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Abstract

This thesis describébe modificationshat made to arevanescent wave fibre optic transducer
with a lock-in detectionfor colorimetryto be afluorimetric transducerThis includesd s i d e
i |1 umi nastupermnextitateors mode compared with theanescent wave excitation of
fluorescence. Specifically, side illumination results in a strong fluorescent sigdalery low
(negligible exciting light coupling into the optical fibreherefore, it serves mostly as a
fluorescent signal source rather than noiSlkee modified transducer is designed to be versatile
easily adapted for either waterborne or airborne analyte sensingddition, it canbe also
used todetect changes in fluorescence from either a sensitiser film or solution angkecan
applied for sensing applicatiorsven when the sensitiser degradeslerthe exciting light.

Moreover the transducedoes not require duorescencespectrometer

As a test ofthe transducer and to pnee its versatility, it was applied inairborne and
waterborne sensingvith minimal adaption betwedhese mediarlhis was donéy exposing
the spraycoated stripped section of the glaggtical fibres with polymer poly(phenylene
vinylene)  derivative  polyfnethoxy5-( 3 Miim&tiNjloctyloxy)l,4-phenylenevinylene]
(MDMO-PPV) as a fluorophorgo the nitrearomatic explosive dinitrotoluene (2[3INT) as
an analyte in both air and water meié. Limit of detectionsL(oDs) of 0.48 ppb and 56 ppb
were obtained for airborne and waterborne DNT respectiv@lyese LoDs are ~ 62 times
below previously reported values for DNT detection using PPV derivaivesll as3.3times

below LoDs for DNT sensing with different sensitisers

A pyrazolyl chromene derivatidanown asProbe 1wassuccessfullyusedas the fluorescent
sensitiserin a solid film form, thereby enabling its use for the detection of waterborfie Cu
and thusavoidingthe exposure to harmful solvent during sensing experisn&ptecifically a
Probe 1 film was preparedia its immobilisation in a plasticised polyvinyl chloride (PVC)
actingas a phase transfer membramtwas thendip-coated onto the strippecestion of an
optical fibre beforeits exposure to a range of waterborne?Cgoncentrations. The Lobf
Cuw* was 0.43 uM, below the potability limitand is also 3.7 times lower than the LoD

measuredy a conventional spectrofluorimeter based on the same sensitiser.

Thegood solubility and longerm stability of Morin derivative NaMSA knownaasd oY ¢ n 0
fluorescent sensitiser for #lin water, enabled it to be used in aqueous media avoiding the
needfor phase transfer membrane preparatiorhe dissolved NaMSa#asused in conjunction

with our fibre optic transducer to detect3Aln drinking water below the potability limit
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Moreoverthe concentration oAl** was reliablyquantifiedin a range osamplesy using the
standard addition methodk is known thamorin-based Al* cation sensorsan beselectively
recovered by being exposéal fluoride (F) anions This method was furthaetevelopedo
enabk complementary sensirgj eitherfluoride anias, or aluminium cationssing the same
dyein both cases and achievimgibmicromolarLoDs Thetransducer demonstrate high
figures-of-merit compared wittpreviousreports on both agueous 3Alcation and F anion

sensing.
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Chapter 1: Introduction
1.1 Background Information

Sensor technology (described in Section 2.1) is a very crucial analytical tool thatl ¢he

user aboutthe presence of harmful chemicals in the environments. Sensing very small
guantities of selective chemicals in the air or water is important feralereasons including

the security in terms of explosive detection and the safety of drinking Waikeexplosives
produced foglobal military conflicts that occurred over the last decades have left buried and
unexploded ordnancél]. There are approximately 120 million unexploded landmines
worldwide [2]. The ongoing military conflicts in some countries are expected to leave
landmines behind which stay active for a long time even when conflicts fgaSéhese
unexploded landmines and the explosives controlled by terrorists threaten public safety

worldwide.

Water pollutants, such as the presence of harmful or toxic ions at an abnormal level, are another
environmental problemConsequenyl, the World Health Organization (WHO]J3], the

European Union (EU)], and the United States Environmental Protection Agency (US EPA)
[(lhave set guidelines on the maximum all owabl
or action | evelo) in drinking water that <can
guidelines are updated as new evidence emerges while motiva@agakers to innovate new
technologies to detect the presence of these pollutants at increasingly lower concentration. As

a result of this initiative, sensitive technologies have been developed for determining minute
pollutant concentrations based on atormbsorption/emission spectroscdpy{7] and mass
spectrometry[8]. The limits of detectionL(OD) related to some of these techniques are
presented in Appendix LoD is the lowest concentration of a particular pollutant that would
produce a sensor reading that can be distinguished from the background noise with a specific
level of confidence, as described in Section 2.2.1. Even though tlceseltgies offer high

sensitivity, resulting in lowLoD for these pollutants (below the potability limits), they
necessitate the use of expensive instrumentation and infrastructure, while often involving
complex analytical processes that typically incladparation and preoncentration9] before

sample analysis. Consequently, none of these techniques can be presently applied for onsite
evaluationsTherefore samples are collectéidm the site and transported to the laboratory for

testing, which is impractical, timeonsuming and expensive. Due to these shortcomings,

several portable and cheap r&ale analytical techniques have been developed for onsite
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pollutant detection9][10][12]. However, these techniques are not sensitive enough to detect
pollutants below the potability limit, which is particularly problematic for highly toxic
pollutants e.g. mercury (MY, lead (PB"), and cadmium (Cd) that need to be detected at very

low concentrations. Moreover, as some of the currently available portable and cheap techniques
tend to rely on colour change that is visually assessed, theyw®&rery accurateand highly
unreliable. For example, an apparatus aimed at the detection of dissolved merétiryn(Hg
water has a highoD at 0.1 uM[13], while an even highdroD of 48 uM has been reported

for the detection of dissolved lead Pbin water[14], both of which are well above the
allowable levels. Thus, a new generation of portable analytical techniques is required to
overcome these shortcominggile ensuring their costffectiveness and ability to withstand

harsh environments. It is worth noting that, in sensor technologies, the air or water pollutant

chemical being analysed is referred to as
Table 1.1:
EU [4] US EPA[5] WHO [3]
Analytes [ [uM] [Hg/L] [uM] [Hg/L] [uM] [Hg/L]
Lead 0.048 10 0.0724 15 0.048 10
Cadmium | 0.0445 5 0.0445 5 0.027 3
Mercury 0.005 1 0.010 2 0.030 6
Copper 31.47 2000 20.5 1300 31.47 2000
Aluminium 7.4 200 7.4 200 7.4 200
Manganesq 0.91 50 0.91 50 1.82 100
Fluoride 79 1500 210.5 4000 79 1500
Nickel 0.341 20 | - | e 1.193 70

Table 1.1: Potability limits of waterborne analytes in drinking water according to the EU,
the US EPA, and the WHO. The potability limits are reported in mg/L or[Gg4] [5] .

2| Page

t

h



1.2 Motivation for this Research

The main motivating factor for this research is the development of a cheap, portable, versatile

and sensitive apparatus capable of detecting explesipeur/airborne and toxic waterborne

analytes in concentrations below the levels permitted by the EU, the US EPA, and the WHO
Unfortunately, currently available inexpensive and portable sensors are incapable of detecting
toxic analytes at the allowablevkds. Most available sensors are not versatile, therefore, each
sensorcan be applied to only one particular medium. Moreover, they require a sensitive

el ement, namely fAsensitisero (discussed in d
watersoluble or insolublerhese shortcomings confirm the need for a new generation of cheap,
portable, sensitive, and versatile sensors capable of detecting both airborne and waterborne
analytes at concentrations below the potability limit. The upcoming ssctiscuss the

specific motivations for waterborne and airborne analytes.

1.2.1 Motivation behind Waterborne Analyte Sensing

Some waterborne analytes are poisonous and may cause considerable harm (or even lead to
death) to humans or animals when ingested at high concentrationstdrongxposure to low
concentrations of these analytes (slightly above the allowable level)dmabesdn shown to

result in serious health issues because they accumulate in thg. Bpdsor instance, Pbhas

been considered as one of the most poisonous chemical elements for humans and animals, but
is commonly found in our living environment due to its inclusion in many consumable goods,
such as leadcid batteries, wire, paint, ggsand soldef16]. Due to its high toxicity, as
indicated in Table 1.1, the maximum allowable level foi' Roregulated to be 0.048 upa][4],

as it is believed that exposure to greater concentrations \aéfalt vital organs, such as the
kidneys and liver, often leading to anaeiia]. The ionHg?* is another hazardous waterborne
analyte harmful to human health. It can contaminate water through inappropriate disposal of
many goods contains Hg, including batteries, paints, and most electronic devices. It is
ingested through contaminated food and dfiri{ and as it accumulates in the human body,

it has a potential to cause permanent damage to the nervous system, brain, kidneys, and the
alimentary systenil3]. Available evidence indicates that exposure to air contandiveith

Hg?* may cause similar health issugs]. Cd* is rated among the most toxic waterborne
analytes and is classified as a human carcinogen. It also has harmful effects on theakidneys

respiratory system. It is typically found in nature in low concentrations, but human activities
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such as inappropriate disposal of electrical and electronic waste, jewellery and toys containing
cadmium have increased its concentration to unsafe ldyetaan exposure to Gtloccurs

mainly through contaminated food or inhalation of smoke emitted from indugtfips/ith
precipitation, some of these analytes are deposited on the ground, whereby they contaminate
water, often with terrible consequences. For instance, in 2012, aevigihof cadmium was
detected in Longjiang River located in Guangxi Zhuang Autonomous Region, China. The

accident led to great damage to aquatic life, such aglfigh

Even analytes that are beneficial at low concentrationd'(@If*, F, etc.) become harmful

when present in quantities above the allowable [@}g1][5]. Copper is considered as the third

most abundant eheent in the human body; it is responsible for various biological processes.
Despite, its essential biological role at low concentrations, it is deemed as a toxic environmental
pollutant when present at a high level, because it can accumulate in livingsarg&0]

resulting in several diseases, includkhg dney or | i ver di[X]R3,ses, W
Menkes syndr me and Al z hzl]. brieking watedands feod are of the main

sources of Cit, therefore, the US EPA has set the potability limit of"Goi 20.5 uM[5].

AI®* can contaminate water passing through water pipes made from aluminium, which is
slightly soluble in aquass medid23]. Aluminium is beneficial to human bodies but it becomes

harmful when exceeding the potability limit of 7.4 yBl. It has a high potential to cause
serious diseases i ncl udi na], dtopotosisarsd@adoléssent Al z h
mental retardatiof25]. Fluoride is another crucial analyte that is beneficial to the teeth and

bones when present at small doses, but high doses can cause health problem such as Fluorosis
and urolithiasig26]. Therefore, the potability limit of fluoride ithe drinking water is set to

79 uM [4]. As having access to safe drinking water is of paramount importance, developing
cheap, portable, versatile, and reliable sensors that are accessihightmamber of people is

extremely important, as these can be used to regularly monitor public water quality.

1.2.2 Motivation behind Airborne (Gas/Vapour) Analyte Sensing

Explosives are very dangerous analytes that have to be detected at a very low level. Explosives
can be landmines axplosive residueR7]. Unexploded landmines threaten public safety,
necessitating more effective land mine detection. Most landmines consist e&noitnatic
compoundgNACSs), particularly 2,4 @rinitrotoluene (TNT) and 2;dlinitrotoluene (2,4DNT),

which are the primary constituents of explosi@sDNT can be produced at the intermediate
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step of TNT production. TNT is the most representative nitroaromatic explosive used in
landmineg28] compared with DNT but detecting DNT as pollutants indicate the presence of
the TNT in the sitef29]. Apart from posing grave risk to human life and property, explosives
emit toxic gases into the environmefii0]. Detecting vapour pressure fronNACs is
challenging and requires sensitive sensors because they have a low saturated vapour pressure,
e.g., at 20C 2,4DNT and 2,4,6TNT vapour pressures are 148 ppb and 6 ppb, respectively
[31]. Moreover, explosive vapours are required to be detecteddigiemt or concealed sources.

It is worth noting that, unexploded landmines or ordnance have the potential to seep into the
groundwater and then contaminates the ocg#jsince someainexploded landmirssconsist

of partial or fully watersolubleexplosive compounds, such as dinitrotoluene and picric acid
respectively Contaminatedgroundwateror ocean with explosive compounds indicate the
presence of unexploded landmines in the &€easequently, detecting waterborne explosives

are just as important as detecting airborne explosives. Several sensitive analytical techniques
have been used for the detection of Rdromatic compounds, suchtagh-performance liquid
chromatography (HPLC [32], surfaceerhanced Raman scatteringg3], ion mobility
spectroscopy (IMS)B4], gas chromatography and mass spectrometry K&} [35]. However,

these techniques require very expensive instrumentation as well as comgteapment steps

[9]. Thus, the need for robust, cheap and portable airborne analyte sensors is evident.

1.3 Aim of this study

This study aims to develaplow cost, portable, and sensitifilere optic fluorimetric sensors

for the sensing of both aiand waterborne analytes.

Objectives

1 I will modify the lockin basedevanescent wavigbre optic transducer sensor system
developed by Abraham Kirwj&6] for colorimetric based sensing applicati¢ds]|[38]
such that can be used as fluorimetric sensotbérange ofvaterandairborne analytes

1 Sincefibre optic evanescent wav&orimetric sensors usually suffer from a low
florescence signal, an alternative excitation mediebe used.

1 The targeted wateand aiborne analytes include explosiv@sroaromatic compounds

like dinitrotoluene(DNT) in both mediaHere, detecting explosives in water far below
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their solubility level will be considere@n another hand, detecting airborne DNT will

beat a diluted level, far below their saturated vapour pressure.

The targeted waterborne analytes in this salgdginclude highly toxiovaterborneons

i.e. mercury H§', lead PB*, cadmium Cé&" even under short term exposure or harmful
ions under long term exposure i.e. aluminiunt*Acopper Cé&', fluoride F. The
intended detection limit for highly toxic ions and harmful ions are below their
Apotability | imitso.

Detecting waterborne analytes require suitable sensitisers, which are either water
soluble or insoluble. Consequently, our transducer will be adjustedeoctdhe change

in the fluorescence from watspluble or insoluble sensitisers, which indicate the
presence of the analytes.

For ion sensingwateri ns ol ubl e sensitisers wil.l be e
me mbr aned i . e. p | ads (PVQ) wieereder needédyto alltng | chl
diffusion of ions towards the embedded sensitiser when in contact with a solution
containing these ions

To perform ion sensing i.€¢Hg?*, P¥*, CcP*, CL?*, AI®*, or F), a small section of the
optical fibres apart of our transducer will be stripped and coated with a plasticised and
sensitised PVC membrane and then subsequently tested by exposure to water
containing the target ion

| also intend to use the watsoluble sensitiser for waterborne ion sensing.als

Finally, the sensing of explosives will be performed by coating a stripped section of the
optical fibre with a designated explosives sensitiser, such as pentiptycene. This will
subsequently be tested by exposure to waterborne and airborne explosives.
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1.4 Thesis Structure

This thesis has eight chapters. First, two chapters are divided into background information,
motivations to this research, introduction to sensor technologies, and relative work that has
been previously reported on the airborne and waterborne sensingeiChapd 4 describe the
development process that we carried out on a colorimetric evanescent wave sensor to make it
a fluorimetric fibre optic sensor. The applications of our developed sensor and findings of this
work are presented in Chapter3 5The lat chapter summarises the findings of this work and

the proposed future work. A brief explanation of each of the eight chapters is presented below.

1.4.1 Chapter 1
This chapter presents brief background information on the air and water pollutions. It als

provides the aims and the motivations for this work.

1.4.2 Chapter 2

This chapter introduces the description of the sensors including their characteristic and
performance parameters. It demonstrates two crucial models that can describe the sensor
respamse characteristic such as Langmuir adsorption and Stern Volmer Models. Then it
provides a brief description of known sensitisers and transducers (including colorimetric and
fluorimetric optical transducers). Finally, the physics of optical fibre angications as part

of theoptical transducers are discussed.

1.4.3 Chapter 3

This chapter explains theodifications undertaken to render the colorimetric EW fibre optic
sensor suitable for fluorimetric sensing of airborne and waterborne analyiss. $hows the
advantages of the side illuminations as excitation mode over the evanescent wave. In addition,
it clarifies the functionality of the electrical and the optical components that are involved in the

transducer.
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1.4.4 Chapter 4

In this chapterthe preparation of the multimode optical fibre to be sensiigeld as cutting,
stripping, cleaning and drying is described. In addition, this chapter has a description of two
coating techniques i.e. spray coating and dip coating that were usedwotkito coat the

sensitisers on the stripped section of the optical fibre.

1.4.5 Chapter 5

In this chapter, the fluorimetric fibre optic transducer is successfully tested for the sensing of
either airborneor waterborne analyte¥heairbornesensing was performed by exposing the
coated section of the optical fibres with the generic fluorescent polymer namely
poly(phenylenevinylene) derivative MDMGPPV to a variety of vapour pressures2,4
dinitrotoluene (DNT). The DNTwvaterbornesensing was performed by exposing the coated

section of the optical fibre with MDM®PV to a range of DNT concentrations in water.

1.4.6 Chapter 6

This chaptediscussethe successfulse ofpyrazolyl chromene derivative (probe 1) in a solid
film rather than anggregated state whenwasimmobilised in a plasticised PVC membrane
and then coated onto the stripped section of the optical fibre for the sensirfgvedi&tborne.

1.4.7 Chapter 7
This chapter describes the usevafrin derivative, NaMSA, dissolved imater for either Al*

(fluorescence off on sensor) or Kfluorescence ol off sensor) sensing. The possibility of
quantifying the concentration of #l using the standard addition methadas also

demonstrated.

1.4.8 Chapter 8
The main findings othis research are summarised in this chapter alongside the proposed future

work.
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Chapter 2: Sensors, Sensitisers and Transducers
2.1 Introduction to Sensors

In Chapter 1the presence of harmful or toxic ions as waterborne analytesabharmal level

that may lead to horrible human health consequences were discussed, to highlight the necessity
of a robust sensor technolagy addition, the negative impact of the air or waterborne
explosives to the human security was also discussed. Yet, despite the growing awareness of the
detrimental effects oharmful airborne and waterborne analytes to human health, human
security and ta environment, limited work has been done to develop a versatile, cheap,
portable, sensitive fluorimetric sensor that can detect both air and waterborne analytes below
their potability limit, which was the primary motivation behind this present studychhjser
commences with the definition of a sensor, followed by the classification based on composition,
key characteristicsand performance parameter$hen, different types of fluorescent
fluorophores (sensitisers), such as fluorescent conjugated pslamefluorescent dyes with
receptors, are introduced, followed by their applications as optical sensors. Some commonly
used transducers, including colorimetric and fluorimetric optical transducers, are described
before outlining the physics of optical fés, which are an essential component of the sensors

used in this work.

Il n general, sensors are <classified as O0phys:s
applications. Physical sensors are devices that measure physical quantities, such dsitempera
moisture, force, speed, pressure, density, etc., wheleamical sensors provide a reading
related to a particular quantity (e.g., voltage, absorbance, fluorescence intensity, current, or
frequency) that can be precisely correlated to the preséacseatain chemical (at a particular
concentration) in a sample. Such sensors are also commonly referred to as detectors, and the
chemical to be detected is called the analyte. In some situations similar or lower readings may
be produced by different chérals, those that are not the measurement target, are known as
interferants. Sensors usually comprise a sensitiser (or receptor) and transducer. The sensitiser
interacts with the analyte (e.g. by binding to it) thus induchrgnges in its physical propes

The transducer then translates thebangesinto the sensor readingsome sensorsre
fistoichiometri® rather tharfindicatingd, whereby their reading will increase with time even
under constant analyte concentration, rather than respond lineargn tincrease in
concentration, as is the case with indicating sensors. Nonetheless, the rate of increase will

depend on the analyte concentrati@f]. The sensor developed as part of the present study
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exhibits indicating behaviour, as shown in Chapier.3n such cases, threaction between
the sorbate (analyte) and the sorption site (sensitiser) is usually reversible (as discussed in

Section 2.2.5). Therefore, the chemical reactian be expressed as follows:

Y 66 YO (2.1)

whereSis sorption site or sensitisek,is sorbate or analyt§Adenotes the sensitiser/ analyte
complex, andk quantifies the interaction strength between the sensitiser and analyte, which can

be expressed as follows:

In the expression above, the brackets refer to concentrations, wii®Adhby proportional to

the occupied sensitiser sites, 483 and[A] are proportional to the sensitiser available sites
and the analyte concentration, respectively. When a surface with adsorption sites (i.e. a
sensitiser) is immersed in kguid (gas or liquid) containing the analyte at a certain
concentration / partial pssure, the following Langmuir adsorption isotheNXg) can be

applied to describe the fraction of sensitsiégs occupied by the analyte:

e

(2.2)

whereM(c) describes the fraction of the occupied sensitiser sites with a bound aaalytk

are the stability or binding constants which quantify the interaction strength between the
sensitiser and the analyte in vapour and liquid media, respectivelyg andc denote the
analyte partial pressure and concentration respectively. The derivdtitdre d.angmuir
adsorption isotherm relation is given in Eq. (2.2) and presentagpendix 1. Denoting the
analyte concentration when half of the sensitiser sites are bound to the analyieitas
evident thai (c) = kcfor ¢ << ci2, while M (c) = 1for ¢ >> c12, andM (c) = 1/2for cu2 = 1/Kk
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[39]. The same assumptions would apply to the analyte in vapour form. It is worth noting that,
Eq. (2.2) describes the quantitative response of many sensors, apadléatrachemical

sensors, which follow a different law.

2.2 Sensor Characteristics and Performance Parameters

Sensor performance is quantified by several parameters, most ofoahible obtained through
calibration, which involves exposing the sensor to known analyte concentrations and recording
its readings (response). For the sensor used in the present study, at lower analyte concentrations,
the response was proportionalcaHowever, this linear relationship changed at intermediate
concentrations, resulting in a curve that typically plateaued at a certain analyte concentration,
indicating saturation. Irrespective of the respdnsetion the calibration chart can be used to

obtain a limit of detectionl(oD), the sensitivity,and afigure of merit, as described in the
sections that followOther parameters or properties, such as selectivity and reversibility,

require additional measurements, as outlined also in later sections.

2.2.1 Limit of Detection

LoD is the lowest analyte concentration that can be confidently distinguished from the
transducer noise flogr0][41]. It depends on thstrength of the sensitiser/analyte interaction

(di scussed quantitatively i n -Badseiatm(@SNR). 3. 1. 3
The latter can be improved by a leckamplifier, as described in ChapterTelLoD can be

determined from the linear regime of the calibration chart, to which a straight line should be

fitted to obtain the slopen and intercepb, with the estimated standard ergdy [41] as shown

in Figure2.1 The intercepb should be close to zero, which should be contained ib theb

range, wherebgbi s | argely controlled by the transdevu

than the analyte/sensitiser interactibaD is defined as follow§42]:

0¢0— (2.3)

where the factor 3 is a convention that determines a specific confidencé4lgveloD is

obviously dimensionless, given thatandgb are represented by the same units.
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Figure 2.1. Diagram showing the LoD at low concentration and abitnenoise floor.

2.2.2 Sensitivity

Sensitivity pertains to the smallest signal change that can be detected by the sensor. For sensors
exhibiting a linear response to an analyte concentration, sensitivity can be easily obtained from
the calibration charf43]. However, for many common sensors (e.g. those of Hildebrand
Benesi or Narstian type), the relationship between responseanalyte concentration is non

linear. In the linear case, the slopeof a straight line fitted to the calibration chart represents
sensitivity. On the other hand, in the ntinear case, the sensitivity evaluation is limited to the

slope of the linear portion of the respoi¥&], making it less accuratdighly sensitive sensors

will be able to detect the analyte with LoD.

It is important to note that even linear calibration charts yield somewhat ambiguous sensitivity
guantities, as different sensors may transduce a response into different physical quantities
(frequency, capacitance, voltage, fluorescence intensity, etc.). Consequently, sensitivity will
be expressed in different units, making comparisons among diffeeasbrs challenging.
Moreover, many transducers rely on electronic amplification, which can be set arbitrarily,
making sensitivity a rather arbitrary quantity. This is particularly problematic when simple

electronic amplification is applied, as both sigamadl noise would be amplified. This issue can
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be avoided by use of a logk amplifier, as it can suppress noise and thus improvedBe

Nevertheless, the strength of analyte/sensitiser interaction is a key factor affecting sensitivity.

2.2.3Figure of Merit

Transducer quality is quantified by definingfigure of merit FoM). While the binding
constank andcy. = 1k is a measure of the strength of the interaction between sensitiser and
analyte only, LoD depends on both the strength of interaction and the SNR in the transducer.

Hence FoM is defined as follows:

08 b L (2.4)

FoM is a dimensionless measure of the quality of a transducer, as it normélsego unit
k, i.e. it separates the contribution to loweringD of the transducer from the contribution due
to the binding constart[44].

2.2.4 Selectivity
Selectivity r ef |dsaimisatedetveeenra aarget @nalyteafdian interfgrant o
and is quantified as followg5][46]:

YA€ (2.5)

whereksa andksi are the binding constants between sensitiser and analyte, and the sensitiser
and interferant, respectivelilote that, as amplification in the transducer applies equally to
both analyte and interferant, neither high amplification nor better SNR can iengetactivity.
Consequently, selectivity igrgely controlledby the sensitiser, and iadependent of the

transducer.
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2.2.5 Response Time and Reversibility

Responsetim@es) i s defined as the time required fo

95% of its saturation response signal. Thus, when calibrating a sensor, the response data should
be read after the response has had enough time to equilibrate (i.e. the seriddreshllowed
sufficient time to respond fully to a new concentration). The response time is governed by
analyte diffusion rate into the sensitiser film or solution, complex formation rate, and complex
dissociation rate between the sensitiser and thigtandloreover, it has been established that

the response time is dependent upon the sensitiser film thicknessagte concentration

[47]. Clearly, a fast response time is desirable inrlifahpplications, especially for explosives

sensing and medical diagnostics.

Sensor reversibility or recovery refers to the time required for the sensor reading to return to
the background level prior to analyte exposure, which occurs once the sensitiser binding site
becomes free of the analyte. Good sensors should recover wieseexp clean air or water,

but some sensors require exposure@d A, which stands foethylenediaminetetraacetic acid

or anothercompound that competes favourably with the sensitiser for the analyte. Certain
sensors recover when exposed to analyte ioaisdan also form a strong complex with the
target ion already bound to the sensitiser. The advantage of this approach stems from the ability

to use the same sensitiser to sense two different ions.

2.2.6 Sensor Calibration

Some sensors should be calibrated frequently to ensure that reliable readings are obtained when
performing actual measurements. As a pH sensors is used in the present work, the calibration
process is described using this example. A pH sensor is calilwategnersing the electrode

into a solution of known pH (usually 7), and setting the reading to that value. The process is
repeated with a different solution of known pH (e.g. with a pH = 2). It is worth noting that even
modern sensors need calibration hesesinternal electronic components may produce a signal
(voltage) drift over time due to changes in temperature or pressure. For example, optical
sensors are calibrated by performing a control experiment e.g. sensor readings vs time under
zero analyte commntration. If signal reduction due to drift in the transducer signal or change in
the optical properties of the sensitiser cannot be corrected, this shift must be accounted for

when interpreting the analyte sensing datdescribed in Chapter 5. Someiagitsensors
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require calibration due to the naero reference signal, whereby their readings need to be

subtracted from the baseline or background, as described in Chapter 7.

As discussed previously in section 2.1, the optical sensor depends on sesensiti a
transducer, therefore, the function of several sensitiser types is described next.

2.3 Sensitisers

As the type of sensitiser employed depends on its application, it is important to determine how
it responds to the analyte needing to be detedBwemiresistorsfor example, change
conductivity, while humidity sensors are based on variations in sensitiser capacitance, and
sensitisers that increase the membrane potential are needed for electrochemical sensors. In this
section, only sensitisers thaave been implemented in optical sengorsanalyte detection
[37][48][49][50][51][52][53] are described, as others are beyond the scope of the present study
Some @tical sensitiseee classified into colorimetric and fluorimetric sensitisers, relne

the former change their optical properties (absorbance) when interacting with the analyte by
binding to it, while the latter change their optical properties (fluorescence). The transducer
translates the change in the optical properties (absorbafigerescence) into a sensor reading,

as discussed in Section 2.1. Choosing a suitable sensitiser for optical sensing applications
requires a fundamental knowledge of their optical properties, which are discussed next,

followed by optical fluorescent serisérs serving as fluorophores.

2.3.1 Molecular Absorption of UM Visible Light and Light Emission (Fluorescence)

The lowest energy state of a molecule is defined as its ground state, and subsequently its higher
energy states are denoted as excited stiatebis context, the terms HOMO and LUMO are
defined, as highest occupied molecular orbital and lowest unoccupied molecular orbital,
respectively. The energy difference between the HOMO and the LUMO is called the band gap
energy Similarly, $ denotes the first ground state, whilegd S are the first and second
singlet excited state, respectively, with denoting the first triplet excited state. The ground

and excited states are split into a serieslwftional levels v =0, 1, 2, 3. Tlemergy difference
between vibration levels is much lower than the energy difference between the gamdi (S
excited states ¢por between excited states €d S). At room temperature, most molecules

remain in the ground state. However, when exgasdight (photons) with energy equivalent
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to or greater than theenergy difference between HOMO and LUMé&vels the HOMO
electrons can absorb that energy and undergo a transition, depending on the amount of absorbed
energy. If the energy absorbed froine photon by the electron is equal to or greater than the
energy difference between &d S or &, the electron will transition almost instantaneously

(within ~10%°s) to S or &, as shown irfrigure2.2[54].

2

S 1

0 1

: Internal conversion

L +
Si 1 - Intersystem crossing

. \

T
Fluorescence
Phosphorescence

2 —

S[l 1 = A J

Figure 2. 2. Jablonski diagram illustrating thelectronic transitions (absorption) and
relaxations (fluorescence and phosphorescence) as a result-eisiblé light absorption by

a molecule.

If the energy absorbed from the photon by the ground state electron matches the energy
difference between thabrational level v = 0 in &state and the vibrational level v =2 in S

state, electronic transition from v =0 iat® v = 2 in S will take place. The electron in the

high vibrational level of the excited state undergoes internal conversion orionaiat
relaxation to the lowest energy level v=0 of that excited state withihsl@s indicated by the
dotted grey arrow ifrigure2.2[55] by dissipating its excess energy in the form of heat to the
surrounding molecules. As the electrons at the lowest energy level of the excited state relax to
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the ground state, they undergo radiative or-ramhative decay. Radiative decay results in
luminexence (fluorescence or phosphorescence), as showwigure 2.2. Fluorescence
emission typically occurs within nanosecois when the electron im$elaxes to the ground
state. Note that not all electrons relaxing éavil emit fluorescent lightas some will dissipate
their energy as heat, or will expend it in collisions with other moleealgdhienomenon known

as quenchingsome molecules never emit fluorescence because their excited electrons relax to
the ground state via neadiative decayElectron transition from the singlet excited staiédS
triplet excited state il namely intersystem crossing, is rare and usually occurs when the
vibrational levels of Sand T. overlap, because little or no energy is then needed for this
transition. Electrons can also transition toff®m Ti and then to &accompanied by delayed
fluorescence or delayed noadioactive decay. During intersystem crossing, some electrons
relaxing to & from the lowest energy level iniTemit light, a process denoted as
phosphorescence that can last several sedéiéilsas shown irFigure2.2. Thus, the main
physical factor in discriminating between fluorescence and phosphorescence is tipetime s

by a fluorophore in the excited state (luminescence lifetime)

The energy difference betweendg®d S or S and S of a molecule indicates the portion of the
UV-Visible electromagnetic spectrum that should be absorbed. Thus, wavelengths at which the
absorption and emission peak of a molecule appear within the spectrum correspond to the
probable allowed electronic traitions from $to S or S and from Sor Tito S, respectively,
whereby the energy differenoge'@etween electronic levels is related to the wavelength of the

absorbed lighdas follows:

— (2.6)

wherec is the speed of light (3 x $@n/s), anch denotesPlanck’s constant (6.6261034 J-s).

The emission peak produced by fluorescent molecules typically does not coincide with the
absorption peak, as shownRigure2.3. This phenomenon, known as Stokes shift, results from
the energy dissipation of excited electrons occupying the vibratioreleshen interacting

with its surroundings, for example the solvent when in solution, due to which only a part of the

absorbed energy is emitted as fluorescence or phosphorescence.
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Figure 2. 3. Stokes shift due to enertpgses in the excited state.

The molecules absorbing incident light can be classified according to their optical properties,

as described in the next section.

2.3.1.1Chromophore and Fluorophore

A chromophore is a specific part of the molecule that undergoes electronic transition when
exposed to electromagnetic radiation at a wavelength that matches the energy difference
between its orbital$58][59]. As the incidat photons interact with the chromophore, their
energy is absorbed, causing electronic transition from the ground to the excited state. Some
molecules containing chromophores can be used as colorimetric sensitisers in optical sensors
because their absorpti bands shift when they interact with analytes. Chromophores that bind

to ions as analytes are callelromoionophoricchromophoresThe analyte binds to the
chromophore and in doing so changes its energy levels and therefore the wavelengths of light
that it can absorbFor example,1-(2-pyridylazo)}2-naphthol (PAN) has been used as a
chromoionophoric sensitiser in an optical sensor aimed at detecting waterbétr&7Zn
Sensitisers that are an essential part of optical sensors can also be of the fluorimetric type (a
fluorophore) The fluorophore is often an organic molecuts3] capable of absorbing
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wavelengths in the UWis spectral region, while emitting light (fluorescence) in the visible

to nearinfrared region, as described in Section 2.3.1. The fluorescence intensity of the
fluorophore sensitigechanges upon binding to analytes. The amount of change depends on the
chemical interaction between fluorophoreos
and the analyte. Upon binding with analytes, fluorescence of some fluorophores is enhanced
(off Y on)60], as explained in the next section, while others are quenched (ff)
[51][61][62], as described in §g8on 2.3.1.3.

2.3.1.2 Fluorescence Turhon (off Y on)

Fluorescence tufron (off Y on) refers to the fluorescence enhancement when the fluorescent
molecule or dye (sensitiser) binds to an analyte. Thé offn fluorescence usually occurs
when intramolecular photoinduced electron transfer (PET) is preventeamolecular PET

can take place when the HOMO orbital of donor atoms (lone pair electrons, such as oxygen,
nitrogen, or sulphur atoms) is at a higheergy level than that in the fluorophore. Therefore,
when the electron in the HOMO of the fluorophore is excited to the LUMO state, the electrons
in the HOMO comprising these lone pairs transition downward to fill the partially unoccupied
HOMO of the fluorghore. In this case, excited electrons cannot return to the HOMO of the
fluorophore, leading tuorescence quenching, as showrrigure2.4a PET blocking is one

of the most common methods for transforming a-fieorescent molecule to a fluorescent
molecule[63]. In such cases, presence of an appropriate analyte (typically metal ions) reduces
or prevents the PET51][61], leading to fluoresce® enhancement (off on). This
mechanism can be utilised in the detection of metal ions as anaies a metal ion is
coordinated with the lone pair, it brings the HOMO energy of the lone pair atom below that of
the the fluorophore due to the chatgensfer from the ligand to the metal ion. As this process
suppresses PET or fluorescence quenching, it gives rise to chelalianced fluorescence
(CHEF or offY on), as shown ifrigure2.4b[63][64].
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Figure 2. 4. (a) Intramolecular fluorescence quenching via photoinduced electron transfer
(PET). (b) Metal ion coordination with lone pair donor, which prevents PET and results in

chelatiorenhanced fluorescence (CHEF).

The off Y on behaviour is more desirable in @pli sensors compared with fluorescence
guenchingas it produces a completely dark background that minimises potentighéaltive
signals[65][66][67][68]. The response characteristic of ¥ffon fluorimetric sensorgc) can

be described by thdifferential equation of adsorptigras indicated below:

O Ob p AGD- (2.7)

where'0 AT BH denote the fluorescence intensity of the sensitiser in the presence of
analyte at a particular concentration, and in the presence of an excessive amount of the analyte,
respectively 1/t = kactkd; ka andkas are rates of adsorption and desorption, respectively, and

cis the analyte concentration. The ratidkgks = Ka[M™] is an important characteristic called

as association constant, which is equivalerk o the thesis. The reciprocal valé® [M]

=1/Kais known as th&issociationconstant.
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Oncek is determinedgi2 is known as it is equal tb/k. The obtained2 value (and thug)
enables the estimation of the binding strength between the sensitiser and the analyte, which is
related to the standard Gibbs energy of adsormih by the Boltzmann factor, as shown

below:

0 Qon 2.8)

whereR is the gas constant (8.314 J/mol*K) ahds the absolute temperature (in Ki).is
obvious fromEg. (28) thatk (representing the same property as that describétbg.2)is

given byqG°. The above expressi can be rewritten as follows:

wO Y¥ £Q (2.9
It is worth noting that Eq. (2) cannot be applied to calculatgs® becausek is inversely
proportional tocy2 (and is therefore expressedNnt) and logarithms can only be applied to

dimensionless quantities. To avoid this issue, Xueyong and[6¢h convertedk into a

dimensionless quanti®? giving rise to the expression below:
YO Y u £0 (2.10)

This transformation was achieved by multiplykgyith the molar concentration of the solvent

(in this case water, expressed@ssincek = 1/ci2. As the density of water is- ——, and

its molar mass is—, the corresponding concentration 4s—2 = 55.56 M.

Consequentlygwater (M) cancels the unit afiz (M), leading to a dimensionless quantity, as

shown below:

(2.12)

2.3.1.3 Fluorescence Quenchingif Y off)
Fluorescence quenching (¥n off) refers to fluorescence intensity quenching of a fluorophore
(sensitiser) when its excitation energy is transferred to surrounding chemicals, namely

6anal yt es 0 [70]instead af ey emidsienrosphotons. Fluorescence quenching as a

result of the energy transfer from the fluorophore to the @nalyually occurs through PET,
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which usually takes place between elecirich and electromeficient moleculesPET occurs

when an electromich fluorophore acts as an electron donor, and an eled#eficient analyte
serves as the electron acceptor. €fme, an electron in the LUMO of the excited fluorophore

is donated to a loying LUMO of the analyte, resulting in fluorescence quenchbfg.
However, it is important to note that quenching due to energy transfer occurs through a variety
of mechanisms, giving rise to static and dynamic quenching (collisional quenghithgas
discussed in the followingection.Fluorescence quenching has wide applications in chemical
and biological sensing. For example, it can be used to detect the presence of toxic ions in water
at low concentrationg’1][72][73], as well as at high concentratiod][74]. It has also be
applied for determining the presence of explosive compounds in both water and gald media
[9][28][48][75][76][77][78], and glucose in blodd9]. The chaacteristic response of an ¥n

off fluorimetric sensor is controlled dy M(c) which represents the fraction of sensitiser sites

that are unoccupied by analyte, as shown below:

O Omz op ) (2.12)

where'Ow A1 "@rt denote the fluorescence intensity of the sensitiser in the presence of

analyte at a particular concentration, and in the presence of zero analyte, respectively.

Substituting the expression for@ given by the Eq. (2.2) yields:

O Omzp — (2.13)

Further simplifications results in:

— — (2.14)

This expression can be further transformed, givingtasgteraVollmer (SV) equation:
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— p Qd (2.15)

wherek can be quantified by plotting—1 1 as a function o€, whereby the slope is equal to

k andcuiz is equal tol/k [80]. As already noted in Section 22sensitivity depends on the
binding constant, which plays a significant role in the interaction between the sensitiser and
the analytd81].

2.3.1.3.1 Static and Dynamic Quenching

Both static and dynamic quenchiagcurs wherluorophore molecules are in contact with the
analyte, whereby static quenching results from the complex formation in the ground state
between the fluorophore and the analyte, independent of excitaftoe. complexed
fluorophores are nefiuorescent whileun-complexed fluorophores continue to produce
fluorescence emission according to their native natural lifetime. On the other hand, dynamic
guenching occurs via collisions between excited fluorophores and the analyte. These collisions
cause the excited ekeons to relax to the ground state without fluorescéfg The energy

that the eletons possessed in the excited state dissipates in the form of heat energy to the
surrounding fluorophores or molecules (analytes). Compared with static quenching, dynamic
guenching is faster and also a more reversible process, which results in lowiseasit
selectivity due to the low binding constaa?]. Fluorophores characterised by a long lifetime
have a higher probability of interacting with the analyte, which tends to result in more dynamic
guenching, given that the analyte can travel a longer distance to encourmdectiten of the
excited fluorophoreFor either static or dynamic quenching, the response characteristic

(fluorescence intensity vs. analyte concentration) follows the SV law described id ¢ 2.

There are many types of fluorescence sensitisers, some of which are briefly described in the

sections that follow
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2.3.2Review of Fluorescent Sensitisers

2.3.2.1 Fluorescent Conjugated Polymers

Fluorescent conjugated polymers (CPs) comprise of many repeating fluorophore units. CPs
consist of an organic molecule with alternating single and double bonds, forming a backbone
chain, which allows for electron delocalisation along its backbone. Thmpbolyackbone acts

as a molecular wirg82], therefore excitons (electron and electron hole bound state which are
electrostatically attracted to each other by the Coulomb force) can travel long distances along
the backbone, which increases the likelihood of the exait@nacting with a bound analyte
which could be attached to any of the many fluorophore units before relaxing to its ground
state. The exciton travel distance is controlled by the exciton migration rate and the lifetime of
the exited statg82]. Thus, using fluorescent CPs enhances the sensitivity of fluorescence based
sensing via signal amplification because a single analyte interaction can quench a significant
number of fluorophores. Consequently, fluorescent CPs are highly desirable ih sgrisar
applications. On the other hand, fluorescence based on smakt¢npmated) molecules is

less sensitive because the exciton is confined within a single molecule and can only interact
with analyte at its binding site, restricting the quenchintemital [48][65]. A schematic
diagram depicting the mechanism of action of a fluorescent CP sensor and a small molecule
sensor is shown iRigure2.5. For example, Swager and colleaginave synthesised a very
sensitive fluorescent PC fiPentiptyc[48haso for
described in Section 2.3.2.1.1.

Fluorescent conjugated polymer sensor Completely quenched

Binding site N

hv’ ,
hv’ hv’ , hv
Emissive fluorophore <P v Y hv
Quenched fluorophore iy —
Analyte o)

Exciting light hv
Fluorescence  hv' Small molecule sensor partly quenched

Figure 2.5. Fluorescence quenching processes occurring in fluorophores connected as a
Amol ecul ar wireo (which amplifies the senso

fluorophore.
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2.3.2.1.1 Pentiptycen®olymer

The pentiptycengolymer with itsbackbone chaings shown inFigure 2.6. [48][49]. This
polymer ha been used in the solid form as a sensitiser film for nitroaromatic compound vapour
detection. The polymer consists of a thdamensional rigid, bulky pentiptycene structure,
which reduces seffjuenching from backbones of conjugated polymer chains, cobgmo

k n o w nstaeking. Moreover, it creates cavities or porous structures within the polymer film,
thus enabling small molecules to diffuse and exclude larger molecules. The polymer interacts
with molecules via several possible mechanisms. For exanspieolacule size must be small

in comparison to the size of the cavities, smaller molecules (such as TNT) would fit in, but
larger ones would not. In some cases, an electrostatic interaction can occur between the
polymer and the analyte. Consequently, wleposed to different analytes at the same vapour
pressure, an electraich polymer would preferentially bind to a more electdaiicient
analyte. As an example, a pentiptycemalymer binds to TNT more than to DNT, even though
TNT has a lower saturatedpour pressurelQ ppb at 25C) compared with 2DNT (193

ppb at 22°C), because TNT is more electron deficiertte presence of TNT quenches the
fluorescence othe pentiptycenefilm 4 times more than DNT when they present at same
guantities (100 picograni®2]. This conjugated polymer was engineered by linking individual
fluorescent monomers. The backbone of a conjugated polymer acts as a wire through which
excitons can propagate. Therefore yagtens travel across many receptors before transitioning

to the ground state, the probability of sampling one of the explosive analyte molecules is high,
as shown inFigure 2.5. This process plays a major role in sensitivity enhancement by
amplifying thesignal. This polymer was applied successfully in a commercially available
device fAFidoo for real detection of buri ed
wavelengths of 370 nm and 460 nm, respectively. The detection limit towards TNT based on
fluorescence quenching was 6 parts per trillion (i) indicating very high sensitivity. The
schematic diagram of the pentiptyceterived PPE structure and tHiim porosity is shown

in Figure?2.6.
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Figure 2. 6. Pentiptycenalerived PPEstructure and conceptual polymer porosity for analyte
detection48].

2.3.2.1.2 MDMO-PPV

PPVs are a family of conjugated polymers with good photoluminesc@éheg. are water
insoluble but dissolve readily in many organic solvents, including tolde2dichlorobenzene

and chloroforni83]. PPVshave been used in solar céBg ] and organic lightmitting diodes

[85]. In addition, PPV derivatives have been successfully used in fluorescent sensor
applications[1][77][86][87]. Their main drawback stems from the aggregation in the
condensed state, resulting in fluorescence quenchiego” -~ stackingeven in the absence

of analyte. To overcome this issue, bukybstituted moietiesere incorporated into PPV
backbones for explosive sensing applicatio?g]. Poly(phenylenesinylene) derivatives
MEH-PPV and DP16PPV have been used as fluorescent sensitisers to detect DNT and TNT
vapour[88]. In another study, MEHPPYV films at three different concentrations were deposited
on the exposed tip of an ogai fibre (obtained by removing the cladding from one end of the
optical fibre). These films on fibres were used to detectih#robenzene (DNB) in acetone

and to study the effect of these concentrations on the quenching refgfins#EH-PPV has

also been used to detect DNB in acetone, and a detection limit of 37.5 uM was répdrted

A super yellow polymer, a derivative of PPV family, has been coated on the glass stbstrate
detect DNT in the gas state, yielding@D of 30 ppb[1]. Moreover poly[2-methoxy5-( 3 Nj, 7 N;j
dimethyloctyloxy}1,4-phenylenevinylene[MDMO-PPV) has been used to detect TNT in
chloroform [89]. In the present study, fluorescent poly(phenyeinglene) derivative

MDMO-PPV was adopted to detect DNT in water and air at low concentrafionsescence
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of thisderivativeis known to quench as a result of exposure to many nitroaromatic explosives
[87]. Its fluorescence quenching is static in type because complex formation occurs in the
ground state. Moreover, as it takes a few minutes to reach equilibrium, this excludes dynamic
(collisional) quenching which is diffusielimited, as discussed in Secti@3.1.3.1 When

DNT binds to MDMOPPV, the excitons in the LOMO of MDMO transit to tlosv-lying

LUMO of DNT, quenching its fluorescence. The chemical structure of MERRY and DNT

is shown inFigure2.7a, while their energy levels and exciton transitions are shovagure

2.7.

a b
OCH; 1 Vacuum
MDMO-PPV E,=2.83eV
E,=3.54 eV
7| 47 "‘
n o ' 3
O\/MCHS ﬁ 1
E,=2.48 eV 3 LUmMo
CHs CHs
CH — 1
3
NO, E,=5.44 eV
—+H——Homo
NO,
2,4-DNT MDMO-PPV 2,4-DNT

Figure 2.7. (a) MDMO-PPVand DNT chemical structur¢p) MDMO-PPV[90] and DNT
energy level$38] and exciton transitions from the LUMO of MDMO to the LUMO of DNT.

In addition to fluorescent polymers, in practice, fluorescent dyes have also been extensively
used for ion sensind=or example, chemically tundazbrondipyrromethene BODIPY) dye
when linked to ion receptors have been used for ion sensing, and these are described in the next

section.
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2.3.2.2 Organic Fluorescent Dyes

2.3.2.2.1 BODIPY Fluroionophore

Borondipyrromethene BRODIPY) is a fluorescent dye comprising of dipyrromethene
coordinatedvith a boron centre, typically BFThe majority of BODIPY dyes are characterised

by a small Stokes shift and a high fluorescence quantum yield, even in water. Mattegiver,
absorption and emission bands remain approximately at the same wavelengths even if exposed
to different solvents. Owing to these beneficial features, BODIPY can be adopted as a sensitiser
for fluorimetric sensing applicatiorjf91]. The BODIPY core structure is depictedRigure

2.8.

Figure 2.8. BODIPY core chemical structure.

BODIPYs can be tuned for fluorescent sensing applications by chemically linking them to
metal ion receptors (i.e. ionophore or crown ethers), which results in fluroionophAaores.
ionophore is a chemical compound functioning as a reversible ion carrier across a hydrophobic
membrane. It captures a target ion from the water sample and transfers it across the
hydrophobic membrane to the binding sites of the sensitiser. Once intceititethe sensitiser,

the i1 onophore releases the 1ions, whi ch <can
physical properties, such as fluorescence, absorption, etc. For example, valinomycin is
considered to be a good ionoph@®€][93] as it selectively binds to *Kin the water sample

and transports these ions across a plasticised hydrophobic membrane, typbaligyl
chloride (PVC), to the sensitiser binding sit&3ther ionophores are designed to form
hydrophilic channels within the hydrophobic membrane, allowing selective ions to be
transported to the binding sites of the sensitiser without being in direct contact with a

hydrophobic membrane.
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Crown ethers that wermvernted by Pedersen (Nobel priz¢p4] are heterocyclic organic
compoundscomprising of multiple ether grougd5]. The ring has a central cavity that is
specific to each particular crown ether, as showrigire2.9. The crown ether rings mainly
consist of oxygen atoms that possess a high binding affirgtiati andalkaline earth metallic
cations. Thus, a crown ether forms a strong metallic coordination complex at its centre, whereas

its exterior is hydrophab.

a b — COK\O/\O

S O O

N OK/O\)O OK/O\)O

Figure 2.9. Crown ether rings (a) 1:2rown4, (b) 15crown5, (c) and 18crown6 [45].

Certain crown rings can be modified by replacing some of the oxygen atoms with other donor
atoms, such as nitroggbl] and sulphur{95]. These atoms also contribute to the cation
complex formation at the ceamrtof the ring. Owing to these beneficial properties, the crown
ether rings have been used for cation detection in optical sensor applifatif®s|[96][97].

Each of the crowns shown kigure2.9 is @pable of selectively coordinating with a specific
cation, whereby the 1@rown-4, 15-crown-5, andl8-crown-6 strongly coordinate with lithium,
sodium and potassium cations, respectiy€bj. The crown etherand the ionophores are not
fluorescent molecules; however, when they are linked to a suitable fluorophore, optical
transduction can take place. Consequently, the target ions will be detected by changes in optical

transduction.

As fluroionophores consistiraf BODIPYs and crown ethers have been shown to exhibit weak
fluorescence emission in the absence of analytes due to the intramolecular PET effect, they
have been used as §ff on sensitiserg1][95][96]. For example, Klimant and egorkers[51]

have synthesised selectivefluroionophore for the detectioof waterborne K, as shown in
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Figure2.10. Itconsists ofliaza1l8-crown-6 ether as a receptor and BODIPY as a fluorophore.
These authors have shown that, even though PET takes place between nitrogen lone pair within
the diazal8crown6 and the BODIPY,presence of K reduces the PET, leading to
fluorescence enhancement. Surprisingly, teenmsitiser iswater insoluble, therefore a
polymeric matrix or phase transfer material (hydrogel matrix or plasticised PVC membrane) is
required to act as a mediatortlween the waterborne ions such asiK this case and the
sensitiser in its solid form. Thu&limant has successfully immobilised the sensitiser in a
hydrogel matrix with sufficient permeability for waterborn€. KVhen the sensitiser is
immobilised in a plymeric matric, this usually results in sensitiser leaching, low hydrophilicity
due to insufficient hydrogel, and aggregation due to incompatibility between sensitiser and the
hydrogel. However, these obstacles were overcome when they immobilised thisesensa
hydrogel matrix. Interestingly, the sensitiser is pH independent, and exhibits selective
fluorescence enhancement in response to a rangé adriCentrations, including the regular
intracellular (150 x 1%) and extracellular (5 x #pconcentrtions. Finally, it was successfully
applied to foetal bovine serum (FBS) to prove its application on a real s@mhplén the next

section, a well known dye that has a verity of applications in different sensors is discussed.

EAN

(D)
no PET‘{QN\) "

Fluorescence Fluorescence
IIOFFII !lONll

Figure 2.10. Fluorescence enhancement caused by preventing PET when the crown ether

receptor coordinates with*51].
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2.3.2.2.2 Morin Dye

2 Nj, 3 ;Péndjhy8roxyflavoneor Morin is a welknown aluminium (lll) selective
fluoroionophore [98] but its application has been extended, allowingtoitact as a
potentiometric sens@®9]. Morin is a weakly fluorescent molecule whexcited by light of a
wavelength that matches its absorption batid m)[98]. Its weak fluorescence emission ~
500 nm [100] is attributed to intramolecular PET that occurs when the electrons in the free
ligand are induced by excitingght to transfer from the lone pairs of the donor atoms (i.e.
oxygen) to the fluorophoreF{gure 2.11a). However, its fluorescence intensity increases
drastically when those lone pairs bind t6*4lL01], as shown irfFigure2.11b. The morin: A
complex formation is accompanied by the release ob@p from the hydroxyl group into the
surrounding solution. The sensing medium must be acidified to prevent aluminium from
forming hydroxide complexes. However, it should not be strongly acidic to avoid displacing
the AP* ion with protons. Aluminium seisy studies based on fluorescence enhancement
using the same molecule were carried out at pHié&bindingconstank at that pH was 3.3 x

10* M1 [98]. Although morin is only slightly soluble in water, Kopd2©2] has rendered it
highly watersoluble by modifying it into a watesolublesodium salt of morin sulfonic acid
(NaMSA). Consequently, in the present study, a watduble NaMSA is used as the sensitiser
for AI** and F sensing, as discussed in Chapter 7.

FENOH
4 B{
OH OO Alone pairs OH O\T?

<+—— J|one pairs
quench fluorescence A3+ involved in the'AI
complex formation

Figure 2.11 Chemical structure of (a) morin, (b) morin*Alcomplex
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2.3.2.30ther Fluorescent Organic Compounds

2.3.2.3.1 Pyrazolyl Chromene Derivative (Probe 1)

Many fluorescent organic molecules are not highly emissive in solid form (due to aggregation)

but become emissive when dissolved in a good solvent. However, the opposite may be true for
some molecules that have rotational groups with a certain degrezedbifn, as they do not

release the absorbed energy as fluorescence when excited, but rather relax back through non
radiative rotations. Dissolving these molecules in poor solvents reduces these rotations and
increases the fluorescence. This is a \ketbwn phenomenon and is known as aggregation

induced emission (AIE), and was discovered by Tang andorkers in 2001103]. These

authors also noted that the ratio of solvents in a mixture plays a major role in the strength of

the fluorescence.

A fluorescent sensitizer referred to as Probe 1 has been synthesised by Kunmaksizeduki

[104] it is an organic molecule that exhibits AIE. It is highly emissive in a poor solvent (a
mixture comprisingdf a solvent and nesolvent) reaching maximum brightness in a 8.5:1.5

(v/v) H20-THF mixture, despite its weak emission in a good solvent such as Tetrahydrofuran
(THF) (Figure2.12). Probe 1 aggregation into large particles in higher water content selution

is attributed to the moleculebs hydrophobi ci
CiC single bond r ocradative decay Uporhircteasihgetlee dvatdr monn o n
solvent) fraction in the s ol \bethetintramolgcularr e , C
hydrogen bonds between donors and acceptors in the aggregated receptor, which enhances

fluorescencgl05].

20% 40% 60% 70% 80% 85% 90% 95%

Figure 2.12. Thefluorescence emission of Probe 1 (20 puM) in mixturesQfHHF with

increasing water fractionglL05].
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Pannipara and eworkers[105] has usedProbe 1 as fluorimetric sensitiser for selective metal

ion detection of waterborne €uand N?* against other cations, i.e. Kg Ccf*, Co?*, Zr?*,

Hg?", PI¥*and Mrf*. The aggregated sensitiser shows a fluorescence quenching upon exposure
to waterborne Cii and NF* while exhibiting ratiometric behaviour in the presence of
waterborne H§. Fluorescence quenching of Probe 1 results fligand to metal charge
transfer (IMCT) between Cti or Ni?* and Probe 1 that is attributed to the paramagnetic nature
of Cl#* and NF*. The absorption and emission of Probe 1 occum=a00 and 532 nm,
respectively. The response characteristic of these metal iongddl@ SV law, which was
described in Sectio.3.1.3 while theLoDs for Ci** andNi** arel . 6 1lardl 1. 91 & M,
respectively.Moreover, based on the slope of the linear plots depicting the response as a
function of cation concentrations, the SV constéasisf 7.2 x 16 M'tand 1.9 x 1OM't were
obtained forCl?* andNi?*, respectively. The synthesis procedure is reportédlCia] and is
depicted inFigure2.13.

_NH;
H-aN
1

2 water

-

CN
~0 r 30 °C, 5-10 min.

Figure 2.13. The synthetic route for obtaining ProbglD4].

In the present study, we immobilised Probe 1 in a plasticised PVC membrane (thin film) rather
than using it in the aggregated statsgase waterborrn@w’*as discussed in Chapter 6.
In the next section, different transducer types, including colorimetric and fluorimetric

transducers, are described.
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2.4 Transducer Working Principle

As previously noted, most sensors comprise a sensitiser and a transducer, whereby the latter
detects the changes in physical properties resulting from the interaction between the former
and the analyte and then translates these changes into a quarsiggaleA good transducer

can display reliable data by isolating the signal stemming from the sensitiser/analyte interaction
over the noise background. The structure and working principle of some commonly used
transducers, i.e. electrochemicaburface Plamon ResonanceQuartz Microbalance,
colorimetric (spectrophotometer) afidorimetric (fluorimeter) transducers, are presented in

the forthcoming sections

2.4.1 Electrochemical Transducers

An electrochemical transducer converts the electrocheintegibiction between the sensitiser
(ionophore) and the analyte into electrical signal (quantitative data). It has several
corfigurations in terms of the type of electrical signal being measured (i.e. voltage, current, or
conductivity) as a means of quawiifg sensitisewaterborne analyte interaction. As an

example of this transducer type, the potentiométaicsducer is described next.

Potentiometric ion sensors are devices to determine the concenthtiolarget' ion (the
‘analyte’) in agueowsolution via measurement af electric voltage, i.e. the sensor transduces
analyte ionconcentration into a voltage without optical measurements. As witierdlors, a
key challenge is to determine analyte concentratinaffected by 'interferants' thatay
simultaneously be present in timwestigated sampl@&otentiometric ion sensors are based on
‘ionophores’, i.e. moleculéisat selectively bind to a 'target’ analyte ion (usually a cation) even
when presented with an excess of ntamgeted 'interferat’ ions. Typical examples are ring
shaped organic molecules (‘macrocycles’) witbentral cavity of clearly defined size. The
macrocycle selects analytver interferant for complexation in its central cavity via size
selection, even when interferantdsemically similar to analyte (e.g."K/s N&). Synthetic
examples are e.g. calixarerj@®6] andcrown ether$94] (previously shown irrigure2.9), a
naturalexample is valinomycif92]. Organic macrocycles typically ame-soluble in water,
while analyte ions are dissolved in water. For complexation of ions in the ionoptergys

we therefore require 'phase transfer' of the analyte iotraresfer from the aqueous to a solid
phase as previously discussed in SecRdod2.2.1. This is facilitated bgmbedding the

ionophore into a matrix of a polymer thatpslar butinsoluble in water. The polymer also is
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softened by a suitable 'plasticiser'. Typically, polyvinylchloride (PVC) or
polyvinylidenefluoride (PVDF) areised. Polymer, plasticiser, ionophore are dissolved in a
common solvent, solution is then cast iatélat dish to allow solvent to evapordi®7]. The
resultingsoft film is then used as 'phase transfer membrane' (often just ‘cadletbrane’) for
potentiometry.When the surface of such a membrane comes into contact with aruaqueo
solution of analyte ion, the plasticised polar polymer matrix allowsdiffasion of ions
towards the embedded ionophore, where it candmeplexed. The membrane thestracts
charge (usually positive charge when cations are compldreah) the aqueousnedium,
building up a charged membrane/watgerface, known as an electric double layer (EDL). The
EDL is associated with an interface potential, known as membrane potentia. iagnitude

of the potential depends on the concentration of anatytan the sample solution, the
measurement of such interface potentials in principle allows determination of ion concentration
in the sample solution. This is the basic concept of ion potentionfeteronpotentiometry,

the LoD has a typical range of (100nMpuM) [108]. Therefore LoD for potentiometry is
sufficient forcommon ions (N K*, C&*, Mg?") but not for poisons like Phy Ccf*, or H*
andLoD is an innate property of the ionophore so bedfgraratus cannot help. When sub
100nM detection is needed, there isage for fluorimetry, as the SV law has no lower cutoff

in principle; LoD is only limited by signal/noise of the transducer. In clasctrochemical
potentiometry, membrane potentials are measured as potential differences (i.e., Voltages)
between two membransurfaces. Therefore, the membrane is mounted to separate two
reservoirsthe 'sample’ and the 'reference' reservoirs. The refereeservoir idilled with a
solution of analyte ion at known concentratiog >> cLop. This leads to a clearly defined
interface potential at thmembrane/reference reservoir interface. The sample reservoir is then
filled with sample solution of unkmen analyte ion concentration, givimgdefined potential at

the sample reservoir /membrane interface. pa&ntials of both reservoirs are probed by
electrochemical referencelectrodes, and the potential difference between the reference
electrodes igneasured as a voltage with a voltmet&he measuregbotential difference
depends on a number of potentials built into #pparatus (e.g., for practical reasons the
electrode on the referensile makes contact to the reference solution via auxiliacjrelgtes

while the electrode on the sample side does not), but these are candtaan be calibrated.
Further, the measured voltage does depend oimtidrdace potential at the membrane/sample

solution interface which is related to the unknown analyt&é@ concentration.
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2.4.2 Surface Plasmon Resonance Transducers

A Surface Plasmon Resonance (SPR) transducer is an instrument used to detect changes in
thickness and refractive index at the surf a
gold) by detecting the resonator angle which is related to the binding of the target [d:0élyte

Most SPR transducers comprise of a light source, a polariser, a prism, a photodetector, and a
dielectric material (e.g. glass substrate) coated with a particular conductive metal film. If the
momentum of the polarised light incident o thetalcoated glass substrate matches that of

the free electrons, surface plasmons (SPs) will be emitted as an evanescent wave field that will
propagate along the metglass substrate interface. Thus, part of the incident light beam is
absorbed by the free electrons, which leads to a dark line in the reflected beam at a certain
angle, as shown iRigure2.14. The angle at the minimum reflected light intensity is called t
resonance anglé/R). Therefore, the refractive index and thickness can be obtained from the

Mr shift. For sensing purposes, the metal surface must be coated with a sensitiser to detect the
target analyte. When the analyte binds to the sensitiseefthetive index at the metal surface
changes, resdting in resonant angle shiftsvhereby a change in the angular skt is

proportional to the analyte concentratmbound to the sensitisgr09].

Light source
Photodetector

Fo)
oé,;,} Reflected
S light

bsorbed light
Glass substrate
Sensitiser
Gold layer 1

Surface Plasmons

Analyte

Figure 2.14. Kretschmann cdiguration of an SPR sensor
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2.4.3Quartz Crystal Microbalance Transducers

Quartz crystal microbaland€CM) transducers measure the frequency of a quartz crystal to
reveal minute changes in mass (on the order 8fkiOper unit area). The main component of

this transducer is a quartz (piezoelectric mateciyi§talcoated with metal electrodes, such as
gold. Oscillations in the crystal structure are sustained by an electric drive circuit that locks at
t h e c regosantdreqbescy, as showrFHigure2.15.The quartz crystal can oscillate at a
given frequency when an appropriate voltage is applied to the metal electrodes on its surface.
Since this instrument is madependent, the oscillation frequency can be frextiby adding

or removing mass to/from the surface of metal electrodes or sensor surface. QCM is a versatile
technique that can be applied under vacuum, as well as in a gas or liquid environment to
monitor the deposition rate (under vacuum), or to detegrmass densities and to sense an
analyte. For sensing purposes, the gmdted electrodes on the quartz surface must be coated
with an appropriate sensitiser film and exposed to airborne or waterborne analyte. Binding of
the analyte to the film modifiethe film mass which in turn changes the crystal oscillation

frequency, based on the linear relationship described by Saugrbhfdy

Ya #YQ (2.16)

wherequ is the changes in mas0sjs a proportionality constant (quartz crystal property), and
Y'(henotes change in frequency. Thus, the concentration of the detected analyte can be
determined from the frequency change. T@M has been used for analyte sensing such as

acetic acid vapoyr11].

Analyte outlet Analyte Inlet
A _____ n.
I
AC drive and 4:— Sensitiser
frequency

Quartz crystal I
4:— Gold electrode
I

detection unit

== —— = = -

Figure 2.15. Quartz crystal microbalance sensor.
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2.4.4 Spectrophotometer Transducer

Ultravioletvisible (UV-Vis, a-= 200 800 nm) spectrophotometers are commonly used as
transducers for measuring light absorption by a colorimetric sensitiser or seasiabge
complex by converting UWis light intensity to readable electrical signals after passing
through the sensitiser and the reference sample. A colorimetric sandi@smges its absorption
spectrum when it binds to an analyte, thus allowing its quantification. TheVIsV
spectroscopy apparatus typically consists of a light source, monochromator, beam splitter, two
compartments to hold the transparent quartz cuvettestwo photodetectors (PDs), as shown

in Figure2.16.

photodetector

Beam Reference

splitter compartment — 1 | UL =Abs. |
I 0

0

Light
source

Diffraction
Gartings

Entra[;e slit
Exit slit

Sensitiser photodetector

Monochromator Beam compartment

splitter

Figure 2.16. UV-Vis spectrometer schematic diagram.

When utilising the arrangement shownHigure 2.16, light from a white (broadband) light
source passes through a scanning monochromator (passing chosen wavelengths), after which
the beam splitter separates the light beam into two compdiaat$0/50 ratig)one of which

passes through the referencompartmentand the other passes through thensitiser
compartmenbefore being detected by the PDs. If the beams have equal intensities, 100%
transmittance is attained. However, if the sensitiser absorbs wavelengths in-tie tdvige

due to its interaction with an analyte or interferants, light transmittance decasadescribed

in below equation:

i WET GO e dQ (2.17)
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wherel andlo denote light intensities after passing through the sample ameféntence
compartment, respectively. The absorbance can be obtained from the transmittance via the

expression 28 which is the working principlef spectrophotometer.

60" D&Y 0€&Q- (2.18)

whereT denotes transmittance aAdbs represents absorbance. Absorbance is related to the

sample concerdtion by the BeeLambert law:

I AN A, (2.19

where is the absorption coefficient of the samles the sample concentration, dndenotes

the optical path length of the cuvette.

It is worth noting thahot all spectrophotometers have a beam splitter, as some operate using a
single beam, whereby the intensities of light beftfeafnd afterlk) passing through the sample
compartment are measured.

In sensing applications, spectrophotometers have been utilised to measure a change in
absorption in response to anabgensitiser bindind112][113]. The observed change in
absorption versus analyte concentrations usually follows the Langusdarption isotherm
model,(described earliein Section 2.1) which can be applied to find the and the binding
constank. TheLangmuir law also permits the intensaione particular wavelength (or overall
intensity) to be used for quantitative analysis.

2.4.5 Fluorimeter Transducers

Fluorimeters can serve as transducers when the aim is measuring fluorescence enhancement or
guenching of a fluorophore in either solution or solid form. Fluorimeters can also be
incorporated into sensors for measuring changes in the sensitiser emissiahbitas to the

analyte, allowing its quantification. As can be seen from the schematic diagram of the
fluorimeter shown irrigure2.17, its design is similar to UVis spectrophotometer. It consists

of an excitation light source, an excitation monochaton a sample compartment, an optical

filter to block the excitation light, a fluorescence monochromator and a photodetector. The
excitation light from the light source passes through the monochromator, which transmits a
chosen wavelength toward the séissr compartment. The photodetector is positioned

perpendicular to the excitation light direction to reduce the likelihood of its detection. In
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addition, an optical filter is placed between the sensitiser and the fluorescence monochromator
to block the egitation light. The fluorescent signal is scanned by the fluorescence

monochromator before it reaches the photodetector, thus producing the required fluorescence

spectrum.
Sample
compartment
_1 Excitation Excitation
— monochromator > light
Light source
Excitation and fluorescent

light
An optical filter

ﬂFluorescent light

Fluorescence
monochromator

Photodetector

Figure 2.17. Spectrofluorometricschematic diagram.

Spectrofluorometers are commonly used as transducers for chemical, biological and medical
sensing. For example, they have been used to measure either fluorescence enhancement or
guenching of sensitisers exposed to explosive compounds in [atdrand air[115], and

have beeproven effective in detecting toxic ions at low concentrati6hg71]. The operating
principle of fluorescent sensitisers is discussed in Se2tth@. The strength of the interaction

(as indicated by the binding constéhbetween the sensitiser and the analyte can be quantified
by the SterrAVollmer law, as described in Section 2.3.1.3. For its application in quantitative
analysis, the intensity of one particular wavelength or overall intensity is sufficient.

Fibre optics have been used as a part of fluorimetric transducers talguiebeciting light to

the sensitiser, or to guide the fluorescent light from the sensitiser coated on the their exposed
core to the photodetectf§#][52][61][77][86].
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In this work fibre optics are used to couple the fluorescence emitted from various sensitizers to
a photodiode, with lockn amplification of the photodiode signal. Therefore the general
functionality of fibre optics and their function as a part of a fmetric transducer are

discussed in the forthcoming section.

2.5 Physics of Fibre Optics

Optical fibres were developed for communications purposes due to their immunity to
electromagnetic interferanchigh bandwidthg116], versatility [117], and low attenuation

[118]. Optical fibres were designed to guide light via total internal refle¢fia8] from a

source to the target. Due to their flexibility and resistance to harsh environments, these fibres
can pas through curvatures to guide the light to a target location. Fibre optics can be used to
connect a light source to samples, as well as transmit sample transmission or fluorescence
signal to spectrometers. Thus far, fibre optics have been integratesewndtiser films as part

of fluorimetric sensor for analyte sensing applicati@1][61]. In this research, fluorimetric
intensity measurements were transmitted via optical fibre for sensing purposes, thus avoiding
the need for spectroscopy. This is highly beneficial, as fibre optics can be directly integrated

with a lockin amgifier.

Optical fibres consist of a core and cladding with very low optical absorbance, and a protective
buffer layer. The core is fabricated from glass (silica) or plastics (PMMA) and has a slightly
larger refractive index than the surrounding claddmensure total internal reflection at the
corecladding interface, thus confining the light signal within the fibre core. As expected, a
fibre with a large core transmits more light than that composed of a small core. Optical fibre
cladding is covered with buffer coating to protect it from accidental impacts that might cause
damage to the functional parts of the fibre (core and cladding). Fibre optics can be designed as
single or mult-mode fibres, whereby the latter has a larger diameter, as explaiSedtion

2.5.3 The typical structure of a multhode optical fibre is shown figure2.18, where1 and

rz are the radius of the fibre core and cladding, respectively.
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Buffer Core

Y

Figure 2.18. Schematic diagram of a typical fiboptic crosssection.

The light incident on the fibreeff[da ce wi t hi n a certain cone, de
cone, 0 can enter and propagate along the opt
half-cone is called the acceptance andlg),(as depicted ifrigure 2.19. For total internal

reflection to occur, two conditions must be met, (1) the optical density of the fibre core must

be greater than that of the cladding, and (2) the angle of the light ray incident on the
cord cladding boundary must be greater than the critical alMglavhich is relatedo the

acceptancangleMa as explained in the next sectidd 9].

2.5.1 Acceptance Angle, Numerical Aperture, and Critical Angle
The acceptance angle is the maximum angle of the incidentthightvould result in total

internal reflectance at the cectadding boundary and is quantitatively defined as:

[ Q& - & ) (2.20)

wheren is the refractive index of the region between the light source and the fibre case,

the maximum acceptance angle of the incident light that would ensure total internal reflection,
andncore andnciad are the refractive indices of the fibre core and cladding, respectively. The

is 18°(in water) an@4.5 (in air) for the multimode optical fibre used in this work (FT800UMT,

Thorlabs). Thevalue of is controlled by the numerical apertufdA) of the fibre, which
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denotes its lighgathering ability. TheNA depends on the refractive indices of the core and

cladding, as shown below:

66 YQ& - & g (2.21)

For multtmode optical fibres, as explained in Section 2.5.2, the light that enters the core within
the NA of the fibre optics will propagate down the core. Even though some of the light enters
the core at angles exceeding N, those rays do not reflect off the canladding interface,

as shown irFigure2.19.

The critical angléVk is defined as the amgbf incidence that results in a°9@fracted angle,

and is calculated using the following expression:

d. = Sin_landad g Nclad < Ncore (2.22)
g —_

Only the incident light onthe fibre end face with the will be incident on the coreladding
interface at an angle Mcand be subject to total internal reflectidr20] as shown irFigure
2.19

Incident light outside the light subjected to total
acceptance angle internal{eflection

Transmitted light

- Cladding (n,4)

/
Leaky light

Incident light
acceptance cone

Figure 2.19. lllustrating that only incident light within the optical fibexceptance cone, or

the acceptance angle subject to total internal reflection
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2.5.2 SingleMode versus Step and Gradedndex Multi -Mode Fibre Optics

Fibre optics are classified according to the modes or pathways into-sanglenultimode

fibres. Singé-mode optical fibres have a small core diameter (typicaiylO um) that allows

only one mode to be transmitted. The light transmitted through a-sirggle fibre propagates

in a straight line, rather than via a zigzag path, as showigure2.20a.lt is not desirable for
sensing applications because it is limited to a small core (hard to handlé&yAlcand long
wavelengthg$120].

Multi-mode optical fibretavea larger core and can be of eitlséepindex or gradedndex

type. The multmode stepndex fibre has a core characterised by a uniform refractive index
that differs from that of the cladding. This difference resimtight being reflected at the

cord cladding interface, confining the beam and allowing it to travel within the core following

a zigzag path, as shownkiigure2.20b. This fibre design supports light propagation in more
than one modeAs present, this lfire type is commercially available with a core diameter in
the 50 1500 pum range, as discussed in Section 2.5.1. The gnadex multtmode optical

fibre, on the other hand, has a core comprising of many layers of glass, whereby the refractive
index of cosecutive layers decreases gradually as the distance from the core centre increases.
Consequently, the light travels through the core following a sinusoidal (paraboli¢)lpath

as shown irFigure2.20c. The light rays that travel in high parabolic paths (those characterised
by low refractive index) are faster than the rays that travel along a less parabolic path
(corresponding toigh refractive index). The bandwidth of theulti-mode gradedndex fibre

is higherthan that of multmode stepndex fibre, but is lower than that of the singh®de

fibre optic.
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Figure 2.20. Schematic of the propagatimgodes in an optical fibre of a (a) singieode,
(b) multimode stejndex, and (c) multimode gradéadex type

2.5.3 \lnumber and M-number of Modes
The V-number is a parameter used to identifg number of modes that can be supported by
an optical fibrg121]. It depends on the core radius, the wavelength of the propagated light and

NA, as shown below:

® ¢ -z08 2.23)

wherer is the optical fibre core radiug, is the wavelength of the operating light, a4
denotes the numerical aperture. For a given wavelength, WRe/cutorr = 2.405 the step
index fibre becomes a singfeode; therefore, the maximum wavelength of propagating light
in the singlemode fibre is given bg- 26*r*NA. On the other hand, stépdex fibre becomes
multi-mode wherV > 2.405[120].
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In a multtmode fibre, light can propagate via many pathways, denoted as modes. The number
of propagating mode$A) for a stepindexmulti-mode fibre optic is nearly double the number

of the propagating modes irgeadedindex multtmode fibre, aslescribed beloWl21]:

M U V212 (2.24)

M U V24 (2.25)

This is only approximately true fol >> 1. The number of modes depends on\theumber,
which is governed by the core radius, the wavelength of propagating light, and numerical
aperture.

2.6 Evanescent Wave

When light propagates along the optical fibre under the total internal reflectatition, a
decaying field known as an fAevanesicladdihg wa v e
interface. An evanescent wave is a AHggld wave, whereby its intensity decays exponentially

as afunction of the distance from the cowadding irerface. The penetration of the
evanescent wave into the cladding is defined by penetration akpttih&t can be calculated

using the expression beldd22]:

o3| ! (2.26)

2t vt P otpatm

whereais the light wavelengtranddis the incidence angle at the fibre catadding interface

These evanescent waves are a crucial phenomenon in optical sensor technology that has
extensive applications in optical sens#$][122][123], it is discussed in detail in the next
section.
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2.6.1 Evanescent Wave Sensors

Evanescent wave sensor (EWS) is a fibre optic sensor that uses an evanescent wave to excite
the sensitiselWhen optical fibre is used as a part of the optical sensor, its cladding is stripped
and is replaced withn alternativeoating, such as optical sensitiser film. If exciting light with

a wavelength matching the absorption band of the sensiisdyte complex is coupled into

one of the fibre ends and propagates along the fibre, the resulting evanescestaitasehe
sensitiser filmFigure2.21 illustrates a section of the optical fibore modified by stripping the
buffer and cladding and coating it with a sensitiser, while also depicting the penetration of the
evanescent wave into the sensitiser fioreover, fibre optic transducers can have many
corfigurations, based on user requirements. As an example, a sensitiser can be coated on the
fibre tip section, allowing the same fibre to guide both the excitation light (used excite the
sensitiser immersdd analyte solution by the evanescent wave) and the fluorescent light to the
detectorf61]. In another study, a specific length of the core was exposed in two fibres, and the
exposed core of the first fibre was wrapped around thesexjxore of the second fibre, which

was coated with a fluorimetric sensitiser. This design allowed the evanescent wave produced
in the first fibre to be absorbed by the sensitiser in the second fibre, which would in turn allow
the resulting fluorescence be guided to the photodeteci®?4]. The evanescent wave sensor

can be used as a colorimetric or fluorimetric base, depending on the properties of the coated
sensitiser. However the fiboptic evanescent wave fluorescence sensors usually suffer from

a low florescence signal, due to which an alternative excitation mode has been pifbposed

as explained in sext section.

Evanescent wave

/ \ Buffer
LAM A

Cladding — |

. : —
Incident light Fibre core

e

Sensitiser film

Figure 2.21. Sensitised section of tiheulti-modeoptical fibre showing the evanescent wave

penetration into the sensitiser film.
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2.7 Fibre Optic Sensors and their Merit

Since the evanescent wave is a weak excitation mode for fluorimetric sensitisésa

different excitation mode was considered in this work which results in stronger excitation when

the exciting light sourcés projected onto the coated sensitiser at right angles to the fibre
directionta geometry ref err ed/ [li7]d25]aUnderntkis setap, thel | umi
excitation waves travel through water or air before being absorbed by the sensitiser. By using

side illumination, the sensitiser will be exposed to light of high intensity, resulting in brighter
fluorescence compared to that produbgdrom evanescent wave excitation as explained in

Section 3.1.

2.8 Summary of the chapter

In this chapter, sensor classification, definition, composition, characteasticperformance
parameterswere introduced. This was followed by descriptions of several fluorescent
fluorophores that can serve as sensitisers (such as fluorescent conjugated polymers and
fluorescent dyes) with their receptors. Conventional transducers, including colorimetric and
fluorimetric transducers, were presented next, along with the physics of optical fibres, since
they have been widely used as a part of colorimetric and fluorimetric transducer and will be
used as an essential part of our developed optical fibre fluorinsetnsor (described in next

chapter).
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Chapter 3: Fibre Optic Sensor Instrument with Lock-In Detection
3.1 Introduction to the Optical Fibre Transducer

The definition, classification, characteristics and performance parameters of sensors were
discussed in Chapter 2, and a description of the commonly used sensitisers and transducers,
including the colorimetric and fluorometric transducers, was provided. This was followed by
an explanation of the physics of the fibre optic and evanescent wave @&WS&). Thus, this

chapter commences with a brief description of the fibre optic EW transducer that was designed
by Dr Abraham Kirwa along withits uses in colorimetric sensing applicationghe
modifications undertaken as part of this work to render this transducer with fluorescent
sensitiser suitable for fluorimetric sensing of airborne and waterborne analytes are described
next. For this purpose, the colorimetric EW fibre optic sensansehown inFigure3.1 was
employed. It is worth noting that, the sensor consists of a transducer and a sensitiser as
described previously in Section 2The fibre optic EWtransducer comprises electrical and
optical components, in addition to a digitaick-in amplifier (USBLockIin250, Anfatec
Instruments AG)Certaincomponentgi.e. adder circuit (AC+DC), PD, I/V converter, and the
digital lock-in amplifier) were not changed and were used as they are in the colorimetric EW
fibre optic transducer. Conseently, they arebr i ef |l y descri bed in Se
demonstrate their performance as they contributed to our results in thesis chapters 5, 6 and 7.

Modulating signal

AC+DC

M <—
adder circuit Optical fibre 2 cm stripped  Collimation  Focusing
coupler and coated lens lens
Sample beari‘ \ section N BNC port 1
- ™ PD1
Sensitised BNC port 2

fibre
Lock-in

<+— Beam splitter :

n

Current to Voltage
converter

N

Water+ dissolved =
analyte in a vessel

Digital
PD2 USBLocI.(I.nZSO
amplifier

LED to SMA
connector

o
o

Reference beam /
Density wheel L

filter

Figure 3.1. Schematic diagram of the EWS instrument and the digitalitoaknplifier built
by Abrahanbefore carrying out any modificatio®D1 and PD2: Photodiode®©ED55T,
Farnell); Vin: Input voltage; Vut Reference output voltage; BNC port 1 and BNC port 2:

Comectors to refereneeut terminal and input terminal of the digital leak amplifier.
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The following briefly describes the basic function of the colorimetric EW fibre eptisoyas
previously published in36] and its previous applications. In this sensor, the LED as an
exciting light source is fixed on the circuit board, and the light is coupled into the beam splitter
to be splitinto 50/50% as sample and reference beam. The reference beam is focused onto a
circularneutral density filte(54079, Edmund opticsiat is fixed in front of photodiode PD2.

The sample beam is coupled into one end of the sensitisfanodefibre optic with a 400

pum silica core (FT400UMT, Thorlabsthe outcoming light is focused on PD1 uslegses

that are fixed in front of PD1. BhPDs (PD1 and PD2) are connected in such a way as to
subtract the current from one another. The net current is fed into the I/V converter, then the
voltage of the converter is fed into the laokVin port. The net current can be adjusted to zero

by trimming thecircular neutradensity filter to cause the light reaching the PD2 to be equal

to the light reaching PD1. Whesn analytebinds toa coated sensitiser on the fibtage
sensitiseabsorbs some of light travelling through the fibre, which redueeédht reaching

the PD1 Thereforea difference between the amount of light reaching PD1 andviRIDBe
abservedThe difference between the light received by PD1 and PD2 represents the absorption
of light by the sensitisesinalyte complex, and this ésplayed as a loek voltage output to

the userThe abovecorfigurationwas successfully implemented Byrwa et al. for the low

limit of detection [oD), 54 nM of a waterborne analyte (i.e.?22nwhereby a 2 cm stripped
section of fibre optic coated with PAN(2-pyridylazo)}2-naphtholserved as a colorimetric
sensitive element, and was exposed to variod$ @ncentration$37]. In addition, it was

again implemented biirwa et alfor low LoD below 1uM of waterborne amines when zinc
5-(4-carboxyphenyl),10,15,20iphenyl porphyrin (ZnTPP) was used as colorimetric

sensitive element rather than PABDS].

Sincethe presenstudy focuseson fluorimetry, thefibre optic EWsensor was modified in
several respect§pecifically, the beam splitter shownkigure 3.1 and the reference signal

path were omitted, as these are not necessary for fluorescence measurBmergterence

signal was not required because the referermerisor nearly zero for the off on sastiser.

In contrast, for the ol off sensitiser, the reference is the fluorescence intensity measured in
the absence of the analyte during the same time intervals of the actual sensing experiment.
However, in this present work, the LED, rather than dpgilaced on the circuit board, was

focused on the stripped fibre optic coated by a sensitiser (untiex@€eation). In additiona
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rocker switch was connected to the LED to control the excitation thn&ibre optic
(FT800UMT, Thorlabs) of 800 um siliczore diameter (rather than 400 um that was used in
the colorimetric EW fibre optic transducer) was used to provide sufficient surface area to be
sensitised within a particular distance ~1 cm. In the original colorimetric EW fibresepisor

there were isues with inconsistent light scaitegbetween the fibre end and the Aberefore,

in this work, to reduce the gap and minimise the scattatied”D, optical filter and fibre optic

end face were placed into a holder constructed at the University of Shéftfieldolderhasa
compartmenthat is designated folhe PD and the optical filter. The compartmentdid that
canpushthe optical filter until being in contact withe active areaf the PD The id has a

hole with a size matching the diameter of the used opticalthibrefore the fibre can be pushed
until being in contact with the optical filteFinally, to enhancéhe fluorescent emission from
the sensitised fibre, a new excitation mode

an evanescent wave, as defined in Section 2.7 and shdwguire3.2a.

To test the effectiveness of this approach, the detedtemte$cence intensities under
evanescent wave and side illumination were compared. For this purpose, two identical
sensitised optical fibres were stripped (as described in Section 4.2) and sprayed with the same
sensitiser poly(phenylengnylene) derivatie MDMO-PPV (as described in Section 4.3.1)
under the same conditions. They were then left in the dark to dry for an hour. A 450 nm LED
(LED450 L, Thorlabs) modulated at the leckamplifier reference frequend$.641 kHz)

served as the excitation source for the sensitiser, as described in Setibn order to
compare the outputs produced, evanescent wave and side illumination mode were respectively
applied to the sensitised fibrdgsor side illumination, the sensitisséction of the fibre was
excited by LED light (450 nm) from ~ 5 mm distance under 2 &fgle. The resulting
fluorescence partly coupled into the fibre and was detected at the end face. For evanescent
wave excitation, the LED light (450 nm) was coupletb ithe fibre from one end face and
propagated within the fibre. In the sensitised section of the fibre, the propagating 450 nm
evanescent wave light excited fluorescence in the sensitiser that partly coupled back into the
fibre. One face of the fibre pra@ted fluorescence onto a Centronic OS&tI5photodiode (PD)

via a highpass optical wavelength filter (LPEBBRU 25, Semrock) with a cubn wavelength

of 488 nm that blocks exciting light from the 450 nm LED but allows light from the MBMO

PPV fluorescencband (with an onset around 500 nm in the solid state) to reach tHe&D
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The findings indicate that the detected fluorescent intensity under side illumination
substantially exceeds that obtained in the evanescent wave mode, as drigure2b. This

was expected, because in order to generate fluorescence, the exciting light must first be
absorbed, and this process is weaker for evanescent excitation when compared to absorption
under side illuminatiorj77][126]. Consequently, for the sensing experiments described in
Chapters 5, 6, and 7, side illumination was utilised to enhance the fluorescence signal. The
coupling of fluorescence from side illumination into optic fibres is strong, wherepbrgpaf

the exciting light from the side illumination into the stripped but-gsensitised optical fibre is

three orders of magnitude weaker than the fluorescence intensity, as showRigutb8.3.

Side excitation wunder ephhancse famgloeudt sgidwee nt
numerical apertureNA) [126] (descrbed previously in Section 2.5.1). Moreover, when using
evanescent wave excitation, a higdss optical filter is required to block the exciting light
reaching the photodiode (as discussed in Section 3.5). Good optical filters are usually very

expensive; tarefore, by using the side illumination we eliminated the additional cost of an

optical filter.
a : b
Coated fibre A
i 16
- Optical fibre I N
ey X —Evanescent wave
Strong fluorescence 12 | Side illumination
LED intensity i
210+
E
w 84
Highpass 3
Optical filter > 61
4 4
: S I 24
«
LED il V 0 ' . ' . .
Evanescent wave 0 10 20 30 40 50 60
Weak fluorescence PD Time [s]
intensity

Figure 3.2. (a) A schematic diagram of the side illumination (upper) and evanescent wave
excitation (lower); (b) Comparison tte fluorescence emitted from MDMEPV film
(excitation of 450 nm) under side illumination excitation (red) with evanescent wave (black).
Excitation was switched on at+ 20 s and was switched off att 45 s.

Figure 3.2b illustrates that MDM@PPV fluaescence intensity rapidly degrades under side
illumination far more than under EW excitatiohhe fluorescence intensitgegradation is
attributed to the ether moieties in each repeat unit of the MBI, which are known to

become degraded under excitatj@f7]. However, for the sensing experiment, the excitation
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duration was short to allow for a brief 0in
interrogations or readut to minimise fluorescence degradation unrelated to the afBige
The photophysical degradation was accounted for using a control experiment, as dascribed i

Chapter 5.
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Figure 3.3. The MDMOPPV fluorescence intensity recorded from a stripped and non
sensitised optical fibre under side illumination mode, that was switched on ab6ts and

was switched off at & 55 s without using a hlgpass optical filter

In the present study, the modified sensor showRigure 3.4 was successfully utilised for
airborne2,4 dinitrotoluengDNT) sensing. A temperatwentrolled water bath was used to
control the temperatar and therefore vapour pressure of the DNT to be tested. The DNT
vapour was carried on a stream of dry air into the gas testing chamber, as described in Section
5.2. The gas chamber also had a reflective mirror added to thguration to mirror back the

LED light from the opposite side for improved excitatido.test the effectiveness of the mirror,

the detected fluorescence intensities with and without a mirror were compared. The detected
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fluorescence intensity when using amor exceeds that obtained without using a mirror by 24%

as shown irFigure3.5. Consequently, the mirror was implemented in the gas chamber.
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Figure 3.4. Schematic diagram of the sensor setup and test vapour generaton tised

Teflon tube

Vial ——

Analyte vapour

present study.

The modifiedfibre optic sensor is versatile and can easily be adapted for waterborne DNT
sensing by replacing the gas chamber showtigare3.4. with a water vessel while using the
same sensitiser (MDM®PV) and analyte, as explained in Chaptan® shown irFigure5.1.

For the sensing of both airborne and waterborne DNT, the sensitiser film was coated onto the
stripped optical fibre as dedge in Section 4.3.IThe same fibre optic transducer used to detect
fluorescence quenching of MDMBPV, due to the presence of the waterborne DNT, was used
to detect fluorescence quenchingodbe 1 due to the presence of waterb@u€. The Probe

1 was immobilised in a plasticised PVC membrane and coated on the stripped fibre optic as
described in Section 4.3.2.1. Tresults of waterborne Gusensing are described in Chapter

6. Moreover,the fibre optictransducemwas also adapted fovaterborne analyte sensing with
additional modifications (as described in Chaptemnd shown irFigure 7.2) whereby both

sensitiser (NaMSA) and analytes $2&nd F) were in solution form
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The fibre optic sensor developed as a part of this shutdydes a digital lockn amplifier
(USBLockIn250, Anfatec Instruments AGyhich was used to extract the ldevel AC
voltage signal from the noise, in order to improve the sigmabise ratio (SNR) of the
transducer. This resulted in lowoD-the mostchallenging aspect of sensor technologies. As

signal or electrical noise is unavoidable, it is discussed in the following section.

10.5- Reflective
mirror removed
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7-0 L] L] L] ] L]
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Figure 3.5. The fluorescence intensity obtained from MDIABV (450 nm excitation) when
usingthe reflector mirror at 358 s exceeds that obtained without using the reflector mirror
at 0-35s and 68L00s.

3.2 Electronic Noise

Some components of the electrical circuits introduce noise into the measured signal and thus
increase the transdudeoD level. This is highly undesirable particularly when detecting toxic

or explosive analyte, where a very l&wwD is necessary. Therefore, two example of a most
common electrical noise are discussed Jakinson noise, and flicker noiang with the

strategies that can be adopted to suppress this issue in the measured signal.
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i J o hns o rarises@g veltage noise voltage fluctuations across the resistor terminals
due to the thermalgitation It arises from random motions of electrons across the resistor
terminals[128], which generate output voltage fluctuations. Johnson voltage noise is

described by the expression below:

¢ TOYYo Q (3.1)

whereVin is the root mean square of the Johnson voltage r@ise the Boltzmann constant
(Q  p& wp 1o JK), T and R are the resistor temperature (K) arsbistance ¢ ) ,
respectivelya n dis e noise bandwidth (Hz) .

AFl i cker noi isasokmawn ds pifik noise ansl s Dot well understood. It refers

to the noise signal whose frequency spectrum component is inversely proportional to the
frequency of the measured sigfa29]. Consequently, measurements at low frequencies are
more affected by flicker noise. Therefore, by operating the instrument at higher frequencies
(kHz), the flicker noise can be minimised. Since toxic and explosive analyte detection requires
very low LoD, minimising signal noise from the measured signal is necessary. Therefore, in
this work, the sensor was equipped with a lotlamplifier, as described in the following

sections.

3.3 Digital Lock-in Amplifier as a Signal Processor

A lock-in amplifier is aninstrument designed to minimise the noise in the measured voltage.
The noise minimisation is achieved by blocking all signals whose frequencies deviate from the
referencevoltage frequency. Electronic noise, such as flicker noise can be avoided when
modulating a signal at 5 kHz frequency and blocking all other frequehtielsler models of
lock-in amplifiers, the reference voltage sig(\ks) is generated with a fixed frequency by an
external oscillator to modulate the instrument, whereby itoresspor voltage signaV{g) is
detected at that frequency by the laolkamplifier. However, more recent versions of the fock

in amplifier, such ablSBLockIn250 (Anfatec Instruments AG) used in this work, generate the
internal reference signal directly lbelying on the internal digital oscillat¢t30]. Thus, the

reference signal isbtained from the lockn Refout terminal.
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The lockin amplifier processes the voltage signadsg) in several steps. The input signal can
be described by Eq. 3.2 below, whdsigis the modulation frequency applied to the signal
amplitudeVac, DC is a DC voltage component afids the phase angle describing the phase
lag between the reference freqagmnd the modulated signahd the unwantedoise are fed

into its input terminal as follows:

@ O ®iNE0 0 + 0700 (3.2)

Once the input voltage signal is amplifigd31], it is digitised and split into two separate
channels. One of the digitised signal components is multiplied by theuRebltage signal
using a digital signal procesg (DSP) chip[131], whereby the Rebut voltage signal is

characterised by a frequendy) @ndamplitude Y¥.) asdescribed below:

©w wOEk“ Qo (3.3)

Asy = 2" fhenceforth2” fwill be replaced by .

VL andyL are usually selected by the user whendB&Lockin250digital lock-in amplifier is
initially set up[130], as described in Section 3.3.1. For the noise to be rem®vesthould be
equal to¥sig. The DSP chip performs the multiplication followed by filtration mathematically,

based on the expression below:

@ O @ OiRE 6 e« 0£Q Qi Qo (3.4)

Using the known trigonometrical identities shownAippendixIil, Eq. (3.4) can be reduced
to:
»  w Pccb OoEt D& 1T 0 W& 1 0
0 ¢ QwiQNeo W wi QPeo (3.5)
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As shown in the brackets in Eq. (3.5), the output of the processed signal comprises four AC
voltage signals, all of which depend upon the reference frequanéyowever, the first has a

frequency difference¥(sig T ¥L), the second has a sum frequerfegig + ¥L), and the

remaining twopertain to noise and DC voltage, respectivélll. AC voltage signals are

removed bythelock n ampl i fi er 6s | ibwig-as skl Irt) eI, it Howe\
results in a voltage without the frequency component that is proportional to the measured signal
Vout[130][131], as shown below:

Wl - WwE ¢ (3.6)

It is evident from the discussion above that, for the noise to be filtered from the measured signal
via a lockin amplifier, the¥sig must be equal tar.. Thed term is a phase or signal delay
arising from a particular electrical component of the measunsigument, in this case the
LED that serves as the light source (described in Se@tiédn It can also be due to the

photocurrent conversion to a voltage by an unbiased photodiode (as discussed in Section 3.5).

On other hand, the digital chip in theeksin amplifier multiplies the second component with
the reference voltage shifted by’@hasgfor more information see appendi)l In this case,
the reference voltage is expressed/as VL sin ¥.t + 9(°; hence, the output voltage of the

lowpasdfilter is given by:

®0-m o 0 (3.7)

In summary, the lockn amplifier produces two output voltage signals, proportionab&> )
andsin(s ), respectively. Assuming - @ w, and labelling the first output signdand the

second output sign&, these signals can be expresself asVsin(* ) andX = Vcog* ). The
lock-in amplifier output voltage has a real and an imaginary part (complex number) given by
Vout = X + iY. Thus, the magnitude of its outp(iR) is independent on the phase between the

voltage signal and reference frequefityl], as shown below:
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WS ® O (3.8)

The lockin amplifier is also able to measutes phasde ) between the signal frequency and

the lockin reference frequency, which is given &y= tan? (Y/X). It has several parameters

affecting its noise filtration capacity, as described in the next section.

3.3.1 Lockin Amplifier Parameters

The manufacturer of the USBLockIn250 digital leokamplifier (Anfatec Instruments AG)
adopted in this work suppliesLabVIEW-based graphical user interface (GUI) that allows all
pertinent parameters to be set by the user. These parameters can be classified according to their
functions into the following: (1) those that enhatteefiltering quality of the internal lovgss

filter within the lockin amplifier (such as time constant, roff, dynamic mode, etc.); and (2)

those thataffect themodulatingsignal of the LED acting as the light source, such as its
frequency (Hz) and amplitud®ms) [130]. The function of each parameter is briefly described

in the sections that follow.

) Lockin 280017 (SN
Menu line ———File Option View Help
Function line ———>_S"ee0iea | __os |
. Frequency
. Ly TimeConstant b
Time constant — | [2oms =] 5641.000  Hz +—— Frequency setting
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Amplitude . .
. | Fhiol0ff 5 SDDU y+—— Amplitude setting
Roll off selection = | | [24db/oct 'I Channel R ~] Channal Phi =
5 Phase .
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Figure 3.6. The main window of the digital loékn ampl i fi er 6s GUI , i ncl

description of the parameters that can be set by the[36}.

Time Constant

The time constant is the time taken by the {otlkamplifier to average the data prior to

displaying it to the user. It can be set directly in the GUI. Electronically, it is the RC time of
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thelocki n ampl i fier s i nt er n a lonsHip withite bandwidihh asc h h a

shown below:

N — (3.9)

wheref and RC are bandwidth and the time constant respectively. For theioaknplifier
(USBLockIn250, Anfatec Instruments A@sed in this work, the time constant is within the

[0.2 ms, 5 s] rangEL30]. Therefore, selecting the highest time constant value (5 s) results in
the lowest noise bandwidth of 0.2 Hz, while the lowest time constant (0.2 ms) corresponds to
the highest noise bandwidth of 5 kHz. In the present study, the time constant used @& Chapt

5 was 1 s. On the other hand, for the work reported in Chapter 6 and 7, a time constant of 5 s
was chosen due to its low filter noise bandwidRigure 3.7 shows the influence of different

time constants on the bandwidth of the internal filter of tbhk-io amplifier while keeping the

frequency and the reference signal amplitude constant (at 100 kHz andr20espectively).
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Figure 3.7. Taken from digital lock n manuf act u[rl3skiowingdhet as he et
influence of time constant settingonthelock ampl i fi er6s filter
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As can be seen from the graph showirigure 3.7, the narrowest noise bandwidth relates to

the highest time constant of 200 ms (red line) and the lowest 0.2 ms (black line).

Roll-Off

This parameter can be set by the user through the GUI to control the noise bandwidth of the
lock-in filter. The filter within the USBLockIn250 digital lock-in amplifier has three
attenuation characteristics of 6, 12 and 24 dBj®80]. Figure 3.8 illustrates the impact of
different roll-off attenuation characteristics at 100 kHz and 20#wa®h the noisdandwidth

of the lockin filter. It is evident that 24 dB/oct redff produces the narrowest noise bandwidth

(red line), andvas thus chosen in all fibre optic sensor applications discussed in this work.
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Figure 3.8. Taken from digital lock n manu f act ut38]shdveing thainmad h e e t
of the roltoff (6,12, and 24 dB/oct) setting on tbek-in filter bandwidth

Dynamic Mode

The lockin amplifier utilised in the present study has three dynamic modes (i.e. high, normal

and low)[130]. These dynamic parameters are used to amplify the analogue input voltage
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signal of the lockin amplifier (by a factor of 1,10, or 100 respectively) prior to digitising it. As

the low dynamic mode yields the highest resolution, the-lo&mplifier should be set to this

mode when the amplitude of t he -iesolptiortoutpubl t age
voltage. This is because amplifying the input voltage by a factor of 100 (low dynamic) does

not exceed the sensitivity range which, is ledito 10 V[130]. However, if the input signal
amplitude is in the 100 mVi1l V range, the fn
the amplification, the output voltage amplitude cannot exceed the sensitivity limit. Fihally,

the amplitude of the input voltage is greater than 1 V, theiloeknplifier should be set to the

Ahi gho dynamic mode, to prevent amplificatic
output voltage amplitude of the fibre optic sensor utilisederpresent study does not typically

exceed 100 mV. Therefore, the leckamplifier was set to the low dynamic setting during

measurements to achieve the highest resolution.

Other Parameters

The user of thaligital lock-in amplifier employed in the prest study (USBLockIn250,
Anfatec Instruments AG}¥ able to set the frequency and the amplitiles) of the reference
signal to modulate the LED, as described in Se@&idnnput coupling is a coupling parameter
that enables switching from the AC to the RRGupled mode or vice versa. Prior to digitisation,
the lockin amplifier was set to the ACoupled mode to discard all DC components obtained
from the AC+DC circuit, adescribed in SectioB.4.0n the other hand, the phase setting was
ignored, as it is less thaA &t 5.641 kHz, which is within the limits beyond which errors would
be introduced in output voltage dafa: (measurements). In the sections that follow, mesh

adopted for accessing, retrieving, and saving the data into an electronic file are described.

3.3.2 Lockin Amplifier in Conjunction with the LabVIEW Routine for data Collection

In the present study, the input signal was completely procesdbd tiigital lock-in amplifier
(USBLockIn250, Anfatec Instruments A@pd I/V converter (discussed in Section 3.6). The
user can access the processed (filtered) signal from the digitainlazkplifier using the
LabVIEW code. TheUSBLockin250 manufacturer granted the permission for the use of
proprietary LabVIEW code for the present investigation, allowing seamless communication
with the hardwareln addition, permission was obtained for writing additional LabVIEW code

(to meet the user requiments) to interact with the proprietary code. Consequently, additional
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LabVIEW software code was written by Abraham Kirwa to continuously record tharock

ampl i fi er 6 s(Vo@)and phase datainto & dedicated data file stored in the memory

of a desktop PCFigure 3.9a depicts the GUI of the newly developed LabVIEW routine.
Communication between the lockn ampl i fi er 6s software and t
requires that all parameters showirigure3.9a match those set previously by the (Biure

3.6). When performing measurements, the original code should be run first to start the
communication betweenthelockn ampl i fi er s LabVI EW code ant
be followed by executing the newer code to communicate with the peogreeide in order to

extract the data from the logk amplifier, this communication is through the USB port and

the data is saved as a data file on the desktop PC. The blue square button at the top of the panel

is an error indicator that changes to redase of any problems with the data.

SAVING DATA TO FILE
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AMPLITUDE OF MEASURED SIGNAL
3456160 i

PHASE
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Figure 3.9. (a) GUI of the LabVIEW code used when recording data from theirock
amplifier continuously into a data file; (b) An example of 1&@le measurements of the

interactionbetween a sensitiser and an analyte.
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An example of realime analyte sensing measurements is showkigare 3.9b (taken from
Chapter 7), where the logk Voutis @ measure of the fluorescence intenditys example was
obtained from a sensor (shownHigure7.2) that is similar to the sensor showrfFigure5.1,

but in this instance the sensitiser was in solution rather than having been coated on a stripped
fibre. The stepwise increments iVout (the red curve) represent interactions between the
sensiiser (NaMSA) and the analyte &). For the offY on sensor, as addition of analyte to

the sensitiser increases, the fluorescence intensity increases; thugssterements can be
observed irFigure3.9b. The measurement data was saved immediatdicasal numbers in

an excel file format with three data columns (i.e. tila, and phase data)en the red button
shown inFigure3.9a was pressed. This could then be used for further analysis. As can be seen
from Figure 3.9b, as no analyte was introduced for the first 20 s, theitogkyt ~ 0.18 mV

was a result of the exciting light still passing through the highpass optical filter and the weak
fluorescence from the sensitiser in the absence of analyte. After 2(Gaeatkiee was added to
interact with the sensitiser and it took approximately 40 s to reach the equilibrium. As the first
four analyte additions were equal in concentration, the increments\Viadtineere similar. The

last addition was higher in conceniost, and théVoutincrement was correspondingly higher.

It is evident from the graph that theutincrement is proportional to the analyte concentration;

a finding that will be further discussed in Chapter 7. It should be noted that thesapin
aboverepresents the off on fluorescence. For the on off fluorescence, th&ou as a
measure of fluorescence intensity, it is expected to be high and should decline when the
sensitiser interacts with the analyte. In this case, a downward rather than upamdrdst
expected. In the sections that follow, the remaining components adopted in this work are
described.

3.4 Adder Circuit (AC+DC)

The adder circuit employed in this study was designed and built by Dr Abraham Kirwa. The
adder circuit can be used in conjunction with the Jmclmplifier to modulate the excitation
LED. It adds a DC voltage to the AC reference voltage from theitoakd subsequently used

to drive the LED. Adding an appropriate level of DC voltage to the AC modulating signal

guarantees that the LED never switches off completely, but rather its brightness varies with the
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modulating signal cycles. The DC voltage is suggplby 9 V batteries and the AC voltage (a
sinusoidal signal) is obtained from the leckn a mp | i-dui termibas AsRmoted
previously, thelock nés modul ati on frequency and ampl.
routine. The AC+DC voltage is appliaalthe LED that is protected by a resistor, R3, connected

in series, as shown iRigure 3.10Q This allows the LED output to be modulated in order to
improve the signalo-noise ratio of the lockn detection, thus reducing theD (discussed in

Section 2.21). As R3 is removable, a protective resistor appropriate for each LED can be

incorporated into the circuit, because different sensitisers require different LEDs.

a1 ]|:||

A .:" AN
kel - IM23694 —l—l_ﬁ,.
=
A L,
(2 Vref from Lock-In '%?fm
" amplifier

; + - 4
“LEDT o GHD
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NTE15¢ A phtie = v

= GIND

Figure 3.10. The schematic diagram of the designed AC+DC circuit is taken [f86in
where V2 and V3 are the DC vanQ2reppgectigelyur ces o6

Choosing an appropriate value of the LED protective resistor is necessary. Fortunately, this
value can be accurately calculated. All parameters for the calculation are usually given in the
LED and transistor manuf act ur cwlade fodtkettBDs heet s
(Vbias) and steady currerftoc). The following calculation is required for each different LED

used as a light source:

® W & (3.10

whereV\ocdenotes the DC voltage from the adder ¢
serial combination, andfvias and VrLep represent voltage decline across the LED and its

protective resistor respectively.
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As previously noted, a 450 nm LEREDA450 L, Thorlabyswas used in the present study, and

was thus used in the calculation below, this is required to protect the LED from the overload
current. According to the manuf awdltagegM« 6s dat
is 4 V and the maximum DC forward current is 30 mA. Similarly, the datasheet of the used
transistor (2N2369, Farnell) provides a basdtter voltagd€Vse) of 0.85 V and, as it is biased

by a 9 V battery (Eveready Zinc Carbon 9V batt&8, Components), the following applies:

O 00 TEUW B w

The resistance needed to protect the LED fro

w yp v T
2%
0 o POoW

This value was rounded tsocharedistor¥nodriee. t o t he a

The choice of LED used as the excitation source for the sensor depends on the wavelength of
the absorption peak of the sensitisees,described in Section 2.3.1. The LED peak emission
wavelength should thus be chosen to overlap with the absorption peak of the sensitiser, at least
within the LED emission bandés ful ILED40dt h at
L (Thorlabs)has a mximum emission at 450 nm and an FWHM of 20 nm, which aligns well

with the absorption band of used sensitiser in this work (discussed in Chapter 5). The emission

spectrum of this particular LED is shownkigure3.11.
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Figure 3.11. The emission spectrum of LED450 L (Thorlabs).

In the sensor examined in the present study, the LED light excites the sensitiser coated on the
fibre optic (as described in Section ¥.3his produces fluorescence in thbsence of the
analyte for onY off senitiser or in the presence of analyte for 6ffon sensitiser. The
fluorescence is guided via the optical fibres to strike the active area of the photodiode (PD), as
shown inFigure3.4 and described in the next section. Consequently, the light detected by the
PD is converted to an oscillating current (as described in Section 3.5). Finally, the oscillating
current is converted to a voltage via an I/V converter (Se@idé)) which is described

quantitatively by Eq. (3.2).

3.5 The Choice of the Optical Filter andPD

In Chapters 5 and 6, no filter was used because the amount of light at the excitation wavelength
coupled into the fibre was minimal. However, when the fibre was roughened, as in Chapter 7,

some of the excitation wavelength could couple into the fibrdisrcase, a filter was used. In

this section, important factors that should be considered when choosing the optical filter and

the PD are introduce@ptical filters are used to pass preferential wavelengths and reject others.

There are many types of omlidfilters, such as lowpass, higkpass, and bandpass, amongst

others. A lowpass optical filter passes the short wavelengths and blocks the high wavelengths,
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while a highpass optical filter does the opposite. A bandpass optical filter as opposed to the
other two passes only the wavelengths in a particular range. If the requi@ffl wat/elength

is in close proximity to the desired wavelength, a sharoffutptical filter is required. For the
experimental set up used in Chapter 7, some of the exdighg was coupled into the
roughened fibre. The amount of the exciting light that coupled into the roughened fibre was
more than which coupled into the smooth fibre (as used in Chapters 5 and 6). Therefore, a high
pass optical filte(LP02 488RU 25, Semrok) with a488 nmcut-onwavelength was necessary

to block the excitation light and permit the transmission of the fluorescent signal only, as shown
in Figure3.12. In the case considered here, these two sigaglg coupled into the fibre optic,

but theexcitation light was blocked via the optical filter at the -#ack of the fibre, allowing

only the fluorescence to be detecbydthe PD.
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90 - T"’*"‘—-m—
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Figure 3.12 The transmission of the optical higlass filter (P02 488RU25, Semrock)

measured using spectrophotometer (UV550 Spectrophotometer, Thermo Scientific)

The photodiode (PD)onverts the detected light to a photocurrent. Consequently, PD
specifications must meet the user requireméigsexample, it iselatively straightforward to

focus the | ight beam o0n?(QSP%T, Fanelgsopposeiiome ar e
smal | acti ve %$5073, HEntamatsudh thé @hemhand, a PD with a larger

active area@SD55T) is characterised bysdowerresponse, generating phase delay when the
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frequency of the incident light exceeds 50 kHz because it has a much jlanggon
capacitance (130 pF at 0 V bias) compare®5973 (1.6 pF)For the present study, we
continued usingDSD55T which was chosen for the originablorimetric EW fibre optic
sensordespite its larger capacitand®cause the sensor operates at 5.641 kHz (rather than >
50 kHz, as explained in Secti@6). It is worth noting that the responekaracteristicgo
different wavelengths (in the UV to near infrared spectral radiffey for different PDs. Thus,

the response characteristic@8D55T (Farnell) is shown ikigure3.13, where it can be seen

thatits maximum response&st & = 850 nenfigrmswaélliinlthe vigibte regidn.i | |

Series 5T —Typical Spectral Response

0.7

12V BIAS
---- oV BIAS

]

200 300 400 500 600 700 800 800 750 110U 1200

WAVELENGTH (nm)

Figure 3.13. The spectral response of the PD adopted in this sSO®PE5T, Farnell).

3.6 The I/V Converter

As discussed in Section 3.3, the laokamplifier used in the optical fibre sensor developed in

this work requires voltage rather than current as its input. Hence, the 1/V converter as described
by [36] was used to convert the current from the PD into a volpdgeFinally, Vo is fed into

the input of the lockn amplifier to be processed. Abraham Kirwa has built the 1/V circuit by

referring t o I /' V convel[i3]eand hedonnd ftheatthtowgh e r 6 s
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experimentation the gain of the I/V converter is stable up tkHusing an 18 pF bypass
capacitor and a 100 kY feedback resistor, bt
1.3-16 pF range36]. In addition, he proved that an appropriate frequency (5.641 kHz) works

well for the sensor with high sensitivitg6][37][38].

3.7 Conclusions

In the present work, we have described how the colorimetric EW fibre optic transducer (built
by Abraham and shown figure3.1) was modified to be a fluorimetric transducer. We have
established 6side illuminationd as superior
excitation of fluorescence. The modified transducer was applied successfully to detect the
fluorescence ggnching of MDMQOPPYV as a sensitiser coated on an optical fillren exposed

to airborne DNT, as shown faigure3.4. It was then modified slightly as showrFigure5.1

to detect the fluorescence quenching of MDI?®V when exposing to waterborne DNT. The
results of the airborne and waterborne DNT sensing and the easy adaptation between those
media are presented in Chapter 5. The same waterborne transducer was applied to detect the
fluorescence quenching of the immobilised probe 1 in a plasticised PVC are#nd coated

on an optical fibre when exposed to waterborné&' Cas presented in Chapter 6. In addition,

the fibre optic transducer was again modified to detect the change in the fluorescence of a
sensitiser (NaMSA) that was dissolved in water rathe&n toated on the fibre when exposed

to waterborne At and F, as shown irFigure 7.2. The electronics of the fluorimetric fibre

optic transducer (i.e. voltage adder circuit (AC+DC), photodiode, and I/V converter and the
digital lock-in amplifier were bri#ly described.
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Chapter 4: Preparation of Sensitised Optical Fibres
4.1 Introduction

As the optical fibres are an integral part of the fluorimetric sensor developed as a part of the
present study (described in Chapter 3), this chapter focudbsiopreparation; optical fibres
aimed at sensing applications have to be coa
element. The preparation starts with stripping a 1 cm segment of the fibre optic cladding that
confines the light in the file core. Next, the stripped section is coated with a fluorimetric
sensitiser, which changes its optical properties whereby exposure to the target analytes results
in either a fluorescence on off or off Y on switch (as described in Section 2.3.1.1 and
2.31.2). The sensor is capable of quantifying the changes in the fluorescence and its output
can be used for further analysis and calibration to determine the analyte concentration in the
sample. Thus, this chapter commences with the description of thaldgire preparation
process (comprising of the cutting, stripping, cleaving, polishing, cleaning, and drying steps).
This is followed with a brief outline of the coating techniques used to apply the sensitiser

adopted in the present work.

4.2 Fibre Optic Preparation for Sensing Applications

Two types of multimode optical fibregere used, the first of which (FT800UMT, Thorlabs)

was used to guide the fluorescence from the sensitiser film coated on its stripped section to the
photodiode, while the secoraptical fibre (FT1500UMT, Thorlabs) was used to guide the
fluorescence from the sensitiser solution surrounding its stripped and roughened section to the
photodiode. These fibres have a silica glass core and a transparent polymer cladding with
refractive ndices of 1.4668 and 1.406 nm at 436 nm, respectively. The cladding has a lower
refractive index compared with the core to ensure that the light is confined in the fibre core.
FT800UMT has 800 + 10 um core diameter, 30 £ 10 um cladding, and a 210 + 30 um thick
protective coating diluoropolymeri Tef z el , 6 wh e has a S500+BABNCERe) MT
diameter, 50 =+ 31 um of cladding, and a 500 + 100 um thick protective coating. These fibres
have the same numerical apert(Mé& =0.39 [133] (for more information see appendix ahd
acceptance anglés = 18 in water and 24.%in air), as determined by applying Eq22. The

V numbers, as described in Section 2&n8 calculated using Eq.22, are 2402 and 4517 for
FT800UMT and FT1500UMT, respectively, which corresponds to 2884802 and 10201644
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supporting modeéM = V?/2). It is worth noting that the light entering the fibre within Nt&

and acceptance angledsnfined in the fibre as long as the penetration depth (as described in
Section 2.6) of the evanescent light wave at the-cladding interface is shorter than the
cladding thickness. The protective coatings of the aforementioned fibreseafeanically
strippableand the cladding polymer can be dissolved in acdt®#. In the present study, the

optical fibre with 800 um core diameter (FT800UMT, Thorlabs) was prepared for sensing
application by cutting approximately a 30 cm length of a multimode optic fibre from a fibre

reel, shown irFigure4.1a, using nero cutting pliers(PAL O 1, Pr o 0 s Hongtbdffer The 1
(Tefzel), shown irFigure4.1b, was stripped off from the section near the fibre end using a
scalpel bladeRigure4.1c) to expose the cladding. Next, the transparent polymer cladding was
wipedd f by Ki mwi pes wet with acetone solvent,
in acetone. The remaining end faces (~1 cm in length) of the fibre core were stripped and
cleaved at 0using a Ruby Fibre Scribe (S 90R, Thorlabs) showfigare4.1d.

(d)

Figure 4. 1. (a) Opical fibre reel; (b) Optical fibre after stripping 1 chong buffer; (c)
Scalpel blade ( SwarirMorton Ltd.) used for strippindd) Ruby Fibre Scribe used for
cleaving (i mage takmoge]l84diom the suppli

To minimise the fluorescence scattering when leaving the fibre endtacend faces of the

fibres were subsequently polished using lapping sheets (Thorlabs) by merthyg the end

faces (with the fibre at 9@ the sheet) over LFG5B ¢ m g r |, folloned byle=§1P (1

em grit size), and f i[¥8%3. InlFigureld, BrdrhaBe of cleav8d asdm g r i
polished optical fibre is shown alongside a cleaved andpobtshed optical fibre for

comparison.
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Figure 4. 2. Microscope images of two cleaved optical fibfe§800UMT, Thorlabs)
captured by iphon& camera using a microscopic lens (Zenith ubz0, UK): (a) polished
and (b) norpolished optical fibre.

Usually, during the stripping process, some impurities will be deposited on the fibre core.
Consequently, to remove these impest the stripped fibre sections were washed with acetone
and then rinsed with Divater, followed by an isopropanol wash and a furthewBter rinse.

To dry the wet sections, they were placed under a nitrogen flow and then held over a hot plate
at ~ 90°C (as shown irFigure4.3) for an hour, following a previously described procedure
[37]. After one hour had elapsed, the hot plate was switched off for 10 min to enable the
stripped fibre sections to cool down to room temperature. Once this process had been
completed, the stripped sections were ready for coating with a fluorimetric sensitiser,

described in the forthcoming sections.
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Figure 4. 3. Wet stripped optical fibre sections drying near the hot plate surface sef@ 90

The optical fibre with 150Qum core diameter (FT1500UMT, Thorlabs) preparation process
was similar to that outlined above for the FTB00OUMT. An approximatlgnilong segment

was cut from a fibre reel and a 1 cm length of the fibre core was exposed at one end by stripping
away boththe cladding and the buffer. The fibre was cleaned and dried using the same process
as described previously for the fibre with an 800 core diameterSince a smooth exposed

fibre core picks up only very little fluorescence from the sensitiser solu®uiscussed in
Chapter 7), the entire surface of the stri
Multi-T o o | 300006 r ot apreyiously@®|.lFor ¢hs pudpbess, the ophcal dibre

was strappednto a slide table that was fixed on a telescopic platform moving sideways in
directions denoted as A and BRigure4.4. The Dremel was clamped into a fixed position and

its diamond grindingoit was positioned directly above the strippedtisec A telescopic
platform was used to adjust the vertical position of the sliding table in order to bring the stripped
section of the fibre in contact with the rotating grindaitg Then, the sliding table was carefully

moved back and forth until theds of the stripped section was completely roughened. Next,
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the telescopic platform was moved downward, and the fibre was unstrapped and rotated by
approximately 92 The procedures described above were repeated until the entire stripped

section was roughexl.

4-—- F
) = ’I
“Roughened 'T{res strappe

stripped section g0 a table

T
¥

rinding bit
° g g

Telescopic platform

Figure 4. 4. Optical fibre roughening setup: A and B indicate the direction of the sliding
table, C denotes the tape used to ensure that the fibre is affixed onto the sliding table, and the

red arrowindicates theotational direction of the Dremel grinding bit.

4.3 Coating Stripped Section of Optical Fibres with Fluorimetric Sensitisers

The success of coating the silica fibre core or glass substrate with a thin film of fluorimetric or
fluorophore sensitiser (described in Section 2.3) is highly sensitive to environmental
conditions, which is why all coating procedures must be carried wdérucleanroom
conditions. In addition, the glass surfaces (i.e., stripped silica optical fibres, as described in
Section 4.2) must be clean. As cylindrical silica glass fibres were adopted in the present study,
certain coating techniques (i.e., spin cogficould not be applied, and spray coating and dip
coating techniques (described in Section 4.3.1 and 4.4.1) were used as the best alternatives.
The properties of the film processed using these techniques depend on several parameters, as
described latemi this chapter.
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4.3.1 Spray Coating Technique

Spray coating is a process whereby a fine coating of solution droplets are deposited and
coalesce on the surface of the object. This can be achieved either thtwagbnicspray
coating or by applying a conventional airbrush technique, both of which have been used as
low-cost techniques for coating perovskite solar ¢éB$], organic thin film transistord. 37],

and organic lightemitting diodes (OLED)138]. When the area to be coated is large or
cylindrical, spray coating is highly preferable, and also yields superior results when there is a
need to deposit multiple layers. For the present stutdgndheld airbrush was chosen rather

than the ultrasonic spray coating technique, due to lower cestd fewer equipment
requirements (only compressed gas was needed), as well as ease of operation. A schematic
diagram of the hantleld airbrush coating technique is depicte@igure4.5a and the actual

airbrush utilised in this work is shown kigure4.5b.

a Opticl fibre

Feed cup Double action

trigger Needle return
‘ splring

Hose
Stripped section

Nitrogen valve

Double action
Feed cup trigger

g & =

Figure 4.5. (a) Schematic diagram of the hahdld airbrush spraying process, where

sensitiser is deposited onto the stripped section of the optical fibre; (b) The airbrush utilised
in the present study.
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The spray coating procedure started with plugging the compressed nitrogen gas into the
airbrush valve, followed by loading the coating solution into the feed cup of the airbrush. The
nitrogen gas is used to break down the solution passing through ther skotdthe nozzle)

into tiny droplets. The airbrush utilised in the present study has a needle with a diameter that
gradually decreases towards one of its ends that closes the nozzle. In addition, it has a trigger
that simultaneously controls the airfl@amd the amount of the spray solution leaving the nozzle.
Pushing the trigger down allows the compressed gas to enter the airbrush and leave through its
nozzle, while pulling it back retracts the needle allowing the spray solution to escape through
the operslot. Therefore, as soon as the trigger is pushed down and pulled back, the coating
solution passes through the nozzle and is exposed to the compressed gas flow, generating tiny
droplets. These droplets will be deposited on the substrate and will coadescmiform film

if the substrate is held within the optimal distance from the airbrush nozzle. In the present work,
a WilTec airbrush (WilTedonigsbenden 28, D2249 Eschweiler, sourceth ManoMano;

nozzle diameter 0.3 mm) shownRigure4.5b was ged to spray the stripped fibre with coating
solution, whereby the fibre was held perpendicular to the airbrush nozzle at a distance of 4 cm.
The fibre was repeatedly rotated by 8Qring the spraying to ensure a uniform film deposition.

The spraying cyés were repeated until a film was clearly observed to have been deposited on
the stripped section of each fibre. Fibres spray coated with VHPA® are shown alongside

non-sprayed fibres ifrigure4.6.

(a) fi@lDMﬂ);ﬁV
Optical fibres ~ spray coated
stripped section - section

Il

Figure 4. 6. (a) Stripped optical fibres prior to coating; (b) Stripped optical fibres which
have been spragoated with MDMGPPV alongside the airbrush used.
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4.3.1.1 Important Parameters for Spray Coating

To deposit a uniform film by spray coating, it is essential toidenseveral parameters that

affect the film quality and thickness, namalybrush nozzle to substrate distarammpressed

gas pressure, the spraying solution concentration, spraying duration, and the number of
spraying cycles (puffs]139]. These parameters can be controlled miywua can be
programmed into the apparatus. The distance between the airbrush nozzle and the substrate or
stripped optical fibre should be within a certain range depending on the boiling point of the
solvent used in the spraying solutipisiO]. As solvent solutions with a lower boiling point

have shorteevaporation timél41], the optimal distance between the nozzle and the substrate
will be shorter. This distance controls the formation of the $iolution droplets landing on the
substrate. Changing the nozzle to the substrate distance can result in three types of regions, i.e.,
wet, intermediate, and dry. Wet regions are created when the nozzle to substrate distance is
short. In this case, wetajplets land on the substrate surface resulting in inhomogeneous film
due to the formation of wet layers or-dessolution of the previously deposited layers. In
contrast, dry regions can emerge when the distance between the nozzle and the substrate is
large, as the solution will dry before reaching the substrate and will be deposited in powder
form. Hence, in order to obtain a homogenous film, the distance between the nozzle and the
substrate must be optimised (intermediate regions). This is typicallylyoagperimenting

with different distances, striving to achieve uniform film thickness, which should be
proportional to the spraying duratigh40][142] and the number of puffd43]. In the present

work, the optimh distance for spraying the 1 mg/mL solution of MDM®PV in
dichloromethane(prepared by stirring for an hour at 8D) was investigated experimentally
whereby the process described abovepeaormed orive identical fibres, adopting different
distancd?2, 3, 4, 5 and 7 cmi) each case while keepingher parameters constant. Treezzle

to substrate distana® 4 cm was found to be optimal, because the film deposited from this
distance had the highest fluorescence inten$itys was a crucial parametfar the present
investigation, as highly fluorescent film has a greater number of active units, leading to high

sensitivity when used as an ¥noff sensitiser.
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Figure 4.7. Lockin voltage output Mitas a measure of fluorescence intensity for five

identical optical fibres sprayed with MDMBPV films under identical conditions while
varying the nozzle to fibre distance. The films were exposed30 nm exciting light

(LED450@., Thorlabs)which was tuned on in the time interval betweerrt8 s and = 64 s.

Carrier gas (Min our case) pressure is also an important parameter influencing film formation,
as it atomises the coating solution and propels it as fine droplets toward the sibstjat®

ensure that it was within a suitable range and thus ensurgdimésationin the present work,
nitrogen gas pressure was set to 1.5 bar, in line with the previously adopted methgdiiogy

In practice, increasing the coating solution@amtration, the spraying duration, or the number

of spraying cycles (puffs) should result in a greater film thickness when other parameters are
kept constant. However, in the present work, the coating solution concentration was set to 8.4
MM (1mg/1ml) asreported previously87], and either the spraying duration or the number of
spraying cycles was modified until a uniform film was achieved. The goal of the spray coating
process was to deposit the MDMEPV solution on the stripped section of optical fibre,

allowing detection o&irborne and waterborne DNT, as described in Chapter 5.

79| Page



4.3.2 Dip Coating Technique

Dip coating iswidely usedo produce thin films o¥iscous solutiopas it is a facile and reliable
coating technique. It is carried out by immersing a substratecatstant speed into a coating
solution and subsequently withdrawing it at a constant speed to form a homogenous and wet
film on its surface. The wet film must be left at room temperature or on a hot surface for some
time to dry by evaporation of the incomated solvenf146]. A schematic diagram of the dip

coating procedure described above is showfigare4.8.

<«—— Substrate

I

U/ Coating

Step 1 Step 2 Step 3

Figure 4.8. Schematic diagram of the dgmating procedure. Step 1: substrate immersion
into the coating solution; Step 2: the substrate is fully immersed in the coating solution; Step

3: the substrate is extracted from the coating solution.

4.3.2.1 Important Parametrs for Dip Coating

When applying the digoating technique, film thickness is controlled by a number of
parameters, such as the coating solution concentration, withdrawal speed, number of dipping
cycles[147], and the viscosity and surface tension of the coating solution. Dip coating is an
appropriate technique for sgel or plasticisegolyvinyl chloride(PVC) membrane coating.

has been applied to coat a thin film of-gel doped witheuropium trivalent (Etf)-doped

yttrium aluminium garnet (YAGas a fluorescent material onto a flat quartz subsiratefilm
thickness andluorescence intensitgf Eu**: YAG have been shown to increase with the
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number of dipping cycles, with film thicknesses after tHe6f and 12" cycle of 74 nm, 386

nm, and 803 nm film thickness respectivElyi3]. Other authors adopted dip coating to coat
solgel onto a cylindrical plastic optical fibjé48] and to coat the immobilised Rh&iN
(sensitiser) in sefjel onto the tip of an optical fibre for mercury @gdetection/61]. In the
present study, specifically during the work described in Chapter 6, dip coating was applied to
coat plasticisedPVC membranencorporating theorganic sensitiser (pyrazolyl chromene
derivative(probe 1))onto the 1 crlong stripped section of the optical fibre to sens& Cithis
coating technique was chosen due to the ugdasticisedPVC membrane as a part of the
coating solution. The coating solution or membrane cocktail (including probe 1 as eBnsitis
was prepared by dissolving 1 mg of probe 1, 33 mg of PVC, and 66 mg of plastieiser (2
Nitrophenyl octyl ether) in 1 mL of tetrahydrofuran (THFhe membrane cocktail was stirred

for an hour at room temperatuiiéhe dip coating setup (NIMA, Coventry gland) adopted in

this work is shown ifrigure4.9.

UG

SN \",l‘,l‘)‘l.lll ',‘,.‘“, e l
- L |

Magnetic

connector

Figure 4.9. The dip coating setup used in the present work, with red arrows indicating the

movement direction of the arm and the glued optical fibre.
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The arm of the dip coating setup moves in a straight line up and down with a speed controlled
by the user through a GUI. This arm has a magnetic tip to attract the magnetic side of the
substrate holder. In the present work, the stripped optical fibrelued @ the substrate holder

and its position was adjusted to ensure that it was situated directly above the membrane cocktalil
in a glass vial. Therefore, when the arm moves downward, the stripped section of the optical
fibre is dipped into the membranec&tail. In addition to the dipping and withdrawal speed,

the number of dipping cycles can be set through the GUI, as shdugure4.10.

521-TRvi
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Figure 4.10. GUI of LabVIEW code including a brief description of the dip coating

parameters that can be set by the user.

In the present study, both the dipping and the withdrawal speed were set to 200 mm/min, and
one dipping cycle was chosen, resulting in a membrane film nominally 1112 nm thick. The
dip-coated membrane film was left@r night at room temperature to dry. The thickness was
determined by measuring a similar film dip coated onto a flat glass substrate. To perform a
thickness measurement using a profilometry instrument (Veeco Dektak XT), the membrane
film was deposited ontthe flat glass substrate because the instrument requires a scratched
film-coated flat surface rather than cylindrical fibre. Consequently, a glass substrate was dip
coated by applying the dip coating procedures identical to those adopted for the sipipzed

fibre. As profilometry reveals the membrane film thickness by comparing the thickness of a
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scratched and an unscratched region of the-dated substrate thus, the membrane film
deposited onto the glass substrate was scratched by scalpel bfade ferforming the
measurementsThe thickness measuremenias performedoy a collaboration withDr.
Thomas Routledge, and Dr. Faleh Aljashaam, Sheffield Univefditymembrane films with
nominally 1112 nm thickness were chosen for the sensing ex@@snas it emits high
fluorescence congred with the membrane film o3 nm thicknesgas described later in
Section 6.3.2}Jhat was obtained when both the dipping and the withdrawal speed were set to
100 mm/min with one dipping cycle. The 1112 nm meméréim thickness exhibited
detectable fluorescence and reasonabfé €ensing response time (~7 min), as described in
Chapter 6. It is worth noting that, in the present work, most of the parameters affecting the
spray and dip coating films were not inugated in depth. Rather, their values were determined

in line with published data or by few experimental attempts. That is because we have not fully
concentrated on finding the most sensitive film thickness for our sensing experiment but we
focussed instehon obtaining a film that emits detectable fluorescence intensity, sensitive to
the presence of the target analyte and yielding a reasonable response time. As very thick films
tend to produce a slow response time (as described in Sectidy a2l verythin films yield

a very weak fluorescent signal, the goal was to achieve an intermediate thickness.

4.4 Conclusions

The preparation methods adopted in the present study for the two multimode silica optical
fibres (cutting, stripping, cleaving, polishing, and roughening) as required for the sensing
applications were described in this chapter. In addition, the sprayi@edating techniques

used were introduced, and their advantages outlined, along with the key parameters influencing
the coating film. In thisvork, we do not fully focus on finding the most sensitive film thickness.

The preparation was considered accdptab long as the coated film emits an eatefectable
fluorescence intensitgnd demonstrates a sensitive response to the presence of the target

analyte within a reasonable response time.
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Chapter 5: An Adaptive and Sensitive FibreOptic Fluorimetric

Transducer for Air - and Water-Borne Analytes

5.1 Introduction

In recent years, fibre optics have been used for a variety of applications beyond their original
purpose in data communication. One such application is in the optical sensing of air er water
bor ne target chemicals (6analytesé6é), where an
fluorescence, i n a sensitiser, namel vy a o]
(fluorescence). In some cases, optical fibres are used to guide lightgentfigser and/or
collect the transmitted or fluorescent light to guide it to a spectrometer for detection
[61][75][77]. However, it has become increasingly common g$e tibres directly as the
substrate for the sensitiser, by stripping the fibre cladding from the core within a short section
and then coating sensitiser directly onto the fibre core in that section . This more direct use of
the fibre optics as the substais favourable because of easy handling and fabrication
(including cutting, stripping, cleaving, and polishing), low cost and attenuation, flexibility, and
can lead to high sensitivify{t 17][149]. Fibres may detect the absorption of propagating fibre
modes via their evanescent waves in the sensitised sgtighb0], or collect fluorescence of

the sensitiser that has been excited by absorption of evanescen{®atdEL51][152][153].
However, evanescent wave excited fluorimetric sensors often suffer from low intensity despite
efforts to increase their sensitwby fibre tapering and longer sensitised sect[Ohd 17][121]

[152]. Alternatively, fluorescence may be excited by an external source and then couple into a
propagating fibore modg.17].

In this study, we adapt a logk based light detector that was ongily developed as an
evanescent wave absorption serj8ai such that the transducgshown inFigure3.1) is now

a fluorimetric sensor.As an example analyte, we used the nitroaromatic explosive
dinitrotoluene (DNT) both in vapouland aqueous phase, we used the fluorescent polymer
poly(phenylenevinylene) derivative poly[Znethoxy5-( 3 Mimethyloctyloxy}1,4-
phenylenevinyleng]MDMO-PPYV) as the fluorophore. MDM®PV is known to be quenched

by trace amounts of nitroaromatic explosives dissolved in either water or organic solvents
[87][89], however, it has not previously been used for nitroaromatic vapour sevangere

show that fibrebased MDMGPPV sensors can be deployed for nitroaromatic sensing in both
agueous (waterborne) and vapour (airborne) phase with minimal adaptation required between

the different phases. We study the required response times andtbppisical degradation
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of the fluorophore. Photophysical degradation is found to be rapid so an optimised operational
procedure and Obaselined experiments to acc
sensors require several minutes to equilibratienairborne DNT, but respond much faster to
waterborne DNT.The response characteristic for airborne DNT follows a Langmuir
Freundlich isotherm while the response characteristic follows a Langmuir adsorption isotherm
(described previously in Section 2fdy waterborne DNT. The Langmeuiireundlich isotherm

plot indicates inhomogeneity between the sensitiser sites, which may result from the air
pollutantsin traces amountd hebinding constantfor air and waterbornBNT obtained from

both Langmuirplots and SV plots are approximately equ#Ve find a dimensionless Stern
Volmer constant (discussed earlier in Section 2.3.1.3) that quantifies the strength of the DNT /
MDMO-PPV interaction relative to analytedrrier medium interaction é&v= 1.14 x 1Gfor
airborne DNT andksv = 5.8 x 16 for waterborne DNT. The Limitof- detection LoD) for
airborne DNT is0.48 ppb and 55.7 ppb for waterborne DNOur transducer compares
favourably to alternative systems using PPV fluorophores for the detection of nitroaromatic
vapours[1] and solutiong77][78], and we propose to adopt it more widely for fluorimetric

sensing.

5.2 Experimental

To prepare sensitised fibres, first a 30 cm length of multimode optical fibre (FTBOOUMT,
Thorlabs), was cut from a fibre reel, and prepared (stripped, cleaved, polished, cleaned, dried)
as previously described in Section 4.2. Then the stripped sectionfdfrtes were spray coated

with the MDMO-PPV solutionin dichloromethaneas described in 4.3.1. To determine the
fluorescence intensity, the sensitiser film of MDMRP'V was excited with a blue (450 nm)

LED (LED 450L, Thorlabs), this wavelength matches absorption band of MDM@&PV

[154]. The excitation duration was controlled via an external manual switch (a rocker switch)
which enabled the excitation time to be minimised. Details of how the LED was modulated to
excite the MDMQPPV film, and deteatin of the resulting fluorescence were explained
extensively in Sections 33 . 6 . Il n brief, the LED was drive
from an AC + DC voltage adder circuit, adding an 8.15 V DC bias to a 5.641 kHz AC signal
of £ 2.5 V taken from theeference output of a digital logk amplifier (USB LockIn250,
Anfatec). The sensitised fibre was excited under side illumination whereby one face of the
sensitised fibre projected fluorescence onto a Centronic €3Dphotodiode (PD) as
previously shownin Figure 3.2. The resulting PD photocurrent is fed into the input of a
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current/voltage (i/v) converter with a trans:s

by the i/v converter was linked into the measurement input of theilpdet to AC couplig

with a 100fold preamplification and a 1 s output filter. The filter within the lanokamplifier

was set to 1 s despite a 5 s output filter being better for low noise bandwidth, as previously
described in Section 3.3.1. Setting the output filter ®id the required time to average the

data before displaying to the user, and so keeps the excitation time short (starting from 1 s)
therefore minimising the photophysical degradation of MDMRV. The output of the filter
withinthe locki n i sVou@reaBirg indhe mV range, this signal is proportional to MDMO

PPV fluorescence intensity. Thaut value was recordeds.time on a PC running a bespoke
LabVIEW routine. The MDMGP PV was excited briefly for 3
and 2 minutes for airborne and waterborne DNT detection respectively) between measurements

to minimise photophysicalegradation of t fluorophore.

An open bottle containing 2589 of high explosive 2,4 dinitro toluene (DNT) was placed in

a thermalised container to generate the required test vaptershermalised DNT container
was purged with pressurised dry nitrogen carrier gaswha precooled by running several
coils of pipe through same cooling medium (cooling medium is shown in appéhdatter
passing through th&ylan FG260 mass flow controllefThe container was thermalised at
different temperatures (air at two diffeteemperatures (20.1 and 163, ice bath (0C), two
salt/ice mixtures -6 / -15) °C). The temperature was measured using a testo 925 digital
thermometer. The different temperatures at and below ambient temperature establish different
saturated vapourrpssurePsat A flow rate of carrier gas passing through flesv controller

was set to 500 mL/min by the LabVIEW routiriReducing the temperature of the source
allowed generation of DNT concentrations down to very low levels. The resulting DNT
concentration is expressed as a normalised partial prggsgneen as the ratio of the DNT
saturated vapour pressure to standambapheric air pressurp,= psafT) / pam. WhereT is

the temperature of the DNT sourges(T) is the saturated vapour pressure of DNT aand

parm= 101.325 kPa. The resultipgs dimensionless and we express it in parts per billion (ppb).
The tempeature dependency of the DNT saturated vapour prepsii® was given by Pella
[155]. Thus,DNT vapour concentrations pf= (150/89.7 /8.4 / 4.8/ 0.73) ppb were obtained,
respectively,.e. covering the range from ambient saturation (150 ppb at %Z).Hown to
approximately a 20@old dilution. To realise an extremely low vapour pressure, we used picric
acid (PA) instead of DNT. Picric acid (PA) is another nitroaromatic explosive but it has much

lower vapour pressure than DNT, 0.028 parts per trifppt) at ambient temperatufes6)].
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Also, as a control experiment, we generated a saturated vapour ofrétrated aromatic,
toluene, at ambient temperature, equal to 29.6 parts per thousanfll{gpt)The resulting
vapours were delivered into a closed fibre optic test chamber (31 mL volume) held at ambient
temperature Vvi a ninmse parasitic dorelensation) Witha similartexhaust
tube leading into a fume extractor funnel. The test chamber is hence purged within 4 seconds.

Our system for detection of airborne DNT is illustrate&igure3.4.

5.2.1 Preparing Aqueous Solutionsf DNT

A stock solution of DNT was prepareg stirring 1 mg of DNT crystals in 1 ml of deionized
water for a week using a teflon magnetic stirrer bar 2422esulting in a saturated solution

of 1.03 mM concentratiofi58]. To allow direct comparison with partial pressures of airborne
DNT, we here express solution concentrations in the siimensionless format as partial
pressures. Given that 1L of water equals 55.6 mole, we can equate 1.03 mM to 18peparts
million (ppm). The stock solution was filtered through PTFE syringe mounted filters (0.2 uM
pore size) and transfed into a clea vial. 53.7, 5454.3, 54.6, 54.9, 55.255.5, and 5.8 L
aliquots of 18.5 ppm DNT stock solution were then pipetted respectively into a vessel holding
11 mL of DI water, leading to DNT concentrations of (90, 180, 270, 360, 450, 540, 630, 720)
ppb. Forwaterborne DNT detection, we modified the-gptas shown ifrigure5.1. Instead

of a test chamber, we used a vessel to hold DI water or DNT solution. Fluorescence excitation

and detection remained the same.

Rocker switch Modulating signal from Lock-in
AC+DC <

Lock-in

LED

Exciting ligh

1.07 mm §

|4—r| | Fibre optic PD

Stripped and .
sensitised Fibre | Holder for Fibre

optic S - optic and PD
Water and dissolved
analyte Vessel

Figure 5.1. Schematic diagram of our sensor design used for waterborne DNT sensing.
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5.3Results and Analysis

5.3.1 Detecting Airborne DNT vapours

Figure5.2 shows the recorded values of the lotkutput voltagess.time at different DNT

vapour concentrationp, Vou(t, p), including a control experiment in a DNifee atmosphere.

For comparison, results for a fibre n@ensitised with MDMG@PPV are also shown.

_. DNT: 150 ppb

12

16* @ DNT: 89.7 ppb
DNT: 8.4 ppb
14’-;-'." ’ —— DNT: 4.8 zzb
'I 4 DNT:0.73 ppb
. DNT: 0 ppb
. 12% v @ > PA: 0.028 pptr
> ] - 4 @ Toluene: 29.6 ppt
E- 10 oo ‘ ’ ’ Y Non-sensitised fibreg
= ® g o
< 8% . e R 6
g e el
0 v— o p— ey —e—y—— e
0 2 4 6 8 10
Time [min]

Figure 5. 2. Lockin voltage output Mt,p) as a measure of fluorescenctensity for several

MDMO-PPV sensitised optical fibres under blue LED excitation shown against time after
starting the exposure to DNT at t = O at different dimensionless vapour pressures, p. The

fibres were illuminated and the fluorescence was detdote®ls once every minute. The ron

sensitised fibre gives neaero \but.

The nonsensitised fibre shows neaeroVou(t,0), confirming that the exciting light does not

significantly couple into the fibre under side illumination. For all sensitiseddiduring the

first 3 s of 0i nVoeforaloaraetoDNThpartal ptessergs¥oe(0,@,r d e d
was in the range (10.5 €& 15.5)

DNT pressure, recordedudt,0) decays slightly with every interrogation, even though there

mV, wi t h
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can be no DNinduced quenching. This indicates some photophysical degradation of MDMO
PPV (as described previously in Section 3.1) even under brief excitation, which underscores
the need to keejhe excitation time as short as possible.

Further, the measured value #su(t,p) is proportional to the number of fluoresceramtive
MDMO-PPV units, while our interest is focussed on the fluoresegrative units, as it is the

quenched (inactivert her t han active wunits Ytohfaftdo)i.ndi ca:

Hence, for further analysis, all recorded values/Aa(t,p) were normalised and processed into

a O0fl uor escenc eFQRUpE2BLtdaccurg forthese faaons sFash abuft,p)

data were normalised to their initial valués{0,p) as shown irFigure5.3 Then they were
multiplied byVou(0,0) / Vou(t,0) to account for photodegradation unrelated to DNT, and finally
subtracted from 1 to convert from a measure of active fluorophores into a measure of quenched

fluorophores.

109
o 0.8+ ) <
=3 & L 2 -
- 5 ® . 9 @ | B DNT: 150 ppb
= r < : : | @ DNT: 89.7 ppb
>° 0.6- @ ¢ O 'S e B DNT: 8.4 ppb
S~ DNT: 4.8 ppb
’5._‘ B o ¢ 4 DNT: 0.73 ppb
iad PA: 0.028 pptr
"':5 0.4 - & . @ & ® Toluene: 29.6 ppt
° @ DNT: 0 ppb
o , pp
> | - ® ® o
0.2- " npg gy
0!0 L L L] L L]

0 2 4 6 8 10 12
Time [min]

Figure 5. 3. Normalized lockn voltage output Mt,p) as a measure of fluorescence
intensity for several MDM@PV sensitised optical fibres under blue LED excitation shown
against time after starting the exposure to DNT at t ;aDdifferent dimensionless vapour
pressures, p. The fibres were illumiedtand fluorescence was detected for 3 s once every

minute.
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In summary, FQR(,p) represents the ratio of DNdomplexedvs. total MDMO-PPV

fluorescent units and is calculated frédfat,p) by:

¢
=5¢| I

(5.1)

00 Ym  p

=y

FOQRtp ranges from zero (no quenchingy)yond 1
fluorescence sensors, data would have to be analysed without the subtraction from 1. The
resultingFQR(t,p) calculated from th&ou: data shown irFigure5.2 via eq. 5.1 are shown in

Figure5.4. Other researchers found curves of similar shape and timesgdle][28][115].

0.8 -

|_l DNT: 150 ppb
@ DNT: 89.7 ppb
DNT: 8.4 ppb
W DNT: 4.8 ppb
€ DNT: 0.73 ppb
| PA: 0.028 pptr
B> Toluene: 29.6 ppt

- @) DNT: 0 ppb
-0.2 L] . - - ; z
0 2 4 6 8 10 12

Time [min]

Figure 5. 4. Fluorescence quenching ratios FQR(t,p) calculated from the ddtgumre 5.2
with the help of Eg. 5.1. Solid lines are exponential fits to Eqg. 5.2 using Origin software.

By construction FQR(t,0) remains zero at all times, reflecting the absence of Dhduced
guenching in the absence of DNT. AQR(t,p) data under DNT shw an initial increase over
time, steeper for highgy, which after a few minutes approaches a final equilibrium value,
FOQRD ,),pthat increases with increasipg This approach to equilibrium was fitted with an

exponential model, Eq. 5.2:
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With two fit parameters, an equilibrium val&®R(D , ) 5 approached with a time constant,
{p). The model provides good fits, shown as solid lineBSigure5.4. The fit parametetat

obtained from the fittedatato the Eq. 5.2are summarised in table 5.1.

Table 5.1;
p [ppb] FQR( D, p) U(p) [ miri
0.73 0.10 0.01 9.7 1.2
4.8 025 0.05 6.9 1.9
[0.30 0.01] [8.2 3.9]
8.4 0.34 0.02 475 0.54
[0.31 0.01] [1.7 0.4]
89.7 0.60 0.02 44 04
[0.57 0.02] [3.3 0.3]
150 0.68 0.01 26 02

Table 5.1: Fit parameters, with errors, for FQR(t,p) shown in Figure 5.4 when fitted to Eq.
5.2 using Origirsoftware. For some concentrations the experiment was repeated on a
different fibre, repeat results are shown in brackets.

Table 5.1 includes some fit parameters shown in brackets which were extracted from repeating
experiments under (89.7 / 8.4 / 4.8) gpHT with another fresh fibre as shownRigure5.5.
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Figure 5. 5. Fluorescence quenching ratios FQR(t,p) from repeating experiments under (89.7
/ 8.4/ 4.8) ppb DNT calculated and fitted in the same way Bgjire 5.4. Thesolid line is a
fit to Eq. 5.2.

Fibres that had been used in an exposure experiment did recover 85% of their initial
fluorescence intensity after 40 hrs storage under dynamic vacuunf@t & was observed
for other fluorescent nitroaromatic explosive sensors previglishyj. This suggests that the
fluorophore/nitroaromatic complex is slowly reversible, but not the photodegradation that is
independent of complexation. Therefore, we conducted all experiments with freshly prepared

fibres only, so that evemgurve inFigure5.2 was taken on a different fibre.

5.3.2 Detecting Waterborne DNT

The same optical fibres and transducer can also be used for the detection of waterborne DNT
with minimal adaptationgf. experimental section. We now find that when we add DNT stock
solution to water, the fluorescence response (discussed in Sectiont@.icreased DNT
concentration is very fast and is complete within 120 seconds, as sh&iguie5.6. This

allows fora simpler calibration procedure where a single fibre is measured repeatedly while it
is titrated with DNT in concentratiog)(increments of 90 ppb added in 2 minute intervals. Due

to the fast equilibration, measur®el(t = 2 minutesc) can be taken aéou(t Y D and is
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simply reported a¥oufC). Theequilibrationfor DNT detection in air lasts longer ~11 minutes

thereoforethe experimental protocol is different from DNT detection in water.

0.7 -
0.6-

0.5-

Model NewFunction44 (User)
Equation FQRinfinityc*(1-exp(-t'Tauc))
Plot E

FQRinfinityc 061033 + 000972
Tauc 32.58785 £ 224326
Reduced Chi-Sgr 2.35163E4
R-Square(COD) 0.00603

Adj. R-Square 0.99524

T 0.4

S
L 0.3 b
0.2+

0.1-

0.0

0O 30 60 90 120 150 180
Time[s]
Figure 5. 6. Fluorescencejuenching ratios FQR(t ,c) under 270 ppb DNT concentration in

water against time [seconds]. Solid line is a fit to Eqg. 5.2.

Note we annotate watcéerbordestbobnganshat hemsf f a
p, of the airborne analyte, but repbioth as dimensionless fractions, ppm or ppb, relative to

the respective carrier medium. However, there is again a decay of fluorescence intensity due

to photodegradation with every 3 second fibr
controlexperiment where a (different) fibore was repeatedly interrogated at the same 2 minute

intervals in DI water, without DNT titration and the results are shoviigare5.7.
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Figure 5.7. Lockin voltage output Mi(c) (bluecircles) as a measure of the fluorescence

intensity for an MDMGPPV sensitised optical fibre under blue LED excitation, shown

against DNT concentration in water from @20 ppb. Also shown is a control experiment

(red squares), vs. the number of interrogas.

The resulting fluorescence quenching r&@R(c) for waterborne DNT, which corresponds to
FORD ,) for airborne DNT, is calculated from the datdrigure5.7 using Eq. 5.3:

00 Y p (5.3

Note how the second factor on the righénd side compensates for the photodegradation that
is independent of DNT concentration, similar as in Eq. 5.1. The reski(c) is tabulated
in table 52:
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Table 5.2:

¢ [ppb]

90

180

270

360

450

540

630

720

FQR(c)

0.32

0.50

0.64

0.69

0.70

0.75

0.79

0.80

The DNT sensing experiments were replicateda different fibreand their data (FQR) were

Table 5.2: FQR(c) vs c for waterborne DNT.

fitted to Langmuir model as shown AppendixVII .

5.4 Discussion

5.4.1 Airborne DNT Vapours
The time constantsrequired to reach equilibriuQRD , ) mare in the order of a few minutes

with systematic variation with, and significantly longer than the 4 seconds required to purge

the sample chamber volume (31 mL) by a flow of 500 mL/minute test vapour. This observation

i s

consi stent

wi t h

[@.09. DAbwihexret ONT vapogr dirsbinds lothe g

pPr oo

MDMO-PPV fibre coating to form fluorophore/DNT complexes that then quench excitons

when

excited state; this would not need minutes to buiflas we previously described in Section

excited

by

LED i

collision of a DNT molecule with a previously uncomplexed fluorophore whiisti$ in the

umi

nati on.

A 6dynamic

(2.3.1.3.1). In addition, the fibre takes 40 hrs to recover as explained in Section 5.3.1, the

dynamic quenching is expected to have fast recdzeiy81].

We therefore, believerepresents theequiredtime for analyte tdly from its sourceand binds

to the MDMO-PPV film layer coated onto the fibre, which does depeng.dihe timeUis

long because the density of the analyte in the airborne phase is low.

On the other hand, the equilibrium value of fluorescence quenching resfQR&e , ) pdoes

systematically depend on DNT concentratioe, the dimensionless partial presspréHere

FQRD ,) pre considered for further quantitative analysis. QualitatiVe@yyre5.4 shows that

at the lowest DNT concentration used herg ef0.73 ppb we still findcQR above the noise
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|l evel . Thifdd diluson af the satur&ed Oapour peeire at ambient temperature,
using only a generic fluorescent polymer. Under the extremely low (saturated) vapour pressure
of picric acid (0.028 ppt), no clear response can be found th&aghquantitative analysis,

since the response characteri$tigR (b , ) follows a Langmuifreundlich isotherm rather

than Langmuir adsorption isotherm model, we fit F@RD ,) plata (table 5.1) to the
LangmuirFreundlich isotherm Eq. 4&.as shown ifrigure5.8, using the natinear fit routine

in Origin 2018 software

00 "W B o—— (5.4)

The LangmuitFreundlich isotherm generalises the known Langmuir adsorption isotherm
(described previously in Section 2.1) that has the special caselof he term k is the binding
constant, this quantifies analygehsitiserinding strengthm O 1 ildes mlmmogeneity
between sensitiser sitg&5][159].

0.7 -
0.6 -
0.5-

— Model NewFunction1 (User)
Q: Equation (K c)*m/(((K*c)*m)+1))
8 04 " Plot FQR

— K 0.02974 £ 0.00339

m m 0.48712 £0.03241

0.3 Reduced Chi-Sqr 6.1045E-4

O R-Square (COD) 0.99317

LL Adj. R-Square 099146

0.2-
0.1+
0.0 - r

0 15 30 45 60 75 90 105 120 135 150

DNT partial pressure [ppb]

Figure 5.8. FQR [P , ] ps. airborne DNT in the concentration range-180) ppb, Data from
table 5.1 where the solid line is a fit to Eq. 5.5.
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The binding constant obtained from a forear plot Figure5.8) of the LangmuiFreundlich
isotherm isk= (2.97 + 0.00339) x 10 Note, kis dimensionless as it is evaluated from the
dimensionless partial pressure. The paramateis equal to 0.49, which indicates the
inhomogeneity between the binding sites of the sensitiser. This may be due to the occupation
of the traces of airborne polautits such as carbon dioxide (CO) or nitrogen dioxide (NO) to
sensitiser binding sites. These air pollutants are prolpmbsented in the compressed air used

in the gas sensing experiment as carrier gas

To obtaintheLoD, we pl ot t eldw r&n@Bf(DRT parjial pressure [pphyhich

shows linear fit in Figure 5.9.

0.4
-l

0.3
g m
E - ..
G 0.2+ .
LL

0.1 B

0 2 4 6 8 10

DNT partial pressure [ppb]

Figure 5.9FQR [P ,] ps. airborne DNT in the concentration range&@) ppb, Data from
table 5.1.

In Figure5.9,we extrapola¢ the calibration line until it crosses the triple valuestimated
noiseas0.09to find theLoD. The value of thé.oD was found to 0.48 ppb.
For further quantitativewe present the response as a Stéimer (SV) plot,Figure5.10. The

SV is knownfor an onY off fluorescent sensor as previously described in Section 2.811.3.
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the SV plot, fluorescence quenching is expressed-as p — p this is related to

FQR( D, p) pby—".

2.5
2.0-
1.5+
-
y—
=O
i 1 . 0 L Model NewFunction50 (User)
Equation Ksv*c+b
Plot [10/1-1
Ksv 0.01137 + 4.38998E-4
b 0.41743 + 0.04134
0 - 5 M Reduced Chi-Sqr 2.74424
R-Square(COD) 0.99113
Adj. R-Square 0.98965
0 L] 0 i L} L} L L} L
0

20 40 60 80 100 120 140 160
DNT partial pressure [ppb]
Figure 5.10. A SterrVolmerplot for the quenching of MDM®PYV fluorescence by

airborne DNT in the concentration range-{80) ppbData from table 5.1.

A straight line is fitted having an intercept and we find the vhlted which gives the DNT

/| MDMO-PPV Stern Volmer constarksy, as its slopeksv quantifies the strength of analyte /
sensitiser interaction relative to analyte / carrier medium interaction. Fitting the straight line
slope inFigure 5.10 givesksv = (1.14 = 0.00044) x T0Note ksv is dimensionless as it is

evaluded from dimensionless partial pressure, however, sileexpressed as ppb (Dksv

is 1@ times the value of the slope in a pls. 1/p (in ppb). The valuelksv defines a
characteristic vapour pressyrg = 1/ksv= 88 ppb wher&QR(D ,) p %2.P12is nearly half of

the saturated vapour pressure of DNT at room temperature. Theifjuire5.10also gives an

intercept b) with errorgb, and we calculate a limibf- detectionoD) by t he <c¢ommo

errorso criterion,

<

(5.5)
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Which here leads to laoD = 10.9 ppb for the detection of airborne DNT. Note however that
the plot does not give zero intercelpt &s expected, so the SV relation is not a good fit at very
low p. This accounts for the formally evaluatieaD of 10.9 ppb being rather larger than the
clearly visible response to 0.73 ppbRigure 5.4. Therefore, we followed the conventional
approachhat was presented in Figure 5evaluatehe LoD for airborne DNT Nevertheless,
both obtainedLoDs from either the conventional approach or from the SV ptmmpare
favourably to theé_oD value of 30 ppb reported jfi] (shown in table B) for detection of DNT
with similar PPV polymer and a fluorimetric developed sendue.binding constamtobtained

from the norlinear (Langmuir Freundlich isotherm) plotapproximately equal tksv.

PPV basedpolymers are generally sensitive to several nitroaromatic explosive vapours.
However, selectivity between different nitroaromatics is not practically desirable, as all of them
should be detected. We have therefore not investigated it here, instead wairead®MO

PPV is selective between nitroaromatics and their manated analogue, toluene. Despite
tolueneds much higher vapour pr epestoousand( sat ul
(ppt) at ambient temperatufg&s7]), it elicits no fluorescence quenching in MDMEPV, cf

Figure5.4. Fluorescence intensity is in fact enhanced (formally expresseegativd-QR)

under toluene vapour, which agrees with the known property of PPV polymers that they are
highly fluorescent in organic solveniis4], even bighter than in solid films, due to separation

of fluorophores from mutual interactions. Sensing is hence not compromised by a response to

interferants.

5.4.2 Waterborne DNT

As we show irFigureb.6, the fibres respond to waterborne DNT much faster thairfmrne

DNT. We assign this to the higher density of the carrier medium. Note, concentrations are
given as molar fractions (or partial pressures for airborne DNT, which is equivalent to molar
fraction). For any given molar fraction, the density of atgafgeasured per unit volume is far
largerin the denser liquid carrier medium than in the vapour phase, leading to a faster supply
of DNT to the fluorophoreThus, the exponential fit dfigure5.6 has a time constant of 33 s,

significantly shorter than tdse for airborne DNT as shown in table 5.1.
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Figure5.7 shows a clear quenching response even @tppbwaterborne DNT, going far
beyond the photophysical degradation under interrogation in the absence of DNT. This
indicates d.oD significantly below 90 ppb. The photodegradatioompensate&QR(c) data
presented in table 5.2 are fitted to the Langmuir adsorption isotherm Eq. 5.6, as shigurein

5.11 using the nosinear fit routine in Origin 2018 software.

00 Yo — (5.6)

wherek is the binding constant that quantifies the anadgegitisebinding strength.

0.9-
0.8-
0.7 -
0.6 -
—
2.0.54
0 Model NewFunction8 (User)
o 04 . Equation (K*C)/((K*C)+1))
LL Plot B
03 - K 0.00573 + 1.66852E-4
Reduced Chi-Sqr 2.91496E-4
02 - R-Square (COD) 0.99585
Adj. R-Square 0.99585
0.1+

0.0

0 90 180 270 360 450 540 630 720
DNT concentration [ppb]

Figure 5.9. FQR [c] vs. waterborne DN€oncentration, solid line is fit to Eq.6®.

The nonlinear fit gives the binding constakit (5.73 + 0.00017) x favhich in turn provides
the characteristic concentratiomz=1/k= 174 ppb.

For further analysis, theQR(c) data (table 5.2) are again preseritethe SteraVolmer plot,
Figureb.12.
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Model NewFunctiond (User)
Equation (Ksv*C)+b

4 . Plot [1071c]-1
Ksv 0.00577 + 2.49868E-4
b 3.18246E-4 £ 0.10706
Reduced Chi-Sqr 0.03034
R-Square (COD) 0.98706

3 Adj. R-Square 0.98521

0 r
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DNT concentration [ppb]
Figure 5.10. SternVVolmer plot for quenching of MDM®PYV fluorescence by waterborne

DNT in the concentration range-{20 ppb). Data from tablg.2.

We now find a straightine fit with near zero interceptly), indicating full agreement with the
Stern Volmer law, albeit we have not explored exelyniow concentrationsc(<< 1ks\) as

we did for the gas seimg). The Stern Volmer constakdvis nowksv= (5.8 + 0.00025) x 10
again in dimensionless format, less thari tiedt in the vapour phase. Ass/quantifies analyte

/ sensitiser interaction relative to analyte / carrie@dimm interaction, the small&svvalue
shows that it is harder for the sensitiser to extract DNT from water than from air, as the aqueous
carrier medium provides better solvation. T® is evaluated in the same way as for airborne
DNT, LoD = 56 ppb for the detection of waterborne DN&sd than half as reported ##8] and
shown in table 5.3l/ksvdefines a characteristic concentratmn = 1/ksv= 172 ppb which is
107.5 time lower than the solubility level of DNT in water ~18.5 ppm atQPL58]. The
binding constants from the ndmear fit (Langmuir adsorption isotherm) and the linear fit (SV)
ksvare approximately equal.

Table 5.3summarises theoDs and theksvvaluesfor a number of DNT fluorimetric sensors
using different sensitisers and transducers working in different ni2espite the majority of
DNT sensors were test under saturation vapour pressure at room tempetattresysducer
compares favourably to thew sensors that have sholvoDsfor DNT in the air and aqueous

media.
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Table 5.3:

No. Sensitiser LoD [ppb] Ksv Medium | Ref.
1 PPV derivative (Super Yellow) 30 | - Air [1]
2 MDMO-PPV 0.48 1.14x10 Air This

work

3 Pyrene derivatives 182 5.3 x16 Water | [160]

4 Dansyl tagged copolymer 181.8 | --------m----- THF [161]

P(MMA-co-DansytAla-HEMA)

(DCP),

6 Conjugategolymer Super 148 | - Water | [78]
Yellow

7 MDMO-PPV 55.7 5.8x1C¢ Water | This

work

Table 5.3: Performance parameters of different fluorimetric DNT sensors.

5.5Conclusions

We have developed a fibre optic transducer with Jiocitetection for fluorimetry that can be

easily adapted for sensing either airborne or waterborne analytes. Our transducer requires no
optical spectrometer. The easy adaptation betweemggnsir or water allows us to compare

the sensing performance of sensitiser/analyte systems between different carrier media. We
investigate this on the example of the nitroaromatic explosive DNT detected by the fluorescent
polymer MDMO-PPV, which had prgously only been reported in wat&7]. In both media,
MDMO-PPV fluorescence rapidly decays over time even in the absence of analyte. We

minimise this by limitingreado ut t o short excitation interva
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periods. We also show how to account for the remaining degradation. The sensor response is
significantly faster for waterborne than for airborne analyte, which we attribute to the higher
density of the liquidvs the gaseous medium. Many previous repont$laorescencédased
detection of explosive vapours only tested under saturation pressure at ambient temperature
[9]/88][151][162], which does not allow the determir@atiof a Stern Volmer constarks() or

limit- of- detection [LoD), and is unrealistic in practical situations where sources magtaati

or concealed. Here, we explored a range of analyte concentrations, expressed in dimensionless
(partsper-billion) format. Despite using the same sensitiser and analyte for both media, the
calibration curve for airborne DNT sensing was shown to follegv nonlinear Langmuir
Freundlich model, which is typically applied when assuming heterogeneity in the
analyte/sensitiser binding sites. On the other hand, calibration curves for waterborne DNT
sensing followed the nelmear Langmuir adsorption isotherntypically applied when
considering homogeneous analyte/sensitiser binding sites. Inhomogeneity of the sensitiser
binding sites is attributed to sites occupied by airborne traces, such as carbon dioxide, nitrogen
dioxide, etc., that may be generated by dir compressor used in the gas sensing séhe.

binding constants obtained from nbnear plot (Langmuir adsorption isotherm and Langmuir
Freundlich) and SV plots are approximately equal for both air and waterbornelbé&lBtern

Volmer constant foifluorescence quenching is larger for airbora¢her than waterborne
analyte,ksv(air) ~ 114x 10’ vs. ksv(waten ~ 5.8 x 16. This indicates better solvation of
analyte in watevs.air. We found LoD of 0.48ppb in air and 56 ppb in watetich are ~62

times below previously reportdadDsfor DNT sensing with PPV derivativé$|[78] and 3.3

times belowLoDs for DNT sensing with different sensitises60][161]. We consider our

study of the MDMGPPV / DNT system as a successful test of our transducer désign.
included results in this chapter have been p
1990
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Chapter 6: Highly Sensitive and Reversible Membrane Films for Ctf

Detection

6.1 Introduction

Certain metals such anc (Zn)[163], manganese (MA)L64], iron (Fe)[165], copper (Cu)

[166], and molybdenum (Md)L67] are essential for the proper functioning of the human body,

as they are involved in various metabolic activities, such as gene transcription andigeatal
transmissionln particular, copper ions (&) are deemed one of the essential ions, owing to
their vital role in the wide range of biological processes in diverse plant and animal species
[53]. Moreover, it is the third most abundant metal ion in the human body after iFpdfe

zinc (Zrt*) [166]. Consequently, it is vitally important for optimal hamhealth, but its intake

must not exceed the allowable ley&68]. According to the U.S. Environmental protection
Agency (EPA)the &6 pot abi Pinthgdrihkingmaterds 2@5ful 62U CU* intake

that exceeds cell requirements is toxic and can cause serious diseases, ikiclodingr liver

d seases, WidlRy,n 6Me Mk esx assyendr o me, [AnHencd!| zhei r
detecting C&" at low concentrations before it reaches the toxicity level is essential, but this
requires a highly sensitive sensoomprising of a sensitiser and a transducer. To date, a
number of analytical techniques (transducers) have been developed to quantify'tiseictu

as an electrochemical sens@r70], atom absorptiorspectroscopy171], surface plasmon
resonancé2?], colorimetry[21], and fluorimety{53][105][166]. Kumaravel and VasukiL04]

have synthesised pyrazolyl chromene derivative (Probe ajia few years later, Pannipara et
al.[105] discovered that Probe 1 can be used as a novel fluorimetric sensitiser and also exhibits
aggregation induced emission (AIE) activity (the AIE phenomenon was described in Section
2.3.2.3.1). In general, AIE active compounds have contributed widely to the veddspe of
organic luminescent materials in different applications, such as optical déVik&s and
fluorescent sensof$73]. In their work,Pannipara and colleagug$5] have used AIE active

Probe 1 dissolved in a2B-THF mixture (at 8.5:1.5 ratio, v/v) as a sensitiser for the detection

of waterborne Cif and Ni?* via fluorescence quenching. However, sensors based on ion
detection in a mixture of THF anc@& have limited practical applications, and cannot be used
for testing drinking water. Moreover, exposure to such solvents is harmful to human health, as
they accumulate in the bodyt 74]. In thiswork, the fluorescence emission of Probe 1 in the
aggregated state is extended for the use in a solid film, which can be adopted for detecting

waterborne Ctf. Hence, Probe 1 in a film form is used as a sensitiser. It is prepared by
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immobilising it in a phsticised PVC phase transfer membrane (described previously in Section
2.3.2.2.). We used the same lodk fibre optic transducer described in Chapte68&ction

5.2.1 Figure5.1) to detect the fluorescence quenching of Probe 1 due to the presenée of Cu
The photophysical degradation of Probe 1 when immobilised in PVC is investigated under
continuous 405 nm LED light exposure, and also under short pulses of ~20 s duration separated
by extended (~ 7 min) dark periods. The required soaking time for thraee film in the
DI-water, the response time and reversibility of the memlasnalso examined@he response
curve has a good fit to both Langmuir and the Stéaimer (SV) models. The SV constant for
Cu**/Probe 1 complex iksv= 1.96 x 16 M and tre limit of detection I(oD) is 0.43 M,

which is well below the potability limit of Cti. The lockin fibre optic transducer developed

and presented here demonstrates a lbwBrcompared with a conventional spectrofluorimeter

[166] based on the same sensitiser.

6.2 Experimental Procedures

6.2.1 Synthesis and Materials

A pyrazolyl chromene derivative (Probe 1) showRigure6.1 was obtained from our research
partner Mehboobali Pannipara (Department of Chemistry, King Khalid University, Saudi
Arabia) who synthesised it according to the synthesis route previously reported by Kumaravel
and Vasuki104]. Tetrahydrofuran, -Nitrophenyl octyl ether (NPOE), amublyvinyl chloride

(PVC) were obtained from Sigma AldricBopper nitrate hydrate [Cu(N§2 TxH20], nickel
chloride hexahydrate [Nl i TO], ditkel bromide [NiB#], nickel acetate tetrahydrate
[Ni(OCOCHs)2 T 20 andethylenediaminetetraacetic aqiEDTA) were also purchased
from Sigma Aldrich.
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0 NH,

Figure 6. 1. Chemical structure of pyrazolyl chromene derivative (Probe 1), adopted from
[105].

6.2.2Configuring the Measurement Setup for Waterborne Cé* Detection

The fibre optic fluorimetric sensor setup adoptedidaterborne Ctf detectiorwas described

in Section 5.2.1. and is shown irigure 5.1. Similarly, the multimode optical fibre
(FT800UMT, Thorlabs)preparationwas described in Section 4.2. The preparation of the
membrane cocktail (includingrobe las a sensitiser) and the dipatng procedure were
described in Section 4.3.2.To determine the fluorescence intensity, the optical fibore was
coated withthe membrane film and was excited under side illumination by a blue (405 nm)
LED (LED 405L, Thorlabs), matching the absorption bahd®mwbe 1/105]. The LED was
operated via a rocker switch to control the excitation time. The LED modulation utilised to
excitethe membrane film and the subsequent detection of the resulting fluorescence aligned
with those described in Section 5.2, with the exception of the excitation period, dark intervals
between interrogations, and the time constant ofpass filter within thedck-in amplifier.
Specifically,the membrane film was excited for 20 s (instead of a 3 s period for each exciting
pulse as used for MDM@PV) wi th |l onger o6darkd intervals
Since the fluorescence of the membrane film was dlstable under 20 s excitation (duration

of a single pulse), the lodk amplifier filter was set to the maximum available time constant

(5 s) rather than the previously adopted 1 s. Setting the filter to 5 s is preferable due to its low

noise bandwidth,sadescribed in Section 3.3.1.
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For waterborne Cii and Nf* sensing, the stripped section of optical fibre coated with the
sensitised membrane film was passed througiw&er held in a vessel, as showrFigure
5.1.Next, the Diwater was titrated withliguots of C#* or Ni?* as described in the following

section.

6.2.3 Preparation of Solutions for Titrations

All solutions were prepared in BVater. Stock solutions needéa titration aliquots, namely
copper nitrate hydrate [Cu(NJ2], nickel chloridenexahydrate [GNi], nickel bromide [NiBg],
and nickel acetate [Ni(OCOGH] solution, were prepared at 1 mM concentration by
dissolving the required amount of their respective salts iw&er Aliquots of 1 mM Cdg*
stock solution were then pipettedspectively into a vessel holding 11 mL of-dater,
resultingin 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 2ZuWconcentrations.

6.3 Results and Analysis

6.3.1 Investigating the Membrane Fluorescence Stability

The experimental findings revealed that the fluorescence of the membrane film coated onto the
stripped section of an optical fibre degraded under continuous exposure to light excitation, even
in the absence of the analytéigure 6.2 shows the fluorescence degradation when the
membrane coated on the optical fibre was passed througtater and was exposed to

continuous LED illumination for 70 min.
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Figure 6. 2. The output vitage \bufC) vs time, ag measure of fluorescence intensity
produced by thenembrane filntoated onto an optical fibre and under continuous blue LED

excitation. The point at which the LED was switched on is indicated by the arrow.

The observed fluorescence degradation is attributed to fluorophore exposure to the high
intensity of the exciting light under side illumination. In fact, the majority of fluorophores
suffer from fluorescence degradation even under low intensity of thenexaght [175].

As significant fluorescence degradation occurs undetiraoous illumination, the reduction in
fluorescence intensity produced mgmbrane filmvas minimised by employing short pulses

of exciting light (~ 20 s) separated by much longer dark intervals (approximately 10 min), as
shown inFigure6.3a. The initiafluorescence intensities vary between membiareted fibres

due to the number of parameters (including length of the fibre coatetheittembrane film,
thickness of the membranatensity and alignment of the excitation source), which will differ
acress experimental runQuantitatively, the observed reduction in fluorescence intensity of
the membrane filnexposed to short pulses of exciting light (20 s) separated by 10 min dark
intervals (overall 90 minutes period) is 10.4% of its initial vakigyre 6.3a), while e€83.3%
reduction is measured under continuous illumination for 70 Rigu(e 6.2). As shown in
Figure 6.3a, the fluorescence intensity declines during the exposure to the first three pulses,
after which it remains almost stablehis fluorescence intensity reduction is attributed to the

membrane swelling in the water whereby soaking the membrane in the water for sufficient time,
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which is 30 minutes in our case, prevents reduction in the fluorescence intensity as shown in
Figure6.3b.
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Figure 6. 3. Vouf(C) vs timeas a measure of fluorescence intensity yieldethé&gembrane
film coated onto an optical fibre. The membrane was excited by a blue LED light and
fluorescence was detected for 20 s alternating with 10 min dark intervals. (a) Membrane

before soaking; (b) Membrane after soaking inviziter for 30 min.

Figure 6.3b shows the stability of the fluorescence intensity measurements of a membrane
soaked in Diwater for 30 min.Soaking the plasticised PVC membrane containing a
fluorophore is well know96], whereby the optimal soaking time depends on the membrane
composition. For our membrane film compositi@® min soaking time was found to be
sufficient because afténis soaking time there is no observed fluorescence intensity reduction
as shown irFigure6.3h Consequently, the stripped section of the optical fibres coated with
themembrane films were all soaked for 30 min before carrying out the sensing measurements.
During the soaking, the membrane swells due to water absorption. Consequently, some of the
active fluorescent units immobilised in the membrane and coated onto hedite move
further away from the core. This reduces the fluorescence coupling in the fibre, which results
in the fluorescence reduction within the first 30 min, or during the first three interrogations, as
shown inFigure6.3a.

Once the soaking time dhe membrane in the water becomes known, the fluorescence
quenching response time towards’Ounust be obtained before carrying out waterborn& Cu

sensing experiment as explained in the next section.
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6.3.2 Fluorescence Quenching Response Time
The fluorescence quenching resporfdescussed in Section 23).0f the membrane film to the
presence of 22 uM waterborne Ciasts for 7 min, after which it is stabilised, as shown in

Figure6.4.This may be the required time for the waterborn& @udiffuse into the membrane.
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Figure 6. 4. Vou(c) vs time, as a measure of fluorescence intensity yielded byethbrane

film coated onto an optical fibre when exposed to 22 pit Concentration.

The obtained response time is acceptable, and is limited by the membrane thickness, which
was measured at ~ 1112 nm by Dektak, as discussed in Section 4.3.2.1. Although reducing the
membrane thickness may shorten the response time, it would reduce tegciunce intensity

[143]. For example, @25 nm thick membrane fit has approximately 50% less fluorescence
intensity compared to a 1112 nm thick membrésae Appendi¥Il1). The required response

time for the membrane was applied between waterborfigi@ations as presented in the next

section.
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6.3.3 SensocCalibration for Cu 2* Sensing

For waterborne Ciisensing, as previously described, an optical fibre coated with a membrane

film was passed through BVater contained within a vessélext, the Diwater was titrated

with waterborne C#i solution aliquots, lowing 7 min between titrations. Fluorescence

measurements of thmembraneavere performed 7 min after each titration by applying 20 s

excitation pulses. Aliquots of Guwere added to cover the full range of concentrations

required for the experiment (spanning from 1 uM to 22 uM), as showigure6.5.

Vout(c)[mV]

1.751
1.50 ¥
1.25+
1.00+
0.75+
0.50 -

0.25-

0.00
0

2 4 6 8 10 12 14 16 18 20 22
Cu2*[uMm]

Figure 6.5. Voutas a measure of the fluorescence intensity producddelsgembrane film

coatedonto an optical fibre, as a function of waterborneCsplution concentration,

ranging from 1 uM to 22 uM.

The graph irFigure6.5 confirms that the previously shown fluorescence quenching of Probe

1 [105] in response to waterborne €us still retained wherProbe 1 ismmobilised in a

plasticised PVC membrane and prepared in a film form, rather than dissolvindHz@BHF

mixture (8.5:1.5, v/v). The sensitivity of the membrane film to the presencatefborne Cti

indicates that the binding sites of Probe 1 within the membrane are as available and active for

waterborne Cti as when Probe 1 is in the aggregated state in solBiamrisingly, this

membrane does not exhibit fluorescence quenching ek@osed to very high concentrations

of waterborne Ni, even though, in its aggregated state, Probe 1 has shown a fluorescence
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quenching response to both®and N7*. This finding may be attributed to the binding energy

of Cw?*/Probe 1 (77.2%cal/mol) which is greater than that of NProbe 1 (54.1&cal/mol)

[105]. Consequently, waterborne €wan diffuse into the membrane and bind to Probe 1. For
this particular sensitiser (Probe shown in Figure 6.1), the metal ion has two bonding
possibilities, as it can bind to nitrogen and oxygen of the cyano group and hydroxyl group,
respectively, or it can bind to the nitrogen of the cyano groupwradole moiety. If the latter

is the case, i.e. in solution Niis binding to the nitrogen dhe cyano group, anplyrazole
moiety this may be prevented by preferential binding of M the plasticiser which also
contains nitrogen. Thereforgther than adoptingNitrophenyl octyl etheas the plasticiser,
bis(2ethylhexyl) sebacale was utilised, as it does not contain nitrogen in its chemical structure.
This was essential, as nitrogen in the plasticiser may act as a binding sit& faidin would
prevent it from reaching Probe 1 binding sites. However, a marmabcontaining bis¢2
ethylhexyl) sebacale plasticiser does not exhibit fluorescence quenching response to different
Ni2* solutions that were prepared from different'ialts fickel chloride hexahydrate, nickel
bromide, and nickel acetate tetrahydrabe)summary, the reason behind the absence of the

fluorescence quenching respoéérobe 1 towardhli?* solutions remains unexplained.

6.3.4 Quantitative Analysis

The measurelloufC) valueis proportional to the number of fluoresceszative Probe winits,
while our interest is concentrated on the fluoresceémaetive units (as described in Section
5.3.1), as it isnactiveor quenchednstead ofactive units that indicate presence ofGonY

off) [126].

Hence, for further analysis, all recordég(c) valuesas shown irFigure6.5 were normalised

to their initial valuéVou(0) andthenprocessed into BQR(C). This was achieved lsubtracting

the normalised valug¥out(C) / Vou(0)) from 1 to convert from a measure of active fluorophores

into a measure of quenched fluorophdfe4]. The resulting-QR(c) is tabulated in table 6.1:
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Table 6.1:

Cu?[uM] FQR(c)
1 0.158
2 0.315
3 0.420
4 0499
6 0.571
8 0.627
10 0.670
12 0.7®
14 0.741
16 0.74
18 0.78
20 0.8
22 0.813

Table 6.1: FQR(c) vs ¢ for waterborne €u

Since the Langmuir adsorption isotherm (described previously in Section 2 AR&(d) are

both expressed as the fraction of occupied binding sites of the sensitiser by the analyte, we fit
the FQR(c) shown in table 6.1 to the Langmuir adsorption isotherm Eg$shown irFigure

6.6 ,using the nodinear fit routine in Origin 2018 softare.
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Figure 6.6. FQR [c] vs. waterborne Clconcentration,the solid line is a fit to Eq. 6.1.

The nonlinear fit gives the binding constakt= 2.16x10° M* which in turn providesa
characteristic concentrationz = 1/k= 4.6 uM (below the potable limit}169]. For further
guantitativeanalysis, the response is also presented as an SV plot (as described in Section

2.3.1.3) as shown ifrigure 6.7. In the SV plot, fluorescence quenching is expressed as

— p thisisrelated t6QRD ,)py — p as discussed in Section 5.4Thus,

— pis plotted againgEu?* concentration irFigure6.7, after which atraight line is fitted to

the data points to determine the interceptlandgb. Theslope of thestraight lineis equal to

the SV constanksy, whichquantifies the Cti/Probe Ibinding strength. The slope of the fitted
straight line yieldksv= 1.96x 10° M1, which in turn providea characteristic concentration
ci2=1/ksv=5.1 uM. From the extensively used equation provided in Section 2.2.1 as Eq. (2.3),
LoD = 0.43 pM was obtained, which is considerably belowpittability limit. When the same
sensitiser was used in its aggregated state to detect waterbofheigihg a conventional
spectrofluorimeter, a 3.7 times higher (1.61 JIMP was achieve(l05].
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The Binding constants from ndimear fit (Langmuir adsorption isotherm) and the linear fit

(SV) are approximately equal. The €isensing experiments were replicatada different

fibre and their dataHQR) were fitted to Langmuir model as shownAippendix|X.

As long as this sensor is robust and able to detect the waterbdtrizew its potability limit,

it is worth to investigate the reversibility of the sensor as described in the next section.

6.3.5 Reversibility and Reusability

Reversibility is a crucial aspect in the application of optical sensors, as a reversible aensor ¢

r

be reused, significantly reducing costs. To test the reversibility of the membrane developed as

a part of the present study, a known metal cation recovery @gBiiA) was used. Since
EDTA dissolves in water with pH = 8, NaOH was added tavter toincrease the pH to the

required level, as measured by a CyberScan pH meter 300. For this purpose, a 1 mM solution

of EDTA was prepared by dissolving 292ng of EDTA in 1 L of Diwater (with pH = 8)

under vigorous stirring@the preparation of EDTA solutiomas done bya collaboration with

Dr. Ali Alkorbi, University of Sheffield) The graph depicted ihigure6.8a shows that, when

the sensitised and plasticised PVC membrane is exposed to 22 uM of waterb&ingi€u

initially results in fluorescence quenching during the first 7 minutes, but after 10 minutes, a

fluorescence enhancement occurs due to the addition of waterborne EDTA, resulting in 22 uM,

115| Page

al



which plateaus after 22 minutésgure6.8b depicts three versible cycles, commencing with

the membrane exposure to 22 uM of waterborn& @liowed by the membrane exposure to

22 UM EDTA. After completion of each reversible cycle, the membrane is removed from the
sadwath Diwater. Then, it is bathed again

in Cl?* and EDTAfree water, after which the previously described processes are repeated.

surrounding water (containing€u EDT A)

a 1.754 b 1.751
1.50 n—n 1.50 I n "
- ./ . -
/
— 1.251 — 1.254 EDTA
> >
£ £
— 1.00 - = 1.00
= 3
>° o 2+
0.75+ \ > 0.75 cu
0.50{ "-m- 0.50 4 [ - u
0.25 v v r r T g v " 0.25 r v r
0 5 10 15 20 25 30 35 40 0 1 2 3
Time [min] Number of cycles

Figure 6. 8. (a) Voutas a measure of fluorescence intensity producetidapembrane film

when exposed

22 UM of Céd*f or

0 1 fdlléwedbly membrane exposure2@ M of
EDTA as a function of time [min]. (b) Reversible changes in membrane fluorescence intensity

after subsequent exposure to 22 uMCand 22 uM EDTA.

Membrare reversibility can be attributed to the fact that EDTA chelates waterborfie Cu

cations and removes them from the membrane, as the binding affifTo% towards Cé'

is greater than that of Probe 1 immobilised in the membrane.

a O b o
HO O o
N :
N/\/ N e P:D'N
HO }:o g ""01
o SoH| o b’< 0
O 0

Figure 6.9. EDTA molecule (a) in the solid form and (b) when dissolved in water, allowing it
to chelate waterborne Ct(indicated by M (red) in the EDTA centi&€}6].
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EDTA hassix potential binding sites for metal cations, i.e., two amino and four carboxyl groups,
as shown irFigure6.9a. These binding sites within the ligand form a strong chelating complex
with all waterborne cations at a 1:1 ratio. The resulting compleah$estiue to multiple EDTA
binding sites that surround waterborn€Cacting as a cage to isolate cations from the solvent
[177], as shown ifFigure6.9b(Note that, M repreentsCu?™).

6.4 Conclusions

In this chapter, a successful process for transferring the sensitiser Probe 1 from the aggregated
state to a solid film sensitiser was described, thereby enabling its use in a solid film to detect
waterborne Cti. Specifically, Probe 1 was prepared in a film formed by immobilising it in a
plasticised PVC phase transfer membrane to overcome its hydrophobicity. Under continuous
LED light exposure, the photophysical degradation of tiembraneis relatively high
compaed with the negligible degradation obtained when Probe 1 is subjected to short light
pulses. The soaking time, response time and the reversibility afghdrane film were also
investigatedThe response curves result in good fits to both the Langmuthar&teraAvolmer

(SV) theoryand the binding constants obtained from these fits are approximately €heal

SV constanks=1.96 x 16 M1 was obtained for the CtiProbe 1 and the limit of detection
(LoD) was 0.43 uM, which is considerably below the potability limit. This novel-lodiore

optic transducer is characterised by a 3.7 times Ilk@Brcompared to that of a conventional
spectrofluorimeter{105] using the same sensitiser. Finally, wecommend this lockn
approach for application with similar sensitisers that exhibit the AIE to be converted into solid
plasticised PVC membrane films, avoiding the exposure to the harmful organic solvent during

the analyte sensing experiment.
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Chapter 7: Low Cost, High Sensitivity Detection of Waterborne Al*
Cations and F Anions via the Fluorescence Response of a Morin Derivative

Dye.

7.1 Introduction

Aluminium is commonly used in food packing, clinical tools, food processing equipment,
kettles and water pipes. Metallic aluminium is slightly soluble in aqueous media in the form of

its AI** cation[23]. Intake of AF* into the human bodmay cause serious diseases, including

Al z hei[2gT8pasn d P a r [R4] dissasas.0The concentration of A drinking

water is therefore regul at[d .Consequertiharmmbempobt ab i
analytical techniques have been developed to quantify® Ad water, including
spectrophotometrid179], fluorimetric [50][52], and electrochemical99] sensors. An

important AP* selective ionophore i2 Nj, 3 ;Pdnhjhy8roxyflavone&k nown as O mor i n
structure was showearlier inFigure2.11. Section 2.3.2.2.2orin is known to selectively

complex with waterborne Al, forming a [morin:A¥*] complex. Morin has therefore been used

both as an ionophore in electrochemicaAensrs[99]land i n o6off Y ond6 fl u
[98] because the [morin:All complex shows greencoloured fluorescencewnhile
uncomplexed morishows weak fluorescencehe [morin:AP*] complex has poor solubility

in buffered aqueous soluti¢f2] and absorbs light between 390 nm to 440[8&) andemits

a broad band betweerb@ nm and 50 nm [100] as discussed earlier in Section 2.3.2.2.2.
Embedding morin in a permeable membrane which allows the transfet‘@nables it to be

used as an Atsensof98]. Alternatively, Kopaz¢102]has described a chemical modification

of morin into a somim salt of morin sulfonic acid, NaMSAjgure7.1a, this dissolves well in

water (dissociating into Nad MSA"), without the need to promote solubility by adding organic
solvents, as is required for some other-iselective fluorophores.g.[15][53][180][181].

NaMSA can still be immobilised in a permeable membr@#, but preparation of such
membranes is difficult and time&onsuming. Plasticised PVC membranes often show slow
responsé53] and may suffer from dye leachii32] as described earlier in Section 2.3.2.2.1

In this work , we take advantage of the good solubility of NaMSA in water to extend the use

of N\aMSAasanAf-s el ecti ve 6of f Y [H&8Pwvhenimmobilisedicee nt s e
phase transfer membrane to a morin derivative, instead using the NaMSA dissolved,in water
avoiding the need for membrane preparative.find that dissolved NaMSA retains its ability

to complex with At* into a fluorescent [MSAAI®*] complex,Figure7.1b. We quantify AF*
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in water samples by fluorimetry using dissolved NaMSA. Instead of a conventional
spectrofluorimeter, we adopted a fibm@ptic fluorimeter with LED excitation and logk

amplification which has been described previouy$B6] for solutiontbased fluorimetry. We

establish a limif-detection (oD) for AI®* below its potability limit, a higHigure-of-merit

for the fibreoptic instrument, and quantify Xlin a few example samples using the standard

addition method184]. Further, we take advantage of the possibility to recover Nalks&d

Al®* sensors after use by treatment with concentrated fluorifisqeitions183]. We develop

this into a complementary o6on Y offé6 fluore:
the dissolved NaMSA with At to form the fluorescent [MSAAI®*] complex that we then

titrate with aliquots of fluoride to gradually turn its fluorescence off. Fluoride is another
interesting analyte because small doses of fluoride are beneficial to bones afizGie &t

higher doses can be detrimental cau$imgrosis and urolithiasigL85]. Huoride in drinking

water is therefore subj3¢Adainweadenonsippa@toBWwell | i ty |
bel ow the | egal potability [|imit. Il n summar
detection of two relevant ions (¥land F) in water below their respective potability limits,

using the same dye for both, together with a-léeotprint instrumentThe results in this
chapter were published recently as AAl shammz:
11050.

7.2 Experimental

7.2.1 Synthesis and Materials

Morin was purchased from Sigma Aldrich and chemically modified into the wsa&rble
sodium salt of morin sulfonic acid (NaMSA) by Fatzal [52] following the route reported by
Kopacz[102]. From an initiallOg of morin approximately 7g of NaMSA was obtairédure
7.1 shows the chemical structure NaMSA, and the complex that NaMSA forms wWith Al
Acetone, Hydrochloric acid 37% (HCL), aluminum nitrate nonahydrate (AJNCOH:0) ,

sodium fluoride (NaF)and sodium chloride (NaCl) were obtained from Sigma aldrich.
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Figure 7.1. a.) Chemical Structure of NaMSA when dissolved in water, this dissociates into
MSA and N&. b.) Structure of [MSAAI®*] complex that forms in aques solution when
Al** is added to dissolved NaMSA.

7.2.2 Overview of Measurement Setup

Figure7.2 gives an overview over our fibre optic leckfluorimeter. The instrument is adapted
from earlier work as shown in chaptgrl26] Figure5.1.Here, instead of exciting the sensitiser

film coated on the stripped sectioh the fibre by the LED light, we excite the sensitiser
(NaMSA) solution A mixture of the analyte sample and the fluorophore solution is held in a
bespoke cuvetteF{gure 7.3) fitted with an optical fibre that has been treated to pick up
fluorescence anduide it to a photodiode (PD) circuit for measuremeriuorescence is
excited using a 405 nm LED (LED 405 L, Thorlabs) at a distance of ~ 1.2 cm from the surface
of the liquid in the cuvette at approximately 90°. The LED is driven in the same wayikesideta

in Section 5.2The optical power from the LED was measured using an optical power meter
(PM100D, Thorlabs) at a distance of 1.2 cm and measured to be 5.9 mW. This power when
divided by the exposed surface area of the power meter sensor to giver aleosity 0f83.1

W/m?.
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Figure 7.2. Schematic diagram of our fibreptic lockin fluorimeter.

A longpass optical filter with an edge at 488 nm (as shovamgare3.12) was inserted before

the PD Figure 3.13) to block the 405 nm excitation while allowing most of the morin
fluorescence to pass. The PD output current was converted into a voltage, amplified and then
coupled into the Anfatec digital logk as explained in Section 5.2. The laokprovides &DC

output voltageVou, that is proportional to the AC component of the light intensjtgicked

up by the fibreVou(t) is recorded over time by a bespoke LabVIEW routine, an example is

shown inFigure7.4.

7.2.3 Preparation of Optical Fibres

We ugd multimode optical fibres (FT1500UMT, Thorlabs) with a 1.5 mm silica core diameter

and a 50 em transparent -golaynmerar eind tiodbmn g,r d
of fibre was cleaved from a reel and a 1 cm length of the fibre core wasedxgiosne end,

cleaned and drieds previously described in Section 4.2. Since a smooth exposed fibre core

picks up only very little fluorescence, the stripped section of the fibre was roughened all around
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its surface using-Taol3D® é mebt aCpr dedl Mabt desc
Section 4.2.

7.2.4 Cuvettes

Bespoke cuvettes were manufactured by the University of Sheffield workshop, as shown in
Figure7.3. Two cuvettes were made and while identical in shape, one was made of transparent
PMMA as commonly used for conventional fluorimetric cuvettes, and the other was made of
stainless steel. The stainless cuvette was polished on the inside so thads iéstnad a mirror

to increase the amount of fluorescence picked up by the fibre.

10 mm

20 mm

Upper
PP 10 mm

Compartment

4 7.5mm

Fibre optic passing

through fibre port [~ Strippedand
Roughened Fibre

optic End
Lower /|
Compartment

60 mm

Figure 7. 3. Design of bespoke cuvettes, manufactured in the University of Sheffield
workshop. Cuvettes were made either of transparent mb(EhNéMA), or a reflective
material (stainless steel). The bottom compartment where the fibre is fitted has a capacity of

300 €L while a wider upper compartment h

7.2.5 Preparation of Solutions

All solutions were preparedshei oni sed water of 9(Casmeasurédvi ty
by our DI Water systerthat first had been acidified by adding hydrochloric acid (HCI) to
adjustthepH to 5, as measured by a CyberScan pH meter 300. An acidiermidrequired

to prevent the formation of Alhydroxide complexe®8] that would compete with MSAAI3*
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complexation. Solutions of Al (from aluminium nitrate nonahydrate), (fom NaF), and Cl

(from NacCl) for titration aliquots were prefg
mM, 100 mM) by disskving the required amount of their salts in 200 solution of the NaMSA
fluorophore that were prepared in acidified water. For standard addition ttests Al

solutions with concentrations in the order of the potability limit were prepared byadar

who was not otherwise involved with the work reported here. Concentrations were noted but
not reported to the worker wundertaking the
Co. To pr¥gpam=i ttihwe Adol ut i on, MS2 flubrophokd waso | ut i c
prepared in acidified water A sampl e of the 200 €M fluoropl
was kept in the lab for two months to check the lifetime of the fluoropfioce. 6 act i vat ed
NaMSA solution for fluoride sensing, a solutioh[Al3:MSA] complex was prepared by
adding 15.8%sbloti dbnmMOoABOO €L of 200 &M Na
50 &M s ol i:M3$AG compek. WE uséd an excess of dissolved NaMSA ovét Al

to make sure all the Alions complex with MSA with no remaining free At. Again, some

of the activated solution was kept in the lab for two months to check the lifetime of the solution.

To test the effect othe simultaneous presence of fluoride and aluminium, a 1 mM coloti

F (from NaF) and a 1 mM of At (from AI(NO3)3) were prepared in acidified NaMSA solution

(pH = 5). Then these solutions were mixed in a 3:1 ratio of fluoride solution: aluminium

solution by volume, resulting in a (0.75 mM/P.25 mM AF*) solution.

7.2.6 Titrations for Sensor Calibration

TheAPF*sensor was calibrated using 300 gL of Na
the PMMA or stainless steel cuvettes, fitted with a roughened optical fibre, as described above.

For titration, small mounts of AF* solutions that were dissolved in NaMSA solution were
pipetted into the filled cuvettes and mixed by gentle stirfiingn the same volume as that just

added was removed from the cuvette via pipette, in ordexdp the solution volume atamtly

300 €L, which is ~ 3 cm above the roughened
excitation geometry remained the same throughout the titration s@&hiesnew analyte
concentration, ¢, was calculated from known volumes and concentrafisteck solutions.
Pipetting was repeated to cover a range of
Fluorescence was excited continuously by the LED and the intensity was monitored over time

via the lockin amplifier outputVout, and recorded byespoke LabView softwar&he F sensor

was calibrated in a similar manner to thé*Aknsor calibration, only now we filled the cuvettes
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with [AI**:MSA] complex solution instead of NaMSA solution. Thenadeled Faliquots to
cover a range of concentiats froml10e M t o 6 mM. The fluorescen

monitored exactly as in the Rlsensor calibration.

An example of th&/,u(t) trace resulting from a typical titration as described above is shown in
Figure7.4.

2.0

\\\\

\

0.20
0 100 200 300
Time(s)
0-0 L ] ] L | L | 1 L
0 300 600 900 1200 1500 1800
Time (s)

Figure 7.4. Example of a Mivs time series for NaMSA solution under stepwise additions of
AlIR* aliquots. Every arrow indicates a titration step, i.e. addition of an &liquot. Inset:
Magnification of the short time / low #lconcentration region. Note, the high increase in

Voutat ~1000 s corresponds to high®Ahddition compared with other additions.

Al though morin is an 6oftfE=O0 Ve whendhe cbycentratiome not e
= [AI®*] = 0, Vout(0) > 0. The initialVou(0) results from two contributions: namely, some of the

exciting light still passes through the longpass optical filter between the fibre and the PD (no
fluorescence involved), and uncomplexed M&Asolution is very weakly fluoresne (i.e.

there i s some fluorescence in the absence of
|l atter O6zero analyte f 1l uor es cVafD)cNMNofe,.ambleatk e n t ¢
light does not contribute t¥ou{0) as the lockn discards all signals at frequencies other

thani ts reference frequency, making it oblind:¢c
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For AP* standard addition titrations, the roughened fibre section was fitted into the PMMA
cuvette, then 300 €L of 2eClvette. Vhe NamkKgBubMdudwa s pi p
= 0) was recordedhen the cuvette was washed three times with DI water, refilled with
NaMSA solution and the backgrouMdu(c = 0) was recorded again; and this was repeated
number of times. Results werery similar on each occasion whut~ 0.185 mV 0.02,and

were averaged to give an average background for subsequent correction. The cuvette was again
washed three times with DI water, cambewvas 300 ¢
pipetted into the cleaned cuvette, ang{c = csampid Was recorded. Finally, the solution of
Csamplewas titrated with aliquots of Al solution of known concentration to increasgnpieby

Caddedi N St eps &u(caAclmpet dduged WaBSIrEiCOrded after each titration.

7.2.7 Data Analysis

TheVou(t) data recorded during titrations shownHigure 7.4 were converted intdoufC) by

relating the time to ion concentration, As a f i r st step in the da
fluorescence, we calibrated by adding increasing concentratiohAI** to a non fluorescent

NaMSA solution, we adjust aWou(C) data by subtracting the initidou(0) prior to further
analysishenceVou{O)=0by definition. On the other hand,
we add aliquots of Fo fluorescent [MSAAI®*] complex, we adjust by subtracting the final

Vou{(c  Y) Bom all data. Practicallyou{c V) @as taken at a concentration much larger

thancy. = 1/, see below. Henc&ou{c  Y) Becomes 0 by definition. For further analysis of

Vouf(C) which is proportional td(c), wherel(c) is the fluorescence intensity, we assume the
fraction d(c) of the dye complexed by the analyte at an analyte concentcasogiven by a

Langmuirlike relationship (described previously in Section 2.1):

—w  — (7.1)

Wit hdd<IQanki s a stability constant which quar

sensitiser interaction.

Properties ofl(c) ared(0) = 0,d(c) kéfor c << 1k, d(cy) = ¥ forcy, = 1k, andd(c  Y) BY
1 as discussed in Section 2\kui(c) will depend both omf(c), and a number of parameters

specific to a particular experimental setup (length and roughness of the fibre, geometry and
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type of cuvette, intensity and alignment of excitation source, igaihe transimpedance
amplifier, etc...) which will differ between different experimental runs. However, with the help
of Eg. 7.1 we can account for these parameters and determine the stability cknataha

limit- of- detection LoD).

For 6 o ffliore¥cencentbe dye in the absence of analyte issmossive (or weakly
emissive but this is accounted for by the aforementioned prior subtractigs{@)), but
becomes emissive in the presence of analyte. Here this was the case for sefisiith Al
dissolved NaMSAVou(C) is given by the relative fraction of complexed dfE):

Vout (€)= Vb d(c) =Vp — (7.2)

WhereinVe=Vou(C  Y). T® determing, we therefore fitted the experimental{c) data to

Eq. 7.2 using the nelinear fit routine in Origin 2018 software. To evaluate the liroit
detectionfoD) f or an O6o0off Y ondé dye, we conmsi der ed
i.e.c << 1k, where we expect a lineeglationship, asf(c) kdéfor c << 1k. Forc << 1k we

fitted with Voudc) = mc+ b with slope m and intercept & bwith b expected to overlap zero

within at most 1.96e {on a 5% significance level). The analyte concentration atdbBeciop,

is then given by Eq. 2.3 in Section 2.2.1.

To determine unknown Al concentrations we used the standard addition mdtd. We

first subtract the previously established average background frarfsuadata €f. 7.2.6), then

plot background correctedout(Cadd) VS Cadd , fit @ straight line and identify the previously
unknowncsampleas the negative of the intercept of the fitted straight line with the (negative)

Cadd - axis.

For o6on Y off o6 f | uor-fes madinn enitstahdeddohgaealyte makasn a n
the dye becoming neamissive. Here this was the case for the sensingwithr[Al*:MSA]

complex. NowVout(C) is given by the fraction of remaining [RIMSA] complex, 1- d(c):

Vou(€) =Vo [1 - d(c)]= —— (7.3)
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WhereinVo = Vou(c = 0). To determine, we therefore fitted the experimental«(c) data to
Eq. 7.3 using the nelnear fit routine in Origin 2018 software. To evaluateltbh®f or an &6 of
Y on6 dye we again consi derc<olklwhereEg.7.acamt & s n

be approximated by Eq. 7.4:

Vou € ) o(1& ke 1-Vou(c)Mod k cforc << 1/k (7.4)

We therefore plotted 1Vou(c)/Vo vs.c for c << 1k and again fitted a straight limec+ b with
slopem (here expected to equgl and intercepb aband using Eg. 2.3 again to fietho.
Note the different units aghandbb et ween 6off Y ond and o6on Y o

Finally, we quantify the quality of a transducer by definindigure-of-merit (FoM) as
explained earlier in Section (2.2.3). TheM tells the contribution of the transducer to lowering
LoD independent of the contribution kf

7.3 Results and Discussion

731Sensor Cal i brat i®oSensdrsor o6o0off Y ondé Al
Figure7.5 (a and b) show the measunégi(c) for the titration offreshNaMSA solutions in
acidified water as function af = [AlI®*] using different cuvettes. The dataRigure7.5c. is
using the same stock solution asFigure 7.5 (a and b) but with a two month old NaMSA
solution, as described in 7.2.5 and also using a PMMA cuvette.
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Figure 7.5 clearly confirms that the previously known response of morin (or its derivative,
NaMSA) to waterborne At is retained when NaMSA is dissolved in water rather than
immobilised in a membrané the absence of Al, the NaMSA undergoes an intermolecula

PET, therefore it has a weak fluorescence. The PET occurs when the exciting light induces the
lone pair electrons on the donor oxygémdroxyl group)in the free ligand to transfer to the
fluorophore, reducing the fluorescence emissibigyre 7.1a) asdescribed previously in
Section 2.3.1.2. Upon the presence of the waterbortietAbse lone pairs will be involved in
complex formation with the At, which suppresses PET and enhances the fluoresdgguae(

7.1b). The response characteristics areefltivell by the theoretical model, Eq. 7.2, with the
best match in the linear regirng< 1k, which is the most significant for analysis. The resulting
sensor parameters are evaluated as described D theat a Anal ysi sdéaresect i c

summarisedn table 7.1.

Table 7.1
Vo [mV] | k[MY m[MimVv] | bmV]|aeb [|LoD [

PMMA cuvette 1.43 2460 3460 -0.0021] 0.001 0.9
200 €M N =x0.02 + 160 + 60

Steel cuvette 2.51 2800 7790 -0.0018| 0.0011 0.4
200 €M N =£0.03 +180 + 50
PMMA cuvette 1.45+ 1520 2470 0.0025]| 0.0032 3.84

old200 ¢ 0.02 + 80 + 100

NaMSA

Table 7.1: Parameters obtained from fitting the dataFigure 7.5 to Eq. 7.2.
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As expected, thassociationconstantsk, are similar to each other between the different
experimental protocolfor fresh NaMSA solution whildé for the two months old solution is
relatively lower k is a property of the interaction of the dye and the analyte in a given medium
and should therefe not depend on the details and parameters of experiments undertaken to
establish it. We fintkd 2 . SMor tHe (MSA:AI®*] complex when both complex partners

are dissolved in water. This is about 5 times smaller kiHan the [morin:AP*] complex for
(unmodified) morin in a cellulose membrane at a pH in the range L&).5-urther, we find

that unlikek, theLoD does depend on experimental protocol. Using a reflective stainless steel
cuvette leads to a high®b, as defined in Eqg. 7.2, and therefore an improvemenoih To

the best to our knowledge, reflective cuvettes have not been used in any fluorimetric system.
We therefore recommend the use of reflective cuvettes as a measure to ingovith fibre

optic instruments, an opportunity inaccessible to conventitu@imetry. However, even a
conventional PMMA cuvette allows the detection of waterborrié with aLoD of 0.9 M,

bel ow the pot abi I3 degpitelthe mlatively srhatll Whed usinghaged |
solution and a PMMA cuvette we detected watembokP* with aloDo f 3. 8 & M, stil
the potabil it y¥ despitithe relatively Bmad The LMD réported here is
similar to previous work on morin and NaMSA immobilised in a membfaag98][183].

Here we find value for thEoM, as definegreviously by Eq. 2.4 in section 2.2¢&f,FoM a

300 for our fibre optic Lock In transducer, which compares very favourabfpokbd 3 0

reported for conventional fluorimetry of Rlwith morin in[98].

7.3.2 Determining AP+ with Standard Addition Method

Three sampl es, known as O0A, B, Co, wer e an:
additionmethod. Each sample was tested 4 times. The actual concentrations (calculated from

the NaMSA mass and water volume) were not known to the experimenter beforehand, as
solutions A, B, C had been prepared independently by a different worker, who willfully but
secretly chose concentrations overlapping the potability limit §f@l7.4 pM. The resulting

standard addition plots are shown belowrigure7.6.
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Figure 7.6. The standarcddition plots, Yut VS Gdg, fitted with straight lines, a.) for sample
A b.) for sample B and c.) for sample C. The experiment for each sample was repeated 4
times,but graph a and b show less than 4 lines or 4 experiments because of the overlaying

data

131| Page



The APF* concentration in each unknown sample was determined from the standard addition
plots as described in 7.2.7. Table 7.2 summarises all the results and compares them to the actual

concentrations, which were revealed after the analysis was completed.

As intended, the standard addition method providem-&itu calibration to account for the
small differences between the different fibres, which show as slightly different slopes in the
standard addition plots. Nevertheless, the concentrations of samApl8, and C were
determined consistently and repeatedly, with an error similar toLdti® of 0.9 uM,
independent of the actual magnitude of’[plAs the potability limit for AP is 7.4 uM, we
conclude that dissolved NaMSA as used in our instrumeajpiable of assessing the potability

of water with respect to Al.

Table 7.2
Sample A] Measured concentration [UM] Actual concentrationuM]
1 3.7
2 2.6 3.85
3 2.2
4 2.6
Sample Bl Measured concentration [uM] Actual concentration[uM]
1 6.4
2 6.5 7
3 6.6
4 7.4
Sample C| Measured concentration [uM] Actual concentration[uM]
1 18.6
2 16.6 17.3
3 17.0
4 18.5

Table 7.2: The results of the standard addition experiments to determindthe
concentration of samples A, B, €@mpared to the actual (calculated) value, which was

revealed to the experimenter only after the measurement
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7.3.3 Sensor Cal i bSemstrs on for 6éonY offo6 F
Figure7.7 shows the measur¥eu(c) for the titration ofsolutions of [MSAAI®*] complex in

acidified water of pH =5i.e.af t er odact i vat i*andescribéd inNecibB A b y
7.2.5, as function ofc = [F] using different cuvettedigure 7.7c repeats the experiment

shown inFigure7.7 (a and b) with a NaMSA solution that was aged for two months.
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solution as measured in the stainless steel cuvette, and c.) two months old NaMSA measured

), pPH =

5, and &'cshiwnm agairstdconeeéntration foln ¢ M o f

t o sélid IméVs a filtdntlee data using Eq. 7.Bhe insets show the linear
concentrations wpea)fresh50 & M.
solution as measured in the P

eM NaMSA

in a PMMA cuvette.
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Figure7.7c | ear |y t hat

shows af t e r*todoanctheiMSAAIT] 0 n 6
this t hen

previously considered a dye for the detection of Ahat can be recoverday adding high

of

compl ex, compl ex ser vesNaMSAwasn Oo0n
concentrations of Hor decomplexation of [MSAAI®*] by F [183]. Here we show that

NaMSA is in fact a dye suitable for the sensing of eithét, Air F, whichever is of interest.

F sensitivity can be activated at will, simply by prior addition of*Ahs described in section
7.2.5.Figure7.7c. shows that once NaM$as been activated with #J it remains active for

fluoride sensing even after two months of ageing under ambient conditions.

For quantitative analysis, the response characteristics were fitted to Ed.oD8were
evaluated from the plots according to Eqg. 7.4, as shown as indéigute 7.7 (a to c), as

discussed in section 7.2.7. The results are summarised in table 7.3.

Table 7.3
Vo[mV] kK[M?Y | m[MY b &b |[LoD |

PMMA cuvette 0.236 16400| 8610 | -0.0047 | 0.00322 1.1
200 &M +0.006 +1500| +10

Steel cuvette 0.390 13800| 7410 | -0.0023| 0.00212 0.9
200 e M +0.010 +1290| +70

PMMA cuvette 0.225 14210| 8400 | -0.0084| 0.006 2.1
aged 2(d =*0.006 +1470| +197

NaMSA

Table 7.3: Parameters such as the-demplexation constant K, slope m, and LoD obtained

from fitting data inFigure 7.7(a to c) to Eq. 7.4.

The constank shown in table 7.3 is the equilibrium constant forcdenplexation of the
[MSA"AI®*] complex in thepresence of £ Unsurprisingly, this is different from thke
previously determined which describes the complexation of M&A Al®* in the absence of

F. The decomplexation constant is larger, but again it is similar between different
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experimental contions, as expectedAgain, thek for aged NaMSA solution activated with
Al®* is similar to that obtained from fresh solution. NaMSA solution is stable for at least 2
months. Also, the use of a reflective (stainless steel) cuvette again improkePtt@mpared

with the PMMA cuvetteThe LoDs reported for fresh and aged [MSAI®*] solution are far
below the potability levelfor®B n  dr i n ki n d3]. Asdangeas an exté&ss of WBA
activated by Al* by its addition into the fluorideensitive [MSAAI®*] complex, the solution

can be used as agensor with ahoD well below the potability limitNote, we have,. = 1ka

70e M, hence t hecortengahoa sf 6 MM weas dlneost 10B times larger taan

It is therefore fair to approximakéu(c Y Dby Vou(6mM), cf. 7.2.7.

Given the price of the initial morin dye (£72.60 for 10 g) and/télkel of 7g NaMSA from 10g
morin, each £1 spent on morin dye would provide sufficient solution to fill ~ 4000 cuvettes
with 300egL of 200 &M NaMSA solution. We thei

rather than attempting to-tese dye solutions.

7.3.4 Selectivity for Fluoride over Chloride
We have tested the selectivity of the [MS3¥M3*] complex as a sensitiser for fluoride by
considering chloride as a potential interferant-igure7.8 we compare fluoride and chloride

titrations under otherwise identical conditions.

136| Page



® CI'

Vout(C)ng)

-
—
1

=
o
L

| - W |

0 1000 2000 3000 4000 5000 6000
[cl(uM)

Figure 7.8.Vou{ c) as a measure of the fluorescence
water acti vat é&dhowniagamst&l@d Cechhcentfatios Lsing the PMMA

cuvette. The solid lines represent fits to the data according to Eq. 7.3.

Figure7.8 shows a strong preference of the [M3/*] complex to undergo decomplexation

in the presence of Bver ClI. The (weak) response to Gloes not fit to the model presented in

Eqg. 7.3 well, but when forcibly fitted, nevertheless, we firel 44 M1, hence selectivityas

described previously in Section 2.2.4 and Eqifduantified by logK(F)/kCl) ) aMoke. 5 .
pragmatically, even large amounts of @ not reduce the fluorescence intensity to less than

85%of its original value whilefat t he potability | imit of 79 ¢
to about half of its initial value. Interference from tBkerefore does not compromise the ability

of [MSA":AI®*"] fluorimetry to assess potability with respect to F

7.3.5 The Effect of Simultaneous Presence of Bnd Al** on Activated NaMSA

In order to investigate the behaviour of our sensitiser to sarnfesimultaneously contain

fluoride anda | umi ni um, we first activated a®*200 &M
Then we tested the response of this solution by titrating with a mixed (0.75 /26 mM
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AlI®" solution, prepared as described in section 7Rdure 7.9 showsVoufirst increasing
under the initial activation of NaMSA solution with 3l and then its development under

titration with the 3:1 mole/mole mixed FAI®* solution.

0.7

SubeuL 6pL
0.6 - b op o ek e e

0.5+

50 uM
ox
0.2 \

0 100 200 300 400 500 600
Time (s)

Figure 7.9.Vou{ mMV) as a measure of the fluorescenc
acidified water. The first arr &uwhesubseuenat es N
arrows indicate the addition of aliquots of (0.75 mM / 0.25 mi&ed F/ AI* solution.

Figure7.9 shows only a weak response to the addition of mixed 0.75 mML.E5 mM AP*
solution. Note that t h¢0.2amMAFtsolationleadsto@fihale L o f
concentratioh d6.MA°388nM2t eeM cFuvet t e.F (Wthoatvi ous |
any APY reduced the fluorescence of an activated NaMSA solution by 66.3% of its initial
value as shown ifigure7 . 7 (a) . Whi | e ahdedreed, i11n3 9p.a2r aclM eo f v
Al®*reduced the fluostence intensity by only 9.4% of its initial value. On the other hand, the
addition of more Al* would be expected to further increase fluorescence intensity, however
thisis not observed when the #lis added in a 1:3 ratio with fluoride. When fluorideda
aluminium ardb al anced 3: 1, they act to cancel out
intensity of a 200 &M Na MS®ASushoalsalutian s theredocet i v a t
not suitable for sensing either fluoride or aluminium in samplesagony both in (3:1)

balanced proportions. It may be possible to sendei\imixed AFY/F samples when using
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NaMSA that is at first not activated at all with®Aland to sense I mixed APF*/F samples

when using NaMSA that i s *@nthefsanseftcontaihinglah y 6 a
excess of A" over NaMSA), but this was not explored hekefalse negative result may be

obtained if both Al* and F are present in the test sampléhia 1:3 ratio (v/v), as their opposing

actions cancel each other, this outcome could be avoided in future studies by applying either
cation or anion exchange to the sample prior to sensing to remove eitié¢?'thad Fions

(discussed in the future wosection 8.2).

7.3.6 Comparison to Prior Fluorimetric AI** and F Sensors

To assess the quality of our sensors, and in particular our transducer concept, we compare our
results fork andLoD to previous reports on fluorimetric #land F sensors. A goodensor

should have a lowoD. However, thd.oD is controlled by two factors, ywhich quantifies

the o6strengthdé of t hecfdheiatioguttien okin theecantextofi ser i
Eqg. 7.1 in section 7.2.7), and the sigth oi se r ati o of the transd
dimensionles$oM (as defined in section 2.2.3) separates the contribution of the transducer

from the contribution ok. Table 7.4 summarisé&sLoD, andFoM for a number of fluorimetric

sensorsfor both AP* and F using different sensitisers and transdscevrorking in different

media.
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Table 7.4

No. | Analyte kMY LoD [M] | FoM Medium Ref.
1 Al®* k=3.3 x 16 1x10 ° 30 MeCN [186]
2 Al3* k=5 x 1G 1x10 © 200 DMF /| HEPES [187]
3 Al3* k=3.68 x 10 1x10 © 27 MeCN / Water [188]
4 Al3 k=1.84 x 18 2.3x10 7 | 236 Buffer solution [189]
5 Al®* k=1 x 10 6x10 17 DMSO / Water [190]
6 | A% k=9.87 x 10 3x108 | 337 HEPES buffer [191]
7 Al3* k=8.5x 108 1.05x168 | 112 DMSO / Water [192]
8 Al3* k=5 x 10° 1.35x 109 | 148 DI Water [193]
9 Al3* k=2.8 x 1G 4x10 7 893 | Acidified DI Water This

work

10 F k=4.49 x 16 1x10° 223 | HEPES buffer / DMSQO

[194]

11| F k=4.69 x 10 58x107 | 37 MeCN [195]
v I = E— 9x10 6 |- DMSO [196]
13 F k=1x 10" 243 x 1068 41 CHCl3

[197]

14 F- k=1.38 x 108 9x10 ’ 81 Acidified DI Water This

work

Table 7.4: Performance parameters of different fluorimetrié*Adnd F sensors. Collated
from the literature, and from tables 7.1 and 7.3 for values measured in this work. The
abbreviations used for the different media refer to MeCN: Acetonitrile, DMSO:
Dimethylsulfoxide, DMF: Dimethylformamide, and Ckt@hloroform.
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We nde that a number of reports sensed*Ar F in aprotic polar organic solvents,g.
acetonitrile (MeCN), chloroform, dimethylsulfoxide (DMSO) or dimethylformamide (DMF),
or mixtures of such solvents with water, presumably because the sensitiser wascitde m
with water. This rather divorces such research from practical applications stehtasting

of drinking water. Also, table 7.4 mostly shows sensitisers for eith®r & F, but not for
both. The use of watesoluble NaMSA works in aqueous nigh without organic additives,
and can be adapted to sense bofia#id F. NaMSA (for Auminiumsensing) and its activated
counterpart (for fluoride sensing) provitdleDs below the potability limits for both Af and

F. Therefore our transducer compadavourably among the sensors working in aqueous

medium, since our approach leads to the Best for both AP* and F sensing.

7.4 Conclusions

We extend the use of morin or its derivatives as atisAle | ecti ve o6o0off Y on
sensitiser whemmmobilised in a phase transfer membrane to a morin derivative, NaMSA,
dissolved in water, avoiding the need for membrane preparation. A fibre optic transducer to
demonstrate Al detection in drinking water well below the potability limit was developed.

The dye is very cheap and its stability in solution over several months was demonstrated. It is
possible to reliably quantify the concentration of*Alising the standard addition method.

Further, by exposure to fluoride J@nions the A} cation sensorsan be recovered. Here, we

also utilise the selective recovery of the dissolved NaMSIA" complex by exposure to ©
develop a fully O0complementarydéd sensor for e
LoDsbelow the potability limit for botlof these important water pollutants. Dissolved NaMSA

wor ks as an 06 o f3fcatigns.nnforder B bexame sehsiive totlkd NaMSA
mustfirstbedact i vat edd by teforimithe [MSA A1) gompded, avhiich g A |
thenactsasasesi ti ser for 6on Y of énin. h complemerdgacye nt s
sensing, the conventional di st i ncWeipmposeb et we ¢
that other ion selective dyes with known recovery agents could be used in a siamiarno

produce a wide range of low castmplementary ion sensoiihe lockin fibre optic transducer

concept developed in this work is recommended as an alternative to conventional

spectrofluorimeters, which can demonstrate a hifbare- of- merit atlower footprint.
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Chapter 8: Overall Conclusions and Proposed Future Work
8.1 Overall Conclusions

A portable, inexpensive, sensitive fibre optic Bvensducerbased on lockn detection
originally designed bypr AbrahamKirwa [37][38] as a colometrictransducefor wateborne
analyte sensing applications wdlhow limit of detection [LoD), wasmodified asa part of this

work tobe used as #iuorimetric transducer, and is described in Chapter 5 and also published
in Talanta/126]. Moreover,the modified transducewasdesignedo be versatileallowing it

to beeasily adapted fagitherwaterborneor airborne analytsensing, increasing the range of
potential analytes that can be detecfesia part of thenodification proces® s i de i | | umi ne
was adoptedas it is a superior excitation mode compared witthe evanescentwave
Specifically, as side illumination resuitsa strong fluorescent sigreahd very low(negligible
exciting lightcoupling into the optical fibrehe need for an expensive photodetector and an
optical filter were eliminated which gregtteduces the costin addition, the transducer
developed as a part of this work does not require an optical spectroinateo.can detect
changes in the fluorescence from either a sensitiser film or solution abd caed even when

the sensitiser dgades when repeatedly exposed to the exciting lige.versatility of the
sensor setupas been proveby DNT detectiomat very low diluted levein both mediaFor

both the waterand airborneDNT sensorstte sensitiser was sprapated onto the stripped
section ofan opticalfibresbefore being exposdd variousanalyte concentrations.

The sensor setup works with these multiple sensitisers for the detection of multiple analytes i.e.
Cu?, AI®*, F below their potability limits in watefor the detection of waterbori@®r”, the
sensitisef(Probe 1 film) was immobilised in a plasticised polyvinyl chloride (PVC) membrane.
The sensitised film membrane was -@ipated onto the stripped section of aniagitfibre
before beingexposed to a range of €woncentrations. On the other hands, the detection of
Al®*, F was carried outby using watesoluble (NaMSA). | have shown that, bysing the
complementary recovelign for established sensitisetBe i range can be further extended
this is probably generi@ndapplicable for all recoverable sensitisers and therefore significantly
expands the range of @etable ionsThe list of aims in Chapter 1 Sectior8 have been met
except the detection of vetgxic ions i.e. Hg", PI?*, C* andthe detectiorof explosives by
usingdesignated explosives sensitiser, suchipamtiptycené. The sensing of these ionas

not been conductdskcause they are very toxic and solutions contaminated with them must be

disposed according to strict guidelines in a designetethiner The detection of explosives
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was achieved bysinga generic sensitiser i.e. MDMPPV instead ofdesignated explosas
sensitiser, such dpentiptycené b ecause it walsheliave our trmns@ucet a b | e
with suitable sensitiseanmost likelydetect thesanalyteselow theirallowablelevelin air

or water.

8.2 Proposed Future Work

As in allresearch, the present work is not without its limitations, which could be addressed in
future investigations, with some suggestions provided below:

1. Given thatMDMO-PPVwas shown to degrade consideralhder side illumination due to

the high intensity of exciting light, exposing the MDMO or other lghnsitive fluorophores

to exciting lightof a lower intensitywill reducefluorescence degradatievhenan optimised
operational procedufge.shortexc t at i o n o r intérvalg $eparatecby langear aark 6
periodg is adoptedin addition, if the absorption band of the fluorophore is broad, it is better
to excite the fluorophore with longer wavelength andeduce thenergy per photoand so
reduce the fluorescence degradation.

2. Thetransducedeveloped as a part of the present study could also barusedjunction

with fluorescent polymers specifically designed and synthesised for capturing nitroaromatic
airborne analytesuch as thdrom the pentiptycene familyas discussed §wageret al.[82].
Swageret al. [82] useda photomultipliefbased fluorescence measurement sanghhave
already shown that such polymers can yi¢ldD of the order of a few parts per trillioin

future studies, there is grgadtential foimproving upon thisoutcome by adopting tHeck-in

fibre optic instrumentescribed in this thesisbecause it reduces the signal to nors¢he
measurement. It also all@ior a simpler experimental setup without the need for an expensive
photomultiplier It would also be beneficial itsethesystendeveloped in this researtdr the
sensing of either airborne or waterborne analytes @vexciting light causes sensitiser
degradationwhich is a common issue that has been neglectedny extantreports[1][198].

In our system, theldorescence degradation unrelated to the analyte can be minimised by
shortening the pulses of the exciting light. Thes account for the remaining degradatibn

still existingto have an accurate sensing data.

3. The lock-in fibre optic sensor approaatescribed here can also bpplied with similar
sensitisers that exhibit aggregatimluced emission (AIE) when dissolved in a mixture of

organic solvent/nosolvent(usually wate), which couldbe converted into plasticised PVC
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membrane filmsusing the pproach described in this thesibhis strategy would prevent
exposure to harmful organic solvenluring analyte sensing experimgrior an examplean
Anthracene based @nthracen2-yliminomethyl)}napthaler2-ol (AIN) has exhibited an AIE
characterist andusedasoh of f f | uor e s %detedtion asereperted[i9d.or Hg
Therefore, it has a great potential to be immobilised in a plasticised PVC membrane for the

detection of H§" below its potability limit.

5. Using the methods described here as a starting peflgctive cuvettesiith enhanced.oD

can be developed@hecuvetteadopted in the present stueiflectsonly a portion ofluorescen

light towards the roughew section of the fibre, which guides the fluorescence to the
photodiode (PD)while theremainingfluorescence is dispersethus, in future studieshe

C u v e design @éasbe improved ta@onfine and focus the majority of fluorestsignalonto

the opti@l fibre. The proposed cuvette must contain only three heitsthe diameters
corresponding to thosH the fibre coretheLED cap, andhepipette tip (for analyte titrations)

respectively, these design changes waouiltimise dispersiownf the fluoresence.

6. In the present study, it was shown th&tMSA fluorescencas enhanced ithe presence

of AI** due tothe formation off MSA™:AI®*] complex while the fluorescence of partially
activated NaMSA is quenched in the presence oHBwever,given thata false negative
result may bebtainedf both AI** and F are present in the test sample in the 1:3 r@tio),
astheir opposing actions cancel each othieis outcomesould be avoideth future studies

by applying either cation or anion &@xange to the sample prior to sensing to remove either
the F or AI®** ions. For instanceAl®* can be removed bwdding dihydrogenphosphate
(H2PQOy) anion to the water samplethereascommercialy availablePurolite A520E resin

could potentially be usetb remover [200].

7. Finally, asphosphate can form a strong complex with aluminium which does not readily
dissociate unleghiepH of the mediunms veryhigh[201], anNaMSA solution thats partially
or fully activatedoy aluminium can be used future investigationasanonY off fluorescence

sensor for phosphate anidatectionn water. The chemical reaction will be:

[MSA™:AI*"] (strong fluorescence)+aRQr —» Al3(PQu)2 + MSA™ (weak fluorescence)
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PublishedWork during my PhD Unrelated to this Thesis

Al Baroot, A.,Alshammari, A. and Grell, M., 2019. Electrochemical gating of a hydrophobic
organic semiconductor with aqueous mediasin Solid Films669, pp.665669.

| have prepared acid soluti®such as acetic acid and picric a@\) in variousconcentrations.

| alsohave contributed tohe discussion of the resuliacluding the properties of PAnd
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Appendices

Appendix I. LoDs of Heavy Metals Obtained by the ICRMS, ICP-AES, GFAAS and
FASS techniques.

Heavy Metal Reported LoDs by different techniques
ICP-MS [nM] ICP-AES GFAAS FASS
[202] [NM] [203] [NM] [204] [205]
Lead 0.58 4.3 0.12 8.2
Cadmium 0.03 4.45 11.6
Mercury 0.12
Copper 59 3.15 0.31 31.5
Aluminum 770
Manganese 9.1 12.7
Cobalt 0.017 13.6 49.2
Nickel 0.085 13.6 46

Appendix Il. Langmuir Adsorption Isotherm Derivation.

If the chemical reaction between the analyte with known concenti@joand the sensitiser
[S] is reversible, the reaction can be expressed as follows:

mwﬁk$m$ (a2.1)

where [AS] represents the concentration of the anadgesitiser complexk is a stability
constant that quantifies the interaction strength between the sensitiser and the analyte. The
interaction reaches stability whémeforward and backward reactisareequal. The forward

reaction occurs when analyte molecules bind to Wladable sites of sensitiser (adsorption).
[A] + [B] =ka[A][S] (a2.2)

The backward reaction is when the analytes molecules separate from the sites of sensitiser.
[A] + [B] = ka [AS] (a2.3)

At the equilibriumforward and backward reaction are equal as follows,
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ka[A][S] = ka[AS]
- - (@2. 4)

The Eq.a2.4 explains the equilibrium between analyte bound on the sensitiser sites and

unbound analyte.

The Langmuir equation relies on the number of available sites, which are homogenous, and the
analyte concentration. THeaction of bound or occupied sites are expressed while the

fractionof unoccupied free sites are expressed ad)(1

The rate of adsorption depends on the numbe]
solution and the analyte concentratoi he rate of desorption is dependent on the number of
sites occupied by the analyte molecules.

Thus, the adsorption ratec (1- d) or =ka ¢ (1- d) and desorption raté d or adsorption rate
=ka d.

At the equilibriumka c (1i d) = ka d and can be written as follows:
KacT kacd=kad (a2.5)

S (a2.6)

When the right hand side of the Eq.@R dividedon the top and bottom ks (ka / ki = k

[206]) we getLangmuir Adsorption equation
—_ — (a2.7)

Eq. a27 represents Langmuir adsorption isotherm in a liquid medium and it can be simply
written for the gas medium as in Eq. (a2.8).

—_ — (a2.9

wherep = partial pressure (fraction of atmospheric pressure) of the analyte, which is equal to
a number fraction (analyte/carrier gas) according to the ideal gas equatic) enskdbility

constant.
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Appendix Ill. Input Signal Processing via Lock-in Amplifier

sin (A +B) = sinAcosB cosAsinB €))
cos (A £B) = cosAcosBsinAsinB (b)
1€ . a
cosAcosB ——2 ] cos (A B) +cos (A+B)y (©
| y
. 16 . . 0]
sinAcosB :E i sin (A +B)+sin(AB) {j (d)
l y
o 1€ oy a
sinAsinB == cos (Ai B)T cos (A + B) {j (e)
2 y
, 1€ . e 0
CosAsinB :E i sin (A +B)i sin (AT B) {j ()
' y

The trigonometrical identities shown above in Egs. (a tevif) be used to show how
mathematically the lockn processsthe input voltage signand reject the noisas briefly
described earlier in this thesish@pter 3,Section 3.3). We dedicate the mathematical
description to clarify the lockh a mp | i f ncton i@ ®ur &pplication.However, the

fundamentalvork of lock-in amplifiershas been previously reported[ir80].

The input voltage signaVsig and the reference signdl are shown in Eg. a3.1 arkgl]. a3.2

respectively

@ O iR 6 e+ UEQI0Q (a3.]

® i Qo (@3.2

The input voltage is multiplied with the reference voltage as follows;

[ W W Wi o0 - 0€ Qi Qi Q¢ o
=o» WwOES o == F"| i ou«li 1 vif . BAES 0 (a3.3

The highlighted sine functions in Eq. a3.3 can be simplified as;
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ww OBT00Ed 0 3 wow OO ,whereA3 odandB=b 0 3

By applying the trigonometrical identity (e), to the Eq. a3.3 we get;
pc(b(b ATHo 5 o 3 ATHo 5 o 3 (a3.9

The Eq. a3.4 can be rewritten as follows;

pco'oo'o ATd 5 o3 AITG 5 o 3 (3.9

AssumingAl (¥L ¥sig)t, A2 (¥L Tv¥sigt andB (, Eq. a3.5becomes as expressed
below
YV Vac{cos (A1 B) (cos (A2 B)} (a3.9

By applying the above trigonometrical identity (b) to the Eq a3.Gete
pcd)d) AT b5 owéjd OES 5 of &g AT O
5 owej OES b5 oi ¢ (@3.9
By rearanging the a3.7 after opening the brackets, we get;
pccb(b AT 5 oné3d AT 5 oné3d OES > o @
OEd 5 o0 (a3.8

When sine €L+ ¥sig) is filtered by the lowpass filter and te&n(¥ ref = ¥ signa) =Sin(0)=0, the

a3.8becomes; P O WEIAT 6O 5 o ATH 5 o (a3.9
If we apply the Eq. a3.9 to the EaB.3 we get;

»  ® Pccbcb Wi AT 5 o ATD b5 o
T EOEI O © wOEJ O (a3.10
Note that, Eg. a3.10 is shown in Section 3.3 a85qlf the output ofligital signal processing

(DSP)passes through a lowpass filter (the basic function ofilmamplifier), all AC signals

will be removed includingcas 5 thus Eq. a3.10 becomes as follows;
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W w P Co’oo’o o £3i
Finally & wis integrated over a timBvia lock in amplifier as follows;

w -, o wQo (@3.1)
WhereT is the time constant which the time is taken by the-lackmplifier to average the
input signal.V1 is the output oDSP after passing through the lowpass filtdhe second
digital chip in the lockin amplifier multipliesVsig with the reference voltage shifted by°90
phase with a similar procedure as outlined above.

V=VLsin¥it +90° orVicosyit
Supporting dail is shownin an appendix (Y.

Appendix IV. Block Diagram of the Lock-In (USBLockIn250) lllustrating the Function

of the Basic Components.

mnput gain

4
1| y 2 5 5
signal 1n —(amplification ADC LP i ? »
B oo —
nalogue g @A X/Y -> R
«—> ” —|
i LP ‘ » |
output gain
|
l !
reference out é(amplificationH DAC digital '.‘,_:.
TTL out ¢ : A A | Lock-In input signals
frequency
RefIn -TTL Phase shifter | phasey

harmonic h

Figure Al. This diagram is taken frofi30]and already discussed in Chapter 3.

At stage 1: The input signal of the leckamplifier is amplified by different factors depending
on the chosen gain dynamic. Thus, the signal is amplified by a factor of 100, 10, 1 when the
lock-in is set to lev, normal, and high dynamic respectively.

At stage 2: The amplified signal is digitized.
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