 hours of
usg and usually quite expensive.Tungstenhalagen lamps are much cheaper
than the previously mentionedtypes. Poweredby a relatively simplepower

supply, they emit stable optical signal and have long lifetime (10,000 hours)

26].
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(a) (b)

Fig 3-10 Emission spectra of light sources used in sendajswhite light sources and (b)
LEDs/lasers light sourcg21].

Light emitted by an LED is wusually nearly monochromatic
(pseudomonochromatic).EDs are robust and their lifetimes aremore than

100000 hours. The spectral characteristicsof several typical LEDs, in

comparisonwith laser diodes(LD), are shownin|Fig 3-10| The light source

applied in this work is a tungsten halogen lamp supghech Ocean Optics to
have a stable irradiation in the wavelength range of 400 nm to 700 nm (visible
zone). Thus the selected indicators have spectra in this wavelength range in

addition to stability of optical signal and its longer lifetime.

3.34 The detector

Visible light absorptioris what causes objects e coloured. For example, a

blue dye appears blue because the light at the red ernleo$pectrum is

absorbed, leaving the blue light to be transmitedhown iffFig 3-11
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Fig 3-11 Absorption of light by dyes

Visible light lies in the wavelength range 4600 nm. When light is absorbed

by a material,the valence (outer) electrons the detectorare typically
promoted from their normal (ground) states to higher energy (excited) states.
The energy of visible light depends on its frequency, and is approximately
equivalent to 17@00J moll (mole of photonsior red light and 300 kJ mdl

for blue light. The promotion of electrons to different energy levels is not
restricted to electromagnetic radiation in thebles part of the spectrum and

can also occur in the ultraviolet region.

If the measurement imade at a specific colour (i.e. wavelength), the process is

called photometry. If the measurement is made across a range of colours (i.e.
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wavelengths), it is called spectrometry. Thus spectrophotometry is a collective

term for both spectrometry and photeiny.

The spectrophotometer is a device to measure the intensity at the wavelength. It
essentially breaks down the light into wavelength constituent and measures the

intensity at particular wavelength values.

Fig 3-12 lllustration of a single beam UVis (a), double beam WWis (b) and simultaneous
UV-vis (c) instruments

There are three types spectrometemstrumentgypically used to collect UV

vis spectra:
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1) Single beam spectrater.

2) Double beam spectrometer.

3) Simultaneous spectrometer.

All of these instruments have a light, a sample holder and a detector, but some

have a filter for selecting one wavelength at a time. The single beam instrument

Fig 3-12[ (a)) has a filter or a monochromator between the source and the

sample to analyse one wavelength at a time. The double beam instiéigent (

3-12/(b)) has a single source and a monochromator and then there is a splitter

and a series of mirrors to get the beam to a reference sample and pihe team
be analysed, this allows for more accurate readings. In contrast, the

simultaneous instrumerfig 3-12|(c)) does not have a monochromator lasw

the sample and the source; instead, it has a diode array detector that allows the
instrument to simultaneously detect the absorbance at all wavelengths. The
simultaneous instrument is usually much faster and more efficient, but all of
these types of getrometers work well.

Single and double beam spectrometer stawabsorption spectrum in the
ultraviolet or visible regionA UV detector employs a deuterium discharge lamp
(D2 lamp) as a light source, with the wavelength of its light ranging from 190 to
380 nm.While a UV-VIS detector employs an additional tungsten lamp (W
lamp) with longerwavelength. In this type of spectrometiegght from the lamp

is shone onto the diffraction gratingnd dispersed according to wavelength. In

diode array detector ¢éhabsorption is detected in UV to VIS region. It has

A diffraction grating is an optical component with a periodic structure, which splitd#frdctslight
into several beams travelling in diféatt directions.
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multiple photodiode arrays to obtain information over a wide range of
wavelengths at one time.

In recent years, several attempts have been made to make these
spectrophotometers to a size comparable to mobile phone. This specific version
of spectrophotometer is called miniature spectrophotometer (or- mini
spectrophotometer) and are designed to be wsthdoptical fibres. In a mini
spectrometer light coming through a fibre hits a mirror and reflects toward the
grating which spreads light to a rainbdike spectrum. An array of charge
couple devices (CCD) catches this spectrum, delivering the wholériapec
instantaneously to a computer. This CCD is essentially the same thing as used in
digital camerasA CCD is an integrated circuit etched onto a silicon surface
forming light sensitive elements called pixels. Photons incident on this surface
generate dwge that can be read by electronics and turned into a digital copy of
the light patterns falling on the device. Each pixel in a CCD can hold a
PD[LPXP QXPEHU RI HOHFWURQV FDOOHG pn)XO0O
vary widely (10keto 500ke) and depeds mostly on the physical dimensions of

the pixel (the bigger, the more electrons it can hold). All CCDs generate
photoelectrons at different rates depending on the wavelength of light incident
on the surface. Many factors contribute to the conversiophotons into
electric signal called quantum efficiency (QE). The dynamic range of a CCD is
typically specified as the maximum achievable signal divided by the total noise,
where the signal strength is determined by thevielll capacity, and noise is

thesum of dark and read noises. As the dynamic range of a device is increased,

Page [LO4



Chapter 3 Chemicals ad Instrumentation

the ability to quantitatively measure the dimmest intensities in an image

(intrascene performance) is improved.

The spectrophotometer used in this work is the Maya2000 pro frormnOce
Optics that is a spectrometeith high sensitivity (optical resolution to ~0.035
nm) anddeep UVmeasurement200 £1050 nm).The optical bench is designed

to improvestray light and lownoise characteristic€ompared to similar models

it offers greatr than 75% quantum efficiency, high dynamic range and excellent

UV response.

Another photodetector used in measuring intensity versus wavelength for the
light pass through liquids and glass slides is UV/Visible spectrophotometer
model Lambda 35 suppliday PerkinElemr. It works in the wavelength range

of 1901100 nm with variable bandwidth 0.5, 1, 2 and 4 nm. This optical bench

which utilized deuterium and tungsten halogen lamps is designed to offer true
doublebeam operation, sealed and quamated hgh-throughput optics and

fast scanning.

To develop the sensor probesiéica multimode fibrewith a core diameter of

600 umwas used. To create an evanescent sensor the jacket (the cover of the
fibre) was renoved from a given length of the distal end of the fibre ( the length
considered for sensor) and the tip of the fibre was polished with,33 um, 1

pm and 0.3um stonepapers respectively. As the cladding is acetone soluble, it
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was removed easily. Thistal end of the fibre was treated by Piranha solution
(30:70 (v/v) mixture of Hydrogen peroxide {B) (30%) and concentrated
sulfuric acid (HSQy)) for 60 minutes to produce the negatively charged surface
and wasthen rinsed in distilled water followed by drying with compressed
nitrogen. To reflect the radiated light back and guide it to the other end of the

fibre a mirror was placed at the tip of the fibre.

In order to prepare a mirror at the distal end of theef2 ml of 0.1M AgNQ@is

placed in a vial and N#isolution is then added drop by drop until the brown
sediment dissolves. 1.4 ml of 0.8 M KOH is added to the vial, if brown
precipitate reforms NH3 drewisely is used to have a clear solution. This
solutLRQ LV FDOOHG 7ROOHQYV UHDJHQW 7KH FOH
tin chloride (SnGJ)) solution and followed with distilled water and is then
GLSSHG LQWR WKH YLDO FRQWDLQLQJ WKH 7ROOH
dextrose to the vial siér starts to cover the surface and the mirror would be

ready in approximately 1 minute.

The fibre is now ready to be coated with piesiy charged molecules. The
layer-by-layer technique is based on the successive deposition of oppositely
charged moledas onto solid surface. The process of the coating details will be
described in the following chapters. The performance of the prepared sensor
will be examined with the evaluation of the peak wavelength changes when the

sensor is dipped into different giiffer solutions.
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The multilayer coahg deposited by selissembly layeby-layer technique are
initially done on glass microscope slides of dimensions 76x26 mm with
thickness of 1.0/1.2 mm and then on a standard ¢ladtling multimode fibre
with low OH, silica core of 600 um and numerical aperture (NA) of 0.37

purchased from Thorlabs.

In the case of using glass slides, Peikimer spectrophotometer is employed to
record the absorbance spectra. To study the behaivaposited indicator on
glass slides in different pH buffer solutions, the glass slide is placed into the
beaker which contained the buffer solution of a specific pH and the beaker is
located in the spectrometer in front of light irritation. The outgagogbance

spectrum is recorded by using the Petklmer UV Winlab softwarg¢27].

Fig 3-13 The photograph of the prepared optical sensor probe compared to 1 pence coin.
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Fig 3-14 The experimental setup for a fibre optic chemical sensor (The photo was taken by Jie
Cao).

To measure the absorbance specfrthe coated optical fibre th®cean Optics

Maya2000pro spectrometers usedThe prepared sens{shown inFig 3—13‘ IS

connected to the light source and spectrometer as the setup sVKEigrBJ}M

In this setup theoutput light from a white light sourceasses through a
multimode UV/Visible fibre which is connected to the fabricated sensor probe.
The distal end of the fibre which is coatetth a pH indicator is dipped into a
buffer solution ata specific pH. Due to interaction with pH solutionthe
indicator changes its colour and as a resydortion of the total light is absorbed

at a specific wavelength by the sensing layer #mel remaining lights emitted

through the other end of the fibre coupler aisd guidel to the mini
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spectrometer. The output from spectrometer is then displayed by the
spectroscopyapplication software 36 SH F W U [28] X Th& Hhbsorbance is
calculated with respect to the reference spectrum of the dry sensor, i.e. not in a

pH solution.

The probeis designed usingoated optical fibre (polycation/polyaniagnand s

applied as follows:
1. Dipping intoa pH buffer solution
2. Recording the absorbance spectrum
3. Taking out fromthe pH buffer solution
4. Dipping intoanothempH buffer solution
5. Recordimg the absorbanceectrum

6. Continuing the above steps-$) with all pH buffer solutions from low to

high pH

All measurementsobk place in stable conditisnand each spectrurwas
recorded afteobservingstable result§about 50 60 second)No cleaning

steps between measurements was done.

The spectra produced from the coated glass slide are different from the spectra

of the deposited fibrgf-ig 3-15({compares the spectrometric properties of an

incident ray radiating onto both the fibre and the glass slide. In the case of
using glass slide, the incident ray passes through two films andjl#ss

medium to be characterized.
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Fig 3-15 Comparison between spectroscopy of deposited glass slide and the optical fibre in
presence of buffer solution.
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For fibre optic, the incident light would not enteto thin film media if the
refractive index of the thin film is lower than the index of the core. Some rays
which are the evanescent wave may still enter the coating. This will depend on
the Numerical Aperture (NA) of the coated fibre. However, if thim fhas a
higher refractive index than the core then the coming incident ray inside the
core would transfer to the film after hitting the cditen interface while the path
angle changes because of the refractive index difference. This light could be
then totally reflected back to the medium or transmitted to the solution or
reflected back to the medium whereas a part of it being transmitted to the
solution that it depends on the refractive index of both thin film and solution. As
a result, whatever is chacterized by the spectrometer has a different intensity
and consequently different property is achieved from similar light in the glass
slide. Therefore, it is expected to have different absorbance spectra for the

coated optical fibre.

Measuring the almsbed light at different wavelengths in different pH buffer
solutions using a spectrophotometer will give a group of spectra. The
wavelength of maximum point of each graph was plotted with respect to pH so
the generated graph which is arsl@ped curve mally obey nonlinear fitting

method, DosdResponse model, according to the following equajiz® 3(Q

and as shown |Rig 3-16

o 20

5> 5401/11701;0

aL* L # E

(Eq. 31)
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Where Gs the peak wavelength value in each solution with given pH value and
is a function of pH, Aand A are the lowest and the highest values of peak
wavelength respéwely, p is the slope factor and pié theacid dissociation
constant The more sensitive sensor shows dramatic wavelength shift fiam A
A2 while the steeper area introduces the range of pH (frorrigplH: as shown

in[Fig 3—16' in which the sensor has a good performance in comparison with

RWKHU S+V 7KH LQIOHFWLRQ SRL@WRLQ KK MK 1 QDI
which is a function of the degree of ionimat, revealingthe pH at which 50%

RI WKH WKLQ ILOPYTV IXQFWHAYRTSE OrstideRti8e/ofDUH L
Equation (31) in inflection point which shows the average curve slope in

steeper area can be written as:

X

_z L LEH s ra#e F #e; L AL # F #.  (Eq. 32)
xaAéA@A

The wavelength varies with the colour of indicator which depends on the degree

of ionization. The highest ionization for positive molecules happens in low pHs

and for negative molecules happens in high pHs as shoigiB-17| Then

DoseResponse graph demonstrates a negative slope for the indicator with
positive functional group and a positive slope for the indicator with a negative

functional group.

There are mansoftware programs today that can be used to plot the graphs, fit
the curves and carry out simulation. The software programs that are used in this

work are SigmaPlot, MatLab and OriginPro.
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Fig 3-16 DoseRegonse curve fitting model sample

Fig 3-17 Degree of ionization versus pH for two kinds of indicators. The slope is positive for the
indicator with negative functional group and is negative for the indigdatbrpositive functional

group.
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The major components making up a fibre optic chemical sensor system have
been discussed in this chapter, namely the transducer i.e. pH indicators and
components and devices i.e. the optical fibre, the connetiardight source

and the detector.

A pH indicator which is a weak acid ischemicaldetector for hydrogen ions in
a solution via colour change that is considered to be the basis for colourimetry
recognition. A variety of chemical reagents and their colaniation were

introduced.

Optical fibores must be able to capture and guide the optical signal at a given
wavelength with minimal loss. The choice of light source depends on the optical
power and the wavelength that transducer is active in. The detegsbrmatch

the spectral range of the transducer; in addition the sensitivity of the detector

must be taken into consideration.

The preliminary operations for the sensor preparation, the experimental setup
used in the practical studies and the method & getcessing was brought in

last part of this chapter.
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4. Principles of Layer -by-

Layer Deposition T echnique

The concept of alternate attraction of oppositely charged polyions began with
,OHUYY GHPRQVWUDWLRQ RI VXFFHVVLYH GHSRVL
positive alumina fibrils in 19661]. But it was Decher and his group at the
Gutenberg University in Germany who developed this method and fabricated

optically transparent multilayer films at the beginning of the 19206].

The layerby-layer technique is based on the successive deposit oppositely
charged moleculesn a charged substratthe negatively charged surface is
simply dipped into the polycation solution for a few minutes. As a result, a thin
layer of the positive molecules is formed onto the surface. The substrata is the
dipped into the pure distilled water for minutes to remove unbounded molecules
fromits surfaceThe substrate is alternatively placed into the polyanion solution
to form the next molecular monolayéfnbounded molecules are again washed
out using pure idtilled water.Therefore, one bilayer (polycation/polyanion) is

synthesized. This procedure is repeated to build up a multilayer coating. The

steps inlFig 4-1] illustrate the multilayer coating procedure. Each pair of

negatively and positively charged layers is called a bilal/lee composition
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and structure of each layer can be controlled by appropriately choosing
molecules and adjusting the deposition parameterg. thickness of each
bilayer depends on the components used. For example, the thickness of a
PAA/PSS layer is about 1 ni7]. However, adding sodium chloride the

polyion solutions causes an increase in thickness.

Fig 4-1 The sequence of laydy-layer electrostatic deposition

The deposition process on a surface using {aydayer technique is a self

organized thin film The production of whichcan be controlled by many
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parametes such as adsorption time, ionic strengtlsolvent composition,
polyelectrolye concentration, heat treatment apid of the polyelectrolytes
solution The structure and properties of each layer dependhese mentioned
parameters The depositionis highly reproducible as long as the deposition
conditions are maintained strictly consta®ome of these parameters are

investigated in the next sections.

42.1 Substrate

Nanolayer thin films have been deposited using the LbL technique on a number

of different substrates oluding glass, quartz, micailicong plastic, wood and

textile [8-13]. Gold and silver have also been used as base subqttédié

Meanwhile, nanolayer thin films have been successfully built on both
hydrophilic (fluorine, glass, and silicon) and hydrophobic (silanized glass)
substrates by this techniq{g]. In case of using UWisible spectroscopy and
optical microscopyglass and quartz are mostsuitable substrates owirtg

theirtransparencya.

Each of the different types of substrates has different physical property in
regards to their topology, smoothness and roughness. However, due to the

characteristics of the layby-layer deposition technique, the adsorption mostly

depends on the surface charge distribution of the sub.

Suitablesubstratemust carry a minimal surface charge whichnat inherent,

can be created by surface treatmeBasically, surface modification may

A quantity representing the strength of the electric field in a solution, equal to the sum of the molalities
of each type of ion present multiplied by the square of their charges.
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provide charges to any substraitie common substrates such as quartz, glass
and single crystal silicon are first cleangdth a 30:70 mixture of 30%
hydrogen peroxide (¥D2) and concentrated sulfuric acid ), called the

SSLUDQKD VROXWLRQ" DW URRP WHPSHUDWXUH IR

The deposition of a film depends on the polyelectrolytes used and the adsorption
conditions. Thezfore, the amount of polyelectrolyte adsorbed during the first

IHZ GHSRVLWLRQ VWHSVY GHSHQG RQ WKH VXEVWU

ﬂ 20-22]. The influence of the substrate is typically lost after a few layer

layer deposition cycles.

4.2.2 Polyelectrolytes

According to IUPAC (International Union of Pure and Applied Chemistry)
definition a polyelectrolyte molecule is a macromolecule in which a substantial
portion of the constitutional units have ionizable or ionic groups, or [23jh
Decher modified the definition based on lapgrlayer deposition i.epolymers

with ionizabk surface groups to formolyions thatwere successively layered
onto a substrate by electrostaiitteraction [24]. Polyelectrolytes aqueous
solutions, depending on the charges they carry (being negative or positive) turn
into either polyanions or polydans.

Polyelectrolytes can be utilized in the formation of multilayer thin film known
as polyelectrolyte multilayers (PEMSs). During dsypy-layer depositionthe
multilayer can be constructed by alternative dippaighe charged substrate

into the dilue solutions ofpolycation and polyanianThe thin film is built up
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due toelectrostatically crosbnked films of polycatiorpolyanion layerswvhile

the thickness of the layers is controlled dowsitmlenanometer scale.

Polyelectrolyte multilayers is originally assembled based on electrostatic
interaction between charged polymers. However, the LbL technique has been
developed to build up the layers based on incorporation of hydrogen bonding

and electrostatic force fromdHate 1990$25-28].

Charged polymers used for PEM assembly are classified as strong or weak
polyelectrolytes based on their charged groups. Those polymers th&éima

fixed chargeover a broad rangeRI S+ FRQGLWLRQV DUH WEFH
SRO\HOHFWURO\WHYV ~ 3 Riépendeht onxalkidn \arcall¢d L E L W
3ZHDN SR O\H{29F RraL&s® diMaiivation of multilayers from weak
polyelectrolytes can be controlled by pH of the solution as daar that pH
influences charge density of the polyelectrolyte chains and thus their

conformation and mutual interactiof9].

In general, a substae with a negatively chargddinctional group such as
sulfonic acid, sulfuric acid, or carboxylic acid ised as a polyanion. For
example, conductive polymers such as polystyrene sulfonate (PSS), polyvinyl
sulfate (PVS), polyacrylic acid (PAA), polymethacrylic acid (PMA), pdh(4-
(3-carboxy4-hydroxyphenylazo) benzenesulfonamidd),2-ethanediyl)
(PAZO), pdy(anilinepropanesulfonic acid) (PAPSA), sulfonated polyaniline
(SPAN), poly(thiophen&-acetic acid) (PTAA), poly(zacrylamide2-methyt1-
propanesulfonic acid) (PAMPSA) andiopolymers such as DNA are used.

However, polystyrene sulfonate (PSS), polyacryhcid (PAA) are more
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popular. Furthermore, a substance having a positively chargeable functional
group such as a quaternary ammonium or amino group can be used as a
polycation. For example, polyethyleneimine (PEIl), polyallylamine
hydrochloride (PAH), pagldiallyldimethylammonium chloride (PDDA),
polyvinylpyridine (PVP), polystylenemethylenediethylmethylamine
(PSMDEMA), a precursor of poly(phenylene vinylene) (PRV),
polymethylpyridylvinyl (PMPyV), or protonated polypyridyl vinylene) (R
PHPyV) and poly((2-(methacryloyloxy)ethyl) trimethylammonium chloride)
(PCM) can be used. Although, polyethyleneimine (PEI) and polyallylamine

hydrochloride (PAH)are the most popularSome of these polyiorare shown

in [Fig 4-2| Combinations of polyelectrolytes with other materials, including

nucleic acid431], DNA and protein$32-34], virusesand micreorganismg35,

36], enzymeg37, 38], gold colloid , quantum dot$39-41], silica[42,

43, clay mineral [44], carbon nanomateriald45], nanoparticles[46],
fluorescentmaterials[47], dyes[48, 49] and other inorganicg50, 51] have
rapidly grown. As all these mentioned materials can be easilysdegmn the
substrate.

The thickness of the thin film made from polyelectrolytes depends on the type
of polyelectrolytes. For example, the average thickness of each bilayer of
PSS/PDADMA [270 A/bilayein 1 M NaCl is 7 times higher than theverage
thickness of each bilayehor PSSPAH under the same conditiofiS2]. This
demonstrates the importance of polyelectrolyte type in determihengltimate

film thickness.
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Fig 4-2 Some standard polyiorfsequently used fomultilayer fabrication by LbL deposition
technique
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Fig 42 (continue)Some standard polyiorfsequently used fomultilayer fabrication by LbL
deposition technique.
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4.2.3 Control of thickness

when a surface is exposed alternatelyolyelectrolytes of opposite charge, a
polymer composite filnof uniform thickness is obtaingd0].

The thicknes®f the thin filmis affected by the substrate surface propedies

the deposition condition$arameters like density of surface chaagd surface
roughness related to the substrate are important. Meanwhielehickness of
each layeralso depends on operational factors such pa$yelectrolyte
concentration,dipping time, ionic strengthand pH of the polyelectrolyte
solution temperature rinsing timeand drying time 30]. The deposition is
highly reproducible if these parameters are maintained strictly cofS&am3)].

The ionic strength is an essential parameter to control the thickness of the
layers. The layer fabricated with a strong polyelectrolyte is always thinner tha
a weak polyelectrolyte. The thickness of the deposited layers of strong
polyelectrolytes (which are highly charged) is often down to thickness of a
molecule; while weak polyelectrolyte solutions give thicker layers of which
thickness are sometimes as muws 16 times greater than the strong Bk

55]. Becausevarying the charge density of tipmlyelectrolyteinfluences the
morphology and thethickness of the thin filmsNormally, the polymer
molecules are in the form of long chains and the ionic charge is homogeneously
distributedamongthem. Addition ofsalts (generally NaCl) asoanter ions,
neutralizes some fraction of the charges and resitice repulsion force along
the polymer chainFollowing the lack of availableepulsion force, the polymer

chains curl and form cluster donmations[56-5§].
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As shown ir[Fig 4-3| layers deposited from such solutions are generally thicker

due to circular arrangement of the polymer molecudesording to Shiratori &
Rubner[55] there is no dependency between thickness of the-¢hlyged
deposited polymer layer and the molecular weight of the polymer over a range

of at least 300A.0° g/mol.

Fig 4-3 Schematic of globular confoiation of a polymer chain with low charge density (right)
is shown in comparison with a polymer chain with high charge density (left). Polymer chains
with lower charge density form globular conformations and so thicker Ig5&rs

4.2.4 Dipping time (deposition time)

The deposition of each polyion takes place within two stages. Firstly, the
polyion chains attract electrostatically to the charged adsorption sites by a small

number of ions that lasts a few second. Then, the remaining adsorption sites
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should be filled after adjustment and penetration of the polyion chains between
the sites already filled. This stage talemsn few minutes up to 20 minutes. In
practice, 97% of polyions are adsorbed withifewminutes 41, 52, 59

65]. As illustrated in fierature[8] adsorption mainly occurs during the first 2
minutesafter exposure of the substrate to the polyelectrolyte solu@ibanging

the dipping time changes the time available for the ions to arrange themselves
and ionically bond to the surfaceDue to an increase ithe number of the
molecules on the surfae@mdan increae of the dipping time, thicker layer will

be formedHowever,the growth of the thickness othe layeris not proportioml

to the time. For example, a 20 minute increaséipping time, from two to
twenty two minutes results in a 20% increase¢hi@ layerthickness. Here the
dipping time is increased over 10 times. Howeude changein thickness is

only 20%. Typically, 1 to 5 minugdipping is used for thiayers, dependmon

the type of polyions usg@6).

Removing of extra macules from the surface is obserwgden the washing
time is increasedrlhis in return reduces the layer thickndsfias been shown
that 2 to 3 mintes of rinsing in pure water immediately after sadption

removedapproximatelylO to 20% otheweakly attachednoleculeqd19].

4.2.5 The concentration of the polyelectrolyte

solution

An increase on the concentration of the polyion solutions increases the chance

of sticking the molecules on the stiase. Itsubsequently forms thicker layer.
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In most studies reportdd date polyelectrolyte concentratiofsave been set to
about 1 mol/L (based on the constitutionapeat unit 37,49, 52, 67]. At
low electrolyte concentratienthe adsorbed layers aréih and the adsorbed

amount hardlydepends on the molecular weigh6].

4.2.6 Effect of pH of the polyelectrolyte solution

The properties of polyelectrolyte films can be controlled by changjireg
characteristics of theolution such as the pH levelh&greatness of electrostatic
forcein polyelectrolyte multilayer films can be altered throwgtiation of the
polyelectrolyte charge densities hgljusting the pH values of the solutidiel,

55, 68-70]. This method is especially useful for cases in which the
polyelectrolyte is weak, which means that it deneutralized near the neutral
pH. Polyanions conmonly comprisingcarboxyl or sulfonategroupsare fully
charged at high pH and polycat®oommonly including amine grougse fully
charged at low p 70, 71]. In other words,pH of the polyions slution
controls the degree of ionization of weak polyelectrolytes, and it therefore

directives theai conformation and interactions and consequently ldyeer

thicknesﬂ 29.

Adjusting pH of the polyelectrolyte solution at a given value by adding a few
drops of acid or base rassthe ionic strength and then leads to form thicker

adsorbed layers; while, the adjusted pH will modify the charge density of the
polyelectrolytes. An increasing charge density on the polyions will create

thinner deposited layers. As a result, changing @y mcrease or decrease film
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thickness, in dependence of the polyelectrolyte system chosen. Extreme pH
values may completely prevent film growth or destroy the constructelm
55, 72, 73]. Shiratori et al. investigated in literatufg5] the role of pH of the

weak polyions solutions in the layer thiclese Their findings are summarized in

Fig 4-4| displaying the average incremental thickness contributed to each

multilayer thin film of PAA/PAH. As show in this figure by simply controlling

pH, it is possible to deposit unusually thick bilayers (>120 A) or very thin
bilayers (<10 A) or, in some cases, completely prevent the multilayer deposition
process (for example, when the pH of the PAH solutionSsaid the pH of the

PAA solution is 7.5).

Fig 4-4 Complete pH matrix showing the average incremental thickness contributed by a
PAH/PAA bilayer as a function of dipping solution |p&5].

Page [L30



Chapter 4 Principles of Layetby-Layer Technique

4.2.7 Effect of adding salt

It has been recommendﬁ 22,29, 52, 56, 74] to add salt in the polyelectrolyte
solutions. Presence of salt cauties film thicknesslightly, butvery precisely,

to increasavith increasing salt concentratiori®lyion concentration, molecular
weight, and deposition time are known to be less important variableshian t

salt in multilayerthickness[52]. Addition of salt can also change the polymer

chain conformatiori29]. |Fig 4-5{ shows how the presence sélt effecs the

thickness of the film.Polymer positive charge is balanced by a polymer
negative chargen the absence of salt (intrinsic)However, inthe case, when

salt is presenpolymer charge is balanced by salt counterions.

Fig 4-5 The effect of salin polyelectrolyte multilayers structuf@].

Addition of salts to the polyion solutions increases the ionic gtihenf the
polymers which in turn increases tfikn thickness 52, 60-63, 75, 76|
and decreases tlobarge density77-79]. While small amounts of salt can speed

up the adsorption process somewl¥, 79-81], adsorption is slowedlown at
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high ionic strength$82, 83]. Nevertheless, it should hememberedhat very

high ionic strengths can induce desamptof the polymers, in particular when

using weak polyelectrol 84).

LiCl, NaCl, NaBr, Nal, KCI, CsCIl, MgCh, N&SQs [52, 77, 85-88] have been
added to the polyelectrolyte solutions to increase the ionic strength. However,
NaCl is the most commonObviously, the salt concentration is a significant
variable in the film thickness and its photonic absorbance

Dubaset.al. showedin literature[78] thatthe thickness of the thin film levels

out in salt(NaCl) concentration of less than 201 and morethan 10 M for
(PSS/PAH). They also presented in work{52] there is an almost linear
relationship betweerNaCl concentrationand the thickness of thin film for
(PSS/PDADMAQ10 when the concentration changes fra6Y M to 2 M. This

Is in contrast to the recefihdings of Gang and Gg@&6] who reported that the
thickness of multilayers was significantly influenced by the salts type i.e. the
thickness increased along with the increase of NaCl concentration used during
the assembly, whereaskept constant when NaBr was used in growth of the
PSSMA/PDADMAC multilayers As a result, the thickness of a bilayer is
influenced by both type of salt and type of polyelectrolyte in addition to the
concentration of the salt solution. Nonetheless,a&given pair of polycations

and polyanions, the concentration of salt in the deposition solution appears to
exert the strongest influence on the adsorption process and the thickness of each

polymer layef74].
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Fig 4-6 The effect of salt on a polyelectrolyte molecule in solution in high and low concentration
of salt[89].

In exploring growth conditions, it is generally observiétht d low salt
concentration, polyelectrolytes tend be extended in the buland interact
strongly with the surfaceand are formed thin layers. The molecules of
polyelectrolytes areassumed conformatisnwith loops, trails and tasl At
intermediate salt, the polymers become more coiled due to charge screening,
and the adsorbed lay mass and thickness increa&e high salt concentration

the repulsion is screened; hence the polyelectrolytes behave more like
uncharged polymers. They can adopt conformations with loops and tails, and

the adsorbed amount increasbat the layer is notso uniform as the

intermediate and low concentration of salt args2, 56, 83, 90Q|. |Fig 4-6

illustratesthe effect of salt on a polyelectrolyte molecule in solutions of high

and low salt concentrations.
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Fig 4-7 Thickness of (PDADMA/PS&g built from 10 mM PDADMA and PSS solutions at
various salt concentration on Si wafg8g].

Fig 4-8 The rootmeansquare roughness of (PDDA/P&SYeposited from different NaCl
concentrations. The error bars represent standard devifijns
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Fig 4-9 The film thickness versus number of layers for three sets of experimgiS $fPAH)
deposition in different salt solutidf].

Fig 4-7[shows that how the thickness of the film varies with salt concentration for

(PDADMA/PSS)o andFig 4-8|illustratesthe roughness of Hdilayer films of

PDDA/PSS deposited from different NaCl concentratioR®r low salt

concentrations, the roughness remained constant at a small value. Films

prepared from higher salt (NaCl) solutions are noticeably rou@®m1] as

shown in

Fig 4-8

The film thickness versus number of layers for three sets of

experiments b (PSS/PAH) deposition in different salt solution are shown in

Fig 4-9
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4.2.8 Number of bilayers

Total film thickness can be adjusted by controlling the number of bilaykes.
amountof polyelectrolyte deposited in each adsorption gpegulually increases

with increasing layer numbg®2].

At the first layers; which varies from two teix (one to three bilayerdh
previouswork [33, 70, 93, 94], smaller amounts of polyion are adsorbed as
compared witmext layerd 37, 52]. In this step the amount of adsorbed polymer
normally increases before reaching a more constant IgB2l 60]. The
multilayer growth also follows an exponentidike patternrather than the
usually observed linear dependerafethickness on the number of deposited
layers[70, 95]. The surface charge of the substrate determines how long it takes
to reach a constant leVi®2]. However, as long as the polyelectrolytes create an

electrostatic equilibrium, constant growth is eventually reached despite the

substrate char&eristics[96-98] as shown iffFig 4-10

Numerous studies have shown experimental evidence of a linear increase of
film thickness with the number of deposited layers independent of the nature of

the initial substrateafter reachig theelectrostatic equilibriuni6l, 66, 70, 95],

as shown ifFig 4-11
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Fig 4-10 Thickness as a function of the number of layers for a (PSS/PDADM@Glilayer
deposited on silicon wafer from 1.0 M Naglpolymer concentration 1 mi$2].

Fig 4-11 Film thickness withincreasing numbers of bilayers for single aniatianin deposited
films [66].
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4.2.9 Influence of drying

The applied drying procedure is another parameter which influences film
growth. Drying the film to remove the water layer from the film sueéadfects

film characteristics comprisinghe thickness and optical absorbance of the
films. In the standard LbL process, the film is not dried and remains wet at all

stages.

There are many evidence reportg@d-102 that te samples dried after
adsorpion of each layer hafligher adsoréd amouts than samples prepared
without drying andt was showrthat drying makes the films flatter and rather
hydrophobic. It was also reped that drying at every step of adsorption
increased the thickness of adsorbed films due to enhanced surface roughness o
each bilayef52, 66, 103 104]. De Souza et a[.105 noted that drying affects

the film buildup and morphology, with LbL films dried under room conditions
displaying a more homogeneous surface (lower roughness) and higher adsorbed
amounts when compared with films dried under vacuurbyonitrogen flow.

The lower roughness was attributed to lower solvent evaporation rates for
samples dried in air. An increased ionic strength was also shown to lead to
rougher surface§l06]. From studies already conductﬁ on Poly R
478/PDDA films, dried films (where the film was dried after each monolayer
was deposited) showed 20% greater thickness and 15% greater optical
absorbancehan the urdried films. Though, theconflicting evidence for the

role of dryingreported byPatel et al[107] that the net growth of an enzyme

layer increases when the drying step is omitted. Drying of enzymes layers
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reduces the activity of the assembly to some exkémwvever, Dubas showed in
literature[52] that the &yer thickness for deposition of PSS/PADMA thin film

does not depend on whether the multilayer has been dried between layers.

Muthukumar{108] theoreticdly predicted that the drying can affect the contents

of counterions in films prepared by LbL from solutiorsvimg different ionic
strengths. Lourencfil00] showed thathe amount of counterions in PAH/PSS
LbL films decreased by almost one order of magnitwtien the film was dried
under room conditions after adsorption of each layel explaiedthat this was

due to water removal during the drying process which allows the formation of
NaCl nanocrystals, that subsequently dissolve into the solution in slepddn

of the next layer. For wet samples the increase in salt concentration leads to a

decrease in the number of KHonized groups. He summarized the effect of

drying inFig 4-12

Fig 4-12 Wet sample versus dried samfleqQ].
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4.2.10 Stability

The stability of the multilayer is largely determined by the electrostatic
interactions of the anionicationic polymer pair and, hencegepends on type
DQG FRQFHQWUDWLRQ RI WKH VDOW VWUHQJWK

molecular weight, pH athe solutions and the thermal energy.

In order to form a stable multilayer thin film, a minimum charge density in each
layer is neededl'his minimum charge density depends on the salt concentration
and salt type, and also very strongly on the chemdmitity of the charged

units being relied on to form the thin filﬁl 29, 109. Stronger ion paing will

also yield more stable multilayer®]. Moreover, high molecular weight
polymers promote the stability of the lay¢dsl, 110 111]. High and low pH
solutions can potentially discharge the i@l destruct the layers, while heat
treatment causes the chemical reaction between the molecules of two adjacent
layers and makes the stger bonds and more stable multilayer film, in other
words,the multilayer structure could be stabilized by crosslinks formed during

the curingof the deposited film under heating as shmeFig 4-13 Although,

upon heating, the film thickness decreases

Generally, bemical, thermal or UV crosslinking can significantly alter the
stability of a giverpolyelectrolyte multilayer to@99, 113 114).

Highly charged polyelectrolytes form very stable multilay§td5]. While
multilayers of weak polyeleditytes are potentially unstable, since a variation in

the pH can influence the polymer charf@s|.
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Fig 4-13 Theheat treatment effect on the layers coated on the surface cledimical reaction in
PAH/PAA multilayer assemblies after heat treatnjétp].

Unstable multilayers could be stabilized by rinsing unbounded molecules before
switching to the other polymer solution. For weak polyelectrolytes, which have
a pH dependent charge, also the pH lé solution was shown to be an

important variable for stabilit}61].
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Neutral Red (NR) was widely applied as a pH indicator in majority of the
published work using LbL method. Hence NR was initially selected to study the
LbL techniqueand find out the best conditions for the coating. The molecule of
neutral red carries an amine group with positive charge and applied as a
polycation. Poly (acrylic acid) (PAA) with negatively charged functional group
was also applied as a crdssker. The deposition was initially carried out tre

glass microscope slides of dimensions 76x26 mm with thickness of 1.0 mm.

Fig 4-14 Neutral red chemical structure

To build up the layers onto the glass slide fibre surface, cleaning and

modifying of the surface is necessary. The first step is to clean the surface
ultrasonically in normal water for 15 minutes to remove dust and some
impurities and then to immerse it into piranha solution (70% concentrated
sulforic acid, 30% oxygen peroxide) for about an hour to treat and functionalize
the surface. The substrate is then washed with distilled water and dried by N

gas flush. The negatively charged surface is ready to attract the positively
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charged molecules. hErefore, the substrate is immersed into a polycation
solution for a specific time period{% minutes). After forming the monolayer
and dipping out, the substrate is extensively rinsed with fresh distilled water for
a specific time period (25 minutes)to remove the wbonded molecules. To
assemble the second monolayer a similar procedure is followed for the
polyanion solution. Subsequently, the substrate is alternately immersed into

polycation and polyanion solutions to create a multilayer deposition.

The polyelectrolyte solutions were prepared by dissolving a certain amount of

polyanion or polycation in pure distilled water or saline water.

In a different set of experimental work, the following parameters were changed
and the glass slide optical behawionvas investigated by spectroscopy of the

samples to determirtbe characteristics of the film.
Dipping time (bolyion)

Washing time @insing

Rinsing method

Number of bilayers (n)

The concentration of the solutions

Adding salt to the solutions

Drying and method of drying

It should be taken into consideration in all experiments that thicker film gives

greater absorbance spectra.
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4.3.1 Dipping Time and Washing time

Due to an increasa the number of molecules on the surface because of an
increasein the dippng time, the absorbance spectra measured with the
spectrometer showed an increase in absorbaReeoving of extra molecules

from the surface happened when the washing time is increased and caused the
decrease of the thickness and consequently the absetbdn conclusion,

changing the time directly changes the absorbafieadle 4-1|shows the effect

of dipping time on the absorbance for (NR/PAMNth 10mM concentration in

thepresence of 0.2M salt in the solutions without drying.

Table 4-1 The effect of dipping time on the

absorbance fotthe glass slide coated Wi,[hTabIe4-2 The effect of rinsing method on the

absorbance forthe glass slide coated with

(NR/PAA)s. (NR/PAA).

Dipping Wavelength o

time Absorbance (nm) 51'2;1'23 Absorbance
2min ) 0.17 523 Ultrasonic 0.20

3 min 020 522 Magnetic Stirrer 0.57

> min 0.26 522 Without stirring 0.74

4.3.2 Rinsing method

Washing out the ubonded molecules of each built up layer should be done
thoroughly. Cleaning ultrasonically in distilled water, using the magnetic stirrer
during the cleaning or dipping in the distilled water has eemined The

result showed ultrasonic cleanemoved higher molecules and made thinner

film with lower absorbance, while immersing the coated substrate in pure water
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with no further action caused only the loose molecules to be removed producing

a thicker film.|Table 4-2| compares the absorbance for the samples dtet

cleaned by these three different methods for (NR/RAAjth 10 mM

concentration irthe presence of 1®M saltin the solutions without drying.

4.3.3 Number of bilayers (n)

Increasing the number of bilayers increases the thickness of the thin film and

accordingly increases the absorbanée&y 4-15 shows the change in the

absorbancand the peak wavelengitith the increase in theumber of bilayers
for (NR/PAA), when the concentration of the solutions werenl@ and the
dipping time was the same as the rinsing timuilding up moe bilayers
affects the amount of absorbance directly as adding the number of bilayers

increases the absorbance whilst reducing the wavelength.

4.3.4 The concentration of the polyelectrolytes

An increasdn the concentration of the polyion solutions increasesitimber
of moleculedepositing orthefilm. It subsequently causesheggher absorbance.
Three different concentration of the solution were tested. The enhancement is

seen in absorbance with regarb both concentration of theolution and

number of bilayers as shown|ifig 4-17|andFig 4-16/(down). In spite of this

fact that the peak wavelength deeases with number of bilayers for

concentration of 1M, it roughly remains constant for concentration ohlgl

as shown ifFig 4-16|(up).

Page [145



Chapter 4 Principles of Layetby-Layer Technique

Fig 4-15 The absorbance spectra (up) and the peak wavelength (down) versus number of bilayers
of (NR/PAA), coated on the glass slide while the concentration of the dye solution was 2 mM.
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Fig 4-16 The effect of concentration of the solutions the peak wavelength (up) aride
absabance(down)for (NR/PAA), in the various number of bilayers.
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Fig 4-17 The effect of concentration of the solutions on the absorbance spectra for (NR/PAA)

4.3.5 Dryingand  method of drying

The drying preedure affects the thicknesthe absorbanceind the peak
wavelengthof the films. Drying the polymer film on the coated surface before
rinsingincreased the stickiness of the molecules and consequently increased the
absorbanceThe thickest film with thénighest absorbance whitedecrease seen

in the peak wavelength produced when the gas applied for drying as shown in

Fig 4-21| and[Table 4-4] Whereas the layers built up without drying had the

lower absorbance in respect to dried samples. This result can be Sesrlep

4-4) where it shows the absorbance for (NR/PAMAt 2 mM solution

concentration. Moreover, it was observed that drying after each step created a
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thicker film than drying after rinsing at each step. The dried glass slide after

each step shows different behaviours in both absorbance and wavelength. As

can be seen |Rkig 4-18Jthe highest absorbance took place in the case of drying

after each step whereas the peak wavelesgtielowest for this sampléaVhen

the sample dries after each step, changing the absorbance as well as changing
the peak wavelength tookagae faster than two other cases. It means that drying
the glass slide after building up each layer causes the immobilization of extra
molecules. While rinsing the sample immediately after coating causes washing

out of many molecules from the surface of tbeated layer and thereupon

thinness of the laygFig 4-19[shows the coated glass slides at these three cases.

The darker colour is seen in the gladide that was dried after each stage of
coating. In summary, the deposition in wet film creates the thinner film but
more stableat dried film. Because washing the sample after each step without

drying causesntothe strong bonded molecul@sremain.
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Fig 4-18 Comparison thenaximum absorbance (up) and the peak wavelength changes (down)
for theglass slides coated by (NR/PA#t three different drying conditionsy N, gas without
drying, drying after washing ardtying after each stage.
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Fig 4-19 Comparison the glass slides coated by (NR/BAA]) three different drying conditions:
without drying, drying after washing, drying afesich stage.

Table4-3 The effect of presence of NaCl in Table4-4 The effect of drying method (gas
the polyelectrolyte solutions on the and oven) on the absorbance and wavelength

absorbance for (NR/PAA) for (NR/PAA)s.
Salt concentration | Absorbance Drying method | Absorbance }/r\]/;\;elength
1M 0.047
0.2M 0.20 Drying by gas | 0.68 513.0
2
10°M 0.35 Drying by oven | 0.54 521.81
103M 0.15
Without drying | 0.22 522.08
0 M (without salt)| 0.10
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4.3.6 Adding salt to the solution

The role of salwas studied in a series of experiments on (NR/RAeRd its

effect on the absorbance is showiiTamble 4-3| The presence of salt to 1M

raises the absorbance, while it has inverse effect when its concentration

bemmes more than 10M. [Fig 4-20,compares the appearance of the coated

glass slides in two different salt concentrations;\.2nd 1* M. Theverylow
and very high concentration stlt in thepolyions solution showsundesirable

effect on the uniformity of the layers.

Fig 4-20 The effect of salt carentration Fig 4-21 Different drying methods have

ontheappearance of the coated glass. different effect on the deposited glass slide.

4.4 Summary

This chapter ingstigated the principles of layby-layer deposition technique

and its important parameters. There are many evidence reported in literatures
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that confirm the effect of each of these factors on thin film characterization.
While substrate should be functadized for taking of coating, parameters such
as dipping time, pH and concentration of the polyelectrolyte solutions, salt
addition to the polyelectrolyte and drying of thin film also need to be controlled
to control the process of formation of multilayend to obtain a multilayered

thin film with a specified thickness.
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5. pH Indicator Selection

Indicators arechemicaldyes that undergo calo changes on interaction with
chemical species. The purpose of usingalbed indicator chemistry in optical
sensing is to convert the concentration ahamical analyte into a measurable
optical signal. In other words, ¢hindicator act@s a transducer for a chemical
species that frequently cannot be determined diréstlyptical means. This has
an important implication in that it is the concentratiortted indicator species

that is measured rather than that of the gatself.

As a matter of factmany indicators cannot be used in fibre optic chemical
sensors because of unfavourable analyticavelengths, poor photstability
andlow molar absorbancé& he optical sensor systems are preferably operated
between 4500 nm[1]. Optical pH sensors measure over a limited range of
pH and no single indicator is available that allow measurements to be performed
over the pH 0 to 14 range unless using combination of different indicators with
different values of pKwhich is an important parameter for characterization of a
pH indicator. Moreover, the most important pH range is the near neutral

(physiological) range. However, few indicators only meet the requirements for
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use in pH sensors for neutral range for which the desirptaperties are: an
appropriate pK (7-8), absorption at or above 450 nm to allow the use of
inexpensive waveguide optics and light sources, high molar absorbance, photo

stability and chemical stability and ease of immobilizafijn

Applied pH indicatos in optical sensors areostly weak acids (less often, weak
bases) whose calo is different in the dissociated and the associated
(protonated) form, respectiveliience, a pH optical sensisrbased ornhe pH-
dependent changes of the optical propeniean indicatordyed layer attached

to the tip or surface of an opticldht guide through which these changes are

detectedNumerous optical sensadisr pH have been reportqﬁ. They differ

mainly in the knd of chemical transducer and the optical sensing scheme

employed.Most of the work to date has beem sensordased orabsorbance,

reflectivity, fluorescenceand optical power]10-16]. However, there is no

wavelengthbased pH sensor available to date. Sensors based on peak
wavelength shift are more reliable as these sensors are independent of the light
source. When the pHependent change in colour is significantly great, the shift

in peak wavelength between two successive pH is significant and the indicator
that provides this wavelength shift can be a good choice for fabrication of a
wavelengthdependent pH sensor which is the novelty of this research work. In
case of using LbL depdsn technique, to date a limited number of pH

indicators such as neutral red, methylene blue, brilliant yellow and prussian blue

have been deposited onto the optical fibre to create pH s§L7—20 .In

this work in order to identify the suitable pH indicator which shows better
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performance based on wavelength change with narrow intervals based o
colourimetric measurements, some indicators have been examined and
compared with other§.he common properties pH indicatorsthat are suitable

for deposition using LbL techniquae:

t Charged molecules

1 Easily water soluble

T The high variatiorcolourin the presence of acidic to alkali solutions
T The pH range is between 3 and(IThe multilayers film may be

destructed in high or low pHS)

521 Materials

Based on theharacteristicsnentioned aboveome indicators were selecttt
which the properties are listed below. Few drops of the dilute solutions of these
selected indicators were addedthe pH buffer solution and their absorbance

spectra versus pH were recorded.

Neutral Red (NR):

Molecular Weight: 288.78 g/mol

pH Range: 6.88.0

ColourChange at pH: Red (6.8) to yellow (8.0)
pKa: 7.4

Solubility: Soluble in water
UV-9LVLEQH22 nm

Charge: Positive charge

X X X X X X X
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Fig5-1NeutralrHGYV FKHPLEDO VWUXFWXUH

Fig 5-2 Absorbance ectra for NR at different pH buffer solutions

Brilliant Yellow (BY):

Molecular Weight: 624.56 g/mol

pH Range: @ 8.0

ColourChange at pH: Yellow (6) to redorange (8.0)
pKa: 7.2

Solubility: Soluble in water

UV-9LVLEQHI7 nm

Charge: Negative charge

X X X X X X X
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Fig 5-3 Chemical structure of brillianteflow.

Fig 5-4 Absorbance spectra for brilliane§yow in different pH buffer solutions

Alizarin Red S (ARS)

X Molecular Weight: 342.26 g/mol

pH Range: 3.56.5; 9.442.0

ColourChange at pH: Yellow (3.5) to red (6.5)
Orange (9.4) to violet (12.0)

xX X

pKa: 4.5, 11

Solubility: Freely soluble in water
UV-9LVLEQH9% nm, 556 nm, 546 nm, 423 nm
Charge: Negative charge

X X X X
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Fig 5-5 Chemical strature of alizarined S

Fig 5-6 Absorbance spectra for ARS in different pH buffer solutions

Litmus

Molecular Weight: unknown

pH Range: 4.58.3

ColourChange at pH: Red (4.5) to blue (8.3)
pKa: 7

Solubility: soluble in water

Charge: Negative charge

X X X X X X

Page [L69



Chapter 5 pH Indicator Selection

Fig 5-7 Suggested chemical structure fammus. The repeating unit consists of a substituted
phenoxazone ahtwo orcinol residuef21].

Fig 5-8 Orcinol(left) andphenoxizongright) chemical structures.

Poly (aniline)

X Molecular Weight: averagel®,000 g/mol
pH Range: 4.82.0

X

x

Solubility: partially soluble in water
UV-9LVLEQHO0 nm, 840 nm

x

X

Charge: negative charge in high pH and positive charge in low pH
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Fig 5-9 Chemical structure ofgty (aniline).

Fig 5-10 Absorbance spectra fooly (aniline) in different pH buffer solutiorj22].

Congo Red (CR):

Molecular Weight: 696.67 g/mol

pH Range: 3.@.0

ColourChange at pH: Blue (3.0) to red (5.0)
pKa: 4.1

Solubility: Soluble in water
UV-9LVLEQH9I5 nm, 497 nm, 488 nm
Charge: Negative charge

X X X X X X X
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Fig 5-11 Chemical structure of conged

Fig 5-12 Absorbance spectra for congedrat different pH buffer solutio23].

5.2.2 Methodology

In order to study the behavior of immobilized dye in different pH solutions and

to find out the suitable reagent that shows high colour variation with significant
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peak wavelength shift in a wider range of pH the named components were
deposited on the glass slide and the optical fibre using LbL technique and then
absorbance spectra in different pH buffer solution were studied according to the

procedure described in Secti8.5.

Neutral red, brilliant yellow and alizarin red S were selecaedong the
mentioned indicators. Polyaniline and litmus can indicate a wide range of pH of
a solution with great change colour and consequently big wavelength shift.
However, polyanilinehas commonly been used asonductive electrodig4,

25 and has been used to develop a gas sd@épr It has been used in
membrane 27] and in aQuartz Crystal MicrobalancQCM) device

[28] asapH sensar It is also utilized in the specific measurement of[@H]. It

is negatively charged in high pH and positively charged in low [BH.
Therefore in the case of pH measurendistharging happenespecially when

it is deposited by LbL technique.

The mdecules of litmus carry negative charge and can be used as a polyanion,
then PAH was applied as a polycation. The absorbance spectra obasder
solution of litmus showed a pick at 581 nm wavelength. Nonetheless, the
multilayers of (PAH/Litmus) did noshow any acceptable absorbance spectra,
as the absorbance for a thin film comprising 15 bilayers of (PAH/Litmus) was
only 0.04. Despite the molecular structure of litmus which carries two negative
functional groups, it is likely that its molecules were ablke to get attracted to

the surface properly.
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congo red is water soluble, yieldingcalloidal solution; its solubility is better in

organic solvents such as ethanol.

Eventually, BY, NR, ARS and their combinations (for a wider range of pH
recognition) vere selected as pH indicators among the indicators listed above.
PAH and PAA were also used as crtisker. For those indicators with positive
charge functional groups PAA was applied as an alternate layer and PAH was
utilized between layers of indicatonsth negative charge functional group. The

compounds that are selected for coating are listed below.

™PAH/BY
Polycation: PAH
Polyanion: BY

™NR/PAA

Polycation:NR
Polyanion:PAA

™ PAH/ARS
Polycation: PAH
Polyanion: ARS

™ PAH/(ARS+BY)
Polycation: PAH
Polyanion: ARS & BY

™ (PAH+NR)/ARS
Polycation: PAH & NR
Polyanion: ARS

PAH and PAA were used as crdssker while other components were applied

as pH indicators.
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The concentrations of the polymers weonstant at 2.5 mM in saline solution
with 150 mM NaCl. However the dyes had different concentrations (0.25 mM
and 0.5 mM) in saline solution (15&M NaCl) depending on the type of
reagent. The concentration of polymers, reagents and salt were selesteld b

on some preliminary experiments which gave a good homogenous coating with
considerable absorbance. The dipping time for all stages of the coating was 5
minutes for each stage without drying. To enhance the stability of the bilayers
heat treatment wassed after carrying out the deposition as the fibre was cured
at 120C for 4 hours. In order to prepare a fibre optic sensor the procedures
mentioned in Sections 3.4 and 3.5 were carried out. The length of the mirror

created at the tip of the fibre was kepnstant at 2.5 mm for all probes and the

length of the sensor was adjusted to 21 fhing 6-13). As already mentioned

the DoseResponse curve fitting model was applied to fit curves of the peak
wavelength with pH values of buffer solutions. Curve gradient in the inflection
point can pesent the peak wavelength shift per pH unit in which higher absolute

value shows greater sensitivity.

Fig 5-13 The sensor part is a coated core which ended by a silver mirror.
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5.2.3 The performance of the selected indicators

¥4 Brilliant yellow
Brilliant yellow (BY) is one of the indicators which is suitable for coating using
the layerby-layer technique. Before examining each indicator on an optical
fibre, the changes of absorbance and peak wavelength versus ruirbibeyers
of (PAH/BY), were studied. Having plotted the absorbance and peak
wavelength as a function of number of bilayers, the results based on number of

bilayers which gives the considerable absorbance with stable peak wavelength

lead to a suitable numer of deposited bilayers as showp in

Fig 5-14

The thickness of the film progressively increases when adding bilayers on the
surface and as a comgence absorbance increases. In contrary the peak
wavelength shifts to higher values with low number of bilayers. However,

when adding higher number of bilayers the peak wavelength shift is negligible.

The optical fibre was coated using brilliant yellamd was examined over a

range of pH values from pH 3 to pH 10. The results illustratgelgrb-15/and

Fig 5-16/show that to what extent this indicator demonstrates a good wavelength

shift when pH of the solution surrounding the sensing region of the fibre differs.

The parameters for curve fitting basen DoseResponse model for this probe

is given inTable5-1
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Fig 5-14 The peakwavelength value and absorbance changes when adding bilayers on the
surface for (PAH/BY) depositedn the glass slide.

Fig 5-15 The absorbance spectra for a probe coated with (PAH¢{B¥he concentration of BY
and PAH solutions was 0.25 mM and 2.5 mM respectively. (Probe code: OFBY)
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Fig 5-16 The peak wavelength as a function of the pH value of the buffer solution for a probe
coated with (PAH/BYY, (Probe code: OFBY).

% Neutral red

Neutral red which carries a positive functional group applied with PAA which is
negatively charged to create a tilaler thin film. The absorbance and peak

wavelength as a function of number of bilayers of (NR/PRAdgposited on

glass slide is shown |fig 5-17| As can be seerrdm this graph, the peak

wavelength shows a slight change (~7 nm) when the number of bilayers added
is increased from 5 to 27 bilayers while the absorbance increases from 0.13 to

0.74.

The optical fibore was coated with 15 bilayers (NR/PAA) to create aosen

which was tested in the range of pH 4.5 to|8i§.5-18/shows its spectroscopic

properties. The DosBResponse curve fitting |Rig 5-19 demonstrates that the

peak wavelength shift has a remarkable jump in the pH 6 to 7 range.
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Fig 5-17 The peak wavelength value and absorbance changes when adding bilayers on the
surface for (NRPAA), depositedn the glass slide.

Fig 5-18 The optical fibre coated with NR in different pH buffer solutiémmsn pH 3 to pH 10.
The concentration of NR and PAA solutionas 0.25 mM and 2.5 mM respectively. (Probe
code: OFNR)
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Fig 5-19 The peak wavelength for each spectrum in respect to pH for Fibre OFNR.

Y, Alizarin red S
Alizain red S (ARS])s the third indicator that was ex@ed inthis study. The

changes of the peak wavelength and the absorbance with respect to number of

bilayers of (PAH/ARS) deposited on glass slide is shownFig 5-20f Adding

multilayer thickness caused an increase in the absorbance and shortened the
peak wavelength which is similar to the behavior observed in neutral red. ARS

was examined by a probe which was deposited with 20 bilayers (PAH/ARS) in

the pH range 3o 9. The related spectroscopic graphs are shoﬁ'gir’ﬁ-Zl

The DoseResponse curve fittingF({g@ 5-22] ) demonstrates two different

indicating ranges in which one of them is locaéedund pH3.5 to 5.5 and the

other one starts from a pH of 7.5 and it is expected to continue as high as 9.
However, since discharging and later damaging of the layers happens in very
low and very high pH, it is not desirable to carry out measurements beyond pH

9.
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Fig 5-20 The peak wavelength value and absorbance changes when adding bilayers on the
surface for (PAH/ARS)depositedn the glass slide.

Fig 5-21 The optical fibre coated with ARS in different pH buffer solutiémesn pH 3.0to pH
9.0. The concentration of ARS and PAH solutions was 0.5 mM and 2.5 mM respectively. (Probe
code: OFARS)
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Fig 5-22 The peak wavelength for each spectrum in respect to pH for Fibre OFARS. (a) for
range of pH from 3.0 to 9.0 (b) for low pHs (c) for high pHs.

Fig 5-23 The wavelength value and absorbance changes when adding bilayers on the surface for
(PAH/(ARS+BY)) depositeddn the glass slide.
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¥, Alizarin red S and brilliant y&w

Next set of experiments were done on the basis of combination of BY and ARS
in order to enhance the sensing range of pH based on peak wavelength shift.
Concerning the range of pH of brilliant yellow and Alizarin red S (the pH range
for BY is 6.4 to 8.0and for ARS is 3.5 t0 6.5 and 9.4 to 12), it was expected that
there was a regular change in peak wavelength in a wider range of pH from pH
3.5 to pH higher than 9. The variation of peak wavelength shift and the

absorbance as a function of number of migyof (PAH/(BY+ARS) coated on

the glass slide is illustrated|iig 5-23| As can be seen from these graphs, peak

wavelength differs up to 6 nm when increasingttiiekness of the multilayers

from 5 to 14 bilayers.

Fig 5-24 Absorbance spectra fone optical fibre coated wittPAH/(ARS+BY))20 in different
pH buffer solutions from pH.0 to pH 9.Q(Probe code: OFABY
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Fig 5-25 The optical fibre coated wittPAH/(ARS+BY)), in different pH buffer solutions from
pH 6.0 to pH 9.0(Probe code: OFABY

% Alizarin red S and neutral red

The combination of alizarin red S (ARS) and neutral red (NR) was applied to
coat the distal end of an optical fibre. Again, the combination of these two
indicators was applied to cover a wider range of pH (the pH range for NR is 6.8
to 8.0 and for ARS is.8 to 6.5 and 9.4 to 12) values. The prepared probe was

examined in pH buffer solutions from pH 6 to pH 9. The absorbspeetra for

this probe areshown in[Fig 5-26| In light of the fact, that NR is positively

charged and has a stronger functional group as compared to ARS, it is expected

that the DosdResponse model demonstrates a negative slope as shgug|in

5-27
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Fig 5-26 The absorbance spectra for the optical fibre coated with ((PAA+NR)ARS)
different pH buffer solutiondrom pH 6.0to pH 9.0. The concentration of ARS, NR and PAH
solutions was 0.5 mM, 0.5 mM and 2.5 mM respectively. (Probe code: OFANR)

Fig 5-27 The optical fibre coated with ((PAA+NR)/ARS)n different pH buffer solutionfom
pH 6.0to pH9.0. (Probe code: OFANR)
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Table5-1 The parameters for curve fitting based on DBssponse model for the created probe.
Al and A2 are lowest and highest values of peak wavelength resbeab is the slope factor,
pKais theacid dissociation constaand Y is curve gradient in the inflection point.

Al A2 pKa p Y
Adj. R-
Probe n
Standard Standard Standard Standard (nm/pH
Value Value Value Value Square
Error Error Error Error unit)

OFBY | 20 | 503.27 0.803 544.72 1.648 8.060 0.069 1.204 | 0.2844 0.992 114.78

OFNR | 20 | 513.07 4.330 825.57 4.329 6.55 0.056 -2.17 0.489 0.247 -1559

OFABY | 20 | 504.55 1.914 535.50 1.474 7.34 0.086 1.165 0.264 0.986 82.93

OFANR | 20 | 612.06 0.268 619.24| 0.337 7.379 0.062 -0.66 0.0842 0.9978 | -10.99

Table5-2 Cross comparison of the prepared sensors.

Probe pH range sensing Peak wavelength shift
(hm)
OFBY 7.0 £10.0 40
OFNR 6.0-7.0 270
OFARS 3.5-55 5
6.5-9.5 7
OFABY 6.0 £9.0 30
OFANR 6.0- 9.0 6

Brilliant yellow, neutral red and alizarin red S were the three pH indicators that
are applied individually and as a combination to coat the distal end of optical
fibre to create a pH opticaknsor using the laydy-layer deposition technique.

The performance of these indicators under the same criteria was investigated

based on the variation of peak wavelength with respect to pH values of the
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solutions surrounding the probe. The indicatorcihachieved the highest peak
wavelength shift over wider range of pH can be a suitable candidate for

wavelength dependent pH sensor. The results of these experiments are

summarized ifTable5-1jandTable5-2| The optical fibre coated by neutral red

shows a dramatic peak wavelength shift specifically when the probe is
transferredrom the buffer solution with pH 6 to the buffer solution with pH 7
and the peak wavelength reduces by 270 nm. Moreover, the absolute value of
the curve gradient at the inflection point (at pH 6.55) is 1559 nm/pH unit. This
probe can be an excellent caratiel for a peak wavelength based sensor

operating in the range of pH 6 to pH 7.

Fig 5-28 Dark and fine spots oine surface of the coated glass slide with (NR/PA#hile the
surface coated with (PAH/BYgis totally homogenous.

However,on the surface ofllasampleseitherthe glass slides or optical fibres

coated with (NR/PAA) manydark and fine spots had been seen as sh

5-28| Although, by replacing the polymer (PAA) with a lower molecular weight

one can decrease the number of spots. However, some fine spots still remain on
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the surface. In conclusion, using thed-chain polymer improved the surface
homogeneity but it did not have a significant effect on removing the fine spots

and producing the highly homogenous coatimgcontrast, the surface coated

with brilliant yellow looked totally homogenous as shownFig 5-28 The

optical fibre coated with brilliant yellow shows a good fit with the Dose
Response curve fitting model. Furthermore, it is observed that this probe is more
sensitive in the pH range of 7.0 to 10.0. Although, the curve gradient in
inflection point forOFBY is around 115 nm/pH unit and it is not comparable to
that of for OFNR which is around 1560 nm/pH unit, the fibre coated with
(PAH/BY) multilayers had a better practical behaviour and a regular spectra
configuration compared to the fibre coated withR(PAA) multilayer. The
sensors prepared by coating the fibre with alizarin red S and its combinations
with brilliant yellow and neutral red did not show any significant wavelength

shift and were not suitable for a wavelength dependent sensor.

A variety of probes with similar deposition conditions were prepared based on
three indicators and their combinations. Brilliant yellow showed good
sensitivity based on peak wavelength shift for a pH range of pH 7.0 to 10.0
compared to other indicators. Altihgh neutral red illustrated a dramatic slope
at the inflection point, it shows high sensitivity for a narrower pH range of 6 to
7. BY is the second goggkrformer indicator with wider pH range sensing and

a slope of 115 nm/pH unit. Consequently brilligalow was selected as the pH
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indicator to provide a high resolution sensor for wider range of pH values. To
investigate the performance of the sensor prepared by brilliant yellow some

further experiments are undertaken which are discussed in the Chapter 6
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6. Enhanced Sensitivity of a
Fibre Optic pH Sensor

Coated with Brilliant Yellow

6.1 Introduction

A sensor isa device which detects or measures a physical property and records,
indicates, or otherwise responds tdrit other wordsa sensor is a device, which
responds to an input quantity by generating a functionally related output usually
in the form of an electrical or optical sign@lptical sensors which are a type of

sensoiis usually based on optical fiés:

The fibre optic chemical sensor is a sensor that measures a particular measurand
when an indicator or chemical reagent coats the surface of the optical fibre
using a mediator to produce an observable optical signapicdlly,
conventional techniques, such as absorption spectroscopy are employed to
measure changes the optical signallt is well known that different structures

of fibres that may be used and their various materials employed, as well as
different shapesof the probe formed from the fibre can all demonstrate

individual behaviour in a range of sensor applicatidrd]. Hence optimizing
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the type of the fibre and the coating method used can be crucial steps in
producing the most suitable probes for différeensing applications and ranges.
The sensitivity ofa sensor indicates how much the sensoutput changes
when the measured quantitilanges. Sensors that measure very small changes
must have very high sensitivitieSeveralpropertiesof the fibre canbe usedto

enhancats sensitivity

Sensitivity not only depersdon the choice of materialsf deposited film but

also on the geometrgf the fibre,the thickness of the coated thin layer, fibre
core radius and refractive index of both the fibre andatging[5-8] which is
strongly dependent upon the fibre bend radius and the thickness of the thin film
E’. Sensitivity can be enhanced by bending 8breEhe curvature of the
sensing fibre enhances the interaction of the incident light with the sensing film

because the intensity of the evanescent wave increases with curving the sensing

fibre .

However, when the bending radius decreases below a certain value, the
sensitivity of the sensanaystart to decrease due to the reason that the incident
angle of light is less than the critical angbguired for light to be guided in the
bending region. Therefore, the maximum sensitivity of thehdped sensor can

be obtained at an optimum value of the bending rﬁ .

While many researchehave shown that the higher sensitivity of a fibre optic

sensor can be achieved by increasing the thickness of the sensing [&gipn

, other scholarbavedemonstrated thahe thickness optimization whicls
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achieved bythe control of number of bilayers is necessary to obtain the highest

pH sensitivit :

Sensitivity alsovaries with the amount of adsorbed material which can be
controlled by concdmation of polyions solutions using the lay®y-layer
approacﬂ. The optical sensemwhich work at shorter wavelengghow

higher sensitivityj20].

To date, in most of the pH sensors developed, their sensitivity has been
determined through intensityased measuremeanthich can be prone to ersor

Few researchers have studied optical sensors wdriebased on wavelength

shift. However,the highest sensitivitjor their sensors was not very significant

H J QP S+ XQLW DQG i QP S+ XQLW IRU D
respectively[21]] RU QP S+ XQLW DQG i QP S+ XQ
alkaline solutions, respective[t5]. However, inthe currentwork, the design

and characteristics ofovel and high sensitiveavelengthdependent pH optical

sensos have been studied and reported. This allows the sensor mechanism to
be independent of any source variation or any perturbation, other than the pH
change bing measured. In the present study, brilliant yellow was chosen and
was applied as an indicator because of the greater wavelengtiolsdeftved

with pH change, compared to the use of other indicators.

Reviewing the response to wavelengtiange the sensvity of the probes is
limited and significant over the pH values from pH 7 to pH 9 for almost all

probes coated with PAH/BY and in this pH range the wavelength shift is clearly
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measurable.Hence wavelength shift can be considered as an index for
sensitvity.

This chapter focusgsarticularly on key fabrication parameters including effects
and influence of the concentration of the indicator, the fibre core diameter and
the bending radius of the fibre that was used. The wavelength shift and the
sensitiviy of the probes prepared in this wotkthe key measuranctlated
parameters+ demonstrate thedvantageof this approach and thkevel of
sensitivity achievable. The work provides a framework for the optimization of
the design and structuid the pH sensr, where key information on several
parameters, such as number of deposited layers, the concentration of the
indicator solution, fibre core diameter and the shape (straight dwhtl) of the
probe have been investigated armebults on the sensor performee are

reported.

In all experiments changing the effective parameters influences the nature of the

coating comprising of components which are active at a specific wavelength.

6.2.1 Materials

In order to create an effective optical pH sen brilliant yellow (BY) was

selected as the pH indicator, as discussed earlier. This molecule is negatively
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charged and can be used as a polyanion. Poly (allylamine hydrochloride) [PAH]

is a positively charged molecule and was used as a polycation.

6.2.2 Fabrication of the sensors

To design and develop the sensor probe, a silica multimode fibre with a core
diameter of 1mm and cladding thickness of 10mm was used, as supplied by
Thorlabs. To create a straight evanescent sensor, the distal end of theasbre
stripped of the jacket coating and the fibre was polished with 5 pm, 3 pm, 1 um
and 0.3 um stonpapers respectively to achieve a smooth finish. As the
cladding is acetone soluble, it was easily removalle.create an evanescent
field U-bend sensor, a part of the fibre also was stripgfédt® jacket and
cladding. A flame was then applied to soften the glass, so that if required the
fibre could be slowly bent to create thesblape, following which thelfre was
cleaned and the surface functionalized. Following that the bare core was soaked
in piranha solution (a 30:70 (v/v) mixture @fygen peroxideH20-) (30%) and
concentratedsulfuric acid(H2SQu)) for 60 minutes to produce the negatively
charged sugce and it was then rinsed in distilled water. To reflect the radiated
light back and guide it to the other end of the fibre in the straight probe, a mirror
was created at the tip of the fibre. Both fibres were then coated with positively
charged molecuke The layetby-layer technique used is based on the
successive deposition of oppositely charged molecules onto the solid surface;
here the negatively charged fibre was dipped into the polycation solution for 5

minutes. As a result, a thin layer of the jtwe molecules was adsorbed onto
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the surface. Following that, the fibre was then dipped into distilled water for 5
minutes to remove any unbounded molecules from its surface and the substrate
was alternately placed into the polyanion solution for andih@inutes which
further allowed any unbound molecules to be washed out, again using distilled
water. This procedure was repeated and as a result a multilayer coating was
built up. To improve the stability of the film and to avoid progressive
degradationof the indicator, the coated substrate was cured at 120°C for 4

hours.

6.2.3 Experiment s

To study the performance of the sensors which had been prepared by building
up the layers of the pH indicator on the glass core of the optical fibre and to
optimize the coditions for the use of the sensor, a number of key parameters
such as the numbef bilayers used (one layer of brillianeNow and one layer

of PAH constitutes a bileer), the concentration of theilbant yellow indicator,

the size of the core and tekape of the fibre were examined. The concentration
of the PAH solution (in 15M saline solution) was identical at 2.5mM for all
samples considered, while two different concentrations for the BY solution (in
150 mM saline solution) were examined, thdseEng 0.25 mM and 0.5 mM.
The pH of the polyion solutions was adjusted at pH 6 for BY and pH 5 for PAH
solutions.The sensing length was 22@m for both the tbend and the straight

probes while radii of the dbend probes were different, at 1.4bn and 1.55

mm. These two configurations shownfing 6-1
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Fig 6-1 Schematic of the Wend and straight probes.

The layerby-layer technique was employed to coat the uncladded silica core of
all the probes alternately with PAH and BY. The probes thus prepared were
tested and evaluated in buffer solutions of known pH avangeof 6.6 to 9.4.

To measure the absorize spectra of the coated optical fibre, an experimental

setup wa designed and developed for thigpose, and shown schematically in

Fig 6-2

All measurements took place in stable conditions and each spectrum was
recorded afterachieving stable results (about 50 second). No cleaning,

washing or heating steps between measargsweralone.

Measuring the absorbed light as a function of wavelength for different pH buffer
solutions using a spectrophotometer gave a series of spectra. Following that, the
wavelength of the maximubsorbancéor each graph was plotted with respect

to pH so that the generated graph was seen to obey the appropriate Dose

Response curviting model
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Fig 6-2 The experimental set up for straight probgs énd Ubend probesdown).

In addition, layersof PAH and BY were built up on the straight optical fibre

(with 600um core diameter) using a range of different bilayers (numbered here
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from 3.5 to 9.5) such that probes with whole numbers of layers end with BY

whereas those with fractional (decimal) numsbef bilayers end with PAH

Two series of experiments were carried out ebddd and straight probes (of
which the core diameter was identical at 1000um), and the concentration of the

BY solutions wawaried from 0.25 mM to 0.5 mM.

Six double layers of(PAH/BY) were built up on the glass core. Having

examined the mbes in the pH buffer solutionde conclusions obtained from

the respective DosResponse graph for every probe are summarizgichiole

6-1| The results of each experimesill show and compare graphically in each

relevant section separately.

In the present chapter, using the laggrayer technique, brilliant yellow as a
pH indcator and poly (allylamine hydrochloride) [PAH] as a crisker have
been deposited on an uncladded silica fibre to creatavalength dependent
pH sensor.The wavelength shift can be demonstrated by the slope of- Dose
Response graph and is the basithefindex for sensitivity used. The inflection
point in the DoséResponse graph demonstrates the g@ikthe thin film, which

is a function of the degree of ionization, revealing the pH at which 50% of the
thin film functional groups are ionizd@2, 23]. The pka is given by 40gi0Ka
where K is the acid dissociation constant which is the equilibrium constant of
the dissociation reaction in th@rgext of the acibase reaction, in which an

acid is ionized reversibly into its conjugate bassé the hydrogen ion.
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Table6-1 Dose-Response curve properties for the prepared probes.

Q S Sa Wavelength

o o oz = T Z L=l 37
o @ £ Fc S ® o = =
g =3 Y £ 3 2 = = @ byl EZsS =
® Shape ¥ 5 S pPo =3 =] & BEOol2| 2

~ = S5 ~ =3 ) =3
0 3 E 2o s 2 atpH b ™ 5 | @
g a = Eg 22 3823 5 atpH7 | —g o& | 3
® o) E = = g =3 g T Iz 3
POl 600 0.25 35 7.96 119.868 | 0.998 | 457.28  494.78 | 3.749 | 0.053
P02 " A 4 7.69 128.224 | 0.997 | 461.66  499.71 | 3.804 | 0.053
P03 " A 5 7.65 150.724 | 0.996 | 457.31  497.15 | 3.984 | 0.050
P04 n n 55 7.74 177.610 | 0.994 462.96 5040 | 4.182 | 0.0488
P05 n n 6 7.56 148.703 | 0.996 459.%6 505.98 | 4.654 | 0.043
P06 n " 6.5 7.81 155.845 | 0.998 467.87 512.64 | 4.477 0.045
P07 n n 7.5 7.83 127.530 | 0.999 471.79 513.82 | 4.203 | 0.047
P08 n n 8 7.71 126.514 | 0.996 471.85 511.32 | 3.947 | 0.051
P09 n n 8.5 7.84 89.201 0.996 482.97 514.10 | 3.113 | 0.064
P10 n n 9 7.72 85.397 0.998 487.28 515.20 | 2.792 | 0.072
P11 n " 9.5 7.87 82.238 | 0.999 491.61 517.3 | 2.575 | 0.078
P12 1000 n 6 8.21 203.929 | 0.998 457.34 503.18 | 4.583 | 0.047
P13 n 0.5 6 8.46 183.690 | 0.997 456.52 499.31 | 4.279 | 0.044
P14 n 0.25 6 8.03 111.826 | 0.994 474.01 513.7 | 3.969 | 0.063
P15 n 0.5 6 8.36 79.361 0.996 477.97 509.78 | 3.181 | 0.051
P16 n 0.25 6 8.00 193.694 | 0.994 450.94 505.39 | 5.446 0.039
P17 n 0.5 6 8.21 161.422 | 0.998 452.13 503.76 | 5.163 | 0.037

There are many evidences tli1histrated 23-28] thatthe effective pKof a
polyelectrolyte substantially differs from solution state value when incorporated
into a multilayer film. Reviewing the device response to wavelength change, the
sensitivity of the probes imited. However, levels of sensitivity aggnificant

over the pH range from 7 to 9, for almost all probes tisativere coated with
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PAH/BY. In this pH range the wavelength shift is clearly measurable,
demonstrating that thevavelength shift can be considered as an effective

measure oensitivity.

Two main properties are discussed in this section; the sensitivity andmpkl|

the experiments carried out, changing the nature of the coating (comprising of
components whichra active at a specific wavelength) changes the performance
of the probes. Changing key factors such as the number of bilayers used, the
thickness of these layers and the number of molecules (the density) constituting
the layers (resulting from changinfet concentration of the polyelectrolyte
solution) and also the shape of the probe causes a change in the polarity of the
micro-environment and thus the measurements made with the probe, allowing

for the optimization of the device sensitivity.

6.3.1 Number of la  yers

The sé of experiments undertakeanitially usedprobes with600 microncore
diameter deposited with 3.5 bilayers to 9.5 bilayers of (PAH/BY) in which

concentration of BY solution was 0.25mNlhe absorbance spectra for these

sensors are shown|kig 6-3||Fig 6-4||Fig 6-5||Fig 6-6||Fig 6-7|andFig 6-8|and

DoseResponse graphs are presentefFig 6-9| |Fig 6-10| |Fig 6-11] and|Fig

6-12 The single most striking observation to emerge from the graphs is

working at higher wavelengths once the number bafyers increases,

nonetheless it can be seen tiet slope of graphs are decreasing.
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The slope of Dos®esponse graph inflection point for the probeavith 3.5
bilayerscodedas POl is ~120 nm/pH unifThe second probe with 4 bilayers
shows a greater sensitivity, since its slope increase428 nm/pH unit. This
amount proportionally increases with nuenbof bilayers to mawxium 178
nm/pH unitfor a probe with 5.5 bilayers. However, the probe with 6 bilayers

shows a sensitivity that begins decrease with a slope of 1d4&/pH unit

Fig 6-3 Absorbance spectra for tis¢raightoptical fibre coated using bilayers of (PAH/BY) in
different pH buffer solutions

Page p04



Chapter 6 Enhanced Sensitivity of a Fibre Optic pH Sensor

Fig 6-4 Absorbance spectra for tlseraightoptical fibre coated using.5 blayers of (PAH/BY)
in different pH buffer soltions

Fig 6-5 Absorbance spectra for tis¢raightoptical fibre coated using bilayers of (PAH/BY) in
different pH buffer solutions
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Fig 6-6 Absorbancespectra for thestraightoptical fibre coated using.5 bilayers of (PAH/BY)
in different pH buffer solutions

Fig 6-7 Absorbance spectra for tiséraightoptical fibre coated using bilayers of (PAH/BY) in
different pH buffer solutions
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Fig 6-8 Absorbance spectra for tlsgraightoptical fibre coated using.5 bilayers of (PAH/BY)
in different pH buffer solutions

Fig 6-9 The peak wavelength for each spectrum with respect to pH for probegliffétent
number of bilayers.
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Fig 6-10 The peak wavelength for each spectrum with respect to pH for pvatiesifferent
number of bilayers.

Fig 6-11 The peak wavelength for each spectrum with respect to pH for probesliffgttent
number of bilayers.
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Fig 6-12 The peak wavelength for each spectrum with respect to pH for probediffehent
number of bilayers.

Fig 6-13 The average wavelength shift for a sample of 0.2 pH units atreaaburement from
pH 7 to pH 9 for theprobes with 600 micron core diameter and 0.25mM of BY solution and
different number of bilayers
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The slope for all probes beyond this shows a downward trend, as sr“cﬁ\i\m in

6-13] whilst the slope reduction for the last three probes is somewhat less than

other probesAlthough it is expected that the sensitivity of the probe could be
improved with the addition of more bilaydr®9, 30] this series of experiments

shows that a different behaviour is evident.

The sensitivity of a pH sensor is, of course, a measure of the degrengédh

the sensor output with change in the solution pH. In optical sensors this
transduction effect (that can then be related to the measurand) typically can be
absorbancg31-33], reflected optical powd29, 30], transmitted powej34] or

the wavelength at maximum absorbaijdg], for example, and indeed other
effects can be used. Therefore, the sensitiwitthe device will depend on the
optimum choice of this transduction mechanisiwhere for example, a cress

comparison ofjraphs ir{Fig 6-7|shows a significant cimge in absorbance from

pH 6.22 to 7.20 for the probe coated with eight bilayers and the least change for
the probe with 9.5 bilayers. Hence, an eight bilayeposited fibre creates a
more sensitive device for use over the pH range 6.2 to 7.2 than itwilibes
other number obilayers coated fibre. Reviewing its response to wavelength, the
sensitivity of these probes is limited over the range considered but for the higher
pH range the wavelength shift is clearly measurable, especially for the probe
coated vith 5.5 to 6.5 bilayers which shows the highest slope and thus device
sensitivity. This means that the sensitivity is significant over the pH values from

pH 7 to pH 9 for all probes coated with BY.
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As far asthe average peakvavelength shift for 0.2 pH uis is concerned, it
varies from 2.57m for the probe P11 to 4.6fr the probe PO%&nd the best
sensitivity (measured per nm shift) is 0.043 pH unitgtierprobe PO5with the
least sensitivity seen being 0.Qq8H units forthe probe P11The conclusio
from this experimentis that increasing the number of bilayers does not

necessarily increase the sensitivity and, in addition, the sensitivity can even

decrease when the number of bilayers on the fibre is incregbegl.6-13

confirms acontinuous reduction of sensitivity for the probes ranging fRi)6

to P11and there is a dramatic decline in sensitivity for the probes RO8&to
P11 although, the probes wiflewer than 5 bilayers are not as sensitiveéhas
probes P04P05andP06 This may arise due to lower stability of the layers as

the thin film may not be sufficiently stable in cases of both very high and very

low thickness valuef29, 30]. Considering the data shown|kig 6-11jandFig

6-12| the probes coated with more than 6 bilayers demonstrate a slightly

different behaviour in comparison to those probes with fewer than 6 bilayers.
With the higher number of bilayers (n>6),chagorobe with more coated layers
(than 6) has a peak which tends to move up to a higher wavelength. The onset
point for each graph (as a function of the number of bilayers) varies both up and
down as a probe with more deposited layers starts from theegrpaak
wavelength at lower pH region by contrast all the graphs approach convergence

in the higher pH regions.

In spite of the fact that all the probes considered demonstrate their peak

sensitivity in the pH range 7 to 9, they do not have the sametiofiegoint
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and, as a result, the samepNVith reference tprable 6-1] the value of pK

varies from one probe to another. The outer layer in the thin film dirdédigte

the pKs overall, a thin film terminated with a PAH shows a highera pK

compared to a probe terminated with BY, as sho\kigré-14

Fig 6-14 The value of pKa for each probe versus number of layers.

The PAH film is individually applied as a pH indicaf®3, 32, 35 for which

the value of pKis reported to be between 8.0 &8 [23, 36-39], wherasthe

pKa value for BY is 7.240]. It is clear that they substantially influence each
other and the pkKof the multilayer built up withtheir combinatiorbetweernpKa
values of PAH and BY. The values obtained from this series of experiments

(represented ‘ﬁabIeG-l confirm this claim. The average pkalue for an odd

number of layers (whe the PAH is the outer layer) is 7.84 whilst for an even
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number of layers (where the BY is outer layer) is 7.66. However, an interesting
observation is that the pKalue for both the odd and even number of layers
decreases with an increase in the thederof the thin film from 5.5 to 6
bilayers, whilst beyond this the pKalue starts to go up with an increasing
number of bilayers. This means that the sensitivity of the probes slightly shifts
to the alkaline region when more layers are deposited oatfibite. In addition,
when the PAH is applied as the outer layer, the gfthe multilayer film rises

to reach a higher level; in other words, when there is one more layer of PAH
than BY, the probe shows greater sensitivity in the alkaline region bectuse

higher association constant of the PAH compared to the BY.

Fig 6-15 The peak wavelength for each spectrum with respect to pH for probeslitiérent
shapes wheooncentration of BY solutiois 0.5 mM.
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Fig 6-16 The peak wavelength for each spectrum with respect to pH for probes with different
shapesvhenconcentration of BY solutiois 0.25 mM.

6.3.2 Shape of the probe

A series of experiments was carried outh the probes constructed using

1000um core diameter and different shapes; both straight dmehtd with two

different radii of 1.15mm and 1.55nm, as seen |kig 6-1| The performance of

these probes isummarised iffrig 6-15||Fig 6-16(andFig 6-17|confirmsthat the

two different sizes of the ddend probes developed and fabricated alestrate
WZR GLITHUHQW OHYHOV RI VHQVLWLYLW\ WKH V&I

EHQG QRW RQO\ LV QRW DV ODUJH DV WKH VHQVL)\

bend tbut it is also less than that of the straight probe. As is seEBigi6-17

probes P14 and P15 have the least sensitivity when compared to other probes.
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Fig 6-17 The average wavelength shifir a sample of 0.2 pH units at each measurement from
pH 7 to pH Yor theprobes coated with (PAH/BY and variable properties.

Further, probes P16 and P17 display the greatest sensitivity with 5.45 and 5.14
nm wavelength shifts for just 0.2 pH units. The observatiordexdreasing
sensitivity with increasing probe bend diamdtas been discussed in a number

of research paperEI 41, 42]. In contrast,it is also been reported in
Iiterature 43-49 that there is arincreasing sensitivity with probe bend
diameter Clearly in this body of work there are other factdrsvark than the
probe bend diameter to influence the overall sensitivity of the system and the
bending of the fibre plays a relatively minor role. The results obtained from this
study showthat thesensitivity of the sensor does not necessarily increass w

the prdoes are bent into a-Ehape despitéhe obvious attemptthrough that

Page R15



Chapter 6 Enhanced Sensitivity of a Fibre Optic pH Sensor

geometry to increase the interaction between the optical wave and the analyte in
the sensing regiofd4-47]. A furtherapproach to achieving this is to coat the
distal end of a straight fibre with a mirror surface, as was also done in this study.
As .OHSipHN KD V48 th&x thegradigntof refractive index of the core

and the coated layers are effective parameters in optimizing the interaction of
the light with the material, in addition to the effect of the radius of the bend and
the overall fibre diameter. The interaction region in thkbend probe is
typically greater than for the straight probe, as the slope (measured at the
inflection point) for the straight probes are 203 nm/pH unit and 184 nm/pH unit

+WKLV LV VHHQ WR UHGXFH LQ W Koendpidhes.lV RI WKH

Fig 6-18 The value of pKa for each probe versus shape of the probes at different core diameter
and concentration of BY.
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Nonetheless, regardless the concentration of the BY solution used, the straight
probes sbw the highest sensitivity in the pH range between 7.6 to 9.0, whereas
the U-bend probes show a slightly wider range of sensitivity (from around pH

7.0 to 9.0). The values of pKcompared inFig 6—18’ also show that the

VWUDLJKW SUREH VKRZV WKH KLJKHVW -ferttDV XUH
probes have lower values of pPK ZKHQ FRPSDUHG-banhg pwdesd pELJ
Comparing the situation overall where all the pagters are the same for all the
probes, it would appear that by increasing the probe radius, the most sensitive
region shifts to a higher pH region and hence in the extreme where the probe is
effectively straight (an infinite radius), the region of maximsensitivity tends

movetowards the alkalineegion

6.3.3 Concentration of BY solution

To study the effect of the concentration of the indicator solution on the sensor

performance, polyanion solutions of two different concentrations were utilized.

Fig 6-19 |Fig 6-20| and|Fig 6-21{ show a comparison of the performance of

probes on which were deposited 6 bilayers of PAH/BY in which the BY
concentration was 0.25 mM and then 0.5 mM, while thél BAncentration was

2.5 mM for both probes. As the graphs show, increasing the concentration
shifts the response towards the higher pH region. Thus, the probes prepared with
the low concentration of BY are active at a higher wavelengfita specific
values of pH. For instance, the-lénd fibre probes using 0.26M of BY
solution is the basis of a device particularly sensitive for use over the pH range

7.2 to 9.0, while this most sensitive regiorsisftedto the pH range 7.4 to 9.2
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for similar probes mpared using 0..aM of BY solution.This aligns with the

pKa values stated iE able 6-1| As illustrated byTable 6-1|and|Fig 6-18] the

value of pk increases when the concentration of BY ngereased and the
sensitive area moves towards the more alkaline i.e. the value.ohgiéases
IURP IRU WKBEHOQ® BOREHB WR -bdriR.U FoY thél pELJ

straight probe, this quantitglso shifts by 0.25 towards the alkaline region.

Considering the data shown|kig 6-19(to|Fig 6-21|andTable 6-1] the sensors

prepared with the lower concentration of BY show higher slopes of the Dose
Response graphs, consequently demonstrahiggper sensitivity. Thus an
enhancement of the sensitivity can be achieved by either decreasing the number

of bilayers or lowering the concentration of the indicator solution.

Fig 6-19 The peak wavelength for easpectrum with respect to pH differentconcentrations
of brilliant yellow solutions for big tbend sensors.
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Fig 6-20 The peak wavelength for easpectrum with respect to pH differentconcentrations
of brilliant yellow solutions for small thend sensors.

Fig 6-21 The peak wavelength for easpectrum with respect to pH differentconcentrations
of brilliant yellow solutions fo straight sensors.
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6.3.4 Fibre core diameter

To determine the effect of the optical fibore core diameter on the probe

performance, experiments were carried out on probes fabricsied two

different core size fibreg~ig 6-22|shows a comparison of the performance of

these two fibre optic sensors deposited with 6 bilayers of PAH/BY while the
concentration of BY solution was maintained at 0n29 for bothprobes. As

can be seen in the figure, the sensitivity of the sensor fabricated from 1mm core
diameter fibre is limited over pH values from pH 7.6 to pH 9.0, when compared
to the sensor using narrow core fibre for which the sensitivity is optimal over

the wider range from pH 6.6 to pH 9.2. Considering the slope at the inflection

point from|Table 6-1| the probe fabricated with the narrow fibre displays

lower slopecompared tahe one with greater fibre diameter. However, the
average wavelength shifts for a sample of 0.2 pH units (in the region from pH 7
to pH 9) is 4.65 and 4.28 for the probes using the narrow and the large core

fibres respectively, ashown iTFig 6-17| Thus although the narrow core fibre

can give a satisfactory sensitivity over a wide pH range, the large core fibre
enables a me sensitive device, over a smaller pH range to be creatbs

also showing a greater slope and higher resolution for the higher pH region. In
contrast, Khijwaniaand Guptashowed intheir work [49] that an enhanced

sensitivity is achieved by decreasitite core size. Referring ltﬁig 6-18 and

comparing the value of pKa for different probes, PO5 demonstrates a value of
7.57 for the pKa, while for P2t rises to 8.22. Hence the larger diameter probe

can crete a sensor working efficientljHowever, this iover a small pH range
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centred around a value of 8.2. On the other hand, exanmienggion from pH
7 onwards, fothe same pH values, the sensvith the narrow fibre coreends

to operate at a higher wavelength value.

Fig 6-22 The peak wavelength for each spectrum with respect to pH for probes with different
core diametefThe wide fibre (P12) and the narrow one (P05).

In this chapter the design and performance of a number ofspHsitive probes
using brilliant yellow as the pH indicator, with PAH being utilized as a eross
linker, were studied and evaluated’he absorbance spectra as a function of

wavelength for each probe at different buffer pH solutioras plotted and
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disscussedfor each a Dos®esponse graph from the peak wavelength points
was created and studied. The key design parameters such as the atimber
bilayers, the shape of the probe, the concentration of the indicator solution and
the core diameter of the optical fibre used were all studied and their effects on
performance evaluated. Key findsmdgrom this studycan be summarized as
follows:

X Thoseprobes with 5 to 6 bilayers demonstrated the best performance. It has
also been observed that the sensitivity of the probes improves with an
increasing number of bilayers (optimizing typically at about 5 to 6 bilayers)
and beyond this a reduction of seivdiy occurs with an increasing number
of bilayers.

X The sensitivity can be enhanced by curving the fibre teshape *in this
case with a smaller radius for better performance. A lower sensitivity was
observed for a larger curve radius, by comparisothé performance of a
HVWUDLIJKWY VHQVRU

x With only two samples available in this work (at concentrations of (0.25 and
0.5 mM)) it would appear that further improvement in sensitivity would be
achieved where the concentration of the indicator solution was lower. For a
higher concentration (of BYsolution), the devices are less sensitive.
However this needs furth@xperimentswvith a wider range of samples of
different concentrations.

x In addition, a design utilizing a narrow core fibre leads to a sensor with a

wider sensitivity range, comparedaddarger core fibre. With this design, a
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highly sensitive sensor but working over a smaller pH range and with a

sharper slope and higher resolution is seen.

The second major finding was that pKa value variemfone probe design to
another.The pKa sloWy rises with an increasing number of layers, with the
contrary behaviour seen for a smaller number of layers and further, the outer

layer of thin film also cleaylinfluences the pKa valuén summary:

X Increasing the number of layeshkiftsthe sensitivity towards higher pH and
the more alkaline region.

X UBWUDLJKWY SUREHV ZRUN EHVW LQ WHéhdPRUH |
probes

x For probes with a bigger radius the value of. phds to slightly higher
values.

X In addition, the role of e concentration of the BY solution must be
considered since preparing the sensors with a low concentration of BY leads
to lower pka values while the sensors prepared with higher concentration of
polyanion solution work best in the higher pH region dudither pka

values.
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/. Stabilization and Re usabillity

The layerby-layer technique is one of the deposition methods widely used to
coat thin films on to optical substrates and optical fibres. The-lay&yer

(LbL) technique is used fouild upa sufficient thickness of such material on the
fibore and is based on the electrostatic attraction between oppositely charged
molecules to create the layers and thereby increase the overall coating thickness
[1]. The principal advantage of the use of tieishnique is the ability to create

stable deposited thin films with wedrganized structure and controlled

nanometer thicknesses on substrates of various shapes and|ZiZes

Generally, the thin filmgreated by using the LbL technique are st4B ﬁ
and it is difficult to remove them from a solid substrate. There are two main
methods to removebL deposited films, should this be needed. First, a solution
of high pH can be used which will attack the first polycation layer and destroy
the ionic bonds that stabilize the films. A second method is to expose the LbL
multilayers to a solution withery high ionic strength, such as 3M NaCl, under
sonication for approximately £23 hours [9]. Destruction of the layers happens
when the coated surface is immersed into the high pH buffer solution. For

practical applications, especially those needing inaotis monitoring, it is

Page p28



Chapter 7 Stabilization and Reusability

critical to have a pH probe that can give consistent results and survive for as
long as possible. However, the destruction of the layers limits the life of the
probe and does not make it as suitable for continuous monitoringariéty of

techniques has been proposed to improve the stability of the film and to avoid
progressive destruction of the coating. lonic strength, pH, concentration of the
polyion solutions and the presence of a copolymer such as salt affect the LbL

assemby, the film thickness and its stabiliﬂ. Heat treatment is also an

important process which has been discussed in many works in the lit¢d&ture

to achieve a higher stability of the thin films and avoid problems with the
destruction of the films when they are immersed in buffer solutions of different
values of pH[13, 14] However this sort of tement affects the sensor
performance and decreases its sensitiyity], as well as allowing for a

degradation of the indicator dyes used which happens at high temperatures.

The stability of thin films thus generated does depend on the interaction
betweenthe layers, such as through the formation and destruction of hydrogen
bonds. Hence, the stabilization of the Eatsembled films via polyamide bond

formation was a further method reported in the litera&t{t&17]. The amine

coupling reaction can easily allow a crdis&kage of an amino group to a
cationic polyelectrolytes and a carboxyl group on anionic polyelectrolytes via
amide bond formation. There is a further report in the literdtu@e which
focused on the film stability under chlorine treatmamtameans to improve the
stability of the Lbl-assembled nanofilteration membranes in combined high

ionic strength conditions and under chlorine treatmém&anotherapproach, the
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stabilizing of tke thin film is achieved by forming siloxane bonds owing to a
silane coupling reaction between oppositely charged polyelectrolytes which
leads to the crosslinking between the silane grﬁ. Egawa et al.
demonstrated20] crosslinking between thsulfonate grougn the polyanion

and the diazonium ion in polycation due to exposure to UV light.

An alternative approach is to build up severapping layers using different
materials such as nanoparticles to enhance the film stability. Prakas[é{ al.
discussed applying nanoparticles to achieve an adequate sensitivity and stability
with the modification of the sensors (or biosensors) wahomaterials such as
gold and/or silver nanoparticl 22, 23], carbon nanomateria[24, 25 and

silica nanoparticlef26] and these have shown considerable promise. Putzbach
et al. reported that the immobilization of enzymes improves stability of the
biosensor discussef@7]. In further work reported in the literatuf@8], a
coating of 5 nm layers of Al or 1 nm layers of EuS (Europium (Il) sulfide) was
applied as a covering layer to stabilize ultrathin tin films and reduce the
diffusion of tin atoms.Abdelghani et al. used long chain alkanethiols to protect

a silver film from oxidation and thus increase its stabi[@g]. Ng et al.
employed three different drug stabilization approaches in the study presented in
literature[29] through changing tharchitectures of the films. In their work, in

the first approach, a solid dispersion film of the drug and polymer was prepared.
A second approach involved coating the surface of a freshly prepared drug thin
film with a thin polymer film, whereas for theittd approach, the solid substrate

surface was modified with a polymer coating prior to the laying of the pure drug
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thin film on top. A cross comparison of these three stabilization approaches was
carried out and it was found that the polymer thin fiimtic@s were more

effective for the model drugs tested in their study.

The application of silica nanoparticles ($jas drawn considerable attention
for surface modification, due to its usas an enhancer for the sensitivity,
selectivity and strengtof the thin films as well ags use as a pH indicator in
many research situations and in indu$8§-35]. In the work published by Lee

et al. [36], pH-sensitivity of the nanomaterial thin film chemesistor ad
transistors was tuned by depositing a Sm@noparticles layer on top of a
semiconducting nanomaterial multilayer fabricated by using a -layéayer
selfassembly in which the silica nanoparticles play the role of the charge
collector, influencing theconductance of the semiconducting layers of the
carbon nanotubes and the indium oxide nanoparticles. Liu et al. also used a
silica nanoparticle layer on top of further layers of indium oxide nanoparticles
and poly (styrene sulfonate) (PSS) as an insutatiayer, in the approach
published iN30]. Selectivity for hydrogen gas was obtained by deposition of a
thin film of silica nanoparticles on top of the SEQu/Pt, in a mixture of the

two gase$10].

The use of silica nanoparticles can create a very strong thin film if they are used
to cover the indicator multilayersThe work presented in this chaptbus takes
advantage of this and compares and contrasts three different stabilization
approaches wht the aim of creating a stable pH sensor which dgsable and

stable under storage. In the course of the investigation and optimization of the

Page p31



Chapter 7 Stabilization and Reusability

sensor system developed, aspects of the fabrication process such as heat
treatment, the deposition of two lageof PAH/SIQ DV WKLQ ILOP pWHFR
layers and the deposition of two layers of APTMS/SIDV VLPLODU pWR:
layers have been investigated and the resulting sensors characterized to
determine the best approach to creating a sensor which is stableliahlk rin
operation: thus giving the same calibration, in terms of the value of the peak
wavelength for a particular value of pH, and doing so in a reproducible way.
Further aspects which relate to improved sensor performance, such as longer
sheltlife, better stability and sensor-vsability after cleaning for a sensor
prepared using the LbL technique in this work are considaret reported,

showing the importancef the approach taken in this research.

7.2.1 Chemicals

In order to crea an effective optical pH sensor, brilliant yellow (BY) was
selected as the pH indicator to be used, as discussed incpapters This
indicator dye was chosen for its wavelength variation and ease of use and it was
crosslinked to poly (allylamine hydochloride) [PAH] which is a positively
charged molecule and was used as a polycat@®Aminopropyttrimethoxy

silane (APTMS) (99%) as a silane coupling agent and3®Montaining 30

wt% SiQ nanoparticles in D as a strength enhancer were used. The

structures of these molecules are shown schematicgfigii-1
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Fig 7-1 Chemical structure ofa) APTMS, (b) Poly (allylamine) hydrochloride [PAH] and (c)
brilliant yellow.

7.2.2 Procedures

The multilayer coating which was deposited by usirsglassembly, layeby-

layer (LbL) technique was carried out using a glass microscope slides of
dimensions 8x26 mm, with thickness of 1.0 mm. The glass slide used was
treated with Piranha solution (30:70 (v/v) mixture of hydrogen peroxid@-jH
(30%) and concentrated sulfuric acid>84y)) for 60 minutes to produce the
negatively charged surface and was thesed with distilled water, followed by
drying with compressed nitrogen. The glass slide was then ready to be coated
with positively charged moletes. The layeby-layer technique is based on the

successive deposition of oppositely charged molecules asolid surface. In

Page R33



Chapter 7 Stabilization and Reusability

this technique, the functionalized surface of a glass slide dipped into PAH
solution for 5 minutes to create a polycation layer. The glass slide was then
dipped into distilled water for 5 minutes to wash off thebonded molecules

This glass slide was then dipped in BY solution for 5 minutes to construct the
polyanion layer above the PAH layer. To wash away thbamded molecules,

the glass slide was then immersed in fresh distilled water for 5 minutes. This
operation was themepeated several times to build up the layers and thus
increase the thickness of the thin film deposited on the glass slide, wagh

then ready to be used as the active element in the sensor system, tested by being
used for measurement of the pH of dfusolution. The performance of the
sensor prepared was examined through the measurement and the evaluation of
the change in the peak wavelength of the absorption when the sensor was
evaluated by being dipped into buffer solutions of different and ngupH.

The process was carried out by dipping the sensor slide into the pH solution for
a few minutes, following which the absorbed light versus wavelengths is
measured by use of the PerkinElmer spectrophotometer. The glass slide was
then taken out of #h solution and was immersed in another, fresh buffer
solution (of different and known pH), this being following by a measurement of
the absorbance spectra. The measurement was carried out several times, using
fresh buffer solutions increasing from pH 6%oand then decreasing from pH 9

to 6, this being repeated several times for a number of such samples. The
maximum value of the absorbance was normalized by dividing by the minimum

value and the results were plotted as a graph of relative absorbance pidrs
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For consistency, the preparation conditions and the concentration of the polyion
solutions used were the same in all these experiments. However, it was found
that to achieve a sensor performance that is consistent and shows the same
values of peakvavelength for an identical pH, especially after several times of
use, further operations on the design and construction of the sensor are needed

and this is discussed in the following work.

7.2.3 Experiments

Following the approach in previowshapters a glas slide was prepared on
which alternate layers of brilliant yellow (BY) (acting as a pH indicator) and
poly (allylamine hydrochloride) [PAH] (acting as a crdisd&ker of the layers of
brilliant yellow) was depositedusing layetby-layer coating techniqueTo
determine the stability of thin film, initially neither heat treatmeot drying

was used in the process of coating of glass slide with a total of 8 bilayers of
(PAH/BY); this configuration is denoted by (PAH/BeY)As high pH can
discharge the firgbolycation layer and destroy the ionic bonds that stabilize the
films, to prevent this action solutions with a pH in the range from 6 to 8 (over

the neutral pH range) only were examined. The results of several (three)

successive measurements using thisgeapproach are shownhig 7-2
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Fig 7-2 The maximum value of the relative absorbangg @nd the peak wavelerg{down)
versus pH for the consecutive measurements of the pH solutions for (PAHIBYhe glass
slide. No heat treatment or drying was used in the process. (The sample is designated GS01)
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However, it can be seen that the stability of the bilayer system thus prepared
could be enhanced and this was achieved by further operations including heat
treatment or applying a capping layer, such as a layer of silica nanoparticles. In
order to deternme the most efficient method of stabilizing the deposited layers,

a number of different methods were considered and applied including a) heat
treatment b) covering the layers with PAH and silica nanoparticles and c)
covering the layers with-Bminopropyktrimethoxysilane (APTMS) and silica

nanoparticles. These are discusisetthe next sectian

7.2.4 Heat treatment

In order to make a stable thin film, two glass slides coated as indicated with
(PAH/BY)1s and (PAH/BY} and cured in 12@ for 4 hours were examide

The glass slide coated with (PAH/BXWas investigated using buffer solutions
with pH varying from 6 to 8 and then back from 8 to 6, while the other slide was
tested in a similar way with buffer solutions ranging from 6 to 9. The maximum
value of therelative absorbance and the peak wavelength versus pH for the

consecutive measurements of the pH of the solutions investigated for these two

samples are shown|kig 7-3|landFig 7-4
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Fig 7-3 The maximum value of the relative absorbangg) @nd the peak wavelengtdadiwn)
versus pHfor the consecutive measurements of the pH solutions for (PAH{BYi)the glass
slide. The sample was cured at 120°C for 4 hours. (The sample is designated GS02)
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Fig 7-4 The maximum value of the relativdsorbance yp) and the peak wavelengtdadiwn)
versus pH for the consecutive measurements of the pH solutions for (PAHIBYhe glass
slide. The sample was cured at 120°C for 4 hours. (The sample is designated GS03)
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7.2.5 Using PAH and silica nanoparticle co atings

The use of silica nanopatrticles covering the indicator multilayers is designed to
enhance the strength of the film. Therefore, a series of experiments was carried
out and discussed below in which layers of silica nanoparticles were built up on
a glass slide already coated with 6 bilayers of (PAH/BY), i.e (PAHBY)
Different methods of curing were examined to find out the most appropriate
way to develop the most stable coating. The silica solution used) (B3
prepared at 1 wt.% (1.mM) conentration. As the Si©solution is strongly
alkaline (with pH 10.5), it causes the destruction of the BY layers; hence the pH
of the SiQ solution was adjusted to pH 7 by adding some drops of HCI to the
solution before the deposition of the layers was memced. The glass slide
thus prepared with (PAH/B¥)was then functionalized by using two bilayers of
(PAH/SIO) followed by curing at 12@ for four hours (this sample being

designated GS04). The results of the measurements taken using this sensor

sampe, over the range from pH 6 to pH 9 and from 9 back to 6, is shqfig |n

7-5( In a further experiment, the temperature used for the annealing of the thin

film coating and compsing the following combinatio(PAH/BY)s(PAH/SICy)2

was heat treated for a longer period, of to 7 hours, atf18@ith this sample

being designated GS05) was and exposed to the buffer solutions. Experiment
has shown that higher temptnaes cannot be applied successfully because of

the degradation caused to the BY materfdie results of the measurements

carried out using this sample is showfig 7-6
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Fig 7-5 The maximum value of the relative absorbangg @nd the peak wavelengtdaiwn)
versus pH for the consecutive measurements of the pH solutions for (PAH?BH)SIO;), on
the glass slide.The sample desighated as GS04)
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Fig 7-6 The maximum value of the relative absorbangg @nd the peak wavelengtdaiwn)
versus pH for the consecutive measurements of the pH solutions for (PAH?BH)SIO;), on
the glass slide. The sample was cured at 130°C for 7 hours. (The sample designated as GS05)
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Fig 7-7 The maximum valuef the relative absorbance (juand the peak wavelengtdaiwn)
versus pH for the esecutive measurements of the pH solutions for (PAH{EAH/SIO,), on
the glass slide. The sample was cured at 130°C for 7 hours and exposed to UV light for 20

minutes. (The sample designated as GS06)
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In the next experiment, UV irradiation was utilizedgrovide energy to cause

the layers to form a stronger bond, in addition to the electrostatic attraction
present. The silica nanoparticle coating is a photosensitive material and the
ionic bonds between the Si@nd PAH may be converted to covalent bobyls

use of this UV irradiation. To do so, the sample was exposed to the UV light
(irradiation intensity: 1112 mWcrhat 365 nm) for 20 minutes, after annealing

at 130¢C for 7 hours and then the sensor was exposed to the different pH buffer

solutions. Theesults of the spectra recorded for this sample (designated GS06)

are shown ifFig 7-7

The silica nanoparticles act as polyanions in the same way as timeakYial.

It can be speculated that if the silica molecules are located amongst the
molecules of brilliant yellow (BY), then the formation of the molecular bonds
between the silica and the PAH molecules would create a bilayer which would
surround the BYmolecules in each layer. Therefore, a further set of
experiments was carried out in which a silica nanoparticle solution was added to
a BY solution (1.7 mM Si@ 0.25 mM BY) and the pH of the solution was
adjusted to pH 6. Having coated the glass slelesar in this way to create
(PAH/(BY+SiQy))s, then annealing at 12§ for 4 hours, the deposited glass
slide (designated GS07) was examined under various buffer solutions of

different values of pH. The results of this test and thus the recorded spectra ar

shown inFig 7-8
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Fig 7-8 The maximum valuef the relative absorbance (Quand the peak wavelengtdadiwn)
versuspH for the consecutive measurements of the pH solutions for (PAH/(B:)Sih the
glass slide. The sample waured at 120°C for 4 hour3.he ample designated GS07)
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7.2.6 Use of APTMS and silica nanoparticles

Further experimentation was carried out by rejplg the polycation; PAH; with
3-Aminopropyttrimethoxysilane (APTMS) in the capping layers. APTMS is

known as a silane coupling agent in which a water based solution is

polymerized after hydrolysis, as shown schematicallign7-9| The surface of

the SiQ nanoparticle thin film contains hydroxyl groups in the form of SiOH.
These groups may donate or accept a proton from the solution, leaving a
negatively chargedr a positively charged surface group respectij@l].
Therefore, there are two possibilities that the molecules of APTMS bond to the
silica nanoparticles; the molecule constitutes of an amine group as a positive

charge supplier and hydroxyl groups agative charges supplier which bond to

silicon, as shown ifFig 7-10f In the experiment, the solution of 1 wt.%

APTMS in HO (1.4 mM) used was strongly alkaline (wjpH 10.8) and should

thus be adjusted to the neutral pH that is best suited for use as polyelectrolyte in
the LbL technique. Hence several drops of HCI were added to both solutions of
the polycation and polyanion to adjust their pH value to pH 6. Tassgilide
sensor samples coated with (PAH/BAPTMS/SIQ). were prepared; one of

them was examined the same day of preparation (the sample designated GSO08)

and the second (the sample designated GS09) was evaluated a week later. The

results of the testsarried out are shown|ifig 7-11{andFig 7-12|respectively.
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Fig 7-9 APTMS is polymerized in aqueous solution after hydrolysis.

Fig 7-10 Two possibilities reaction between molecules of APTMS and silica nanopatrticles.
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Fig 7-11 The maximum valu®f the relative absorbance (uand the peak walength (dowip
versus pH for the consecutive measurements of the pH solutions for (PARBYMS/SIQ).
on the glass slide. The sample wased at 120°C for 4 hours. (The sample designated GS08)
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Fig 7-12 The maximum value of the relative absorbangs) énd the peak wavelengtddwn)
versus pH for the consecutive measurements of theopifions for (PAH/BYJ(APTMS/SIO)
on the glass slide. The sample was cured at 120°C for 4 hours and examined after a week. (The

sample designated GS09)
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Fig 7-13 The maximum value of the relatiabsorbanceup) and the peak wavelengtddwn)
versus pH for the consecutive measurements of the pH solutions for (PAMMBYS on the
glass slide. The sample was cured at 120°C for 4 hours. (The sample designated GS10)
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To investigate the effect of thesel of APTMS alone, a thin film comprising 6
bilayers of (PAH/BY), dipped in APTMS solution for 30 minutes, followed by

dipping in distilled water for 5 minutes, then cured at §2@r 4 hours was

examinedThe results of this experiment aleown inFig 7-13

7.2.7 Re usability and aging

To investigate the effect on sensor stability of the storage of the glass slides,
different coated glass slides of different types wexamined. Thus in this
investigation, initially the glass slide with a coating was dipped into a fresh
buffer solution with constant pH for 60 minutes and after this time the
absorbance spectra sveecorded as a reference. Followthgt the glass slide

was removed from that solution and then was immersed into another solution
(with the same pH) for a further 60 minutes and a second absorbance spectra
was recorded. This operation was repedteda third time. Several different
slides with different films were recorded: the stability and thus thesadbility

of the multilayer thin film slides using two different samples with different
structures, these being (PAH/BY)and (PAH/BY}APTMS/SIQ)> were

examined at two different value$ pH; pH 6 and 8, separately.

The results of this test are shownkig 7-14 and|Fig 7-15{and the positive

results obtained imply the stability of these two sensor samples under exposure

to these solutions for the times indicated.
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Fig 7-14 The spectra for the coated glass diadéth (PAH/BY) dipped into the fresh buffer
solution for three times and each time for 60 minutgs.pH 6 (The sample designated GS11),
Down: pH 8 (The sample is designated GS12). The samples were cured at 120°C for 4 hours.
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Fig 7-15 The spectra for the coated glass slides with (PAH{BNATMS/SIOQ). dipped into the
fresh buffer solution for three timesdmach time for 60 minutes. UpH 6 (The sample is
designated GS13), DowrpH 8 (The sample is degiated GS14). The samples were cured at

120°C for 4 hours.
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In the layerby-layer coating technique, the stability of the layers is seen to
depend on type and concentration of the salt, the strength of ions and
polyelectrolytes, th@olymer molecular weight, the pH of the solutions and the

thermal energy.

In order to form a stable multilayer thin film, a minimum charge density in each
layer is needed. This minimum charge density depends on the salt concentration
and the salt type; thiwas investigateth chapter 3and also it was shown that to

rely very strongly on the chemical identity of the charged units involved in
forming the thin film[37]. Stronger ion pairing will also yield more stable
multilayers [2] and moreover, high mataelar weight polymers promote the
stability of the layerd38-40]. High and low pH solutions can potentially
discharge the ions and destroy the layers, while heat treatment causes a
chemical reactiometween the molecules of two adjacent layers and makes the

bonds stronger and creates a more stable multilayer film, as can be seen in the

first three experiments discussed (showfiig 7-2||Fig 7-3|andFig 7-4). As

the figures show, ithis series of experiments there is a continuous decrease in
the maximum absorbance for each pH buffer solution for two successive
measurements while the values of the peak wavelength show a significant
change from the first to the second measurementhirsample without heat
treatment, and this represents an increase in stability of the thin film because of

the thermal effect on the sample.
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In the sample designated GS03 and examined in solutions ranging from pH 6 to
pH 9, a dramatic decline in the maximum absorbance was seen, compared to
other samples examined over the range from pH 6 to pH 8. The reduction in
absorbance is a clear proof theaching of the indicator is occurring and the
decrease of the thickness of the thin film. In particular, in the case where a pH 9
solution is used, which causes greater destruction of the layers, a noticeable
decrease takes place in the absorbance therfirst to the second measurement.

In addition to the absorbance, in all the samples studied the wavelength has not
stayed stable during consecutive measurements and a small change of around 0
to 2 nm in the peak wavelength was observed; although intleasing the

number of bilayers the amount of this change becomes reduced.

Covering the sensitive thin film with a couple of layers of silica nanoparticles
leads to a coating which creates such a stable film that the wavelength continues

toremain congtnt for a certain known pH, while the absorbance decreases

irregularly during the several cycles of measurement, as shoy#igi7-5

Referring tQFig 7-6| the duration and the temperature of thermal treatment used

did not have any significant effect on the stability of the film as the values of the
peak wavelengths for the firand the second measurements for both samples

used, designated GS04 and GSO05, were roughly the same. However, exposing

the samples to UV light did not modify the molecular bondsFigs7-7{shows

there is not a regular change in the peak wavelength but a drastic decline is seen
in both the absorbance and the peak wavelength values compared to previous

experiments and also a dramatic absorbance reduction was obisetivedirst
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measurement. This means that by applying UV irritation, an increase in the
strength of the intemolecular bonds occurs temporarily. However, thets-
molecular forces are lostiter a few times of dipping the sensor slide into the
buffer solutions. As a result, the molecules of BY start to leach out from the
sensitive thin film and this causes a steep decrease in absorbance and a very

undesirable situation for a sensor system.

Adding silica nanopatrticles to BY solutions shifts the abaoce spectra to the

lower peak wavelength values, as showkio7-8| It can be seen in this figure

that the absorbance has increased significantly compardthttat the other
samples; however, the values of both the absorbance and the peak wavelength in
the second measurement become close to the values seen from the previous
tests. Looking more closely, it can be said that the higher values of maximum
absorbane in the first measurement imply a larger number of molecules of
brilliant yellow in the deposited layers. In other words, the>$H@H bilayers

can protect the BY from significant damage, but not for a long time.

When the PAH was replaced by APTMS iretkbapping layers, the results

showed that the peak wavelength for each pH solution used demonstrated

almost same values as shown|fkig 7-12 [Table 7-1| compares the peak

wavelengths of three slides (designated GS04, GS08 and GS09) for two
successive measurements over the range from pH 6 to pH 9 and then from 9 to
6. Itis noticeable that D APTMS does not cause any significant changes to the
peak wavelengths, compared to the use of PAH and the three tests carried out

exhibited the same peak wavelengths, in spite of the difference in the peak
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intensity. The most striking result of this s&iof experiments is the
remarkable reduction of the degradation of the probes and thus the improvement
that would be seen to their shéfe, as well as their reisability, which are key

considerations for the use of this type of coating in an industiador system.

Fig 7-13|shows that when the sensitive film is coated with a layer of APTMS,

the peak wavelength for each pH value changes during successive
measurenents and alsohere is not a regular shift alifferent times of
measurementsThis therefore implies that the stability of the measured
wavelength cannot be maintained because of the polycation properties.
Moreover, the influence of Sikds more effectre in creating a stable sensor
than does the polycation. However, the cromsmparison of the two sensor

samples (designated as GSO03 (without APTMS) and GS10 (with a layer of

APTMS)) and shown ifFig 7-4| and|Fig 7-13| confirms that the effect of

APTMS on stability cannot be ignored. IndeedTable7-1|shows, there is no

significant difference in the stability observed between the situations where two
capping layers of (PAH/Si®) and (APTMS/SIQ) are applied. This may arise
because of theimilarity between the functional groups (amine groups) in both
the PAH and the APTMS and thus the same interaction occurring between the

polyanion and the polycation species.

In addition, a comparison of the last two columns of Table 1 shows that storing
the samples for a week has had a negligible effect on the peak wavelength
values. Applying these capping layers not only improved the sensoilitelf

but also enhances the-usability of the sensor, as can be seen when sensors
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designated GS11 and GSag compared to GS13 and GS14, as illustrated in

Fig 7-14landFig 7-15| respectively.|Fig 7-14{shows a result which implies that

destroying the deposited layers after 60 minutes exposure to the buffer solution
results in the peak waveldahgstaying constant for those samples covered with
two layers of APTMS/Si@ even after immersion on two separate occasions in

the buffer solutions, for periods of 60 minutes in each case.

Table 7-1 The peakwavelength for two times consecutive measurements for the glass slides,
designated GS04, GS08 and GS09 in pH solutions from 6 to 9 and then from 9 to 6.

Peak wavelength (nm)
GS04 GSO08 GSO09

pH | Measurement

(PAH/BY)s(PAH/SIOz)2 | (PAH/BY)s(APTMS/SIQ)2 | (PAH/BY)s(APTMS/SIO):

error error error

6 First 415.26 - 415.10 - 415.18 -
7 First 417.24 - 417.26 - 417.36 -
8 First 423.19 - 423.4 - 421.92 -
9 First 468.25 - 461.5 - 463.12 -
8 | Second | 423.09 | -0.02%| 422.9 | -0.1% | 421.17| -0.2%
7 | Second | 417.45| 0.05% | 417.06 | -0.08% | 417.06| -0.07%
6 | Second | 415.75| 0.1% | 415.75| 0.1% | 415.18 0%

In this study, the stability and the deterioration of wavelegibendent optical

sensor devices to pH changes using techniques to build up a series of nanolayer

coatings was investigated and the results reported.
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The stability of the pH sensors thus fiahted was studied using different pH
buffer solutions. A variety of techniques was proposed and investigated to
improve the stability of the film and to avoid progressive destruction of the
indicator layer. One technique explored extensively was tl lup capping
bilayers using different materials i.e. silica nanoparticles as the polyanion and
PAH or APTMS as the polycation. Another approach investigated was to apply
thermal treatment after the layer building process and an alternative method

consideed was applying UV light irradiation.

The results of the experiments carried out, including covering the sensitive thin
film with two layers of (APTMS/silica) nanoparticles was shown to improve the
stability of the sensor (indicated by the stability o feak wavelength) and

also to enhances the stability and potential shelf life of the sample, when the
nanolayers are deposited on the glass slide substrates. The most striking result
is that the peak wavelength continuegdmain constant for a partieul pH

while thelayers were affected durirggveral repeated measurements.

The durability of the sensors thus created makes the probe a suitable
wavelengthdependent measurement device which is well suited to use as a high
resolution pH sensor. To do,gbe layers described can be coated directty on
optical fibres of various diameters alternativelycoated glass substrates can be
attached to the distal end of the fibre probes created. In that way compact
optical fibre sensors can be created foamge of applications and as the work

has shown, stored for some time before use.
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8. Conclusion s and Future Work

This research workeported in this thesas undertaken to design and prepare
novel, sensitive and reliable pH fibre optic sessehich were based on peak
wavelength measurement that allows the sensor to function effecawnely
independently of any source variations or other system perturbations than pH
change.The sensor benefited bfgh resolution in wider range of pH sensitivity
from nedral to akaline with an accuracy of £Q.2In order to prepare such a
probe,thefibre opticusedwas selected due to itapidresponse to the smallest
change in media anthe layerby-layer technique was chosen to coat an
indicator on the fibredue toits low process cost as well as itseatcontrol of

the thickness of the coating with this technique.

Based on the results obtained from this reseahsh following assessment of

the present study can be made.

In Chapter 2 of this thesislarief literature review on the deposition techniques
and selfassembly multilayer coating was given along with the advantages and
disadvantages of each method. LongnriRlodgett, solgel, covalently

multilayer selfassembly and leer-by-layer approachesvere systematically
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introduced in this reviewaccompanied by appropriate comparisons and

discussions.

Chaper 3 has a summarised in a revielmhe keycomponents and instruments
preparedand used in this research work such asnubal reagents, fibre optic,
connectors and detectorBhis chapter has also covered the preparation method
of the sensor, the setup of a system for examination of the probe, the method of

data analysis anithe software employed.

Chapter 4 explored theperational principles of laydry-layer deposition
techniqueand the important parameters on the deposition technique and their
effects on the properties of the immobilized layleased on a great number of
related references. Subsequentlyms preliminay experiments were carried

out on the glass slide coated with neutral red and poly (acrylic acid).

As a conclusionit was decided to prepare the probedha presence of salt
molecules as a copolymer to distribute charges uniforiilye deposition was
carried out on wet layers instead of/dAlthough drying caused a higher hig
absorbance, wet layers benefited from more homogenApyplying heat

treatment after completing the coating creates stronger immobilized multilayers.

A variety of dyesas H indicators which are suitable fohe layerby-layer
technique was examined to select a dye withhighest peak wavelength shift.
As shown in Chapteb, brilliant yellow was eventuallgelected In this chapter
three indicators were focused batmdividually and their combination$or

deposition on the fibre opticAmong the selected indicatongeutral red
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exhibited a sharp sftiof peak wavelength in a narrow pH range of 6 to 7, while
brilliant yellow presented highsensitivity for pH range from7 to 10.
Consequently brilliant yellow was selected as the pH indicator to provide a

highly sensitive sensor for wider range of pH values.

In Chapter6 the design and characterization oihavel andhigh resolution
wavelength dependent pH optical sendabricated using the layday-layer
technique was undertaken. In this approach, brilliant yellow (BY) as a pH
indicator and poly (allylamine hydrochloride) [PAH] as a crlasiker have been
deposited on an uncladded silica fibre. A number of key parasnstech as the
number of bilayers, the concentration of the BY solution and the shape of the
fibre, as well as its core diameter have been varied with a view to optimizing the
design and performance of the pH sen3avo main propertigssensitivity and

pKa, have been discussed in this Chapter

The results obtained from a series of evaluations show that the sensitivity was
enhanced by reducing the concentration of the indicator solution used and by
designing a kbend configuration sensor probe with a sharpent fibre.
However, when making an overall comparison, the straight (unbent) fibre probe
resulted in a more sensitive probe when compared to the use of a high radius
bend. Further, utilizing a small core diameter of the fibre allows a wide pH
range © be measured and with high sensitivity. Additionally, the performance
was shown to be improved for measurements over a narrower range of pH, by
using a fibre with a larger core diameter. Considering the effect of the number

of layers, work carried out ashown that probes with@bilayers presented the
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best performance. The sensitivity has been shown to diminish when more than 6
layers were used and the sensing range shifts towards higher pH values. When
monitored, the value of pKa (the dissociatiomstant) of the thin film showed

the smallest change of any of the design factors considered. In summary, using a
larger core diameter, employing a larger curve radius, a higher number of
bilayers, a higher concentration of the indicator solution and ajgpRAH as

an outer layer, all cause a higher pKa value @nd resulthe probe sensitivity
moves towards alkaline regior€onsequently, the dhaped probe with a
1.15mm radius coated with 6 bilayers of (PAH/BY) while the concentration of
the BY solutionwas 0.25 mM demonstrated the highest average wavelength

shift of 5.45 nm for a sample of 0.2 pH units from pH 7 to pH 9 with pKa 8.0.

To date,for most of the pH sensors developed, their sensitivity has been
determined through intensttyased measurementhich can be prone to error.
Limited research has beetudied on optical sensors which work based on
wavelength shiftwhile the highest sensitivity for their sensors was not very
VLIQLILFDQW H J QP S+ XQLW DQG i QP S-
solutions, respectiveljl] R U QP S+ XQLW DQG i QP S+
and alkaline solutions, respective[f]. However, the present study was
designed to use wavelength change as the key measurand and to optimize the
wavelengthdependent pHsensor so that it offered high resolution and
sensitivity i.e5.5nm for a sample of 0.2 pH units ~27 nm/pH unit, which is

the first achievement for such a fiber optic sensor so far.
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Alternatively, the pk value was influenced by the previous key paetars,
leading the sensitive area to alkali or acidic region by slightly changing the

structure of the layers, reflecting another novelty of this work.

It is important to create stable and durable sensors to meet the needs of users for
operation under ex@me environments i.e. very low or very high pH. The main
aim ofthe study in Chapter 7 has been to prepare a number of such sensors and
compare the performance of three different stabilization approaches used for the
development of an effective wavelengtbpendent pksensitive optical sensor.
Techniques such as employingat treatment, the deposition of two layers of a
PAH/SIO, (poly (allylamine hydrochloride)/Silica nanoparticl&@)in film and

the deposition of two layers of APTMS/SIQ3-Aminopropyktrimethoxy
silane/Silica nanoparticle) as topping layers have been studied to determine the
optimum approach to creating a stable and reliable sefisoe yielding the

same value of peak wavelength for a measurement of a known value of pH and
to do so repatibly. An improvement in performance and in sHigd, stability

and reusability of the sensor has been achieved by the addition of two bilayers
of APTMS/SIQ in the work carried outAs storing the samplesoated by
(APTMS/SIQy)2 for a week hadeen Bown to havea negligible effect on the

peak wavelength value$n addition, applying these capping layerst only
improved the sesor shelflife but also enhanced the-vsability of the sensor

such thatdestroying the deposited layers after 60 minukg®sure to the buffer

solution results in the peak walength staying constant for geesamplesven
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after immersion on two separate occasions in the buffer solutions, for periods of

60 minutes in each case.

There are a numerous studies reported on increasing the stability of fibre optic

sensorsreported in the literaturg3-8|; however, there has not been any

evidence to show enhancement the stability pifidibre optic sensor fabricated

by layerby-layer approachip to now.

Even though good responses were observed for these sensors, the leaching out
of the dye is an undesirable effect which occurred in the experiméuntsher
resarch inapgying positively charged nanoparticles between the layers of dye
might explore higher stability of the light absorbance because the stronger

binding between molecules of the indicator and nanoparticles may arise.

The designated sensor probe in this reseamarks through the pH range of 7 to

9. Immersion of the coated probe in solutions with higher pH value leads to
destruction of the layers. Nonetheless, applying additional chemical interaction
between molecules of polyanion and polycation comprising ihilayers i.e.
covalently bonded would enhance the stability and solidity of the deposited
layers. This would create a sensor probe which is suitable for higher pH

measurements.

A further study could assess the effects of low temperature on sensitivity and

stability o the sensor. The temperature of the polyion solutions in the stage of
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preparing the sensor as well as the temperature giHhsuffer solutionsn the
stage of examination of the probe would be importamce lower temperature
presents higér absorbance and more stickiness to the subsitramgght affect

the stability of the layers.

Due to the capability of the laydéwy-layer technique to create multiple
parameter sensitive films and its potential for fast and inexpensive production
anddue to the high demand and the need for a real time measurement for water
and food safety further development of this type of sensor can be extended to
detect simultaneously pH and other chemicals e.g. ammonia, chloride and heavy
metals. Further researchan be undertaken in designing appropriate packaging

for these kinds of sensors.

Using the layeiby-layer technique as a simple, versatile and appropriate method

to create a sensor works based on surface resonance plasmon (SPR) or localized
SPR (LSPR) fora variety of sensing and bsensing applications purposes is
recommended as an area for further research. Nowadagpsgavarious bio
sensing technologies, both SPR dn8PR sensing technologies have been
widely explored and reported due to their attractieatures such as high

sensitivity, labelfree detection, fast response and-tegak monitoring
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