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Abstract

Lead is an element with harmful effects to man and whose uses are being
increasingly subject to legislations. This thesis describes the incorporation of
two lead-sensitive reagents in different fibre optic sensing configurations. The
reagents were carefully selected for their response towards lead. A probe was
built for each reagent and a sensor system designed, constructed and tested
with each probe followed by analysis of the experimental data obtained from
them.

The first reagent is a chromogenic dye whose absorption spectrum changes in
the presence of lead ions. In this work, a reflectance-based probe is built and
tested to exploit this feature. A robust referencing technique based on the
performance of the probe is developed that allows the sensor to operate amid
unstable conditions.

The second reagent is a fluorophore whose fluorescence mechanism and
affinity to lead ions are explained in detail. Based on its binding properties with
lead, the sol-gel matrix is selected to encapsulate this reagent and a probe is
thus constructed but in subsequent tests, no response to lead ion is detected. A
hypothesis is put forward to explain the lack of reaction between lead and the
fluorophore in its entrapped environment.

As a result, the fluorophore is then utilised in solution where its characteristics
have already been established and a capillary probe which exploits the capillary
effect for its operation is constructed and evaluated. Existing analytical
techniques are reviewed in this work and compared to fibre optic sensors
whose various sensing configurations are then described. The instrumentation
and measurement techniques used throughout this work are also discussed.

14



Chapter 1

Introduction

1.1. Motivation for this research

Heavy metals are well-known for their toxicity, even in trace amounts. Lead, in
particular, is highly toxic. In view of its toxicity, the World Health Organisation
(WHO) recommends a limit of 10 ppb in drinking water while that of copper is
as high as 2 ppm [1]. Copper is beneficial to human biological systems in trace

amounts while lead has no known biological importance.

The toxicity of lead is well documented [2-6]. Lead affects humans more
severely at the infantile stage or even earlier during gestation. The nervous
system is impaired, resulting in the lowering of 1Q [4]; the reproductive system,
haemoglobin synthesis and kidneys are also severely affected [2]. Lead is also
a suspected carcinogen and has been classified as a possible carcinogen
(category 2B) by WHO [6].

The high toxicity of lead lies in its chronic exposure at low levels as the body
cannot get rid of this heavy metal. Once in the body, lead will be stored in the
bones and be slowly released even after exposure has ceased. In women, it
can cross the placenta during pregnancy and affect the development of unborn
babies [4].

Apart from its toxicity, it also has adverse effects on new technology, for

example, being a poison for car catalysts [7].
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The health/green issue is not always a priority incentive for monitoring.
Precision farming requires environmental monitoring to use exact amounts of
fertilizers and pesticides for economical reasons. Reducing runoffs of these
chemicals for the protection of the ecosystem comes second. Industrial
monitoring may be required to show compliance with regulations for e.g.
emissions from coal-powered stations but may also be for process efficiency
e.g. waste waters from textile factories. Safety monitoring ensures first and
foremost the safety of workers in areas of hazardous conditions, for e.g. the

storage of combustible or radioactive materials [8].

The main source of exposure to lead in the developed world used to be
airborne particles arising from the combustion of leaded fuels. The
concentration of lead in the air has dropped by nearly 100% in the US since
combustion of leaded fuels has ceased [3]. From 1976 to 1980, before the use
of unleaded gasoline, US children 1 to 5 years of age had a median blood lead
concentration of 15ug/dL [4]. In 1988-1991, the median was 3.6 pg/dL; in 1999,
the median was 1.9 pg/dL, as illustrated in Fig. 1.1. Leaded fuels are, however,

still widely in use in developing countries [2].

Other main sources of exposure are from old paint, lead-acid batteries,
smelters, solders, lead pipes and agricultural wastes. Fertilizers are a much
neglected source of heavy metals which can easily enter the food chain and
also expose farm workers. The concentration of heavy metals in fertilizers
ranges from 1-10 parts per million (ppm) [9]. Lead, once extracted, cannot
degrade and stays in the environment forever. As landfill sites keep
accumulating such heavy metals, they become a potentially major source of

leaching.
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Fig. 1.1 Median lead concentration in blood in children [2].

Uses of lead and its compounds are increasing despite the phasing-out of
leaded petrol, greater environmental awareness and tighter regulations. The
biggest increase has been in lead batteries. Other applications are wide and
varied and have been found in polyvinylchloride (PVC) stabilisers, alloys,
ammunition, glass pigments, cable sheathing, cosmetics and foil wine wrappers
[2]. An article entitled “Discussions reveal deep division on safety of synthetic
ingredients” published by the respectable trade magazine Cosmetics Design
Europe mentions that lead was found in lipstick and a full investigation called
for in the US [10]. The trend is now to use substitutes for lead where possible,
for e.g. lead-free solder, copper or PVC water pipes, steel ammunitions and

iron weights on fishing lines [2].

As a result, the use of lead and its compounds are heavily regulated and limits
are imposed in various applications. These limits differ depending on countries,
agreements and area of application. Examples include the Waste of Electrical
and Electronic Equipment (WEEE) [11] and the Restriction of Hazardous

17



Substances (RoHS) Directives [11]. WEEE regulates heavy metals and toxic
substances that can be used in the manufacture of electrical equipment and
introduces a recycling scheme for waste electrical equipment. RoOHS requires
substitution of heavy metals with less hazardous materials where possible.

In addition, an aspect of the EU Directive on toys safety regulates the level of
lead and other toxic metals in children’s toys [12]; The Registration, Evaluation,
Authorisation and restriction of Chemical substances regulation (REACH) [13]
restricts the use of a large number of chemicals in industries while there are
already limits imposed on lead in unleaded petrol in the EU [14]. The Landfill
Directive limits the amount of heavy metal wastes that enter these sites; in
particular, it defines hazardous wastes and states concentration limits that may
be disposed of in landfill sites [15]. In fact, the EU is becoming the world’s chief
regulator, according to the Economist [16]. From this point of view, any
regulations adopted by the EU within its borders are likely to be picked up by
other countries, including the US.

It follows that there is an increasing need for monitoring heavy metals to show
compliance with the growing number of such regulations. Monitoring or
measurement is becoming rapidly an active area. In fact, sensors are

ubiquitous and essential to an information-dependent society.

Sensors are used in all types and in a wide range of situations. From simple
ones such as outdoor weather stations for home users, carbon monoxide and
fire alarm detectors to more sophisticated ones in demanding environments
found in car engines and airplanes, there are other systems that may also be
viewed as sensors. Traffic-monitoring software gathers all kinds of data on
traffic that flows through a website and may be used in e-commerce to build a
profile of the clientele. Fingerprint and face recognition systems for ID and
security purposes make multiple measurements on the face or fingerprint and

are processed against a database for correlation. The scanner may be viewed

18



as the sensor transducer, the measurements make up the sensor signal and,

after data processing and analysis, the output may be a stop or go.

1.2. Existing analytical techniques

1.2.1. Instrumentation type methods

Various techniques exist for the determination of heavy metals. The well-
established conventional ones include Atomic Absorption Spectrometry (AAS),
Flame Atomic Absorption Spectrometry (FAAS) and Graphite Furnace Atomic
Absorption Spectrometry (GF-AAS).

In AAS compounds are broken apart into atoms at sufficiently high
temperatures. These gaseous atoms, present in their ground state, can absorb
energy of their own specific wavelength. When light of the resonance
wavelength is passed through these atoms, it will be absorbed and the extent of
absorption will be proportional to the number of atoms in the ground state.
Atomization generally requires energy and may use different sources of energy,
for example, a flame, an electrically heated furnace or an inductive-coupled
plasma [17, 18]. Rapsomanikis reported a detection limit of 0.18pg/mL or 0.18
parts per trillion (ppt) using AAS [19].

In FAAS, the sample and air are mixed before being ignited at 2400 - 2700K
with an acetylene-air mixture. The sample solution is drawn into the nebulizer
and the liquid is broken down into a fine mist as it leaves the tip of the
nebulizer. Only about 5% of the initial sample reaches the flame where it is
evaporated and dissociated into its constituent atoms [17, 20]. GF-AAS has a
greater sensitivity compared to FAAS. The whole sample injected is atomized
and the graphite furnace confines the atomized sample in the optical path for a
residence time of several seconds resulting in high sensitivity. Additionally a

smaller volume of sample is required [20].
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X-ray fluorescence spectrometry is a non-destructive spectrochemical method
and can be used to analyse from 100% to a few parts per million. It involves
fluorescence measurements of samples after excitation with X-ray radiation.

The emission of each element is unique due to its atomic structure [21].

These techniques are well developed and provide excellent results in terms of
sensitivity and selectivity but often require extensive sample preparation [22-
24]. They are mostly designed as laboratory instrumentation and are therefore
bulky and expensive to purchase. As a result, other simpler analytical
techniques have been developed, such as electrochemical devices [25], the pH

meter being a well-known example and optical sensors.

1.2.2. Sensor types

The field of electrochemical sensors includes techniques such as ion-selective
electrodes, voltammetry, conductimetry, amperometry and potentiometry and
are commonly used in the determination of heavy metals [26, 27]. The
concentration of a chemical species is obtained by measuring changes in an
electrical quantity such as current as a result of applied voltage with respect to
time at electrodes plunged in the sample solution. Faraday’s Law is used,
whereby the charge is directly proportional to the amount of chemical species

undergoing a redox reaction.

For instance, in a potentiometric sensor, the signal measured is the potential
difference between the working electrode and the reference electrode under
zero current flow. The potential of the working electrode depends on the
concentration of the analyte while the reference electrode serves to provide a
reference potential. Potentiometric sensors are usually used in gas sensing

instead of aqueous ions as water is an electrolyte. Selectivity and stability of the
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sensor may be enhanced by use of a non-conducting membrane at the working

electrode.

A heavy metal ion sensor based on conductometry was reported by S.M. Lee
and W.-Y. Lee using urease to produce a measurable enzymatic activity [28].
The conductometric sensor does not require a reference electrode but uses
only one electrode upon which the urease is immobilised using sol-gel. The
electrode measures the admittance of the sample solution before and after
addition of the analyte. The detection limit was 5 uM and 900 uM for mercury

(I and lead (Il) ions respectively.

A voltammetric technique reported by Yantasee and co-workers achieved a
detection limit of 0.5 ppb and 3 ppb for Pb?* and Hg?* respectively but required
a preconcentration time of 20 minutes to reach these detection limits [29].
Whilst detection limits of electrochemical sensors are in general around the ppb

level, challenges remain, especially in the area of selectivity [30].

Optical sensors are based on the interaction of light with the analyte. If there is
no possible interaction, a chemical transducer is used to provide an optically
detectable change in the presence of the analyte. The use of optical fibres
renders an optical sensor more compact, portable and allows remote sensing.
There are also techniques exclusive to optical fibres such as short and long
period gratings and evanescent wave sensing. Since this thesis is devoted to
fibore optic chemical sensing, more details will be given in the following

chapters.

Before embarking on an assessment of fibre optic chemical sensors, it is worth
pointing out for the sake of completeness that other types of sensors also exist.
Clifford Ho and co-workers give a review of sensors for environmental
monitoring [31]. Some sensors covered include nanoelectrode arrays,

radioisotope sensors, grating light reflection spectroelectrochemistry and
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surface acoustic wave sensors. Liu and Ji developed a hydrogel swelling
microcantilever sensor for the detection of lead (Il) ions [32]. The hydrogel was
spiked with a lead-sensitive molecule which caused the hydrogel to absorb
water and swell in the presence of lead in an aqueous sample. The swelling
hydrogel caused the microcantilever to bend and its deflection was measured
with a laser. A detection limit in the micromolar (uM) range could be achieved in

this way.

1.2.3. Fibre Optic Sensors

Fibre optic chemical sensors (FOCS) offer the following advantages [33]:

1. Ease of miniaturisation. This is useful for invasive procedures and minute
sample volumes.

2. A separate probe for referencing is not required as opposed to
potentiometry where a reference electrode is used to measure the
difference in potentials.

3. Immunity to electrical and magnetic interference at the probe since the
signal is optical. Conversely, it does not present an electrical hazard risk.

4.  Simultaneous sensing of different analytes by bundling the fibres together.
Excellent temperature, radiation and chemical resistance, especially when
using silica fibres.

6. Large signal bandwidth.

7. Versatility in measurement scheme — intensity, lifetime, wavelength or
polarization.

8. A modular design with easily replaceable parts which can be used to alter
the sensor. Replacing the probe easily is useful in disposable sensors.

9. Distributed measurement via the whole length of fibre.

10. Wide choice of fibres (quartz, doped, plastic, polarization-maintaining) and
materials as well as cheap compatible devices (LEDs, laser diodes,

splitters, couplers) from the telecoms industry.
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Some disadvantages are [33]:

Interference from background light
Membrane deterioration and leaching
Limited response time

Narrow dynamic range

ok~ 0N PE

No suitable optical transducer

Background light interference may be minimised with the use of proper sensor
packaging painted black to absorb stray light. Alternatively, lock-in amplifiers
may be used and requires modulation of the light source at a given frequency.
In the past, a mechanical chopper was used for this purpose; nowadays, with
the widespread use of LEDs and laser diodes, electronic modulation has
become more widespread. Although lock-in amplifiers are able to give excellent
signal-to-noise ratios, they can be relatively expensive and do not remove the
need for a judicious sensor packaging as this is still needed to protect the probe

from mechanical damage and dirt, especially in harsh environments.

Membranes may leach the embedded reagent over time or exhibit undesired
fluorescence, especially with carbon-based material. In addition, because the
reagent is embedded inside the membrane and is repeatedly exposed to strong
light, it is more prone to photo-degradation effects such as photo-bleaching and

photo-decomposition.

The immobilisation of a reagent within a membrane may modify it and
adversely affect its sensitivity towards the analyte of interest. In fact, it is widely
known that the response of a reagent towards a particular analyte will vary
depending on its immediate environment, i.e. whether it is free to move in
solution or immobilised within a matrix. Flamini and co-workers studied a ligand

for the detection of mercury ions in both homogeneous solution and in a
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polymeric sol-gel thin film [34]. He reported an enhancement in the stability of
the ligand in the air when immobilised in the polymeric sl-gel film but with a
slower response and a less favourable detection limit than in solution. The
absorption spectrum of the ligand was also different in immobilised form and
was due to around 20% in the film not contributing to the absorption but rather

scattering or reflecting the radiation.

At times, the sensitivity of the reagent towards the analyte may disappear
completely. This occurs if the site of binding between the reagent and the
analyte is used to bind the reagent to the membrane, either in a covalent bond
or in an electrostatic bond. If the reagent binds to the analyte via an
electrostatic attraction, as is often the case for ionic species, then electrostatic
immobilisation of the reagent on, for e.g. an ion-exchange resin, may
destabilise the charge distribution on the reagent and disrupt the electrostatic
attraction between it and the analyte, even if the electrostatic immobilisation of
the reagent onto the resin is not done at the site of binding between the reagent
and the analyte. Optical properties of fluorescent polymers cast as films were

found to be not as sharp as in solution due to a lower extent of conjugation [35].

Often, the reagent is purposefully modified to make it compatible with the
membrane. The chromogenic indicator Pyrocatechol Violet (PV) was used by
Steinberg et al to produce an optical sensor membrane [36]. The hydrophilic
indicator had to be lipophilised to render it compatible with the PVC polymer in
which it was immobilised. Following immobilisation, PV changed colour from
yellow to green with maximum absorption at 740nm following 10min exposure
to copper ions.

The presence of a membrane will also slow down the time response of the
sensor. Since the reagent and the indicator are in two different phases, mass
transfer from one phase to another or, in other words, the extraction of the
analyte into the membrane, is necessary to achieve a steady-state equilibrium.

In addition to this, the membrane strongly affects the range of the sensor as it is
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the amount of reagent within it that will take part in a chemical reaction or
equilibrium with the analyte. The membrane can only hold a finite amount of the
reagent. In comparison, electrochemical sensors display a much wider dynamic
range than corresponding optical sensors. Optical pH sensor responses are

sigmoidal while their electrochemical counterparts are linear [37].

The solution to avoid all these issues is to get rid of membranes completely as
has been done in Chapter 5. Membranes are not required when an indicator is
not necessary to optically signal the presence of the analyte if the latter already
possesses some optically measurable characteristic such as absorption.
Sensors based on the intrinsic properties of the analyte are called intrinsic
sensors and are discussed in section 1.3.1.

Where a reagent is necessary and the use of membranes or solid supports
cannot be avoided, their effect may often be minimised through the use of
referencing techniques as discussed later in sections 2.4 and 3.4.3. The
presence of a membrane frequently allows the sensor to become reversible as
the reagent is trapped within it; otherwise once the sensor becomes a one-shot
test as the reagent mixes with the sample solution and reacts with the analyte.
The probe developed in Chapter 5 is an example.

The use of membranes is also advantageous when multi-analyte sensors are
being developed. In an optical fibre configuration, membranes containing
different reagents could be separately coated along the length of the fibre to

exploit the evanescent wave interaction.

Kieslinger et al designed a capillary waveguide sensor to measure three
different analytes in a single capillary tube [38]. The capillary tube was first
coated with a polymer layer which was subsequently removed except for a
segment in the middle. The other two ends of the tube were similar coated to

result in a capillary tube with three separate segments of polymers doped with
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reagents. Detection is performed by measuring the emission fluorescence
propagating along the capillary waveguide. If the emission from each reagent is
at a different wavelength, then it is possible to analyse each individually.
Capillary sensors are discussed in Chapter 5.

Elsewhere, Malins and co-workers developed a multi-analyte optical chemical
sensor to simultaneously sense for oxygen and carbon dioxide [39]. A Perspex
planar waveguide was embossed with flat arrays into which single drops of sol-
gel each containing a different reagent were deposited and the waveguide
accelerated in a spin-coating machine. The resulting discrete pattern of sol-gel
coatings was excited by means of a single LED via an evanescent wave
interaction while measurement of the quenched fluorescence was performed
with a CCD imaging camera. The use of sol-gel in sensors is discussed in
Chapter 4.

While these two examples do not involve optical fibres, they serve to
demonstrate how membranes and other solid supports may be ingeniously
used to design sensors for simultaneous measurements of several analytes.
Furthermore, although membranes limit the dynamic range of the sensor as
discussed above, they can be used to adjust it to suit the application. A large
amount of reagent doped into a membrane may render the sensor response
sluggish; on the other hand, a low level of doping will give a rapid response
though with a limited dynamic range. This is exemplified in work described in
Chapter 3. In addition, a sharp sensor response is not always necessary if long-

term monitoring is being performed.

In keeping with multiple reagents, a dual life-time referenced optical sensor
membrane for the determination of copper ions was reported by Mayr et al [40].
This elegant technique [41] which has been patented [42] makes use of a short
lifetime copper-sensitive fluorophore and an inert long lifetime reference

fluorophore, both immobilised onto polymer beads and embedded in a hydrogel
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membrane. The two fluorophores must have similar excitation and emission
spectra so that they can be excited by the same LED and their emission
measured with the same detector. While the reference fluorophore provides a
constant emission intensity level, the level of emission of the other fluorophore
depends on the copper concentration. The intensity being detected is a ratio of
the two; thus a sinusoidally modulated excitation light will result in a phase shift

at the detector level dependent on the copper concentration.

Consequently, an intensity variation has been transformed into a phase-shift
measurand. While this seems advantageous a priori due to the inherent
resilience against noise, the whole scheme depends heavily on the fact that the
emission from the reference fluorophore is constant throughout. Any changes in
the immediate environment of the two fluorophores will affect them unequally
as they are different. Thus, it is hard to guarantee a stable reference level as, in
the experience of the author, factors such as leaching, temperature and pH
variations may interfere with the emission intensity and lead to erroneous
measurements. These factors are the very reasons why referencing schemes

are implemented in the first place in intensity measurement configurations.

Finally, a disadvantage of FOCS is that the sensing chemistry is the limiting
factor, either in terms of selectivity or sensitivity. There might not be any
suitable indicator in terms of analytical wavelength, compatibility with a

membrane or selectivity available for a particular analyte [37].

It is with these advantages in mind that we select FOCS and seek to improve or

limit their disadvantages for our application purposes.

The ideal sensor should have the following features:

o linear response over the whole range of interest,

o high sensitivity and selectivity,
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o immediate time response,
o reversible,

e financially viable.

In practice it is impossible to meet all these demands. However, it is possible to
make a reasonable compromise upon certain characteristics depending on the
application required. For example, if the composition of the sample is known to
consist mainly of the analyte, then the selectivity may be reduced in order to
boost the sensor sensitivity. Likewise, if long-term monitoring is envisaged,
rapid sensor response is not useful. Instead, the selectivity or sensitivity may be
improved. The economic viability of the sensor is an important characteristic
where the sensor is proposed to replace a similar existing device or is expected
to be sold to a wide market. If the sensor is to be used in a niche application,
and where its performance is exceptional, these will override the financial

aspect.

Some applications of fibre optic chemical sensors include glucose sensors for
the medical field, e. coli detector in blood diagnostic [43] as a rapid alternative
to conventional analytical techniques, health and safety in industrial settings via
the measurement of leaking depots of organic solvents [44] and water-soluble
products [45]. Sensors for pH measurement are also very common [46]; gas
sensors have been developed for oxygen, carbon dioxide, methane and
ammonia among many others [39, 47-49]. In the field of environmental
monitoring, many chemical species, especially ions known to have adverse
environmental effects, have been potential targets of fibre optic sensors. This is

the focus of this thesis.
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1.3. FOCS systems

1.3.1. Sensor classification

Fibre optic chemical sensors (FOCS) may be classified as intrinsic and extrinsic
sensors. The former rely on the optical properties of the analyte, such as
absorption or fluorescence. For e.g. methane has a strong absorption line at
1300nm. Noda et al exploited this characteristic to produce a methane gas
sensor operating in this infrared region [50]. The researchers showed that
methane gas concentration is proportional to absorbance in the range 5-90%
by volume. Because water vapour also absorbs strongly in the infrared region,
a combination of silica gel and calcium chloride was used to remove humidity

before taking any measurements.

Where the analyte has no useful optical properties, an extrinsic sensor is
necessary. The extrinsic sensor is made up of a chemical indicator which
serves to convert the concentration of the analyte into an optically measurable
guantity. Intrinsic sensors are theoretically more robust and exhibit a faster time
response than extrinsic sensors which rely on an indicator within a membrane
leading to leaching or photo-degradation. Intrinsic sensors can also be used as
fully distributed sensors. On the other hand, extrinsic sensors may display
better sensitivity and selectivity as they are carefully tailored to detect the
analyte. Most fibre optic ion sensors are extrinsic since ions usually have no

characteristics that may be directly detected by optical methods.

1.3.2 Absorbance-based sensors

In designing a FOCS, an optical parameter must be exploited to relate the
analyte concentration to the measurand. The most popular type of sensor is
based on absorption measurements. If the analyte does not absorb light, a
chromogenic indicator is necessary. This indicator will change colour in

response to the presence of the analyte. Most metal ions require the use of a
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chromogenic indicator for absorption measurements. Some indicators may be
unsuitable for FOCS due to their unfavourable analytical wavelengths, poor
photostability or low molar absorptivity leading to low sensitivity. The absorption
of a species is governed by the Beer-Lambert law which is covered in section
3.2.

An ammonia sensor was designed by by Fneer et al based on the absorption of
phenol red at 565nm [51]. The sensor made use of a specially designed
absorption cell ended with a mirror for absorption measurements. The mirror

effectively doubled the optical pathlength to improve sensitivity.

Absorption measurements are also popular in gas sensing as gases, unlike
metal ions, have unique absorption spectra and do not require the use of an
indicator. Gas detection based on optical correlation spectroscopy compares
the absorption of a target gas of unknown concentration in a measurement cell
with the same gas of known concentration in a reference cell [52]. A modulated
interrogating light signal, usually of broadband spectrum to capture a wide
range of the absorption lines of the target gas, is sent through the reference
cell. The emerging light which has been partly absorbed by the gaseous
species is combined with the interrogating signal shifted by 180° and whose
intensity is reduced such that superposition of the two out-of-phase signal
results in a zero output. This combined signal is sent to the measurement cell
where only the shifted signal component will be absorbed as the in-phase
signal has already experienced absorption through the reference cell. The net
intensity modulation signal is now no longer zero and depends on the

concentration of the target gas.

1.3.3 Reflectance-based sensors

Reflectance-based sensors measure the light scattered off non-uniform

surfaces. They are actually based on absorption since what is not scattered is
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absorbed by the surface coating. However, the advantage here is that no mirror
coating is required to guide the light back into the fibre. This type of sensor is

looked at in more detail in Chapter 3.

1.3.4 Fluorescence intensity measurements

Fluorescence sensors may measure either the emission intensity, the
guenching effect of the analyte on the fluorescence intensity or the lifetime
changes in the fluorescence emission intensity. The fluorophore may be the
analyte itself, as in an intrinsic sensor, or more commonly, a chemical reagent
whose purpose is solely to provide fluorescence. This fluorescence may
increase as a result of an increase in the analyte concentration; it may be
qguenched by the analyte or the lifetime of the fluorescence may increase or
decrease depending on the effect of the analyte. Fluorescence mechanism is
given a detailed treatment in Chapter 4.

The main advantage of fluorescence sensing over absorption sensing is that
measurement is made over a dark background. Lifetime measurement sensing
is favoured over fluorescence intensity measurements because the lifetime is
not subject to interfering radiation, provided the intensity is strong enough.
However, a ratiometric measurement of fluorescent intensity is also quite

robust.

Parker and co-workers designed a fibre optic sensor for pH and carbon dioxide
using fluorescence intensity ratio measurements [53]. They showed that taking
the ratio of the intensity of the base peak to the intensity of the isosbestic point
rendered the sensor insensitive to photo-bleaching and variation in excitation
intensity. A hydrogel was used to contain the dye and placed at the distal end

of the fibre while excitation radiation was provided by a green LED.
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1.3.5 Fluorescence lifetime —time domain

There are two approaches to fluorescence lifetime measurement. In the time
domain, a short pulsed excitation signal is sent to the fluorophore resulting in
an exponentially decaying emission signal. Istratov and Vyvenko have given an
in-depth review of the exponential analysis and a comprehensive overview of

the numerical algorithms used [54]. If a fluorophore is excited with an impulse

dl (t
function, the rate of decay % of the resulting emission radiation I(t) is
given by
di(t) 1
——=—=(t 1.1
dt T () (1.1)

Where 7 is the lifetime also known as the inverse of the decay rate constant.
The observed decay signal is the solution to this differential equation given by
[55, 56]

I(t)= Ioexp[—£j+ B (1.2)
T

Where |, is the intensity at time t=0 and B is the baseline offset, a time-

constant noise component in the detected signal due to electronic and
background noise. Taking the logarithm of (1.2) yields

NI (t)=-"+InB (1.3)
T

Plotting Inl(t) versus t will give a straight line and the fluorescence lifetime

may be determined by calculating this gradient.
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Birch et al used lifetime measurements in the time domain to detect copper ions
in water [57]. The fluorophore was rhodamine 800 embedded in the ion
exchange membrane Nafion and excited at 670nm with a diode laser.
Increasing concentrations of copper ions would cause a quenching effect on
the fluorescence and result in a shorter fluorescence lifetime. In fact, one of the
advantages of using lifetime measurements in sensing is to measure dynamic

guenching. This is explained in section 4.2.2.

1.3.6 Fluorescence lifetime — frequency domain

The other technique to measure lifetime is in the frequency domain by

excitation of the fluorophore with a sinusoidally modulated signal.

The emission response is forced to follow the excitation signal at the same
modulation frequency but lags behind with a phase shift ¢ which is related to

the lifetime 7 of the fluorophore by [42]

tang = wr (1.4)

Where o is the modulation frequency which is chosen to be comparable to the

reciprocal of the lifetime. At lower frequencies, the phase shift decreases.

The presence of this finite time response of the fluorophore also causes a
decrease in the peak-to-peak of the emission signal relative to that of the
excitation signal. This modulation of the emission signal occurs because some
of the fluorophores, having been excited at the peak of the excitation signal,
continue to emit at minimum excitation [42]. The modulation m is related to the

lifetime by

(1.5)
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At very high modulation frequencies, the modulation m decreases significantly.
The measurement of either phase shift or modulation will reveal the lifetime.
This approach is independent of signal offset but requires a lock-in technique

and is very sensitive to excitation light leakage at the detector.

Grattan and co-researchers designed a fibre optic fluorescence temperature
sensor based on phase shift measurements [58]. A small piece of ruby crystal
was sinusoidally excited with a green LED and the phase shift between the

LED signal and the emission was measured.

Rosso and Fernicola reviewed the various techniques used in time and
frequency domain lifetime measurements [59] and showed that the relative
differences between the two approaches are less than 0.2% for some data
sets. The comparison between the various processing methods was carried out
on experimentally obtained data from a fibre optic temperature probe using a

fluorescent chromium doped crystal.

To make lifetime measurements on fluorophores with very short lifetime, very
fast electronics is required: the pulse period or sine period must be comparable
to the exponential decay time. It is well-known that the lifetime of organic
fluorophores is in the nanoseconds and picoseconds [42, 60]. This translates
into frequencies of gigahertz and beyond and instruments that are able to cope
at this speed. These instruments are expensive and often bulky. On the other
hand, judicious sensor design using the same fluorophore with an LED and a

detector to make ratiometric measurements will yield satisfactory results [61].

1.3.7 Evanescent wave sensors

Evanescent wave sensing exploits the long length of fibre for greater interaction

with the analyte and therefore improved sensitivity. It is based on the fact that
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upon internal reflection of light at the core-cladding boundary, a small amount
of light penetrates the cladding. This region constitutes the evanescent field
and is typically around 100nm deep. If the analyte is within that evanescent
field, it is able to modulate the optical signal. Absorbent and fluorescent dyes
may be combined with this technique. Evanescent wave sensors are looked at

in more detail in Chapter 5.

1.3.8 Refractometric sensors

Because light transmission in an optical fibre is based on the laws of refraction,
FOCS may measure changes in refractive index. This is done by removing the
cladding to expose the core. If the analyte or the indicator is able to change
refractive index, then the core-cladding boundary is modified and light
transmission is affected. The problem with this technique is that it is non-
selective. Any process that causes a change in refractive index will affect
measurements, be it changes in air humidity or smudges on the fibre. Cherif et
al designed a refractometric sensor with multimode fibres for the detection of
toluene in water [62]. The cladding was removed and replaced with a sol-gel to
facilitate exposure to the analyte. Light launched in the coated fibre would
suffer losses as the refractive index of the sol-gel increased when the amount
of toluene present also increased. While a 1% detection limit was achieved, no

mention was made of the selectivity of the sensor.

Surface plasmon resonance (SPR) sensors based on optical fibres operate by
sensing a change in external refractive index. The cladding is removed to
expose the core which is then coated with a thin layer of gold or silver upon
which a chemical reaction will take place involving the analyte. Optical radiation
in the fibre core excites surface plasma waves in the metal dielectric medium
which are then modified by the presence of the analyte. Propagation of these
waves occur over a very short distance due to the high loss in the metal layer

[63]. So similar to evanescent wave sensing, light in the fibre core via an SPR
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interaction is affected by the external environment just beyond the fibre but

unlike it, increasing the length of the metal layer will not improve the sensitivity.

Multimode fibres have been used in SPR sensors but intermodal coupling,
polarization conversion and modal noise affected the sensor output [64].
Single-mode fibres were used instead as hey support only one mode of
propagation; further progress was made using polarisation-maintaining fibres.
Other improvements included a side-polished single-mode fibre in an SPR

sensor developed by Homola [65].

SPR sensors are mostly popular for biosensing applications — Homola et al
reported that more than 75% of SPR research papers dealt with optical

biosensing [63].

1.3.9. Hydrogel capabilities

Hydrogels are an active field [66] and becoming attractive to fibre optics sensor
implementation. A tutorial review by Linden and co-researchers describe the
mechanism of stimulus-sensitive hydrogels and their wide field of applications
as sensors and actuators, including artificial muscles [67]. The hydrogel is a
polymer matrix made up of backbone chains held together by crosslinks which
effectively prevent them from dissolving away. The family of stimulus-sensitive
hydrogels may be divided into two groups: temperature-sensitive hydrogels and
pH-sensitive hydrogel which is the one of interest to ion-sensing.

The ionizable monomers making up the backbone chains will dissociate as a
function of pH and the resulting free ions in the hydrogel exchange from salt
ions in the solution. Within the hydrogel, the counterion concentration will
increase and cause an osmotic pressure difference between the gel and the
solution that appears as a drastic swelling in volume of the gel. The swelling

ceases when the elastic forces inside the hydrogel are in equilibrium with the
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osmotic forces. The hydrogel may give off protons to the solution but to

maintain electroneutrality, it has to take up counterions from the solution [67].

If a transducer element such as crown ethers as discussed later in section 4.2.2
is incorporated into the backbone chains, it will selectively pick counterions
from the solution, resulting in an ion-sensitive hydrogel [66]. This is what has
been performed in the work of Liu described earlier [32]. pH-sensitive hydrogels
suffer from low selectivity as they respond to any counterion present but the
incorporation of a molecular recognition unit for metal ion detection overcomes
that problem and so ion-sensitive hydrogels display better selectivity than the

more primitive pH-sensitive gels.

Different types of transduction methods have been explored to measure the
change in volume of a hydrogel [67] such as optical, conductometric,
amperometric and mechanical methods. Of interest to this work are the optical
and mechanical methods which may be adapted to optical fibres.

Mechanical methods convert the swelling capability of the gel into an optically-
measurable quantity. Asher and Holtz have reported a novel optical technique
to visually detect metal ions in solution [68, 69]. Crystalline colloidal array
(CCA) photonic material embedded in a hydrogel display Bragg diffraction and
are brightly coloured. Swelling of the hydrogel doped with a metal ion
recognition unit changes the spacing of the CCA and leads to a change in
colour. For more accurate measurements, reflectance measurements with a
spectrophotometer were proposed and detection limits in the micromolar range
were achieved for a range of metal ions. This scheme may be easily adapted to
an optical fibre system by fixing the hydrogel to the distal end of a fibre,
resulting in a small, compact and portable probe.

Optical methods directly exploit changes in optical characteristics of the gels.

Changes in the reflectance [70, 71] of hydrogels which is a function of their
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volume has been reported. As the hydrogel membrane absorbs water and
swells, its transparency increases, leading to a drop in reflected light intensity.
The membrane may be positioned at the end of a fibre to make a small
compact probe. The change in fluorescence intensity of a hydrogel has been
exploited to build a fibre optic glucose sensor [72]. The hydrogel was doped
with a fluorophore and a glucose-sensitive enzyme and affixed to the distal end
of a fibre. Swelling of the gel caused changes in the fluorescence intensity.
Further exploitation of the effect of hydrogels onto optical fibres is described in

the next section by first introducing the idea of fibre gratings.

1.3.10. Fibre gratings
Fibre gratings, either of the fibre Bragg grating (FBG) or LPG, have been

actively studied and reviewed in recent years [73-75]. Fibre gratings are
essentially a series of periodic changes in the refractive index of the fibre core.
The length of the period defines either an FBG, typically a few millimetres long
or an LPG, typically a centimetre or more in length. The main advantage of
these gratings lies in the fact that they convert a change imposed upon the fibre
into a wavelength shift of the optical signal propagating through the core,
making such measurements more robust against intensity losses. The gratings
respond to strain and temperature and LPGs in addition respond well to
changes in refractive index and bend radius and were thus exploited to

measure these parameters [76-81].

The swelling effect of polymer gels were coupled to FBGs to produce a relative
humidity (RH) sensor [82]. The gel was coated onto a short length of fibre into
which an FBG was inscribed. Swelling of the gel imposed a small strain on the
fibre which was picked up by the grating and translated into a wavelength shift,

making this class of sensors resistant to light intensity fluctuations.

It should be mentioned that hydrogels also change refractive index upon

swelling. This, combined with LPG sensitivity to external refractive index [83],
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led to an RH sensor by Liu et al [84], effectively a variation of the RH sensor
described above. The measurement of changes in the index of refraction of
hydrogels upon swelling using LPGs has been exploited in other sensors as
well [85, 86].

These examples serve to demonstrate the close association of hydrogels and
optical fibres in different ways, either by mechanical methods which translate
volume changes of the gels into strain applied onto the fibre or by optical
methods focussing on refractive index changes. Fibre gratings have been used
in a wide variety of physical sensors which are outside the scope of this thesis
but the combination of hydrogels and fibre gratings constitute the few cases
where fibre gratings have been used as chemical sensors.

1.4. Aims and Objectives

The aim of this thesis is to design and build two fibre optics chemical sensors,
based on the dithizone reagent and a novel fluorophore molecule, both
sensitive to lead ions. The optical sensors are then evaluated for their response
and performance to solutions of lead ions. The novelty of this work is the first
reported fibre optic chemical sensor for lead ions based on fluorescence
detection in a capillary probe. In addition, the referencing technique and probe
configuration used in conjunction with the sensor build around the dithizone
reagent for lead sensing also builds on existing work in the field. The
importance of monitoring heavy metals and lead in particular has been
highlighted at the beginning of this chapter and provides a motivation for the

sensing of lead ions.

In order to address the aims described above, the following objectives have

been set:
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e To adapt a well-established chromogenic reagent into a fibre probe
configuration and thereby develop an wunderstanding of the
instrumentation, techniques and issues involved in assembling a fibre
optic sensor system.

e To implement referencing and measurement techniques that complement
each other and that can be done at the software level instead of
instrumental modification.

e To identify a highly-selective reagent for lead sensing that has not been
used previously in a FOCS and which is different from the first reagent, i.e.
not chromogenic. The characteristics of the selected reagent will be
studied with a view to build a FOCS based on its properties.

e To build and test a fibre optic probe based on the results of the study of
the new reagent.

1.5. Structure of this thesis

Chapter 2 is devoted to the instrumentation and measurement techniques used
throughout the subsequent chapters. The FOCS system is broken down into its
components and discussed; each major device and component is described

and finally brought together in the experimental set-up adopted.

In Chapter 3, a reflectance sensor based on the colour change of an indicator is
described and evaluated. The nature and chemistry of the indicator is first
described. Following this, a FOCS is built around its colour change in the
presence of lead. The probe is built for better functionality and a reference

scheme incorporated into the sensor at the software layer.
The characteristics of a novel fluorophore is next investigated in Chapter 4 for

implementation in a FOCS. The reasons for choosing this new fluorophore are

laid out and its fluorescence mechanism studied. Based on its binding
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configuration, the sol-gel approach is selected as matrix support for use in a

FOCS. Tests reveal that this is not successful.

Chapter 5 deals with a capillary probe built around the fluorophore described
earlier. Since the fluorophore was not immobilised, it was decided to exploit its
characteristics in the medium where it works well. The capillary effect is used

together with Pasteur pipettes to create a successful disposable probe.
A summary of the work carried out is presented in Chapter 6. A conclusion

based on the experience gained in this field is included and with

recommendations for some further work.
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Chapter 2

Instrumentation and Measurements

2.1. Introduction

In this chapter | describe in detail the major components making up a fibre optic
chemical sensor (FOCS). For each component, the choices available on the
market are considered and the selection of a particular component in
subsequent experiments justified. In addition, the design and assembly of a
filter holder, a crucial component in fluorescence experiments carried out in this

work, is described.

The set-up of the experiments that have been performed for this research and
which are described in later chapters is shown diagrammatically in this chapter.
Examples of existing set-ups used in published work are provided and all the

set-ups are shown to be of the same generic type.

Finally, the chapter ends with the reference schemes used here. No robust
sensors for field applications can be designed without incorporating a
safeguard against undesired signal modification by external parameters. We
show that implementation of a reference scheme need not be complex and

demanding if this is done at the software layer.
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2.2. FOCS major components

A fibre optic chemical sensor consists of three main units:
e The light transducer
e The light detector

e The light source

2.2.1. The transducer

The transducer is the chemical substance that will change a parameter of the
optical signal from the light source as a function of the concentration of another
chemical substance (analyte). It is also known as the indicator or reagent in
chemical sensing. The analyte may be the hydrogen ion, thus leading to pH
measurement or other ions. It can also be a molecule to be detected, the most
popular being glucose since it is an important physiological component and has
important implications in both high and low amounts in the human body [1, 2].

The optical parameter to be modulated by the indicator may be the intensity,
the wavelength, the phase or the polarisation of the light wave. We restrict our
investigation to the intensity as this is the parameter affected by the reagents
used in this thesis. The chemical transducers or indicators used are discussed

in more detail in later chapters.

2.2.2. The detector

The purpose of the detector is to measure the changes in the optical parameter
being measured. To know that a change has occurred, knowledge of the

parameter before said modification is required.

Silicon photodiodes are low-cost detectors with high sensitivity in the visible

wavelength regions. For higher sensitivity, avalanche photodiodes and photo-
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multiplier tubes (PMT) may be used but require very high operating voltage
which may be a safety hazard. The PMT detection surface is so sensitive that it
must be protected from direct light otherwise it will be irreversibly damaged [3].
Any of these detectors measure the total optical intensity without regards to the

wavelength at which it occurs, thus losing a large amount of information.

A better option is to measure the intensity at the wavelength at which it occurs
by using a spectrometer as detector system. The spectrometer essentially
breaks down the light into its wavelength constituent and measures the
intensity at particular wavelength values using an array of charge-coupled
devices (CCD). Because the spectrometer is an important part of the sensor
and has been used throughout this work, it is worthwhile to look at its
functionality to better understand the working and limitation of the sensor

system.

The spectrometer used in this work is the USB2000 from Ocean [4]. This
device, while not as sensitive as a photo-multiplier tube (PMT), feature several

advantages over it:

1. Its small size and compactness makes it highly portable.

2. Its USB connection makes it a ‘plug and play’ device — easy and quick —
and obtains its operational power supply directly from the PC or laptop. No
external power supply is needed.

3. It contains no moving mechanical parts, making it rugged and adapted to
field use if necessary.

4. It may be operated using the LabVIEW software, harnessing all the
powerful attributes of that programming language: data acquisition and

data processing in an easy to use graphical environment [5].
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An illustration of how the spectrometer operates is given in Fig. 2.1 to help

explain its main features and options available.

Fig. 2.1. The interior of the compact spectrometer from Ocean Optics [4].

The optical bench is designed to minimise stray light inside the device by
painting it a dull black to absorb stray light and has side protrusions added to its
geometrical design to trap the stray light as well.

1. The SMA connector holds the fixed slit and the long-pass filter in position
2. The fixed slit is a 1mm high rectangular window which affects the

sensitivity and resolution of the spectrometer. A narrow slit (min 5pm, max
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200um) allows only very little light through. Since we are interested in

intensity measurement, the maximum slit size of 200 um is used.

A longpass filter may be included at this point to restrict the light to within
a certain range. This option renders the sensor system more compact if a
filter needs to be included. This option was not used as it can only be
modified by the manufacturer and does not provide flexibility with the set-

up at this experimental stage.

Once the light guided by the fibre passes through the rectangular slit, it is
incident upon the mirror #4 which reflects it into a collimated beam of light.
The mirror may be made UV-absorbing. This is useful if a UV excitation
light is used in a fluorescence measurement set-up where some excitation
light may enter the spectrometer and cause second and third order
effects.

The grating is installed at this location and may be rotated to select the
starting wavelength desired and then fixed into position permanently. The
grating may be specified in terms of the grove density, i.e. the number of

lines per cm which determines the spectral range.

After the light strikes the grating, it is diffracted upon mirror #6 which
reflects the diffracted light towards the detector elements.

A cylindrical lens may be placed here to focus the light onto the detector.
Each pixel is only 200um high while the slit at the spectrometer entrance is
1000um high. A large amount of light is wasted unless a lens is used. The
lens is only useful if the fibre diameter at the entrance is greater than the
pixel height. In our case, since a 6x200 um fibre bundle or a 600 um

single fibre is used, the cylindrical lens has been incorporated.
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8. The diffracted light passes through the cylindrical lens and strikes a CCD
array made up of 2048 pixel elements where conversion into electrons

takes place.

9. A long-pass order-sorting filter may be placed in front of the detector to
block second and third order light. A band-pass interference filter is used
externally in our set-up to remove any excitation light so the order-sorting
filter is not needed.

10. The detector window may be replaced with quartz glass for detection of
light less than 340nm. Since all measurements are made in the visible
spectrum from 400-700 nm, this is not necessary.

11. The resolution of the spectrometer was 5 nm and this was adequate for
the wavelength range under consideration, namely of the order of 20 nm

and more.

These ten stages and options describe how the spectrometer works and how it
is possible to optimise it for a particular application. In our case, it has been
optimised for the detection of visible light by using a wide slit, a grating with low
groove density and a collection lens at the detector to maximise light detection.
Gratings with high reflectivity improves the amount of light diffracted back but
also leads to more stray light within the spectrometer.

2.2.3. The light source

A light source is necessary to provide the interrogating light that will be modified
by the indicator and eventually reach the detector and be converted into an
electrical signal for data processing. Because of losses in the system, the

interrogating light must be intense enough initially to be able to reach the
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detector. Major sources of loss are during coupling of the light from the source

to the fibre and especially at the transducer end.

The light source may sometimes be too intense, resulting in photo-bleaching or
photo-degradation of the indicator. Photo-bleaching is usually a negative effect
but has been exploited to provide information on the rate of diffusion of
fluorophores in solution [6]. If a fluorophore is first irreversibly photobleached,
then the rate of increase of fluorescence arising from the diffiusion of more
fluorophores into the region of interest has been measured. Sensors have also
been built around this effect. Hartmann et al have exploited the effect of oxygen
on accelerating the photobleaching of a ruthenium complex to design an
oxygen probe [7]. Superbright LEDs were used to produce a decrease in the
emission intensity and lifetime which were found to be function of the oxygen

concentration.

In sensors where intensity modulation occurs, specialised light sources with
features such as polarisation, monochromaticity, coherence and tight collimated
beams are not necessary. This precludes lasers which may also be high-
powered, requiring external cooling systems. A current driver and temperature
control to provide stable laser output are also sometimes necessary, which

leads to a high financial price-tag.

As a result, the focus is on LEDs to provide the interrogating light. The coupling
efficiency to fibres is low due to the mismatch in size but may be improved
upon by using a system of lenses. However, as long as the LED provides
sufficient intensity of light launched into the fibre, the coupling efficiency is not
an issue. Nowadays, LEDs are available in a wide selection of wavelengths
down to the deep UV [8] and at high optical power [9]. In all cases, the price of
an LED is negligible to that of a laser, providing much of an incentive in
incorporating it in a fibre optic sensor design. It is also hard for an LED to lead

to the photo-degradation of an indicator.
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The advantages associated with LEDs are:

e Low power consumption
o Long lifetime

o Ease of modulation

o Mechanical strength

e  Small compact size

The main disadvantage is a low level of coupling to the fibre.

The disadvantages of lasers used in previous work, i.e. those that are not semi-
conductor lasers, are that they are bulky devices with high power requirements
and are expensive. For a sensor that aims to be small, compact and portable,

lasers used in previous work are not suitable.

Admittedly, laser diodes do not suffer from these disadvantages and further
offer the advantages of all lasers, namely highly collimated and monochromatic
light but the wavelengths available do not cover as wide a range as LEDs.
Laser diodes are currently sparse in the blue and UV region. Power level is not
considered here as it can be both an advantage for lasers when high optical
output is required and a disadvantage when the reagent is susceptible to photo-
bleaching. The operating principles of LEDs and semiconductor lasers are

covered in detail by Singh [10].

For fluorescence experiments in this work, a 435nm dominant wavelength 5mm
diameter LED has been selected. Its spectral output is shown in Fig. 2.2. An
operating temperature range of -30 to 80°C quoted by the supplier makes it
suitable for environmental applications in harsh climates. The optical power is
10mW with a viewing angle of 28 degrees and a FWHM of 20nm. Higher power

LEDs are available from Lumileds [9], for e.g., but the required wavelength is
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not on offer and the viewing angle is rather large at 110 degrees, thus
dispersing the optical power. The optical power output of LEDs from Lumileds
is available in the hundreds of mW, which is of the same magnitude as the
optical output of some laser diodes [11]. However, Wolfbeis noted that when
the laser power into an optical fibre exceeded a certain limit, typically 200mWw,
intense stimulated Raman scatter would occur and interfere with the analytical
signal [12]. Thus, high optical power causes not only photo-degradation of the
indicator but also strong background noise.

Intensity

400 500 600 700 800

wavelength (nm)

Fig. 2.2 Spectral output of the LED as seen in the visible wavelength range

The viewing angle affects the coupling efficiency of the LED output to the
optical fibore. To maximise this, the selected LED has a narrow viewing angle
and an LED lamp-house, supplied by Comer Optics (Cambridge) is used to
focus the diverging beam from the LED onto the distal end of the fibre. The
lamp-house is fitted with a system of collimating lenses for this purpose and is
terminated with an SMA connector to provide a firm anchoring point for an
SMA-terminated fibre. It also contains an LED-holder which may be slid in and
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out of the lamp-house to adjust the focussing distance to the lenses. The LED

is powered by a stable dc power supply from Thurlby Thandar Instruments.

For absorbance and reflectance measurements, a white light source is
required. Although a white LED is sufficient for this task, a broadband tungsten
halogen white light source complete with driver system, lens and SMA
connector from Ocean Optics, model LS-1, was readily available and used for
this task simply by plugging in to the mains voltage.

2.2.4. Optical fibres

Multimode fibres are usually favoured in intensity-based FOCS. Single-mode
fibres, with their small core, around 5 um diameter for standard telecoms fibre
compared to up to Imm for multimode fibres, make it difficult to collect and
launch light into them. To maximise the amount of light that can be launched in

a fibre, a large core with a large numerical aperture is necessary.

Multimode fibres are more affected by modal dispersion compared to single-
mode fibres. However, for many sensor applications, optical fibre dispersion is
not significant [13]. There are other more important factors such as indicator
time response and external light scattering and absorption which will affect the

performance of the sensor.

Modal dispersion is a result of modes suffering from a propagation time delay
due to multiple propagation paths possible in large fibre cores. This can be
understood geometrically by using the ray concept. A ray of light undergoing
multiple internal reflections within the fibre core will travel a longer distance
than a ray travelling parallel to the core axis. Thus, if the two light rays have
been launched into the fibre at the same time, they will reach the end of the
fibre at different times. Modal dispersion is a negligible source of error when a

time-critical scheme is not used and especially where the fibre length is short.
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Chromatic dispersion arises due to the fact the refractive index of any optical
material varies with wavelength. Thus if broadband light is launched into a fibre,
each wavelength will ‘see’ a different refractive index and propagate at a
different velocity, all eventually reaching the detector at different time.
Chromatic dispersion is also not critical in FOCS for the reasons mentioned

above.

Rayleigh scattering is negligible in non-UV wavelength propagation. Rayleigh
scattering is the dispersion of light by molecules having a diameter smaller than

the wavelength of light encountering them. As Rayleigh scattering is
proportional to1/A*, it becomes more important at shorter wavelengths. An

optical fibre sensor can avoid Rayleigh scattering by operating in the visible

spectrum. Light sources are also more readily available in that spectrum.

In general, intrinsic losses from optical fibres are negligible from a system
design point of view compared to other external optical losses. Consider a fibre
probe with a thin sol-gel coating on its distal end. If the sol-gel is doped with a
fluorophore and excitation light is sent down the fibre probe, fluorescence
arising from the doped sol-gel coating will be emitted in all direction. Only a
fraction of this emission will be captured and propagated along the fibre to the
detector. In the case of reagent-coated beads attached to the end of a fibre
probe, interrogating light from the fibre probe is scattered by those beads and
not all are guided back into the fibre to the detector. It is therefore useful to put

into perspective such these losses alongside other intrinsic losses.

External losses such as fibre bending are non-negligible and may affect
readings if the fibre is severely bent. This problem may be remedied to some
extent by the use of referencing techniques discussed in section 2.4.
Photosensitivity of optical fibres by nuclear or UV radiation is another example,
best avoided by the use of UV-resistant fibres if operating in an environment

where such radiations may occur.
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All fibres used in this work were step-index multimode with a numerical
aperture (NA) of 0.37 and consisting of a silica core and a hard polymer
cladding. The fibre bundle consisted of a 200um core diameter fibre on one
branch and 6 fibres of the same diameter on the other branch, all joined
together at the third end with the 6 fibres grouped around the fibre from the
single end. Since the light from the analyte is usually a limiting factor, the six
surrounding fibres are used for collection of a maximum amount of light while
the central fibre is used to guide the interrogating light. The transmission profile
of the fibres is shown below in Fig. 2.3. The sensor probe consists of a short
length of 600um core diameter fibre whose distal ends are polished. The
diameter of the fibre probe is approximately equal to the diameter of the fibre

bundle which consists of three 200um fibres side by side.
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Fig. 2.3. Transmission profile of the multimode fibres used [14].

The advantage of using a fibre to stimulate fluorescence at its distal end and
collect it at the same end is that there is an almost perfect geometrical overlap
of excitation light and emission light cones, resulting in high efficiency. This is
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depicted diagrammatically in Fig. 2.4. A fluorophore molecule within the
numerical aperture of the fibre is able to get excited and emit light, some of
which will get propagated along the fibre. Any fluorophore outside the numerical
aperture will not undergo excitation nor will any emission be propagated along
the fibre, in the case of chemiluminescence. The refractive indices of the core
and cladding will be smaller for longer wavelength fluorescence but this can be
negligible within real-life applications for fluorescence with short Stokes shift, as
is the case in this work. This is set out below.

The NA is defined as

NA=n,, sind=n?_ —n2, (2.2)

Where n n and n

air ! core clad

are the refractive index of air, core and cladding

respectively and ¢ is the angle from the normal as shown in Fig. 2.4.

The core refractive indices at 700nm and 808nm are 1.455 and 1.453
respectively [14] and the cladding index is constant at 1.398. Refractive index
values at the excitation and emission wavelengths used later in this work are
around 70nm apart. Here we have selected values 100nm apart as a worse-

case scenario.

Using the relationship in (1), the NA may be calculated at 700nm and 808nm
respectively. Assuming the external refractive index to be that of water in the
case of an aqueous sample and constant at 1.33, there is a decrease of less
than 2% in the value of 6 when moving from 700nm to 808nm. Taking into
consideration the fact that the refractive index of water is smaller at 808nm than
at 700nm, yields a larger value of 6 at 808nm, making the change in angle even

smaller.
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Fig. 2.4. Geometrical overlap of excitation and emission light cones

Single fibres are not a good choice in reflectometry because the fibre efficiently
collects specularly reflected light in addition to diffusely scattered light [12]. It
was noticed from the work described in the next chapter that a single probe
connected to the end of a fibre bundle would give rise to a large amount of total
internal reflection at the distal end, thus swamping the reflected signal. This
internal reflection was confirmed by coating the end surface with index-
matching gel which effectively destroyed the plane surface which acted as a

mirror. No reflection was then detected.

In double fibre configurations, Louch et al found that an angle of 20 degrees
between the two fibres gave an optimum SNR [15]. It is not convenient in
practice, however, to work with fibres set at this angle, especially when a

miniaturised probe is required.
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2.3. Experimental set-up

The overall general experimental arrangement is shown below in Fig. 2.5 and
Fig.2.6, modified slightly depending on the objectives. For reflectance
measurement, a white light source is used and the interference filter removed.
For fluorescence measurement, an appropriate LED in its lamp-house as
shown here in the figure is used.

USB
connection

|
i

Interference Probe
filter

Fibre
bundle

LED

{/S;ectrometer

Fig. 2.5. Layout of the main components. The light source sends an interrogating light down the
fibre bundle to the probe where it is modulated and guided back to the spectrometer which will
measure its intensity. The computer collects and processes the data from the spectrometer
using the LabVIEW software. The interference filter may be used to separate excitation light

from emission in the case of fluorescence measurements.
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Fig. 2.6. Picture of the main components showing the white light source in blue in the centre,
the LED housing in black to its right, the fibre bundle in a blue jacket, the spectrometer at the
top right of the picture and connected to the computer (not shown) via the white USB cable
seen here.

The light from the light source is focused onto the fibre bundle end by means of
a lens incorporated within the light source unit. The branch of the fibre bundle
made up of 1 fibre is used to guide the interrogating light from the light source
to the probe and the branch made of 6 fibres is used to collect light from the
probe end to the spectrometer. This is because we want to detect as much light
as possible and therefore use a large collection of fibre at the probe end to
maximise the amount of light guided to the spectrometer. Given that there are 7
fibres connected to the probe and that light will be equally propagated within
each of the 7 fibres, 6/7 of the propagated light intensity ends up at the detector
where it will be measured. If the fibre bundle connections had been reversed
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with a single fibre connected to the spectrometer end, then only 1/7 of the

propagated light intensity would have ended up at the spectrometer.

The spectrometer measures the light intensity and is connected to the
computer via a USB connection to give an output. The LabVIEW software is
used to process and present the data from the spectrometer. The data from the
spectrometer is essentially an array of intensity and wavelength fed to the
computer in real time. It is therefore possible to extract various pieces of
information from this array of data for analysis by simply modifying the
LabVIEW programme. Such information can be the peak intensity with time, the
wavelength of the peak intensity, the summation of the intensity over a
specified range of wavelength or the plot of intensities at specific wavelength
versus time. The ratio of one intensity to another can also be performed easily
within LabVIEW. The LabVIEW Vis (Virtual Instruments) for each experiment
run are shown in Chapters 3 and 4 respectively.

An interference filter is added in front of the spectrometer in the case of
fluorescence measurements to remove the excitation light. A broadband band-
pass interference filter from Comar Optics with centre wavelength at 500nm
and FWHM of 40 nm was selected for this.

An expanded view of the filter holder used in conjunction with the interference
filter is shown in Fig. 2.7. All parts including lenses were purchased from Comar
Optics. The filter holder is designed to be used in line with optical fibres. It is
made up of a ball lens at either end to collimate the light from the fibre which
acts as a diverging point source and focus the parallel beam of filtered light
onto the other fibre end. Once the lenses have been positioned, it is only a
matter of unscrewing open the holder in the middle as shown to change filters if
desired, without having to move or adjust the lenses. SMA adaptors at both

ends provide connection points to the fibres. Due to the way the filter is held
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into place by screwing together both halves as shown in the diagram, no stray

light is able to go through the other side of the holder.

Ball lenses are used instead of biconvex lenses because the latter has a much
longer focal length, usually around tens of cm which would make it impractical
to build the filter holder. The lenses used here have a focal length of 7.34 mm
for a diameter of 10mm, resulting in a back focal length of 2.34 mm. It is
important to position the fibre and lens at the right focal length to capture
maximum light intensity. To measure accurately that distance, a digital
displacement meter from Mitutoyo was employed. The Digimatic Indicator is
able to measure displacement up to 3 decimal places in mm which is adequate
for our task.

The distance was measured as follows using the half casing on the right in Fig.
2.7 for description purposes. The SMA adaptor with a fibre connected to it was
screwed onto the casing. A driving tool was used to screw the lens adaptor
close to the end of the holder casing with the ball lens placed to its right until
the lens was flush with the fibre end at the SMA adaptor. The fibre was then
removed and the tip of the displacement meter inserted into the SMA cavity to
make contact with the ball lens. Prior to this the tip of the meter was covered
with a plastic covering to protect the lens from scratches. The displacement
meter was set to zero in that position and the lens adaptor was slowly
unscrewed with the driving tool until the meter read a displacement of 2.34 mm
which corresponds to the back focal length of the ball lens. The meter and SMA
adaptor were removed, another lens adaptor screwed to the right of the ball
lens to fix the latter into place and the SMA adaptor replaced. The whole

process was repeated for the other half of the casing.
With this type of assembly, the whole unit is highly modular and flexible. The

SMA adaptor may be screwed in or removed and the interference filter changed

as necessary without having to disturb the ball lens arrangement. The holder is
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also easily connected in-line to optical fibres or removed from the optical path

as necessary.

<« Lens
Ball adaptor
lens
SMA
ﬁ M adaptor

|

Interference Filter holder
filter casing

Fig. 2.7. Expanded view of the assembly of the cylindrical filter holder

2.4. Examples of instrumentation and sensor

configuration

Before venturing any further, it is helpful to see how the technology described

here may be used to greatly simplify a sensor construction.

Stanley and co-researchers have developed an intrinsic optical sensor based
on the UV absorption of the nitrate ion [16]. A deuterium lamp was used to
provide radiation in the UV spectrum which was then guided to an absorption
cell via Fibreguide Industries superguide G UV-transmitting fibres. The
researchers used these fibres as UV-resistant fibres are necessary due to the
effect of solarisation on ordinary fibres. Detection was made using a
photomultiplier tube (PMT) with measurements made at 210nm where nitrate

ion absorbs strongly. To cancel the effect of absorption by other species at this
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wavelength, a reference absorption measurement was taken at 275nm, a
wavelength where the analyte does not absorb. Light at the two wavelengths
was made available at separate time period using a filter wheel placed in front
of the light source. To record measurements at the two wavelengths, a sample-
and-hold amplifier (SHA) synchronised to the rotating filter wheel was used at
the output of the amplified PMT signal. The SHA was in turn connected to a PC
to take a ratio of the two quantities and enable correlation of the nitrate ion

concentration.

This is how the set-up could be simplified using today’s easily available
technology. A compact CCD spectrometer can be used to measure the
intensity over a whole range of wavelengths, including the ones we are
interested in. There is also the addition of a software layer (LabVIEW [5]) to do
the data processing. The software will take the output of the spectrometer at
the two wavelengths and produce a ratio in real time. Because the
spectrometer is able to provide the intensity at 210 and 275nm simultaneously,
no SHA or rotating filter wheel is necessary. An LED emitting at 210 nm is not
yet commercially available so the Deuterium lamp cannot be replaced with an
LED.

Klinteberg and coworkers have exploited current modern technology to produce
a compact medical fluorosensor described in a recent paper [17]. The point-
measuring sensor uses fluorescence as well as white light for tissue
characterisation; as such, it consists of two light sources — a nitrogen laser for
fluorescence excitation in the near UV and a broadband white light source from
Ocean Optics, similar to the one described earlier. A set of filters is mounted on
a motorised rotation stage to select the appropriate excitation filter, emission
filter or no filter in the case of white light studies.

A schematic diagram and a picture of the set-up are shown in Fig. 2.8. A beam

splitter is used to separate excitation radiation from the emission. Optical fibres
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guide light between the various optical components; in particular, the probe is
made of a plain clear-cut polished fibre end to excite the tissue and capture
radiation. The whole unit is computer controlled via LabVIEW which also
provides a simple graphical user interface able to be used by non-specialists.

What comes across initially as a complex system is in effect no different from
the set-up adopted here. It consisted of two light sources; the detector was a
miniaturised CCD spectrometer from Oriel and a set of optical components
were used for light coupling. Optical fibres of 600um diameter were used as
light guide and for the non-invasive probe. LabVIEW was also used as interface

to facilitate and speed up data processing.
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Fig.2.8. Experimental set-up adopted by Klinteberg et al [17].
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2.5. Measurement technique and reference scheme

Point measurement of the intensity at a particular wavelength is prone to
significant background noise level. While it may be assumed that background
noise is uniformly distributed, this is not always the case. Sunlight reflected
onto a blue piece of material will increase the background intensity in the blue
region if leaked into the optical system detection. Mercury discharge lamps are
made up of several distinct and very strong intensity spikes at defined
wavelengths. If the analyte intensity happens to be at or near these peaks, its

measurement will be severely corrupted.

One way to avoid this issue is to measure the change of intensity with time.
Plotting the analyte intensity against time and measuring the gradient will
directly yield this parameter which may then be correlated with the analyte
intensity. Because the gradient is a straight line, its measurement may be done

at any point along the line to get the same value.

Another way is to integrate the analyte intensity across a range of wavelength.
If the range contains a strong background noise component, its effect over that
range is minimised. This is because the analyte intensity measured over a
range of wavelengths weakly corrupted by noise is greater than the intensity
measured at a particular wavelength subject to strong noise effects, resulting in

a better signal to noise ratio.

In the fluorescence measurement experiments, it was initially found that the
spectrometer gave a fluctuating dark noise level, i.e. the instrument’s electronic
noise level was drifting. This is shown in Fig. 2.9a. To correct this significant
problem with minimum hardware modification and costs, LabVIEW and the
system design was exploited to provide the following solution. The passband
interference filter blocks all the light in the region of 390-460nm and displays

the instrument dark noise level. We can then measure this dark noise and
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subtract it in real-time from the raw intensity measurement made in the
passband region, taking care to ensure that the wavelength range taken in the
stopband equals that in the passband. A LabVIEW program was written to carry
out these desired data manipulations. The new analyte intensity is shown as an
inset in Fig. 2.9b.

The constant intensity level of the corrected analyte intensity demonstrates that

the LED output is not subject to fluctuations and therefore a reference scheme

for that is not necessary.
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Fig. 2.9a. The graph shows the intensity output of the spectrometer in the absence of light — the

dark noise - drifting as a resulting of the instrument noise.
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Fig. 2.9b. The corrected dark noise of the spectrometer obtained by subtracting instrument
noise of one wavelength range from another. Both graphs are scaled similarly on the vertical

axes to enable comparison of the variation in intensity before and after.

It is readily acknowledged that the current set-up involving the bench-top power
supply used to drive the LED is not suited to field applications. If the stable
power supply is not used, then the LED output is likely to be unstable and a
reference scheme would be necessary. A suggested reference technique would
be to connect an additional LED in series with the first one to provide the
reference intensity. This second LED can be chosen to emit at around 700nm
and need not be high power. Any modifications will take place at the software

layer using LabVIEW to make ratiometric calculations.
An example of a ratiometric measurement is that of an optical fibre sensor for

the measurement of pH designed by Grattan and co-researchers using a dual

wavelength referencing scheme [18]. In this work, two LEDs were used, one to
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provide radiation for absorption measurements, the other as reference intensity
at a wavelength insensitive to the pH dye. Both LEDs were driven from the
same current source in parallel so that any fluctuations in the power source will
appear across both LEDs. Furthermore, only one detector was used so that any
variation in performance will be applicable to both signal and reference
wavelength and will be eliminated by applying a ratiometric measurement on

the two channels.

More details on referencing are covered in the following chapter where a

specific referencing scheme is implemented in a sensor.
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2.6. Summary

The major components making up a fibre optic chemical sensor system have
been examined, namely, the light source, the detection unit and the optical
fibre. The transducer is examined in later chapters. The choice of light source
lies in the optical power and wavelength suitable for the transducer while optical
fibores must be able to capture and guide the optical signal at a given
wavelength with minimal loss. The detector must match the characteristics of
the transducer in terms of spectral range; in addition, the operation of the
spectrometer and possible modifications to optimise its performance for this
experimental work were described. The cost and robustness of the overall
sensor is an important factor if it is to compete with other more established

techniques so these were considered while selecting the components.

The use of referencing schemes was suggested such that they are compatible
with the measurement techniques and both easily implemented via LabVIEW.
Implementation or adaptation of the measurement and referencing techniques
at the software layer rather than modifying the instrumentation leads to a less

expensive solution and to easier and rapid modification in the future.
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Chapter 3

A self-referenced reflectance sensor for the

detection of lead and other heavy metal ions

3.1. Introduction

This chapter describes the design and evaluation of a fibre optic sensor for lead
ions based on the chromogenic reagent Dithizone.

The chemistry of the reagent is laid out first to provide an understanding of how
it is affected by lead ions and how it may be implemented in an optical fibre
sensor. Following this, a short review of FOCS based on chromogenic
indicators is given. In particular, many do not include referencing in sensors

based on intensity measurements [1-5].

Since this sensor is based on reflectance measurements, the theory of
reflectance measurement is discussed. The sensor performance is then
evaluated and it is shown how measurement of the rate of change of light

intensity with time can be used to determine the concentration of lead.

A similar sensor in the past based on the same indicator did not include any
referencing [1]. It is shown here how to exploit the reflectance spectrum of the
reagent together with the software program to make 2-wavelengths ratiometric
measurements unaffected by light source variation and leaching. Furthermore,
unlike flow-cell sensors, this sensor is adapted into a probe configuration which

makes it suitable for use in small spaces and with small sample volumes.
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3.2. Dithizone as areagent

Diphenylthiocarbazone or Dithizone is a well-known spectrophotometric
reagent used for the trace detection of heavy metals [6]. For example, it has
been used in the determination of lead using flow-injection analysis by

Klinghoffer and co-workers [7].

Dithizone is a deeply coloured compound which works by changing colour from
green to red, orange or violet, depending on the heavy metal present and forms
a metal dithizonate complex. The structural formula of dithizone is shown in Fig.
3.1

S H
N o N
H e

Fig. 3.1. Structural formula of the dithizone molecule

The structure of the metal dithizonate is still uncertain but it is thought that the
metal ion substitutes the two hydrogen atoms bound to the nitrogen atoms to
form what is called a primary dithizonate. A secondary dithizonate may be
formed by the binding of another metal ion to the sulphur group in the primary
dithizonate. The formation of secondary dithizonates occurs with some heavy

metal ions but not with lead [8].

Dithizone and its dithizonate products are soluble in most organic solvents. In
general, it is used in solution form when dissolved in carbon tetrachloride or
chloroform. It is more soluble in the latter. Its solubility is greater in strongly
polar organic solvents. Thus using methanol as solvent in our experiments

would be a judicious choice. It will not only enable a large amount of the
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indicator to be dissolved and therefore adsorbed onto the matrix support but
also allow water to be used to wash away any excess methanolic solution since

methanol and water are miscible while dithizone is insoluble in water.

It is helpful to look at the conventional use of this chemical indicator as it
provides a starting point to adapt it to fibre sensing purposes. It is first dissolved
in an organic solvent and shaken with an aqueous sample of lead. Lead in the
agueous phase will then be extracted by dithizone into the organic phase in the
form of lead dithizonate. The two immiscible solvents are then separated and
the organic phase retained. It is important to note the effect of the solvent at
this stage. If a chloroform solution of dithizone is used, more lead will be
extracted because of the greater solubility of lead dithizonate in chloroform [8].

Lead in the organic phase is tested by photospectroscopic methods as its

absorbance A obeys the Beer-Lambert law [9]:

A=lg (II—OJ =¢lC (3.1)
Where 1, and | are the light intensities at monochromatic wavelength
travelling an optical pathlength | in the absence and presence of lead

respectively. ¢ and C are the molar absorption coefficient and the

concentration of the absorbing species respectively.

It follows that to extract more lead via the formation of lead dithizonate, the
concentration of dithizone must be increased. This will however create
departure from the Beer-Lambert relationship, typical in highly absorbing and

scattering media. Calibration and a blank run are therefore important.

The extraction of lead from its aqueous sample is pH dependent. Sandell [8]

showed that maximum extraction occurs at pH 9-10 and Oliveira et al [1]
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worked at a pH of 9. Extraction of metal ions by Dithizone may be slow or fast
but general observations have shown that in basic solutions, metals are
extracted very rapidly [8]. This is potentially useful to achieve a fast sensor

response later.

This reagent is normally used in solution but immobilizing it and subsequently
regenerating it after each reaction will lead to a more rapid analysis of a larger

number of samples.

There are however issues with the use of dithizone as a colourimetric agent. It
oxidises to form an unreactive oxide. Under weakly oxidizing conditions, the
oxide is reversible by means of a reducing agent but beyond that the oxide is
irreversible. Furthermore, exposure of a chloroform or carbon tetrachloride
solution of dithizone to strong light or relatively high temperatures leads to its
decomposition [8]. Oliveira showed that the introduction of a passband filter to
dithizone exposed to white light slowed down that photo-decomposition

considerably [1].

Having discussed the features of Dithizone, we can outline its suitability as a
chemical indicator for fibre optic sensing. Its deep and significant colour change
makes it appropriate for reflectance-based measurements. Although soluble in
the organic phase, it is able to extract lead from the aqueous phase. Its
insolubility in water is advantageous as it will not be washed away by the
agueous sample. Extraction of lead is fastest and most efficient in basic
solutions. Finally, care must be taken to avoid oxidation and

photodecomposition.

3.2.1. Reflectance

There are two types of reflection, namely specular and diffuse reflection. For

fibre optic chemical analysis, diffuse reflection is mostly encountered, usually
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following the scattering of light from a non-uniform surface. If the surface of a
material is coated with an indicator which absorbs light at a particular
wavelength range, then when light is incident upon that surface, it will be partly
absorbed by the indicator and partly scattered back or reflected. The reflected
light will consist of the original light minus the absorbed light. If the absorption
of the indicator is solely modified by the concentration of the analyte, then it is
possible to correlate the intensity of the reflected light to the analyte

concentration.

Several publications describe metal ion sensing based on reflectance at the
distal end of an optical fibre. Reagents such as cupron [3], gallocynine [5],
Dithizone [1], salicyclic acid [4] and chrome azurol S [10] have been
immobilized on XAD type of polymer beads and their reflectance measured and
plotted against the analyte concentration. They do, however, suffer from the
lack of a suitable ‘reference scheme’ to allow for any fluctuations in the input
light intensity which may be mistaken for the response of the sensor to the
measurand and thus give erroneous readings. These errors can arise typically
from an unstable light source, fibre bend losses and leaching which may all
affect intensity measurements. A reference scheme is therefore necessary for
any intensity-based optical sensor to be used in the field.

3.2.2. Effect of the Immobilization procedure

The chemical indicator may be used in conjunction with the fibre without
immobilizing it. For e.g. Lee and co-researchers used a reagent in solution
and measured its absorption with a fibre to relate it to the concentration of iron
(111) in solution [11].

However, most FOCS immobilize the indicator to the fibre to allow interaction

with the interrogating light. Immobilization of the reagent phase brings about

several advantages:
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1. The sensing head is compact, small and portable.

2. The reagent is protected from the external environment; for e.g. in sol-gel
or PVC membranes, the reagent is entrapped in the solid support.

3. If the sensor is reversible, the reagent may be used several times as it is
not washed away with the sample.

4. The selectivity may be improved; for e.g. silicone membrane is a
hydrophobic polymer that is impermeable to aqueous solutions but will
allow gases such as water vapour and oxygen to diffuse through, thus

being useful in gas sensing.

Immobilization has some problems of its own:

1. Leaching is a common issue to all membranes. It is impossible to
eradicate completely as no membrane is able to retain all the dye
incorporated into it when a solvent is passed through. It is possible though
to minimize the impact of leaching via referencing techniques.

2. Photo-degradation is more severe in reagents immobilised at the fibre end
as they are continuously illuminated by high-intensity optical radiation.
This problem is not reported in evanescent wave sensing.

3. Immobilization may cause chemical modification of the reagent either as a
result of that process or to enable the process. Some non-hydrophobic
dyes have to be lipophilised to render them compatible with PVC
membranes and allow covalent bonding to the membrane [12-14]. Dyes
electrostatically immobilised require the use of an ionic site in the reagent
molecule and care must be taken that the transducing function of the
molecule is not altered [2].

4. Presence of a membrane will affect the time response of the sensor as the

analyte molecule must diffuse through it.
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5. Intrinsic fluorescence of the membrane may occur, especially with the

combined use of UV light and plasticizers in PVC membranes [15].

The solid support for the reagent must fulfill the following requirements:

o It must be optically transparent or equally reflective at all wavelengths for
reflectance measurements;

o It must be chemically inert to the sensing process.

There are various ways of immobilizing an indicator and these have been
described extensively in the literature [9, 15]. The choice of the immobilization
matrix or polymer support determines to a large extent the overall performance
of the sensor. The extent of leaching of the reagent will determine how
successful the immobilisation is. The solid support of the reagent will affect
significantly the time response of the sensor as it will determine how fast the
analyte is able to diffuse through it and react with the reagent to produce a

detectable optical change.

Oehme et al have investigated the effect of various polymeric supports such as
hydrogels, sol-gels, PVC, polystyrene and anion-exchange resin for metal-ion
sensing using the same indicator [16]. A comparative study was made in terms
of leaching, sensitivity, reproducibility and stability of the membranes. Wang
and co-workers have exploited a PVC membrane in developing an optode
sensor for zinc [17] while Birch et al reported using the ion exchange

membrane Nafion® in a copper ion sensor [18].

3.2.3. Reagent response to the analyte

The reaction between the reagent R and lead as the analyte A is irreversible

without an external regenerating agent (the acid):

84



A+R— AR (3.2)

Because only a finite amount of reagent R may be placed at the end of the
fibre, it is assumed in this work that the amount of analyte is large enough so
that the reaction ends when R is depleted. This assumption holds because in
general, the sample volume is very large relative to the reagent. In addition, if
the amount of analyte is large enough, then introduction of the sensor reagent

R will not disturb its concentration equilibrium significantly.

As AR is being measured here, the signal changes with time during the
reaction untii R has been consumed and the reaction reaches completion
whereby the signal reaches a steady state. At this point the sensor may be
regenerated by means of dilute HCI. Analysis of the signal change with time will

thus yield the analyte concentration.

3.2.4. Referencing scheme

It is important to provide a method of referencing to eliminate errors arising
from fluctuations of the light source, bending losses and any leaching of the
indicator that may occur whilst operating the sensor. LEDs are subject to
unstable optical output; instead of coupling a cheap LED to a more expensive
current driver and temperature control to achieve a stable optical output, a
cheaper but just as effective solution resides in improving the system design.
This involves making use of a suitable reference scheme which will compare

the reference intensity to the analyte intensity.

There are various techniques of referencing, the simplest method of which
involves measuring the reference intensity at the light source itself and taking
the ratio of the light source intensity and analyte intensity. Thus if light from the

source drops, the analyte intensity will drop consequently but the ratio of the
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two will stay constant. The disadvantage with this method is that the reference
intensity is not measured along the same optical path, and optical losses are
not identical. Furthermore, there may also be leaching of the indicator which will
result in a drop in the analyte intensity. An alternative would be to use two light
sources emitting at different wavelengths, one to interact with the analyte and
the other insensitive to the analyte and to be used as reference intensity. If the
two light sources are LEDs driven by the same current, they will be subject to
the same current fluctuations. Detection is made using a single spectrometer
for both analyte and reference wavelengths, and the ratio of the two will
therefore cancel out instrument noise. Moreover, the reference intensity follows
the same optical path as the analyte intensity. A downfall with this method is
that the two LEDs are not identical and may be subject to manufacturing
defects or imperfections. Reference techniques are discussed in more details
by Grattan [19] and Wolfbeis [9].

3.3. Experimental setup

The setup is shown in Fig. 3.2. A tungsten halogen white light source from
Ocean Optics is used as to provide the interrogating signal over the visible
wavelengths. The interrogating light is guided down one arm of the fibre bundle
made up of a single fibre to the probe to be modulated by the reagent in the
presence of lead. The modulated light is guided back up the fibre bundle along
the arm made up of 6 fibres to the spectrometer input where its intensity is

analysed.
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Fig. 3.2. Experimental set-up to evaluate the dithizone reagent. The main components are the
tungsten halogen white light source from ocean Optica, the spectrometer also from Ocean
optics, the fibre bundle used for the propagation of the optical signal and a computer to run the

LabVIEW software for data analysis.

A LabVIEW program was written to process the data output from the
spectrometer. The spectrometer essentially measures the intensity over a
range of wavelengths and presents this data in an array containing the intensity
and corresponding wavelength values. This array is fed to the computer as
often as the spectrometer updates it; the time interval between two updates is
called the integration period. Throughout this work, an integration of 100 mS
was used, thus providing 10 new array values per second. The LabVIEW
program may be written to extract the peak intensity value, the wavelength
corresponding to that peak intensity, the rate of change of intensity at a given
wavelength, the ratio of two intensities at specific wavelengths and so on. Fig.
3.3a and 3.3b show the front and back panel respectively of the LabVIEW VI

(virtual instrument). Data may be saved by clicking the relevant button | nthe
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front panel while the experiment is running or at the end of the experiment to

save all data.

B> File_Spectra_all.vi Front Panel *
te Tools Browse Window Help

File Edi
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! File_Spect... 0Oj back panel... i File_Spect...

Fig. 3.3a. Front panel of the LabVIEW VI used to gather and analyse data from the
spectrometer output. The first graph will display the intensity at 620 nm, the last graph the
reference intensity at 770 nm and the middle graph will display the ratio of the intensities from

the 2 graphs in real time. The horizontal axes are all in real time.

The back panel is used to make all the connections between the sub-VIs. Data
from the spectrometer array is split into two: the intensity and the wavelength
values. A clock is added to provide the time, giving a third variable. Calculations
such as extracting the peak values, taking ratios and filtering are all performed
by selecting the appropriate sub-VIs and connecting them together such that
the data signal flows from left to right, from the output of one block into the input
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of another block. Outputs from the VI are displayed graphically and the data are

saved as arrays which can later be plotted again.
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Fig. 3.3b. Back panel of the LabVIEW VI used to gather and analyse the spectrometer output.
The spectrometer device here is depicted as a question mark in the top left of the VI; a lowpass
filter to remove high frequency noise is visible in the top left; the clock providing synchronisation

is seen at the bottom left.

The probe itself was specially designed and developed for this application and
consisted of a thin layer of immobilised indicator at the end of the fibre bundle
as depicted in Fig. 3.4a and Fig. 3.4b. A nylon membrane separated the
immobilized indicator from the solution, held by a demountable rubber ring

connector in this configuration.
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The interrogating light is guided into the central fibre from the light source and
is incident upon the beads where the dithizone layer absorbs part of the
spectrum, depending on its colour. The rest of the spectrum covering the visible
wavelength is reflected back in all directions due to the non-uniform surface
presented by the beads. Light that is reflected back to the six fibres surrounding
the central fibre and that is within the numerical aperture of these six fibres are
able to be propagated along the fibres down to the spectrometer for intensity

measurements.

Fibre
bundle

Rubber

ring
<+— Nylon

gauze

Indicator-coated
beads

Fig. 3.4a. Probe construction
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Fig. 3.4b. Picture of the probe constructed with XAD beads coated with the dithizone reagent

and held together by means of the nylon gauze and rubber O-ring.

This sort of probe construction is very common in reflectance sensors using
resin beads. The membrane must not be made of absorbing material that will
retain traces of the sample even after washing. Nylon membranes are a good
choice as they are also unreactive. Metal meshes might react with the metal-
sensitive indicator or with the acid used for regeneration. Fig. 3.5 below shows
the construction of a probe for a similar type of reflectance sensor by Yusof [5].
In this case, a relatively thick layer of beads have been placed at the fibre end.
No mention is made of the bead size but it would be sufficiently large so as not
to impede the flow of agueous sample.
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Fig. 3.5 Probe construction for a reflectance sensor by Yusof et al [5]

3.3.1. Reagents

All chemicals used in this work were of analytical grade purchased from Sigma-
Aldrich. Deionized water was used throughout. The buffer solution was made
up of 0.01 M hydroxylamine hydrochloride and 0.05 M ammonium citrate
dibasic in water. Hydroxylamine hydrochloride will prevent the oxidation of
dithizone while citrate is used to prevent precipitation of insoluble lead
hydroxide. Ammonium hydroxide is added to adjust the pH to a value of 9 as

lead is most efficiently extracted from its aqueous solution at this pH value [8].

Lead nitrate salt was weighed and dissolved in the buffer solution to produce a
stock solution of known concentration. This was further diluted with the buffer to
produce different concentrations of buffered lead ion solution. The dithizone

solution was prepared by dissolving dithizone into methanol.

3.3.2. Immobilization

Following the previous work reported by de Oliveira et al [1], Amberlite XAD-4

resin, a porous non-ionic co-polymer, was chosen as a suitable matrix on which
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to covalently bind dithizone. The resin was ground to reduce its particle size
and washed in water, dilute hydrochloric acid and distilled water to remove any

chemicals such as sodium chloride and then finally rinsed with methanol.

3.3.3. Probe Fabrication

A small amount of the green dithizone-coated resin was removed from its acid
solution and attached to the distal end of a fibre bundle by means of an
arrangement using a nylon gauze and a small rubber ring which previously had
been washed in dilute acid. The probe was rinsed in the buffer solution and
dipped in an optically isolated measuring cell containing an excess of lead ions
solution relative to the immobilised reagent. The spectrometer monitored the

spectral changes of the light reflected from the beads in real time.

3.4. Results and discussion

3.4.1. Response to lead ions

The response of the probe to lead ions was evaluated by immersing the probe
in the measuring cell containing aqueous solutions of lead at various
concentrations. Changes in the reflectance spectrum upon addition of a 30ppm

concentration of lead are shown in Fig. 3.6.

Prior to the addition of lead, the spectrum shows a minimum intensity at 620 nm
due to strong absorption by the reagent at that wavelength. The peak
absorption of dithizone dissolved in carbon tetrachloride occurs at 620 nm [8]
and our results are in agreement with that, also highlighting the fact that
immobilization and use of an aqueous solution do not change the peak

absorption wavelength.
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Fig. 3.6. Normalized reflectance as a function of wavelength showing the observed change in
reflectance spectrum as the lead ions react with the reagent. This change in reflectance occurs
as the chemical reaction proceeds from the starting point to the completion of the reaction over

20 min.

In the presence of lead ions, the spectrum changes gradually to a peak at the
same wavelength. At higher lead concentrations, the reaction proceeds faster
so the rate of change of the spectrum intensity was measured to give a
guantitative measure of the amount of lead present. Since the largest change in
intensity occurs at 620 nm, measurement at this wavelength is considered to be

the most sensitive to measure lead ion concentration.

3.4.2. Analyte measurement

In this reflectance measurement, to avoid the problem of two non-identical
LEDs for referencing, a reference intensity from the light which follows the
same path as that used to probe the analyte intensity and thus being subject to
the same deleterious effects is used. The reference intensity is chosen at a
wavelength not subject to the measurand-induced changes while the analyte
intensity is that at 620 nm which responds best to the presence of lead [20]. It
can be seen from Fig. 3.6 that part of the observed optical spectrum from the
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probe (beyond a wavelength of approximately 720 nm) is essentially insensitive
to any changes in the lead concentration. This spectral region provides an
excellent means to choose a wavelength for this ‘reference intensity’ and for
convenience a wavelength of 770 nm is chosen — the intensity of light at this
wavelength is readily detected by the detector. The ratio of the analyte intensity
to the reference intensity is used to represent the measurand-sensitive signal

and is used subsequently in this work.

This ratio represents a ‘relative’ measurement, i.e. the intensity at 620 nm
relative to the intensity at 770 nm. To show the need for and value of the
referencing scheme applied in the work, an experiment was performed by
measuring the analyte intensity and reference intensity separately over the
same time period while the probe was placed in its acid solution so that no
reaction takes place. Figure 3.75a illustrates the results from the probe. The
analyte intensity is first plotted with no referencing scheme: this represents the
raw measurement. The signal is seen to oscillate and thus cannot be used
alone to determine the quantities needed — the measurement is subject to a
number of loss mechanisms such as photodecomposition, leaching, power

fluctuations and fibre bending, for example.
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Figure 3.7a Measurement of the normalized optical intensity at 620 nm without the referencing
scheme in place. The probe is placed in dilute acid so that no reaction takes place. A constant
signal level is expected but the variable light intensity output of the white light source masks
this.

By contrast Fig. 3.7b shows the same data divided by the reference intensity
collected at the same time. Because the intensity at 770 nm is subject to the
same losses e.g. the unstable power output of the lamp, making a
measurement of one intensity value relative to another completely eliminates
this instability and the signal obtained immediately becomes one that is
meaningful in terms of the required analysis, i.e. no reaction is taking place as

expected.
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Fig. 3.7b. Using the same analyte intensity data in Fig. 3.7a and dividing by the reference
intensity at 770 nm yields a more constant signal level as expected when no reaction is taking

place at the probe.

By measuring the change in the above intensity ratio with time using different
concentrations of lead ions, the plots in Fig. 3.8 are obtained. The reagent
complexes with lead ions from the solution until all the reagent is depleted and
the signal reaches saturation. Thus, regardless of the initial concentration of
lead ions used, all the plots in Fig. 3.8 reach the same final reflectance intensity
ratio, although a higher lead concentration causes the reaction to reach
completion more quickly. The initial slope of all the plots is strictly linear and
allows the information on the concentration of the analyte to be obtained by

calculating the corresponding slope. This concept has been explained by

97



Oehme and Wolfbeis [21] and is illustrated in a copper sensor by Oehme et al
[16].
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Fig. 3.8 Normalized reflectance as a function of time showing analytical information from the
slope of the plot. The vertical axis represents the intensity ratio of 620 nm to 770 nm and is

normalised at the largest value.

3.4.3. The selected matrix support for the reagent

Amberlite™ XAD-4 resin is a polymeric adsorbent available as white insoluble
porous beads. It is a non-ionic cross-linked polymer which derives its
adsorptive properties from its high surface area and the aromatic nature of its
surface. This structure gives Amberlite™ XAD-4 resin polymeric adsorbent
excellent physical, chemical and thermal stability. It is normally used in
chromatography separation techniques in column or batch modes, to adsorb
hydrophobic molecules from polar solvents or volatile organic compounds from
vapour streams. Its characteristic pore size distribution makes it an excellent
choice for the adsorption of organic substances of relatively low molecular
weight [22].

Such polymeric adsorbents are highly porous structures whose internal

surfaces can adsorb and then desorb a wide variety of different species
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depending on the environment in which they are used. For example, in polar
solvents such as water, polymeric adsorbents exhibit non-polar or hydrophobic
behaviour and so can adsorb organic species that are sparingly soluble. This
hydrophobicity is most pronounced with the styrenic adsorbents. In non-polar
solvents, such as hydrocarbons, etc. most adsorbents exhibit slightly polar or
hydrophilic properties and so will adsorb species with some degree of polarity.
This polarity is most pronounced with the acrylic adsorbents and the phenolic
adsorbents [22].

There are other polymeric adsorbents of the same class, namely XAD-2 and
XAD-7. XAD-2 and XAD-4 are nonpolar and are useful in sensitive analytical
procedures for the detection and identification of narcotics and environmental
organic contaminants. XAD-7 has intermediate polarity and adsorbs phenols
from water or hexane; it can adsorb either hydrophobic materials from water or
hydrophilic materials from nonaqueous systems [23]. De Oliveira et al made a
comparative study of all three types of resin and determined that Amberlite
XAD-4 vyielded the best results with dithizone and selected it as the
immobilisation matrix. XAD-4 provides a porous, large surface-area structure of
hydrophobic nature which is well-suited to the dithizone molecule. Once
adsorbed, the molecule is not washed away with water due to this very

hydrophobicity. This makes it ideal for testing lead ions in aqueous solutions.

The structural formula of the repeat unit of the XAD-4 polymer is shown below:

II— O —I
(@]
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3.4.4. Factors which affects the sensor response

The most important step in the development of this sensor system is the probe
fabrication as it affects the sensitivity, response time and dynamic range of the
system. In the preliminary work carried out, it was found that it was not possible
to reproduce exactly the same amount and distribution of the resin attached at
the fibre end every time and thus the results presented reflect this particular
aspect of the sensor system performance and focus mostly on the qualitative
aspects. The main factors which affect the sensor response are described in
Table 3.1 below.

Factors Parameters

Concentration of reagent

Amount of reagent _
Volume of reagent solution
adsorbed onto beads

Time allowed for adsorption (soaking time)

Individual resin diameter
Resin size
Amount of resin at probe end

Table 3.1. Factors affecting the amount of reagent adsorbed.

In able to be able to optimize the factors in the left column experimentally, one
parameter at a time in the right column must be varied while all the others are
kept constant. To simplify the adsorption process, the amount of reagent was
always in excess relative to the amount of resin present which was fixed at
130 mg. This ensures that there is more than enough reagent for adsorption

onto the surface area presented by the porous resin beads.

The concentration of reagent used was a saturated solution at room
temperature. This was prepared by adding solid dithizone powder gradually into
the methanol solvent and dissolving gradually until no more solid will dissolve.

The excess solid was then filtered off and the solution retained. Having fixed
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the reagent concentration, to make sure that the reagent is in excess relative to
the amount of resin during the adsorption process as described just above, the
volume of the reagent solution must therefore be in excess. From Table 1, the
only parameter left to vary in order to optimize the quantity of reagent on the
resin beads after adsorption is the time allowed for soaking during this
adsorption process. The reagent concentration was chosen to be very high in

order to keep this soaking time short.

3.4.5. Determining the volume of reagent solution

To ensure that the volume of reagent solution used during the adsorption
process is large enough to provide sufficient reagent molecules for adsorption
onto the surface of the porous resin, different volumes deemed to be in excess
were tested on the resin. 130 mg samples of the resin were added to various
sample volumes of the solution and allowed to soak for 10 min in a beaker. The
resin was then removed, washed with the buffered solution and immediately
tested with 100 ml of 100 ppm aqueous lead in a beaker to determine how fast
the colour changed from green to red in the presence of lead ions. As this
experiment was only to provide a guide of what volume of reagent solution
make up an excess quantity to 130 mg of resin, no accuracy was required and
the colour change was measured visually. The data are presented in Table 3.2

below.
Volume of reagent Time taken to visually change colour to
solution (ml) red by 90% approximately (min)
10 25
20 25
30 25

Table 3.2. Determining an excess volume of reagent
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Since there is no noticeable increase in the time taken to change colour as the
volume of reagent solution is increased, 10ml already contains an excess of
reagent for this mass of resin. As an extra precaution, 20 ml of reagent solution
were used in future experiments with the confidence that any inaccuracy in the
visual detection of the colour change will not affect the reagent-to-resin excess
relation. Referring back to Table 1, the concentration of reagent solution and its

volume have been determined and are summarized below in Table 3.3 below.

Parameter Quantity
Concentration of reagent Saturated
Volume of reagent solution 20 ml
Mass of resin beads 130 mg

Table 3.3. Summary of quantities

Before moving on to determine the appropriate period of time allowed for the
adsorption process to find the optimum amount of reagent to be adsorbed onto
the solid support, the resin particle size must be considered.

3.4.6. Resin size

So far in the all above experiments, the resin size used was as sold, i.e. with a
mean diameter size of around 0.6 mm. To determine the influence of the bead
diameter onto the probe response, different sizes were prepared by crushing
the beads in a crucible and filtering them through sieves of aperture size
0.500 mm, 0.354 mm, 0.250 mm and 0.125 mm sequentially. Three sizes were
kept with nominal dimensions as presented in Table 3.4.
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Size Nominal dimensions

(mm)
Small <0.125
Medium 0.250-0.354
Large >0.50

Table 3.4. Bead diameters

The reagent was then adsorbed onto the resin using the parameters set in
Table 3 with a soaking time of 10 minutes after which the resin was
immediately removed and washed with the buffer solution. Equal samples,
each having bead diameters small, medium and large, were placed in beakers
containing 100 ml of 100 ppm aqueous lead solution and the colour change

from green to red monitored visually. The results are shown below in Table 3.5.

Size Time taken to change

colour to to red by 90%

(min)
Small 5
Medium 15
Large 30

Table 3.5. Relation between bead diameter and time taken to change colour.

By using XAD-4 beads of small diameter (around 0.1 mm and less), the
reaction time can be significantly reduced compared to that with larger beads

(0.5 mm diameter). This arises because beads of small diameter require lead
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ions to diffuse through a shorter distance inside the pores to react with all the

reagent.

Fresh samples for each diameter size were then taken and affixed to the end of
an optical fibre probe which was then placed in 100 ppm of aqueous lead
solution which had a volume large enough that the depletion of lead ions in the
solution could be considered negligible. It was not possible to measure and
place an exact reproducible amount of coated beads at the end of the fibre but
an amount considered large was used each time. The optical signal reflected at
the fibre end was strong and well-defined due to the thick coating at the end.
The observed signal for the probe consisting of medium-sized beads is shown
in Fig. 3.9.

strong signal

low signal

Normalised reflectance (a.u.)
(@]
N
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Fig. 3.9. Increase in signal, about 2.5 times greater, with a large amount of resin of medium

size (strong signal) at probe end compared to a smaller quantity (low signal)

However, the reaction with lead never reached completion as the final curve,
similar to that shown in Fig. 3.6, was never achieved. This was confirmed when
the nylon gauze was removed and the beads examined. While the outer beads
exposed to the analyte solution had changed colour to red, the beads in the
middle were still green and completely dry despite having been left in the

analyte solution for more than 4 hours. All the probes with their respective bead
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size were left up to 4 hours in the analyte solution and all of them failed to react
completely with lead, albeit with different degrees of completion. Fig. 3.10
shows the final reflectance signal after 4 hours for each probe and equivalent

bead size within.
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Fig. 3.10 Relation between bead diameter and completion of reaction

In the case of the probe consisting of small beads, no reaction was actually
detected by the probe as the resin in contact with the surface of the optical fibre
was not exposed to the analyte solution at all, although the external surface did
change colour. The probe with medium-sized beads detected a small change in
the spectrum due to the analyte solution being able to reach deeper into the
resin layer. In the case of the large beads, the reaction is nearly complete,
confirming that the larger beads have more space between them and do not

impede the flow of analyte solution.

It can be concluded that a large amount of resin attached to the probe end,
although providing a strong and well-resolved signal, does not allow the free
flow of the analyte solution through it. Furthermore, the smaller the resin beads,

the more compact a barrier they represent and further impede the flow of
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analyte solution through them, ultimately preventing any flow of analyte

solution.

As a result of this, a similar experiment was repeated with all three bead sizes
but by placing a minimal amount of resin sample at the distal end of the probe,
just sufficient to cover it completely. The resultant signal for the probe
consisting of medium-sized beads is shown in Fig. 3.9 and provides a useful
comparison with the signal from a probe of same bead size but with a larger
amount. The signal in the case of a minimal amount of resin at the probe end is
much weaker as the signal reflected from the resin is lower; however, there is
sufficient detail in the spectrum to allow for measurements. The three probes
thus assembled with the three different bead sizes were then placed in an
excess volume of 100 ppm of aqueous lead solution and the reflected signal

monitored. The results are shown in Fig. 3.11.
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Fig. 3.11. Time taken for beads of different sizes to complete reaction

In this situation, the beads of largest dimensions take the longest time to react
completely and change colour. The results are comparable to that obtained in

Table 5 and in general the beads take slightly less time to react when they are
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free to move within a vessel as they are then surrounded by the solution

equally on all sides.

Based on these results, it was decided to continue further experiments using a
medium bead diameter as it provides a satisfactory compromise between too
rapid a reaction time and an incomplete reaction with lead. A minimum number
of beads was also used to just cover the tip of the fibre and in this way it was
found to provide an adequate level of reflected signal at the detection system.
Klimant et al [2] have reported similar observations regarding the effect of bead
size. Their response time of 2 min for a reflectance sensor using an anion-
exchange resin was attributed to the rate of diffusion of lead ions through the
pores of the resin. The particle size used was less than 0.1 mm.

3.4.7. Time allowed for adsorption

The last parameter to examine from Table 2 is the time allowed for adsorption.
This parameter will “fine-tune” the amount of reagent adsorbed onto the matrix
support to ultimately determine the performance of the probe. It has already
been shown in the previous section how the bead diameter greatly affects the
response time and how the amount of resin, in relation to its size impedes the
flow of analyte solution and therefore slows down its response. Having solved
these issues, we are now in a position to optimize the probe response based on

the soaking time.

Ideally, we would want a solid support with an infinite amount of reagent that
would be able to react with an infinite amount of lead ions. However, large
guantities of the reagent will result in a long time to reach completion of
reaction, thus affecting the response time of the sensor. In practice, a
compromise between the response time and the response range needs to be
found. By varying the soaking time, the amount of reagent on the resin is varied

and the loaded resin can be tested at the fibre end for the probe response time.
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A number of resin samples were prepared using the parameters described in
Table 4 with beads of medium diameter as described in Table 5 and with a
soaking time varied as described in Table 6 below. After adsorption, the resin
was removed from the solution, washed with the buffer solution and
immobilised to the fibre end using a minimal amount to sufficiently cover the
distal end as described in Section 3.4.6. Each probe thus built was then tested
by placing it in 100 ml of various concentrations of lead. The results are
summarized in Table 6 where the time taken is measured at 90% of its final

value.

It is important to realize that each soaking time tested corresponds to a different
probe assembled. This in itself is a source of error known as the reproducibility
of the probe and described later in Section 3.4.9. The response time of each
probe may therefore not be comparable with each other without avoiding and
compounding this type of error. Consequently, the response times in Table 3.6
should be viewed as a guide to select the most convenient soaking time.

Soaking time Probe response time (min)
(min) 100 ppm 10 ppm 1 ppm
60 150 n/a n/a
30 32 n/a n/a
15 22 n/a n/a
5 9 53 n/a
1 0.75 8.5 15
0 n/a n/a 3.5

Table 3.6. Relationship between soaking time and probe response time
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The aim was to get a sensor response under 30 min for low lead
concentrations. Thus where a long response time was achieved at high lead
concentration, the experiment was not repeated with a lower lead concentration
as the response time would have been even longer and therefore unsuitable for
a probe. A soaking time of zero represents the resin placed in the reagent
solution and immediately removed and washed with the buffer solution. It can
be seen that the longer the soaking time, the longer response time of the probe.
Thus for a given lead concentration, a desired response time for the probe may
be achieved by selecting an appropriate length of time for the adsorption
process. This means that if the sensor must give an output within 10 minutes
for a given range of lead concentration, the soaking time may be adjusted for
that.

A soaking time of 1 min for the adsorption process was selected. There are no
right or wrong values; rather, the value chosen represented a good compromise
between measuring low and high concentrations of lead ions within a response
time of around 30 minutes. A longer soaking time effectively causes more of the
reagent to be immobilised; when tested at the fibre end, the immobilised
reagent will take more time to react with lead and change colour. This is
because its local concentration is very high compared to the ppm level of lead
ions. A large amount of lead ions is then required to accumulate at the site of
the reagent to cause a detectable colour change. Similar findings have been
reported by Ahmad et al [24] and Arnold et al [25].

A typical calibration plot showing the measurand (normalized slope) as a

function of the lead concentration for a probe assembled as described here with

a soaking time of 1 minute for the resin beads is depicted in Fig. 3.9.
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Fig. 3.9 Calibration plot showing normalized slope as a function of lead ion concentration

The time taken for the signal to reach steady-state varies with the concentration
of lead from around 3-4 min for a 50 ppm lead solution to 15 min for a 1 ppm
solution. The limit of detection, defined as the concentration of lead
corresponding to the signal of a ‘blank’ plus three times its standard deviation,
is 500 ppb. The dynamic range may be increased by increasing the amount of
dithizone available to complex with the lead present in the solution. This is
achieved at the expense of sensitivity and response time of the sensor as the
immobilised reagent will take a much longer time to change colour, as has been

explained earlier.

In a similar sensor configuration based on reflectance measurements for heavy
metal ions, Malcik et al [26] obtained sub-ppm detection limits for a range of
heavy metals with a limited linear range of 1-10 ppm due to a small amount of
reagent immobilized on the resin. In this work, the linear dynamic range is
found within the range 1 ppm to 30 ppm although this may be increased to suit

the application needed as mentioned above.
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3.4.3. Effects of photodecomposition

The extent of photodecomposition of the immobilized dithizone was studied by
placing the probe in a solution of dilute acid and exposing it to the light source
in the absence of lead ions and the signal reflected was monitored by a

detector.

A linear increase in intensity with time was seen over a period of 2 hours. The
limit of detection (LOD) at 500 ppb determined above is set by this
photodecomposition. The photodecomposition is, however, constant and will
only introduce a systematic error that can be taken into account.

The use of an appropriate bandpass filter will reduce photodecomposition as it
removes all light except that of the wavelength under measurement but it will
also remove the signal at the reference wavelength of 770 nm if not chosen
correctly. It should be noted that the referencing scheme in use in this work
requires no additional hardware and is very effective at canceling the
deleterious effects of leaching and the inevitable fluctuations present from the
light source.

In this work, with the configuration used, the only effect of the
photodecomposition is to impose an LOD on the sensor and the figure
determined above of 500 ppb was deemed acceptable in light of typical figures
from published work [26] for a sensor system that is robust, optically referenced
and relatively inexpensive by minimizing the hardware used. The use of filters
will not guarantee the removal of this photodecomposition effect and at the

same time will not guarantee a significant improvement in the LOD observed.

3.4.4. Repeatability and regeneration of the probe

Following each measurement, the probe was regenerated by placing it in a
solution of 0.1 M HCI. According to Sandell, mineral acid can be used as
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reversion reagent for lead [8]. The baseline performance of the probe was
reached within 2 minutes and the probe was then rinsed in the buffer solution
prior to being used for the next measurement. In the experimental work carried
out, it was found that the sensor could be regenerated up to five times without

any effect on performance.

The repeatability of the sensor was studied by using the same probe to
measure the concentration of a known 30 ppm lead solution several times and
Fig. 3.10 shows the results obtained from this series of measurements. Using
these results, the repeatability of the sensor yielded a relative standard
deviation (r.s.d) of 11%, which compares well with a value of 7% obtained from

previous work [1] using a flow-cell arrangement which is more stable.

1 2 3 4 5
number of measurements

Fig. 3.10. Repeatability measurements

Data on the reproducibility of a series of probes prepared using the same
technique were obtained by measuring the response of several such sensors
constructed using different resin batches but exposed to the same lead
concentration. The result, depicted in Fig. 3.11, gives an r.s.d of 14%. This is a
relatively high figure but can be attributed to variations in the amount and

distribution of the resin in the sensor construction process which cannot easily
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be controlled using the techniques applied. Several other researchers have

mentioned similar limitations and have extensively commented on them [2, 10].
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Fig. 3.11. Reproducibility measurements

3.4.5. Efficiency

The efficiency of the experimental setup was measured using the spectrometer.
Due to its physical shape and adaptor, it can only be connected to a fibre
terminated with a fibre connector. Therefore it is not possible to connect the
light source directly to it. Instead, the light exiting from the branch of the fibre
bundle connected to the light source was measured. Then, using the same light
source intensity, the probe was fixed to the fibre bundle and dipped into a 30
ppm lead solution and the reaction allowed to reach completion by monitoring
the optical signal on the spectrometer. The ratio of the optical signal at
completion of reaction to the light source measurement yielded an efficiency of

11.2% over the wavelength range 600 nm to 800 nm.
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3.5. Summary

A fibre optic sensor to measure aqueous lead ion concentration based on the
use of immobilized dithizone has been developed, its design and performance
described and results obtained reported. The sensor measures the reflectance
of a reagent chosen so that it changes colour in the presence of lead and from
which the concentration of the analyte can be related to the rate of change of

the intensity of the reflectance signal from the probe.

The reagent dithizone, which is used in this work, reacts to a wide range of
heavy metals. Selectivity to the ion in question i.e. lead is imparted by working
at a specific pH or by using an appropriate masking agent. As an alternative the
probe could be configured to provide a measure of the total heavy metal ion
content in a sample [2].

The work has shown the value of the referencing scheme which has been
incorporated, utilizing no major experimental modification or expensive
hardware. The technique was modified from the previous arrangement [1] and
does not need a flow-cell arrangement, making it more compact and easier to

use without the need for a pump, flow-cell and tubing.

Applications of sensors of this type lie particularly in environmental monitoring.
For example, fertilizers are a much overlooked source of heavy metals which
can easily enter the food chain and also expose farm workers, the
concentration of heavy metals in fertilizers being typically in the ppm range [27].
A sensor of the type described here could be used to measure the amount of

heavy metals entering rivers and ground water from agricultural lands.
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Chapter 4

Feasibility studies of thin sol-gel films

doped with a novel fluorophore

4.1. Introduction

There are few reported FOCS for lead based on fluorescence. Most of them are
based on chromogenic reagents, leading to absorption or reflectance-based
measurement schemes. Yusof and Ahmad briefly reviewed reagents that have
been used for the determination of lead using FOCS but no fluorescent
indicator was mentioned [1]. However, Casay et al devised a metal ion sensor
based on the fluorescence of a reagent and were able to detect lead but
selectivity was low as the sensor also detected cadmium, alkali and alkali earth
metal ions to a low ppm range [2]. This lack of fluorescent FOCS for lead
implies that there are few fluorescent reagents and those few reported in the
literature exhibit low selectivity and have only been used in solution [3-5]. The
task of the FOCS designer is thus to find a suitable way to immobilise these

reagents on a solid support for fibre optic sensing.

In this work, a novel fluorescent reagent with high selectivity to lead ions has
been chosen to be adapted to optical fibre sensing. This fluorophore was

chosen based on the following properties [6]:

1. High sensitivity and selectivity to lead. The quantum yield is reported to be

approximately 0.35 and emission is visible to the naked eye.
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2. Excitation and emission spectra in the visible spectrum where fibre
transmittivity is high. Many organic fluorophores must be excited in the UV
which leads to problems such as high background fluorescence and
Rayleigh scattering.

This chapter will present an explanation of the fluorescence mechanism behind
the molecule followed by a study of its properties for adaptation to an optical
fibre system based on sol-gel chemistry. A series of experiments were carried
out to optimise the sol-gel probe and study the performance of the sol-gel

probe.

4.2. Fluorescence

4.2.1. Principles of Fluorescence

The mechanisms of fluorescence are best explained with the use of a Jablonski
diagram [7] as shown in Fig. 4.1 to illustrate the energy levels involved. The

ground, the first and the second electronic states are denoted by S;, S, and S,

respectively. Within each of these electronic energy levels, a fluorophore may
exist in various vibrational energy levels, denoted in the diagram by the closely-
spaced lines at each electronic energy level. Transitions between energy states
are depicted by vertical lines to illustrate the instantaneous nature of absorption

and emission of light.
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Fig. 4.1. Jablonski diagram depicting the fluorescence mechanism in terms of fluorescence
level [7].

Consider an electron in the ground state. If a photon of energy greater or equal

to the energy level of a vibrational state at S, or S, is incident upon that

electron, the photon energy will be absorbed, transferring the energy level of
the electron to the corresponding vibrational energy state, say, the second

vibrational energy level of S, as illustrated in Fig. 1. A very rapid relaxation of
this state sends the energy level to the lowest vibrational state of S,.This
process is called internal conversion [7]. From the electronic energy state S,

the energy level drops in a finite time to a higher excited vibrational ground
state, releasing a photon in the process. This finite time represents the

fluorescence lifetime of the fluorophore.

At the S, state, a spin conversion of the electron may send the molecule to the
state T, in a process called intersystem crossing [7]. The electron in this excited

state has the same spin orientation as its paired electron in the ground state,
thus forbidding a return to the ground state and resulting in slow emission rates
so that the lifetime is several orders of magnitude longer than the fluorescence
lifetime. This long lifetime is called phosphorescence and the emission energy
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in that process is also lower as the energy level of T, is closer to the ground
state than S, resulting in emission of longer wavelengths compared to

fluorescence.

Any excited energy level that does not lose its energy by emission of photon
does so in a radiationless process such as heat. For example, after a transition

of energy level from S, to a higher vibrational energy state of S, with the

emission of a photon, the molecule finally returns to the lowest vibrational

energy level of S, by a radiationless process. The large energy difference
between S, and S, means that thermal energy cannot be used to promote an

electron to this higher energy level. Consequently, light and not heat is used for

fluorescence excitation.

UV light is commonly used for fluorescence excitation but as it is of very high
energy, it also leads to high background fluorescence as other molecules are
then also capable of fluorescing under such intense excitation radiation. In the
design of fluorescent sensors, it is usually a good idea to select a fluorescent
indicator having the lowest excitation energy required so that fewer interfering

species may be excited under these conditions.

The distinct presence of vibrational energy levels is often observed as
individual maxima in the absorption and emission spectra, often leading to a
mirror image of each other. The two spectra sit side by side as a result of a
phenomenon called the Stokes shift, an important and distinct characteristic of
fluorescence that arises as a result of the radiationless emission during the

excited state, for example internal conversion.
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4.2.2 Characteristics of fluorescence

The Stokes shift is explained using the Jablonski diagram as a transition in

energy level to the ground state, for example from S, to S;, which is shorter
than the transition to a higher excited state such as S, to S,. The result is the

emission of a photon of lower energy than that which has been absorbed. In
practice, the Stokes shift appears as the emission of light of longer wavelength
than the excitation light and is usually measured as the difference in
wavelength between the peak absorption spectrum and the peak emission
spectrum. The presence of this Stokes shift allows the detection of
fluorescence on a low background noise, thereby improving the detection

sensitivity.

The solvent relaxation effect, or solvatochromic effect, also contributes to the
Stokes shift. It usually occurs in polar solvents where the solvent molecules
have a dipole moment. They are able to reorient themselves around the
fluorophore molecule already in the excited state and lower its energy level.
Upon return to the ground state, the emitted photon thus has less energy. In
general, the more polar the solvent, the greater the Stokes shift due to a

greater solvent relaxation effect [7].

The quantum yield of a fluorophore determines how efficient it is at emitting
light given a certain amount of excitation energy. The quantum yield is formally
defined as the ratio of emitted photons to absorbed photons; in an ideal
situation the ratio is 1. Some fluorophores have quantum vyield approaching

unity and are as such very bright; examples are rhodamines and fluorescein

[5]

The lifetime of a fluorophore is an important feature that can be used in

sensing. It is defined as the average time the molecule spends in the excited
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state prior to returning in the ground state [7]. If I and k, are defined as the

emissive rate and the radiationless decay rate respectively of the fluorophore,
then it follows that the fluorophore lifetime 7 is

1
T =
r+k,

(4.1)

Because emission is a random process, not all the photons are emitted
spontaneously at time t =z . The lifetime indicates the average time spent in the
excited state and for a single-exponentially decaying fluorescence signal, 63%
of the molecule will have decayed before t=7 and the rest at t>z. If non-
radiative processes do not apply for a given fluorophore, then its lifetime is the

reciprocal of its emissive rate and is called the natural lifetime:

T = (4.2)

Organic-based molecules able to undergo fluorescence usually have a lifetime
in the order of nanoseconds. This implies the use of complex and expensive
instrumentation to make time-resolved measurements on this scale. However
time-resolved fluorescence measurements reveal additional information at the
molecular level such as the type of quenching or the type of multi-exponential
decays [7]. This type of information, however, is best left to spectroscopists

probing at the molecular level.

For the sensor designer only interested in relating an analyte concentration to
fluorescence, the most useful feature of lifetime measurements is their
robustness against noise. However, through the use of proper referencing
techniques, especially the ratiometric technique which is robust and easy to

implement, steady-state fluorescence measurements are just as effective and
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cheaper in terms of the instrumentation required. As such, fluorescence

measurements in this chapter focus on steady-state signals.

To implement a fluorescence-based sensor system, knowledge of the
absorption and emission spectra is required. The point where peak absorption
occurs will be used for efficient photo-excitation, in the past by lasers,
nowadays more frequently by LEDs. Following the excitation of the fluorophore,
emission will occur and optical detection will be performed within that spectrum,
targeting the wavelength range of maximum emission. The longer the Stokes
shift, the further away the emission spectrum will be from the high intensity
excitation radiation so that erroneous measurement of the excitation light will

not occur.

To ensure that no excitation light occurs in the emission spectrum, lasers have
been traditionally used as source of excitation light, providing a very
narrowband spectrum. LEDs have a wider bandwidth but may be used where
the Stokes shift is large enough. In the case of broadband light sources such as
Xenon lamps, excitation filters are required to provide a narrowband emission

radiation.

An excitation light radiation of intensity |, watts travelling an optical pathlength

I cm through a fluorescent solution will give rise to fluorescence of intensity F

described by

F =231, (eCl)k (4.3)
also known as Parker's law [4] where ® is the quantum yield of the
fluorophore, ¢ its molar extinction coefficient in moles per cm, C the molar

concentration of the fluorophore and k is a dimensionless constant introduced

to account for the fact that only a fraction of the total emission is detected. Thus
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the detected fluorescence is proportional to any one of the above parameters

provided the others are kept constant.

At high fluorescence concentration C, there is departure from linearity and the
emitted fluorescence drops as a result of quenching from the fluorophore itself.
This is known as the inner filter effect. The primary filter effect arises when the
excitation light intensity is not constant throughout the optical pathlength due to
strong absorption from the solution. The secondary filter effect arises when the

emitted fluorescence is re-absorbed by the fluorescent solution itself.

While this appears as a disadvantage, the inner filter effect has been exploited
in absorbance-based schemes by measuring this drop in fluorescence. This
technique requires a fluorophore whose emissive properties are not affected by
the sample composition and which is added to a chromogenic reagent. The
fluorophore must have its emission or excitation spectrum overlapping the
absorption spectrum of the chromogenic reagent. The fluorescence intensity
will then vary with changes in the absorbance of the indicator. This scheme was
used by Jordan and co-researchers in a pH sensor using phenol red as the
indicator and eosin as fluorophore [8]. The advantage of this method is that
measurement of the analytical signal is made at a wavelength other than that of

the interrogating light, providing a much lower background noise.

Using the same line of thought, Tohda and co-researchers exploited the inner
filter effect to perform absorption studies using fluorescence measurements [9].
In this work, a fluorescent dye was added to a non-fluorescent absorbing
molecule. The aim was to perform optical detection measurements on the

characteristics of microscopic solution volumes in the range of femtolitre.
The inner filter effect is not the only cause of fluorescence quenching. In fact,

there are two main classes of quenching that optical sensors exploit: static and

dynamic.
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Dynamic or collisional quenching occurs when a fluorophore returns to the
ground state by radiationless deactivation due to collision with a quencher
whilst its excited state. The Stern-Volmer equation describes dynamic

guenching as follows [10]:

F

FO = ?0 =1+K,7, [Q]=1+K,[Q] (4.4)
Where F,, 7, and F, ¢ are the fluorescence intensities and lifetimes in the
absence and presence of a quencher respectively and k, is the bimolecular
quenching constant for the dynamic reaction of the quencher with the

fluorophore and [Q]is the quencher concentration. K, is known as the Stern-

Volmer constant.

Static quenching, on the other hand, arises as a result of the formation of a
non-fluorescent complex between the fluorophore and the quencher when in
the ground state. If this complex absorbs light, it immediately returns to the
ground state without emission of a photon. A similar Stern-Volmer equation

may be used to describe static quenching [10]:

T|m

=1+K,[Q] (4.5)

Where Kj is the association constant for the formation of the non-fluorescent

complex.

The most efficient way to differentiate between static and dynamic quenching is

via lifetime measurement as dynamic quenching occurs in the excited state and

126



both, the intensity and the lifetime are affected as given by (4.4) whereas the

lifetime is unaffected in static quenching.

4.2.3. Crown ethers and photo-induced electron transfer

Recently, fluorophores have been given enhanced selectivity and versatility by

pairing it with a new class of compounds, the crown ethers.

When Pederson synthesized crown ethers in 1967 [11] and its 3-dimensional
counterpart, cryptands shortly after, a new field of chemistry was born, called
Supramolecular Chemistry [12]. His subsequent award of the Nobel Prize in
1987 recognized the importance of crown ethers and cryptands in the field of

ion sensing.

Crown ethers and their analogues are organic molecules which can trap ions
depending on the host molecule size and the ionic radius of the guest. They
perform a so-called molecular recognition function. Crown ethers are atoms of
carbon and oxygen linked together in the shape of a ring. Often, a nitrogen or
sulphur atom is introduced to improve the binding affinity of a particular ion to
the crown ether. While crown ethers have a simple cyclic planar structure, more
complex molecules have been synthesised such as calixarenes [13, 14].
Calixarenes have a 3-dimensional structure that resembles a cup as depicted in
Fig. 4.2. By modifying the upper and/or lower rims, it is possible to synthesize

various derivatives and tune their selectivity towards the guest ion of interest.

The affinity of crown ethers and other macrocyclic ligands towards cations is
due to lone pairs of electrons from the oxygen atoms within the ring forming
electrostatic bonds with a cation as it fits inside the ring. Selectivity for a
particular cation increases if the host cavity diameter matches closely the guest

ion diameter. A bigger ion will not be able to fit into the ring while a smaller ion,
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although able to fit through easily, while not be able to form sufficiently strong

electrostatic bonds.

TUpperrin

PN

Fig. 4.2 Cone formation of a typical calixarene [15].

However useful crown ethers were initially found to be, they only serve as ion-
recognition molecules [16] and do not signal a binding event. It was only later
that the idea followed of attaching these ion-recognition molecules, also termed
ionophores, to conventional fluorophores [17]. The end product is a
fluoroionophore which is made up of an ion-recognition moiety, i.e. the crown
ether incorporating a nitrogen atom, and a signal-transducing element which is
the fluorophore moiety. With the advent of fluoroionophores, the use of crown

ethers and the like in ion sensing became mainstream [18-21].

The sensing mechanism of fluoroionophores is based on a photo-induced
electron transfer (PET) quenching process by amines. When the fluorophore is
photo-excited, an electron in the Highest Occupied Molecular Orbital (HOMO)
is promoted to the Lowest Unoccupied Molecular Orbital (LUMO). The lone pair
of electrons from the nitrogen atom is still at the HOMO level and therefore at a
higher energy state than the vacancy left behind by the excited electron. An
electron from the nitrogen atom then enters this lower energy orbital, effectively

guenching the fluorescence [7].
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When the lone pair of electrons is involved in binding with a proton or cation,
the energy of that pair is lowered, inhibiting electron transfer and deactivating
the quenching process. This results in a fluorescence enhancement and signals
a binding event. This is the basis of fluorescent ion sensing as pioneered by A.
P. de Silva [18, 22]. The medium in which the binding event takes place is
important: parameters such as the polarity of the solvent and pH affects the
photophysical characteristics of the molecule and the efficiency and selectivity
of binding [23].

A schematic of the structure of a fluoroionophore made up of a fluorophore and
a crown ether is shown in Fig. 4.3. A spacer unit is used to join the two groups
together to minimise the structural modification of either group which might

hinder their performance.

\ ‘ / spacer

/ \

/ \ lonophore/

Fluorophore/ ion recognition

optical group group
Fig. 4.3. Schematic diagram of the structure of a fluoroionophore

There are many other examples of similar chemoreceptors used to detect metal
ions [24-27]. Dang and co-workers reported a newly-synthesized terbium (I11)
nitrate chemosensor able to selectively bind with silver ions and undergo
fluorescence enhancement as a result of PET [28]. The photophysical

properties of a new red-light emitting ligand made up of a combination of
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calixarene and crown ether were studied and reported by Jeon and co-

researchers [29].

Fery-Forgues et al synthesized a molecule in 1988 which detected alkaline and
alkaline earth metals at the low millimolar level [30]. Ten years later,
Addleman and co-workers reported the detection of lead and mercury ions at
the low micromolar level [3] using the same molecule whose structure is shown
in Fig. 4.4. It was shown that a combination of lower charge density for
univalent ions and disparity in diameter led to a lower binding strength in the

case of Group | and Group Il cations.

MeZN\©/OYO fo/\\o
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Fig. 4.4. Structure of an azacrown ether derivative [3, 30]

A fluorescent chemosensor for lead ions was reported recently in 2006 by Liu
et al [31]. The authors first highlighted the need for inexpensive, real-time
chemosensors for lead and mentioned the lack of calixarenes for heavy metal
ion detection, especially for lead. The new chemosensor they synthesized had
maximum absorption bands at 274 nm and 340 nm with emission peak at
410 nm. Addition of lead caused a decrease in fluorescence emission due to an
electron energy transfer quenching process according to them. A 1:1 complex
was formed between the ligand and lead ion and the complex displayed no
sensitivity to the presence of a wide range of foreign metal ions with the
exception of sodium. This ligand was capable of performing in a mixture of

acetonitrile and water in the ratio 3:1 with the pH set to 5.2 for the experiments.
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4.2.4. The selected lead-sensitive fluorophore

The novel fluorophorionophore used in this study and called Molecule 1 is
made up of a crown ether and a coumarin moiety as shown in Fig. 4.5 below.
The nitrogen atom linked to the two ethyl groups possesses a pair of lone
electrons which makes it an electron-donor while the fluorophore is the
electron-withdrawing group. The nitrogen atom on the crown ether also
possesses a lone pair of electrons which is delocalised over the fluorophore
moiety during photo-excitation, causing the PET process. These delocalized
electrons act to reduce the electron-withdrawing nature of the fluorophore. In
the presence of a cation, the lone pair of electrons from the nitrogen atom will
bind to it, inhibiting the PET and causing a concomitant increase in emission

from the fluorophore moiety.

/\NO OKO”
>

\\/O

Fig. 4.5. Structural formula of the fluorescent molecule 1

A 2:2 binding stoichiometry has been proposed [6] as depicted in Fig. 4.6,
leading to two reasons for fluorescence enhancement upon binding with lead:

1. Inhibition of the PET process;

2. Conformational restriction of the 1+Pb ?* sandwich complex.
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Conformational restriction in general leads to fluorescence enhancement
because the fluorescent molecule is no longer able to adopt a shape leading to
the most stable energy level [32, 33]. Given a series of aromatic compounds,

the most planar, rigid and sterically uncrowded are the most fluorescent [34].

Fig. 4.6. A proposed 2:2 complex formed between 1 and Pb*

The selectivity of molecule 1 in the presence of divalent metals as reported by
Chen [6] is displayed below in Fig. 4.7. It was found that univalent ions do not

cause significant changes in the fluorescence spectrum.
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Fig. 4.7. The fluorescence increase of molecule 1 (10 uM in acetonitrile) in the presence of
selected metal ions, in collaboration with the Chemistry Department, University of Taiwan [6].
Fluorescence increase with the competing ions in the absence of lead is negligible or negative.

When lead ions are added to the competing ions, the fluorescence enhancement is significant.

Most of the research carried out by workers in the field of molecular recognition
has been restricted to investigations in solution form. Immobilising these
chemoreceptors onto a solid support will enable them to be adapted into a
probe configuration and be used reversibly in sensing. Given the large number
of macrocycles which have been synthesized for the detection of a wide range
of metal ions, they could be adapted to fibre optic probes and enable the
sensing of a range of metal ions in this new configuration. Because these
ligands are synthesized, they can be tailored to fit a particular application, for
e.g. a particular fluorophore of desired excitation and emission wavelength
could be selected to be coupled to an ionophore with affinity for the analyte of
interest.
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4.3. Fluorescence studies

4.3.1. The solvatochromic effect

In order to evaluate its performance and characteristics, molecule 1 was
dissolved in various solvents at a given concentration and the peak emission
wavelength observed was recorded as shown in Table 1. As the polarity of the
solvent increases, the bathochromic shift in the emission wavelength also
increased as a result of the solvatochromic effect [22]. It is therefore important
to take the nature of the solvent into consideration when measuring the
fluorescence intensity at a fixed wavelength range. The fluorescence of
molecule 1 in water is drastically reduced [6] due to the presence of hydrogen
bonding and protons which interfere with it, making aqueous studies not viable

at this stage.

Solvent Dielectric constant ~ Peak emission

wavelength (nm)

Dichloromethane 9 456
Acetone 21 475
Acetonitrile 37 480

" CRC Handbook of Chemistry and Physics 67" Ed. (1986); dielectric constants quoted at 20°C.

Table 4.1. Effect of solvent polarity on the peak fluorescence wavelength.

4.3.2. The inner filter effect

To determine the optimum wavelength for fluorescence intensity measurements
on the fluorophore, its excitation and emission spectra were studied. It was
found that an inner filter effect was occurring i.e. part of the emission radiation

was re-absorbed by the fluorescing molecule.
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To demonstrate this effect, dichloromethane was chosen as it is a non-polar
solvent and the Stokes shift for the emission spectrum is small, leading to a
significant spectral overlap with the absorption spectrum. This is depicted in
Fig.4.8a for 30 uM of molecule 1. The concentration of the fluorophore was
varied and its peak emission intensity and corresponding peak emission
wavelength plotted as a function of the concentration as shown in Fig. 4.8b and
Fig. 4.8c. The results obtained show that there is an apparent decrease in
fluorescence intensity arising from the overlap of the absorption and the
emission spectra due to the re-absorption of light.

Normalised intensity
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400 440 480 520 560
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Fig. 4.8a. Absorption (dotted line) and emission spectra of 30 uM molecule 1 in
dichloromethane showing spectra overlap; inset: peak emission intensity and corresponding

wavelength as the concentration of the molecule 1 is varied.
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Fig. 4.8b. Peak normalised emission intensities as the concentration of molecule 1 is varied.

The drop in intensity as the concentration increases is attributed to the inner filter effect.
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Fig. 4.8c. Corresponding wavelength of the peak emission intensities as the concentration of

the molecule 1 is varied. The apparent bathochromic shift is due to the inner filter effect.
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To show that in fact fluorescence increases as the fluorophore concentration is
also increased, it is necessary to measure the emission intensity at
wavelengths lying beyond the spectral overlap. Fig. 4.9 shows the same data
used in Fig. 4.8a-c but now the emission intensity is measured at specific
wavelengths and plotted as a function of fluorophore concentration. At
wavelengths of 480 nm and below, the fluorescence drops as the concentration
increases but at wavelengths lying at 490 nm and higher, i.e. at wavelengths
beyond the absorption spectrum, the fluorescence increases smoothly until
saturation. It is therefore important not to measure the fluorescent intensity
below 480 nm to avoid any erroneous results as in Fig. 4.8a-c. By taking
fluorescence measurements in a wavelength band that lies beyond this spectral
overlap, the inner filter effect is avoided completely and the fluorescence
intensity measurement can give a true picture of the concentration of the
measurand. While the absorption spectrum of Molecule 1 in acetonitrile is
similar to that in dichloromethane, its emission spectrum in acetonitrile is more
red-shifted (see Table 4.1). Consequently, the emission and absorption spectral
overlap is smaller and self-absorption effects are not expected to occur beyond

480 nm in acetonitrile solution.
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Fig. 4.9. Normalized fluorescence intensity of molecule 1 in dichloromethane at different
wavelengths as a function of concentration. The fluorescence intensity is normalised at its

highest value.

4.4. Sol-gel studies

Addleman and co-workers studied the fluorescent properties based on the PET
of a crown ether bound to a fluorophore moiety [3]. They immobilised the
reagent onto a silica surface and noticed that it became insensitive to cations,
thereby concluding that surface-restricted rotation renders this particular
reagent ineffective. They recommended sol-gel as a technique which might
accomplish immobilisation without interfering with its PET mechanism. In the
case of molecule 1, surface immobilisation would prevent the binding molecules
and lead ions from adopting the required orientation for binding in the sandwich

configuration.

Elsewhere, Zhmud and co-workers performed comparative immobilisation

studies on a crown ether-type molecule using silica and showed that it still
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displayed fluorescence in the presence of rare-earth metals in agueous solution
[35]. However, it was found that whilst in the free state, the molecule had two
crown ethers rings for binding, upon immobilisation, only one site was available.
A suggested explanation for this was the strong electrostatic repulsion between

multivalent ions in this constrained environment.

In the light of these results and recommendation, | decided to adopt the sol-gel
route as immobilizer. The sol-gel would act as an entrapment matrix to the
reagent molecules, allowing them freedom of movement essential for its
fluorescence mechanism to operate whilst still keeping them captive at the fibre
end. The low-temperature requirement during the manufacturing process of sol-
gels will not destroy organic molecules. Furthermore, the large carbon groups
in molecular recognition units render them hydrophobic, preventing them to be
dissolved away in water when testing for aqueous ions, if they were to be
immobilised. McCarrick and co-researchers have also shown that macrocyclic
ligands in an organic phase are able to extract metal ions from an aqueous
phase [36]. This means that it may be possible for a macrocyclic ligand

immobilised in sol-gel to extract metal ions from their agueous solution.

Sol-gel is a matrix or immobiliser which has received a great deal of interest in
the recent years. Zevin and co-workers have used sol-gel coatings doped with
diphenylcarbazide to measure the concentration of chromate ions down to 1
ppb [37]. Changes in the absorption of the dye was used in the determination of

chromate ion concentration.

Elsewhere, MacCraith et al provide a review of the state-of-the-art optical
sensors employing sol-gel coatings [38]. In particular, a pH absorption-based
sensor and an oxygen fluorescence quenching sensor are described. In both
cases, the cladding of a plastic-clad silica (PCS) fibre was removed and
replaced by a sol-gel coating 300nm thick by dip-coating. An evanescent wave
sensing approach was used. Abdelghani et al also used evanescent wave
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sensing to detect gaseous species with sol-gel coated PCS fibres [39]. The dip-
coating technique resulted in individual layers around 200nm thick which is of a

similar magnitude to that obtained by MacCraith above [38].

Sol-gel is an attractive option as an immobilisation material. It is easy to
prepare, essentially by mixing several precursors together and allowing
hydrolysis and gelation to proceed and offers design flexibility and versatility.
Layer deposition may be done by spin-coating or dip-coating which yields a
thickness of a few hundreds of nm, as mentioned above while the fibre may be

coated at the end or on the sides to exploit the evanescence wave.

The porous nature of sol-gel is very useful to entrap chemical molecules
without modifying them so that they can interact freely with the analyte. This is
an especially important point in bio-sensing where proteins and antibodies must
be able to adopt the right configuration or undergo conformational changes to
bind to the target molecule, as highlighted in a review by Avnir et al [40].
Furthermore, the sol-gel cage provides a mechanical protection to the

entrapped dye.

4.5. Experimental

The optical setup for fluorescence measurements is depicted in Fig. 4.10. It
incorporates the interference filter to separate residual excitation light of the
435 nm LED from the emission intensity which occurs at around 480 nm peak
intensity. The broadband filter is centred at 500 nm with a full width half
maximum (FWHM) of 40 nm. The branch of the fibre bundle made up of 6

fibres is used to collect the emission back to the spectrometer.
All other reagents apart from Molecule 1 were of analytical grade or better and

purchased from Sigma-Aldrich. Molecule 1 was synthesized at the Department

of Chemistry, National Taiwan University. Deionised water was used
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throughout. Buffers were prepared using sodium acetate for pH 4, sodium
dihydrogen phosphate for pH 6, Tris for pH 7 and 8 and ammonium chloride for
pH 10. Nitric acid was added to sodium acetate, sodium dihydrogen phosphate
and Tris respectively to lower the pH to the desired value while sodium
hydroxide was used with ammonium chloride to adjust the pH to 10. pH
measurements were made using a digital pH meter from Hanna Instruments.
Aqueous lead ions were produced by dissolving known amounts of lead
perchlorate into the buffers. Lead ions in acetonitrile were produced by

dissolving known amounts of lead perchlorate.
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Fig. 4.10. Layout of the main components with a high intensity 435 nm LED to provide
excitation light for fluorescence of the sol-gel coated probe affixed at the end of the fibre
bundle. The interference filter may be used to separate excitation light from emission in the

case of fluorescence measurements.

4.5.1. Sol-gel preparation

The sol-gel was prepared based on the method of Aylott et al [41]. 1.5 ml of

TEOS was sonicated on ice with 1.5 ml of ethanol, 3.0 ml of water and 0.15 ml
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of 0.05 M HCI until a homogenous solution was obtained. The sol was then
stored at -20°C for 72 hours to allow hydrolysis to reach completion. The sol
was removed and 0.1 ml of the fluorescent indicator was added to 0.9 ml of the
sol. The indicator was at a concentration of 4.37 mM dissolved in methanol.

To create the coated fibre optic probe, the polished fibre probe was
immediately dipped into the resulting mixture to a depth of around 1 mm to
ensure that the distal end surface was fully coated. After dipping, the coated
fibre was allowed to dry vertically at room temperature for 24 hrs before being

used.

Observation of the sol-gel coating was performed with a PRIOR microscope
providing 10, 20 and 40 times magnification and adapted with optical fibre
connectors. A camera (JVC, model TK-C1381) was focused onto the

microscope image and the output displayed on a VDU.

4.5.2 Fluorescence measurements

The absorption spectrum of Molecule 1 immobilised in the sol-gel matrix was
measured and is depicted in Fig. 4.11, showing that photo-excitation with
435 nm LED is appropriate as mentioned in Chapter 2. Fluorescence intensity
measurement was made from 515-525 nm to avoid the absorption spectrum.
To remove dark noise from the spectrometer, dark noise measurement was
made in the stopband of the interference filter from 400-410 nm and subtracted

from the fluorescence emission.
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Fig. 4.11. Absorption spectrum of 4.37 mM of molecule 1 added to sol-gel.

Before any measurement of the fluorescent signal was made, the detected
signal first had to be confirmed as arising from the photo-excitation of Molecule
1 and not to be resulting from noise or from other interfering species. To this
end a probe was prepared with a ‘blank’ sol-gel coating, i.e. prepared in the
exact way but containing no reagent. This was connected in turn to the end of
the fibre bundle in the optical set-up and the excitation light launched along the

fibre. No signal in the region of interest was detected with the blank probe.

4.6. Results and Discussions

The sol-gel was prepared with a high water/alkoxide ratio and acid
concentration, both of which are known to produce a dense sol-gel and thus

minimise leaching [42], [43].
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Dip-coating of the optical fibre probe was performed at a moderate speed by
hand as full reproducibility of the resulting coating was not seen as essential at
this stage. An attempt was made to use a lab-made dipping machine to
perform the coating under controlled conditions. However, in cases where
crack-free coatings were obtained by hand-dipping, the use of the machine
consistently resulted in coatings which showed cracks. It was believed that the
slow speed (7cm/minute maximum) of the machine and the time in setting up
allowed the sol-gel to start forming too early whereas the manual process was
sufficiently rapid to allow the fibre to be dipped into the sol when it was still at

sub-zero temperatures.

4.6.1. Effect of multiple coatings

Multiple coatings on the distal end of the probe will provide a stronger
fluorescence signal; however, the probe response may become sluggish as the
response time is a function of the mass transfer of the analyte within the matrix.
As a result, two coatings were applied during the probe fabrication, allowing

each coating to dry fully before application of the second coating.

It was observed that a sol-gel layer deposited onto another fully formed sol-gel
layer had a high risk of resulting in fragmentation. Zevin et al, using an atomic
force microscope, have taken pictures of sol-gel films showing the granulated
surface on a nanometre scale [37]. This uneven surface at the microscopic
level may not be suitable as a support for another sol-gel layer when compared

to a highly polished silica surface.

4.6.2. Indicator concentration in sol-gel

The relative amount of the fluorescent indicator doped in the sol-gel was
investigated. A high concentration of indicator was used when added to the sol

to minimise the volume required and therefore disturb the composition of the
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sol to a minimum. Methanol had to be used instead of ethanol as the indicator

was not as highly soluble in the latter.

In all of the above experiments so far, 0.1 ml of 4.37 mM of the indicator was
added to 0.9ml of the sol solution. The volume of indicator added was varied
whilst the overall volume was kept constant by adjusting the volume of the sol
solution. The optical response of the sol-gel thus formed was measured and the
results shown in Fig. 4.12 below. A steep increase in fluorescence occurs when
the volume of indicator is increased from 0.05 to 0.1 ml but any further increase
in volume did not produce any more significant concomitant fluorescence

increase.
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Fig. 4.12. Relative fluorescence intensity normalised to that of 0.1 ml of indicator.

The volume of indicator added to the sol mixture was not increased beyond
0.2 ml to prevent any significant departure from the composition of the sol. A
20% proportion by volume of indicator in the sol was deemed to be more than
adequate. On the other hand, that proportion could be decreased to zero
without affecting the sol-gel formation. However, it is clear in this graph that
0.1ml provides an adequate signal. Thus the amount of indicator added to the
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sol was therefore not altered. Zevin and co-workers recommend that the
amount of indicator contained in the film must be as large as possible in order

to increase the sensitivity of the optical detection [37].

4.6.3. Leaching in water

An experiment to investigate the leaching characteristic of the sol-gel was
performed on a probe prepared using the parameters discussed above. After
the probe was ready for use, it was immediately placed in deionized water and
the fluorescence intensity monitored over the following days. To ensure that
any dissolved indicator in the aqueous phase did not reach equilibrium with that
in the sol-gel and thus prevent further solvation, the water was replaced with a
fresh batch daily. There was no measurable drop in intensity in the first hour
and a decrease of 4.3 % after 4 days of continuous immersion. The constant
intensity level in the first hour might be seen as indicating that all the indicator
has been fully entrapped in the sol-gel. However, it is highly unlikely that there
is no residue of the indicator that has not been successfully immobilised at the
high concentration used. What is more likely is that the indicator is highly
hydrophobic and cannot pass easily into the aqueous phase at this stage in the

experiment.

4.6.4. Probe response to pH

The probe response to aqueous lead ions at different pH values was examined
using freshly prepared probes. At low pH, protonation of the nitrogen on the
azacrown ether is expected to occur, resulting in the disruption of the PET and
yielding a fluorescence enhancement. Protonation suppresses electron
transfer even more efficiently than cations [23] and may thus bind more readily
to the indicator. There will therefore be strong competition with lead ion,

resulting in an erroneous fluorescence enhancement.
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At higher pH values, the concentration of hydroxide ions increases. Lead ions
may combine with the hydroxide ions to produce insoluble lead hydroxide. This
reduces the amount of lead ions in the solution free to bind with the indicator,
again leading to erroneous measurements. It is therefore advisable to exclude
from the investigation the pH effects at either end of the scale and to expect the
best performance around a neutral pH value. Buet et al restricted the study of
a fluoroionophore in aqueous solution to pH 8.5 due to hydrolysis of the
molecule at higher pH values [44].

The probe response was investigated at pH values of 4, 6, 7, 8 and 10. The
probe was placed in the buffer solution at the working pH value and allowed to
equilibrate. It is important to allow the buffer to soak well through the sol-gel as
there might be traces of acid left which could lead to a fluorescence increase.
The buffer solution was then replaced with a 0.2 mM of lead solution at the
same pH value. The response to both buffer and lead was monitored over 30
minutes but no change was seen in the optical signal before and after addition
of lead, irrespective of the pH value. Any probe response is expected to be
immediately detected, or within the first minute, due to the thin coatings applied.

Lam et al reported changes in their work within the first 20s [45].

The 0.2 mM lead solution was later replaced with 1 mM and 5 mM lead
solutions respectively to ensure that a full range is covered. The probe was
rinsed in 5 mM EDTA to remove any trace of lead followed by deionized water
and the experiments repeated at the different pH values but no response to
lead ions was noted. It can be argued that the indicator, because of its
hydrophobicity, is unable to dissolve in the aqueous solution to interact with it,
thus explaining the lack of response to either buffer or lead ions. However,
dithizone is an organic compound sparsely soluble in water but which has been

used to detect heavy metals ions in water successfully [46].
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Oehme et al noted that a sol-gel prepared at low pH was dense and as a result,
showed insensitivity to the analyte due to its inability to pass through the matrix
[43]. To address this issue and increase the porosity, a sol-gel was prepared
by reducing the acid content to 0.1 ml of 5 mM HCI since a higher pH favours
greater porosity [26]. When tested, this probe displayed no sensitivity to lead in

buffered solution at any of the pH prepared.

The pore size of the sol-gel can thus be eliminated as a factor in the

insensitivity of the probe to aqueous lead ions.

4.6.5. Probe response to lead in acetonitrile.

As the indicator is known to perform well in acetonitrile [6], lead ions dissolved
in that solvent were tested with the immobilised indicator. The probe was first
rinsed with EDTA followed by deionised water to remove all traces of lead and
EDTA respectively and then placed in acetonitrile and the signal measured with
time. The response is depicted in Fig. 4.13 showing that a steep increase
occurred initially. When the signal did not rise any further, the acetonitrile
solution was replaced with 0.2 mM of lead in acetonitrile but no further
fluorescence increase occurred. The lead solution was subsequently increased
to 0.5mM but the probe showed no increased emission even at this high lead

concentration.
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Fig. 4.13. Probe response to acetonitrile followed by lead. Signal is normalised at highest

intensity.

The initial increase is probably due to acetonitrile dissolving the reagent within
the pores, leading to a decrease in concentration and therefore a decrease in
guenching which is typical at high fluorophore concentration. This rapid signal
rise (of nearly 20 % within the first minute) demonstrates that the thin sol-gel
coating is capable of responding very rapidly and confirms our earlier
assumption. After reaching a peak, the fluorescence intensity starts to drop,
most probably as a result of leaching given that the indicator is highly soluble in
acetonitrile. This leaching effect is seen to cease upon addition of lead. This
can be explained by the fact that the acetonitrile solution already contains
dissolved lead. However, these changes are very small, less than 2.5 % in this

graph, compared to the 20 % signal increase in the first minute.
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4.6.6. Probe response to buffer and acetonitrile

It was earlier shown that the probe does not exhibit any response whatsoever
in an aqueous environment while signal changes occur in a lipophilic
environment, although no specific response to lead has been noted so far.
Since acid is used to catalyse the sol hydrolysis, it is possible that there are
traces of the catalyst left in the formed sol-gel. It has also been mentioned
earlier that dilute acid is able to protonate the fluorophore and cause a
fluorescence enhancement. Any subsequent addition of lead may therefore not
cause a fluorescence increase if the indicator is already bound to protons. A
buffer solution was used in conjunction with aqueous lead to resolve this

problem but not whilst using acetonitrile earlier.

Work was undertaken to equilibrate the probe in a neutral buffer prior to
immersion in acetonitrile solutions. Gojon and co-workers have shown that the
polarity of the silica cage may be varied by changing the pH of the environment
[47]. In her work, the absorption peaks of a benzalazine in solution and in

immobilised form were found to behave in the same way at identical pH values.

The probe described here was immersed in an aqueous Tris buffer at neutral
pH for ten minutes followed by acetonitrile. Once the peak fluorescence is
attained, that value is noted and the probe is placed again in the buffer to
neutralise the pH again, after which it is placed in an acetonitrile solution
containing 0.2 mM of lead. The maximum fluorescence intensity is then
compared with the value obtained in the absence of lead. No fluorescence
increase was noted in the presence of lead in acetonitrile compared to a
sample of acetonitrile only. The only difference is that in the presence of the
aqueous buffer, the fluorescence dropped sharply but increases again in
acetonitrile. Any increase in the concentration of lead to 0.5mM did not produce

any effect on the probe.
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4.6.7. Other solid supports

Other matrix supports were briefly considered and tested. PVC, XAD-4 resin
and silicone were doped with the indicator. PVC membranes were prepared by
dissolving 50mg of PVC granules in 1.0 ml of THF (tetrahydrofuran) into which
the fluorophore had already been dissolved to give a concentration of 1.0 mM
and adding 0.1 ml of DBS plasticizer (dibutyl sebacate) to the mixture. After
mixing thoroughly, fibre probes were dipped vertically and manually into the
solution to coat just the distal end of the fibre. The coated fibre was allowed to

dry vertically for a day before testing for fluorescence.

As discussed above, no response was noted to aqueous lead ions due to the
hydrophobic nature of the indicator. Use of acetonitrile dissolved all the
indicator within a few minutes and disintegrated the thin PVC and silicone
membranes. PVA was also doped with the indicator; however, the membrane
was damaged after swelling in water. Use of acetonitrile did not have any effect
— it is possible that the solvent is not able to penetrate the highly hydrophilic
polymer. In all of the above cases, these polymer supports were not expected
to be appropriate as the indicator would form covalent bonds to them, which are
unsuitable here. Furthermore, silicone is waterproof and normally used in gas

sensing to exploit this feature.

Sol-gel was favoured due to its ability to provide microscopic pores in which
dyes are usually trapped. This feature seemed suitable for the indicator which
requires mobility for a 2:2 binding stoichiometry with lead ions. In practice, what
we saw was a lack of response to lead either at a neutral pH value or in
acetonitrile and we showed that this was not a result of low porosity. A possible
hypothesis for this is that instead of being trapped inside the pores, the
indicator bonded covalently with the sol before gellification occured. Covalent
bonding between the fluorophore molecules and the sol-gel structure would
explain the lack of response with lead as this rigidity will not allow the sandwich

configuration required for binding with lead. This would also explain how
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acetonitrile was able to dissolve the indicator away gradually despite producing
a dense sol-gel. Addleman has mentioned how the macrocycle depicted in Fig.
4.6 was immobilised onto silica by slow evaporation from the solvent and how

this resulted in a lack of response to cations [3].

The transition of an indicator from a bulk solution environment to an
immobilised form is not always successful. Wallington and co-researchers
reported that the indicator Eriochrome Cyanine R (ECR) immobilised in sol-gel

13

showed no significant spectral changes with aqueous Al°" in the mM range [48].

ECR is known to complex strongly with AI**

in bulk solution, leading to changes
in the absorption spectrum [49]. Several explanations were put forward
including the effect of pore-wall interactions and the conformations of the

receptor molecule being constraint by the matrix.
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4.7. Summary

An explanation of the mechanism behind molecular recognition and PET
fluorescence enhancement have been provided at the beginning of this chapter
as they form the basic functionality behind molecule 1, the selected reagent
used to detect lead ions in this work. A description of how these two
mechanisms work in tandem to enable molecule 1 to detect lead is then
provided followed by studies of that reagent with a view to implement it in a

fibre optic probe configuration.

Following recommendations in published work and the particular 2:2 binding
stoichiometry of the reagent with lead, sol-gel was selected as an
encapsulating matrix for the reagent. A series of experiments were then carried
out to verify the fluorescence detected from the doped sol-gel matrix and make
optimisation in terms of signal strength and optical quality of the sol-gel.
Experiments have revealed that despite the apparent suitability of the porosity
of the sol-gel matrix to the indicator, no response to lead in various
environments was detected in this immobilised state. This lack of response to
lead ion suggests that molecule 1 was unable to bind to it as it did not have the
degree of freedom required for the sandwich configuration with lead as

illustrated in Fig. 4.6 earlier.
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Chapter 5

A disposable optical fibre-based capillary

probe

5.1. Introduction

Lead in organic solutions has received much less attention than lead ions in
water, although it has been shown that the toxicity of lead in organic media is
up to a hundred times greater than in its agueous counterpart [1-3] and able to
cross pathways and eventually result in the contamination of rivers and
groundwater [4-7]. There is a host of situations where lead can occur in organic
matrices: food oils, paint, hydrocarbon fuels and lubricants, polymers for the
electronics industry [8] and in the emerging bio-fuel market where lead is
extracted from the soil by the plant. Samples of an organic nature are highly

volatile, making in situ detection highly desirable.

A disposable capillary-based probe using optical fibre technology to create a
compact and portable configuration has been designed for sensing lead ions. It
is based around a glass capillary tube pre-treated with a fluorophore which has
high sensitivity and selectivity towards lead ions. The capillary tube makes use
of capillary action to uptake the same sample volume for each single-shot

measurement.

This preliminary work undertaken and reported is essentially a proof-of-principle
for a probe design in which chemical indicators that cannot be immobilised on a
solid support can still be adapted for optical fibre sensing without any chemical

modification. The disposable capillary probe provides a mechanical support and
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protection to the fluorophore without the use of membranes, thus avoiding
problems with leaching. As far as the researcher is aware, this is the first optical
fibre sensor to utilize a fluorescent indicator with high selectivity for lead. Deo
and Godwin synthesized a fluorescent protein-based molecule for lead ions but

immobilised it on a resin and screened it in tissue culture plates [9].

5.2. Capillary sensors

The disposable probe developed in this work consists of a long thin glass tube
having its inner surface pre-treated with Molecule 1. The tube allows the
sample to make contact with the fluorophore, through capillary action. A large-
core fibre inserted inside this same tube is then used both to guide the optical
radiation needed for photo-excitation of the fluorophore and also to collect the
emission from the sample, where the fluorescence intensity is correlated with

the concentration of lead present in the sample.

The advantage of the capillary tube is that it acts as a mechanical support for
the fluorophore deposited inside the tube and protects it from damage; in
addition the capillary effect is exploited to allow the uptake of a similar volume
every time. Thus the sensor acts in a way that is akin to a flow-cell by drawing
in the sample without requiring a pump, making it suitable for direct sampling.
Furthermore, because the sensor is inexpensive to produce it is designed to be
disposable; there is thus no need to regenerate it using a different solution, nor

is there a problem with lifetime deterioration during storage or usage.

Several researchers have previously used the capillary tube as an optical
waveguide; for example Tao et al have reported on a flexible light guiding
tubular waveguide as a substitute to conventional fibre to provide enhanced
evanescent wave sensing over a much longer pathlength [10]. There was no

need to remove the cladding as the waveguide was hollow and coated inside
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with an analyte-sensitive polymer, resulting in a much more robust waveguide
than the conventional fibre stripped of its buffer and cladding. Kieslinger et al
used a capillary waveguide to collect the evanescent wave emission
propagating along it while the excitation was performed from the side [11].
Further research by Dhadwal and co-workers, on the other hand, made use of
a capillary waveguide for evanescent wave excitation of a fluorophore and

collected the emission in a direction that was perpendicular to the tube [12].

Propagation along the capillary waveguide may be for the sole purpose of
evanescent wave sensing. For example, Lippitsch et al coated the inside of a
capillary glass tube with an analyte-sensitive dye and coupled light in and out of
the waveguide from the side using index-matching oil [13]. The sensing layer
acted as the waveguide and absorption gave a measure of the analyte
concentration. This approach was also extended to fluorescence
measurements. Weigl and co-workers have studied the best angle for coupling
the light sideways in and out of the capillary tube [14]. However, using the
capillary tube as waveguide is prone to errors such as contamination of the
external surface due to handling, differences in refractive indices among
samples and variation in the manufacture of the tubes [15]. Furthermore, light
coupling is not always efficient and is a serious issue if disposable capillary
probes are to be used. Further complications arise in that side illumination and
emission detection requires index-matching oil and a fixed coupling angle while
end detection requires some more complex or lab-made optical couplers [10,
12]. Weigl and Wolfbeis have described a capillary optical sensor using fibres
to guide light sideways across the capillary tube and with this configuration, the

tube could easily be substituted [14].

While several researchers have mentioned the use of capillary action for
sampling [11, 14], none has actually implemented it in a fibre optic-based probe
configuration. Kieslinger did implement it in a capillary waveguide sensor but no

optical fibre was involved in the design [11]. His work serves to demonstrate
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that such a technique is feasible and it was reported that drawing the liquid in
by surface tension used a volume from 20-50 uL and as low as 1 pL for a single
analyte. Thus the capillary action of the probe supplies a well-defined sample
volume and lends itself easily to the design of disposable probes to allow for
measurements involving similar volumes of samples. Based on the knowledge
of prior research and the need for an approach that was effective in this
application, the use of the capillary tube as a disposable vessel for a well-

defined sample volume was pursued.

5.2.1. Theory of capillary action

Capillarity is the phenomenon by which a liquid rises into a narrow tube above
or below its general level as a result of net molecular forces. Intermolecular
attraction among the liquid molecules (cohesion) are overcome by molecular
attraction between the liquid and the solid surface (adhesion), resulting in a rise
of the liquid level.

Now, for equilibrium, the lifting force due to the surface tension is balanced by

the weight of the water column in the tube [16]:

7d (o cos0) = 7{%} h(W)

_4ocosd
wWd

~h

(5.1)

Where h and d are the liquid height and tube diameter as shown in Fig. 5.1.

W = weight density of the liquid (i.e. density multiplied by the gravitational
force).

o = surface tension force per unit length.

6= contact angle of the liquid surface

For pure water at 4°C, ¢=0.
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Fig. 5.1 The capillary effect is more noticeable with thin tubes

Clearly, from (5.1), for a given liquid, the narrower the tube, the higher the liquid
will rise. The following illustrates some characteristics of the capillary tube.

1. For a given liquid, its density is constant, as well as é if the solid surface

is always the same. Hence the height is always constant.

2. It is important to leave the end of the capillary tube open so that air is
allowed to escape as the liquid rises up otherwise the volume in the tube

will not be the same.

3. The capillary tube must be used in a vertical position for consistency of the
liquid volume drawn up. If the tube is at an angle, the surface tension
along the tube will be balanced only by the vertical component of the liquid
weight which is less than in the vertical position. Hence more liquid needs

to rise in the tube to balance out the suction force
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4. It is important that the glass walls be clean otherwise 8 will change and

will affect the height of liquid in the tube.

5. Mercury causes a capillary depression due to the contact angle being
negative, i.e. it forms a convex meniscus. This is because the forces of
attraction within the liquid are greater than the forces of adhesion between

mercury and the solid surface.

5.2.2. Choice of capillary probe configuration

A brief overview is given here to show what various optical configurations are
possible with a capillary probe, what has already been done in this area and the
advantages or disadvantages of these configurations to justify the configuration

adopted in this work.

The various optical configurations that have been used with capillary sensors
have been reviewed by Dhadwal et al [12] and are illustrated below in Fig. 5.2.
Fluorescence excitation and emission detection of the inner coating is
performed by evanescent wave in Fig. 5.2a. In Fig. 5.2b, illumination and
detection are performed on the side of the capillary tube utilising optical fibres
as reported by Quesada et al [17] and in Fig. 5.2c, this is done in-line which
also allows absorption measurements [14]. Excitation is performed from the
side in Fig. 5.2d while the emission that propagates along the waveguide is
detected but this arrangement results in non-uniform illumination along the
entire capillary length [12]. In Fig. 5.2e, evanescent wave excitation causes

emission that is detected from the side using an array of fibres.

In the configurations of Fig. 5.2a and 5.2d, the emission detected is that
propagating along the -capillary waveguide. The disadvantages of this
arrangement have been discussed earlier in section 5.2, namely contamination,

material quality and light coupling issues. On the other hand, those
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arrangements providing excitation by evanescent wave, although subject to the

same issues, will not impair the emission measurement.

Capillary
wall fibre Em
————»IIIIIIIIIIIi:::
Exc Em
e — Exc
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Inner
coating
(b)

Inner
/ coating
fibre Em
Exc
Exc
Em

(c)
N ! ! t lEm
Exc
s —

(€)

(d)

Fig. 5.2 Capillary probe configurations. Exc = excitation radiation; Em= emission radiation

Inefficient light coupling is not a problem if the intensity is high enough to lead
to excitation or if a high-power light source is used. For contamination, material
and manufacturing defects and any other factors which affect the light intensity,
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a suitable referencing scheme may overcome them. Since the emission
intensity is directly proportional to the excitation intensity — any variation in the
latter will be reflected in the former but if say, a ratiometric measurement is

taken, then the variations will cancel out.

This is not the case, however, if the emission intensity is affected by these
same factors. Thus it is possible to use evanescent wave for excitation but it is
not advisable to detect the emission in the same manner.

The configurations of Fig. 5.2 with the exception of 5.2c suffer from inefficient
light excitation and emission along the length of the capillary tube. For the case
of Fig. 5.2a, the evanescent wave approach cannot be optimised
simultaneously for propagation of both excitation and emission radiation.

The configuration adopted in this work does not make use of the capillary tube
as waveguide; instead, the fibre within the tube provides an efficient way for the
excitation and collection of emission of the fluorescence, as was explained in
section 2.1.4 and Fig. 2.4 whereby the geometrical overlap of the excitation and
emission regions from the fibre was shown. In this way, only the emission

radiation that is able to enter the fibre is actually excited in the first place.

5.3. Probe development

The experimental set-up used for this experiment is shown in Fig. 5.3. A high
power 435 nm LED is used for excitation and the spectrometer in conjunction
with the interference filter centred at 500 nm with FWHM of 40 nm measures
the emitted light. The fluorescence emission intensity is measured over the
wavelength range 480-525 nm and the instrument noise measured in the

stopband of the filter from 400-445 nm is subtracted from it.
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Fig. 5.3. Layout of the main components for fluorescence measurements. A 435 nm LED is
used for excitation light guided along a single fibre of the fibre bundle. A spectrometer together
with an interference filter to block residual excitation light is used to measure the emission
radiation. The computer collects and processes the data from the spectrometer using the
LabVIEW software.

The LabVIEW program used to collect and process the data from the
spectrometer output is depicted in Fig. 5.4a and 5.4b. The front panel displays
the actual interference-filtered emission spectrum although this in itself contains
little information. One graph displays the emission intensity summed over the
wavelength range 480-525 nm and plotted against time. This graph was used
for the measurements and the LabVIEW program was able to store the data.
The other graph for the range 515-525 nm was used for work in the previous

chapter.
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Fig. 5.4a Front panel for fluorescence measurement. The emission spectrum guided through
the interference filer is displayed along with the integrated emission plotted against time for the

wavelength range 480-525 nm for this work and 515-525 nm for work in the previous chapter.
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Fig. 5.4b. Back panel for fluorescence measurement. The output array from the spectrometer is
split into intensity and wavelength values. A clock is added to enable the plot of emission
intensity against time. The integrator block which sums up the intensity over a given wavelength

range is visible on the right hand side of the VI.

The probe was specially developed for this application and is shown in greater
detail in Fig. 5.5a and 5.5b. Estimations for the power budget may be done as
follows. The light from the LED is launched into the single 200 mm fibre core

via a system of lenses.

Pasteur pipettes, used as capillary tubes throughout this work, were cleaned
thoroughly by soaking in a solution of 2 M nitric acid, this being followed by
rinsing with deionized water. All reagents were of analytical grade or above;
lead ions in acetonitrile were produced by dissolving known amounts of lead

perchlorate.
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The fluorophore solution was prepared at the desired concentration and the tip
of the Pasteur pipette placed in contact with the solution. The solution rose
inside the tube due to capillary action; the pipette could then be placed
horizontally without the solution spilling out and the latter was allowed to

evaporate completely, leaving only the fluorophore indicator behind.

Protective tube

Fibre

jacket Bracket

Fibre

s

Fibre P.aStetLt"
connector Pippette

Fig. 5.5a. Diagram showing the construction of the probe approximately 20 cm in length. A

cylindrical tube with the cap shown to the right is used to block external light during

measurements.

Fig.5.5b Picture of the probe used to gather experimental data. The SMA connector is o the left
and will connect to the fire bundle. The glass capillary tube is on the right with the fibre probe

inserted deep inside.
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A number of sample probes were pre-treated as explained above. The sample
liquid to be tested was introduced in the pipette using capillary action and the
indicator dissolved into the sample solution. To determine the fluorescence
response of the sample, a length of fibre, whose end surface has previously
been polished flat, was inserted inside the tube until it reached the sample. The
optical fibore was designed both to guide the excitation light and collect the
fluorescence from the sample. After each use, the Pasteur pipette may be

cleaned thoroughly for re-use or discarded.

5.4. Results and discussions

5.4.1. Reagent concentration

As explained previously, the indicator is not suitable for immobilisation in a
sensing layer and so the indicator was deposited inside the tube such that
introduction of the sample would dissolve it to a pre-defined concentration. The
lead sample to be tested must have been dissolved in the same solvent used to
deposit the fluorophore to ensure equation (5.1) holds and the same volume of
liquid rises up the tube. In this way, the concentration of fluorophore used
during the deposition process is achieved again as the same volume of solvent

rises up the tube.

The lack of a membrane is advantageous as it removes many of the problems
experienced with such systems, including leaching, swelling and degradation
usually associated with it [14, 18].

To determine the optimum concentration of the indicator to be used, various
concentrations were prepared in acetonitrile and from these the fluorophore
was deposited inside the capillary tubes. These were tested using a constant
lead ion concentration of 100 uM in acetonitrile, where the results obtained are

displayed in Fig. 5.6. From experiment, the optimum concentration of the
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indicator was found to be 50 uM; beyond this concentration, the fluorescence

intensity drops as a result of quenching. In light of this positive result, all further

measurements were taken using pipettes pre-treated at this

concentration.
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Fig. 5.6. Fluorescence intensity as a function of fluorophore concentration. The drop at high

5.4.2. Lead calibration

concentration is attributed to quenching effects.

Probes created using a series of such pre-treated Pasteur pipettes were then

used to measure various concentrations of lead in order to obtain a calibration

curve for this type of disposable probe and Fig. 5.7 shows the results obtained,

where it can be seen that the probe does not show a sensitivity to lead below a

concentration of 20 uM.
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Fig. 5.7. Probe response to lead

The sensor responds to lead in the concentration range 20 uM to 150 uM with a
dynamic range from 20 uM to 80 uM. The linear response may be represented
by the equation y=0.014x—-0.188 with R* =0.9933 as shown in Fig. 5.8. If lead
is in another solvent, the sensor response will be different due to the sensitivity

of the fluorescence of molecule 1 to solvents (Chapter 4) and the sensor will

have to be re-calibrated.

There are few selective fluorescent reagents for lead published in the literature
for comparison; however, the dynamic range of this work is comparable to that
of Deo and Godwin who achieved a dynamic range from 60 puM to 140 uM with
a response starting at 60 uM. They designed a selective, ratiometric fluorescent
sensor for lead ions based on the fluorescent dye dansyl conjugated to a
tetrapeptide which is the lead-recognition unit [9]. Excitation was at 337 nm and
emission peak shifted from 557 nm to 510 nm in the presence of lead with the
reagent in solution. Subsequent tests were performed on the reagent

immobilised on a copolymer resin in tissue culture plates. The primary goal of
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their work was for the detection of lead in human cells which has a
concentration of less than 2.5 uM. This lies well below the minimum limit of

60 uM for their sensor.

Elsewhere, Tan et al reported a range of 0.03-1.0 ug/ml (0.15-5 uM) for lead
using a backward light scattering technique [19]. No fluorescence
measurement was involved in this technique; instead, the interaction of lead
with sodium tetraphenylboron in the presence of polyethylene glycol yielded
large particles resulting in a strongly enhanced backward light scattering signal

at 371 nm which was collected by an optical fibre.
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Fig. 5.8. Dynamic range of the sensor

5.4.3. Reproducibility

To investigate the impact of the use the capillary effect in the operation of the
probe, as described, a series of measurements were done to determine its
reproducibility and the results shown in Fig. 5.9. The data obtained show a
reproducibility which was calculated to have an r.s.d. of 6.3 %. Weigl and
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Wolfbeis reported a reproducibility of 5% for a capillary sensor for carbon

dioxide and blamed misalignment as a source of error [14].
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Fig. 5.9. Reproducibility of the disposable capillary probe at 60 uM lead concentration

normalised at the highest value.

Here, the non-uniform deposition of the reagent during evaporation of the
solvent and the optical fibre placement may affect the reproducibility of the
probe performance. Positioning the capillary probe vertically while the solvent is
allowed to evaporate was seen to cause most of the indicator to collect at the
edge of the tube; experimental work has shown that a horizontal position leads

to an improvement in the uniformity of the probes produced.

The small variation in the dimensions of Pasteur pipettes used also affects the
reproducibility — the pipettes are not manufactured to exact standards as their
use is generally for liquid transfer. This aspect could be improved by tighter
quality control on the specification of the Pasteur pipettes. However, the

dimensions of the pipette do not affect the sample volume uptake: although the
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height of sample in the tube may vary from equation (5.1) due to variation in the
tube diameter, the volume will be the same because the sample volume weight

must balance the surface tension.

Because pre-treatment of the capillary tubes does not involve chemical
modification of molecule 1, its selectivity towards lead in the presence of foreign

ions will be identical to that shown in Chapter 4.

5.4.4. Efficiency of the sensor

The efficiency of the experimental setup was measured using the spectrometer.
Due to its physical shape and adaptor, it can only be connected to a fibre
terminated with a fibre connector. Therefore it is not possible to connect the
LED lamphouse directly to it. Instead, the light exiting from the branch of the
fibre bundle connected to the LED source was measured. Then, using the
same light source intensity, the probe was fixed to the fibre bundle and used in
an 80 uM lead solution. The analyte optical intensity was measured using the
spectrometer via the interference filter in the usual way as shown in Fig. 5.3.
The ratio of the analyte optical signal to the light source measurement yielded
an efficiency of 2.1% over the wavelength range 480 nm to 525 nm. It was
necessary to include the filter in order to measure the analyte optical signal.
However, the efficiency of the filter set-up itself was measured separately by
using the broadband light source from chapter 3 with light exiting through the
single fibre in the fibre bundle for consistency in the set-ups. The ratio of the
light intensity before and after transmission over the wavelength range 480 nm
to 525 nm was 67%. The transmittivity of the interference filter itself is around

70% according to data sheet.
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5.5. Summary

A new proof-of-principle design for a fibre optic-based disposable fluorescent
lead sensor using capillary probes has been developed and described. In this
study, it has been demonstrated how chemical indicators that are not suited to
immobilization due to their specific binding requirements may still be used in
fibre optic sensing. This is particularly advantageous as there are many crown
ether-type fluorophores designed for metal ions sensing in solution that could
be used [30-32].

The capillary probe described here is easy to use and involves a simple
manufacturing technique, making it inexpensive to produce and thus suitable
for single tests. It also does not require a sophisticated or cumbersome light
coupling configuration or equipment and may therefore be used by non-
technical personnel in the field, especially given the user-friendly LabVIEW

interface created for the sensor.

The probe response to lead has been shown to be in the 20-150 uM
concentration range with a dynamic range of 20-80 uM and an r.s.d. of ~6 %
was obtained from a series of different probes. The performance of the probe
was compared with a number of sensors in published work. The limit of lead in

unleaded fuel in the EU is 25 uM [33] and falls within range of this sensor.

The use the fluorescent reagent in evanescent wave sensing was investigated.
The theory of evanescent wave was outlined and its suitability for fibre optic
sensing discussed. It was shown that this approach cannot be optimised for
fluorescence measurements due to compromises that have to be made

between efficient excitation or efficient emission collection by the fibre.
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Chapter 6

Conclusions

6.1. Summary

An introduction to the field of chemical sensing and monitoring has been
provided. The toxicity of lead and its compounds has been covered and is an
incentive in monitoring applications, especially with regards to compliance with
legislations. However, from a wider perspective, other factors such as process
control and financial expenditure may also act as an impetus for monitoring
activities. Portable sensors for field applications are able to fill a gap in the
market for smaller, simpler yet highly-customised sensing devices without

competing directly with more well-established conventional instrumentation.

The advantages of FOCS were mentioned and their shortcomings viewed as
challenges to be met during their development by the sensor designer. A
general overview of the field of fibre optic chemical sensing was given and
covered the most popular chemical sensing schemes.

Thereafter followed in Chapter 2 a breakdown of the major components
involved in a fibre optic chemical sensing system. Each was critically reviewed
as well as other alternatives in terms of their characteristics to justify their
selection in the assembly of a general experimental set-up adopted throughout
subsequent experiments. Later modifications made to the set-up involved only
the choice of components especially the light source as required by each
sensing scheme and the photophysical properties of the reagents involved.
Two examples of such experimental lay-outs were analysed to support our

argument.
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The measurement techniques to be used in later experiments were presented.
Instead of making a point measurement at a specific wavelength in time and
subject that measurement to strong noise interference, alternatives were
proposed. As a result of this, the rate of change of intensity was measured and
correlated to the analyte concentration instead of a simple intensity level
measurement. This was implemented in Chapter 3. The fluorescent indicator
displayed a different behaviour whereby measuring the gradient was not
suitable. Instead, the intensity across a range of wavelengths was integrated to

spread out and minimise the effect of interfering noise.

Each measurement technique was closely tied to the referencing scheme used
and the advantages of the software environment LabVIEW to control the sensor
were fully exploited to implement them. An important feature of all sensors is
the ability to make robust measurements in the presence of adverse
environmental conditions and this is met by the use of referencing techniques.
Many papers in the published literature, although presenting interesting work,

often lack this feature.

The incorporation of a suitable referencing method was a primary goal that was
sought to be addressed in the development of the dithizone probe in Chapter 3.
Given the characteristics of the dithizone reagent, i.e. its broad spectrum which
presented an isosbestic point, it was possible to adopt the ratiometric approach
and implement it by appropriate modification of the LabVIEW program used to
run the sensor. This ratiometric technique also proved resistant against
indicator leaching as it is based on two quantities whose values depend equally

on the amount of reagent present and thus cancel each other out exactly.

The use of these resin beads in FOCS is popular and is reflected by the
number of papers published on them; however, these papers present a cursory
overview of the factors affecting the probe construction and are acknowledged

only when reporting the sensor reproducibility. In contrast to this, work reported
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in Chapter 3 involves building the sensor probe and studying the factors
affecting it such as the dimensions and quantity of resin particles and the
amount of indicator adsorbed onto them. The qualitative observations made
reflect the fact that it is not possible to control exactly the amount and
distribution of the resin beads in the probe. The limited selectivity of dithizone
towards lead ions in the reflectance sensor eventually led to the search for a

more selective reagent.

The chosen reagent reported in Chapter 4 is a novel fluorophore with high
affinity for lead. There are few fluorophores available for lead sensing and even
fewer which can display a fluorescence enhancement in the presence of lead
as it is, along with other heavy metal ions, an efficient quencher of
fluorescence. In this chapter, the characteristics of the fluorescent reagent were
investigated with a view to implementation in a fibre optic sensing configuration
as it has absorption and emission spectra lying in the visible wavelength which
makes it compatible with optical fibres with high transmittivity at these

wavelengths.

The high affinity towards lead ions was explained by introducing the topic of
molecular recognition and chemoreceptors. In general, the selectivity of a
macrocycle is determined by the match of its cavity size with the size of the
guest ion. It was explained how, by coupling a molecular recognition unit
together with a fluorophore moiety, it is possible to synthesize a
fluoroionophore whose fluorescence mechanism depends on both units to
successfully detect lead ions. The operation of the fluorescence mechanism
PET was described.

Due to the adoption of the fluorescence sensing design, certain modifications
were necessary with the experimental lay-out used previously. An LED
provided strong illumination at the excitation wavelength which was not

possible with the broadband light source used in Chapter 3 and an interference
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filter was included to reject stray excitation light from the emission radiation.
The instrument dark noise was removed by subtracting it from the measured
signal. This was not necessary in the dithizone experiment as the ratiometric
measurement cancelled out instrument noise drift. In this experiment, the LED
output was found to be stable due to the use of a dc power supply, making a
reference scheme unnecessary; nevertheless, a suggestion was given as to

how to incorporate a referencing method into the set-up.

A sol-gel approach for immobilisation was deemed appropriate based on the
binding mechanism of the fluorophore to produce a fibre optic probe. The sol-
gel probe was implemented and enhanced experimentally and the detected
fluorescent signal was confirmed as arising from the reagent and was not
subject to stray background light or interfering chemical species within the sol-

gel matrix.

Tests showed that the fluorophore did not respond to lead in this matrix despite
producing a rapid and strong fluorescence increase in an organic solvent. This
signal increase demonstrates that the compound has not been corrupted while
the lack of response to lead suggests that binding is not occurring, possibly as
a result of covalent bonding between the reagent and the sol-gel structure.

As a result, it was decided to exploit the fluorescent reagent in solution where it
is known to function effectively. In Chapter 5, an optical sensor probe was
configured to use the fluorophore in solution by exploiting of the capillary effect.
A literature survey was provided to give a background to the ‘capillary sensor’.
The work on the capillary probe builds heavily from the information on the
reagent from Chapter 4 so that this chapter is able to focus more on the design
and implementation of this type of sensing technique.

The capillary probe was built, optimised and tested and a calibration curve for

lead obtained and acts as a proof-of-principle for this concept. In fact, this is
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the first reported use of a FOCS incorporating a selective fluorescent reagent
for lead ions. The advantage of this technique is that it is able to make use of
reagents not suitable for immobilisation and might therefore open up the field of
fluoroionophores to fibre optic sensing. The lack of a membrane also avoids
issues with leaching and long-term deterioration whilst the reagent is still

protected within the glass tube.

The adaptation of the capillary probe to use an evanescent wave sensing
technique was also studied but due to unfavourable practical issues, in
particular the fragility of the unclad fibre and the short length of fibre interacting
with the sample, this was not pursued. In addition, evanescent wave sensing is
not suited for fluorescent measurements as compared to absorbance, although
many such sensors have been developed. This is due to the fact that if the fibre
is optimised to propagate a large amount of optical power in the cladding for
maximum interaction with the sample, then the amount of fluorescence entering
and propagating along the fibre core is minimised. It is not possible to satisfy

both conditions at once.

It is important to realise that in designing FOCS, the chemical indicator or
transducer plays a key role in defining the system design and capabilities. It is
the transducer which will set the optical parameter to be measured. It is the
transducer which will determine what sort of measurement scheme to be
adopted: reflectance, fluorescence intensity or lifetime measurements. It is also
the transducer which will determine the detection limit of the sensor, its

selectivity and dynamic range.

All the other aspects of the system such as the instrumentation, the
experimental set-up, the packaging and the reference techniques only serve to
optimise the sensor performance such as detection limit, ruggedness, life-time,
dynamic range via the encapsulation method and the modus operandi — in a

flow-cell, by evanescent wave or using a probe approach.
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At the moment, the overall detection system may be regarded as a light-
emitting diode causing electrons to emit photons, these photons being modified
in population size (light intensity, e.g. absorption) or energy (frequency of light
or wavelength, e.g. fluorescence). Upon detection by a photo-diode, these
photons will be used to generate electrons for quantification by a meter more
often than not linked to a computer for data processing. There is a degree of
inefficiency and redundancy here from the electron-photon-electron cycle that

may be improved upon with the advent of photonic computers.

Nevertheless, the field of sensors is a dynamic one which will find a wide range

of applications in all sorts of environments in the years to come.

6.2. Further work

It is suggested to study the immobilization of the fluorophore described here
onto nano-particles and to aim to extend its sensing properties to aqueous

solutions. This will open up new areas of applications for this molecule.

There are other possible approaches for the detection of lead ions that merit in-
depth investigation. The microcantilever based on the swelling of a hydrogel in
the presence of lead was described in Section 1.2.2. The swelling property of
this particular lead-sensitive hydrogel may be exploited with optical fibres to
produce a lead sensor. The hydrogel recognises lead ions due to the presence
of a crown ether within its polymer network. The presence of the crown ether
will therefore impart high selectivity to lead unlike most other existing indicators
for lead. There are several ways to combine this crown ether-doped hydrogel
with optical fibres, some of which have been reviewed in sections 1.3.9 and
1.3.10.
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A multimode fibre may have its cladding replaced with the hydrogel. Swelling
of the hydrogel will change its refractive index and affect the transmission of
light through the fibre.

For more sensitive results, an LPG may be coated with a thin layer of the
hydrogel. The swelling action will cause a change in refractive index which will
be picked up by the LPG.

In both cases where refractive index measurements are involved, knowledge of
the refractive index changes of the hydrogel will be required to design the
sensor. Where the index value falls outside the required range, say greater
than the core index, the hydrogel will have to be modified to achieve a suitable

index value.

The swelling action may be used to impose strain on the fibre. This can be
picked up by an LPG or an FBG covered with that hydrogel. No knowledge of

the refractive index value is then required, especially if an FBG is used.

Rare-earth doped fibres exhibit fluorescence whose intensity is a function of
temperature and strain. By coating the rare-earth doped fibre with the hydrogel,
it will impose a strain upon the fibre which will affect its fluorescence intensity
when photo-excited. This scheme has all the advantages of fluorescence
measurement, namely detection upon a dark background, low-cost devices for
excitation and detection of the optical signal and possible lifetime

measurements.

In both FBG and fluorescent fibre, the conversion of the swelling action into
strain along the fibre is not very efficient as the swelling occurs in all direction,
especially in an outwards direction where it is unconstraint by the fibre but is
picked up by the latter only along its length, i.e. in one direction only. The

fluorescent fibre has the advantage of being developed into a fully distributed
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sensor whereas the FBG scheme can at most attain a quasi-distributed network

by writing several gratings along the fibre.

Fibre grating physical sensors are now a mature field. The chemistry and
synthesis of hydrogels are an active and better understood field. The author
believes that the combination of hydrogels and fibre gratings to result in new
chemical sensors has a lot of potential in light of the following:

e  The wide variety of molecular recognition units such as crown ethers that
may be combined with the wide variety of hydrogels capable of being
synthesized;

e The drastic change in numerous properties of hydrogels, especially their
swelling ability

e  The multiple sensing optical configurations with or without fibre gratings
incorporating these polymer gels.
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