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Abstract

This thesis focuses on using conventional telecommunication optical fibres with nano-
porous thin films for different environmental and medical applications. Nanoporous
materials are materials with morphological features such as cavities, channels or inter-
stices. Owing to their high surface area, tunable pore size and adjustable framework,
they have been used in various applications ranging from catalysis, adsorption, sensing,
energy storage and electronics. Two specific nanoporous materials were used, zeolite
and MOF (Metal Organic Framework), and a summary of experimental facilities used
including important FPI (Fabry-Perot Interference) details (e.g. signal processing) that

enable sensor behaviour to be measured is given.

Optical fibre chemical sensors with zeolite thin films were used to detect different selec-
tive contaminants in the liquid or gas phase. However, as existing thin film based optical
fibre chemical sensors lack the desired sensitivity and specificity for many applications

such as chemical and biological analysis, other nanoporous materials were sought.

Thus, in this research, a novel fibre sensor platform of MOF optical fibre thin film was
fabricated and demonstrated, which to the best of the author’s knowledge, is the first

approach towards utilising a MOF coated thin film on optical fibres.

The first application of this MOF optical fibre thin film is to detect some contaminants
present at ppm level in Australian waste water systems. These type of thin films, due to
their high porosity, can adsorb different types of the molecules (based on their size and
chemical bond) and upon adsorption, the refractive index of the thin film is expected

to change with this effect being monitored by optical detectors which are connected to



optical fibre. The encouraging results reveal that integration of porous MOF with optical
fibre devices presents a promising solution for development of high performance optical

chemical sensors.

The second application took advantage of optical fibre and its thin film to trigger release
of certain anti-cancer medicines from the thin film. Anti-cancer medicines are toxic and
when they go to the body by intravenous infusion, they destroy all live cells, regardless
of being healthy or cancerous. By applying our method of delivery, the medicine will
go only to the tumours by locating the optical fibre at the appropiate body location with

the medicine encapsulated in the thin film.

The sensitive MOF framework (UiO-66) was chosen because it was stable in water
and also the presence of contaminants in water can change its refractive index. This
change brings about a variation in the intensity of light in the core of the optical fibre
which can be analyzed and related to the concentration of analyte. Also, due to the
matching pore size of this material and one of the anti-cancer medicines, 5-Fluorouracil
(5-FU), this sensitive material can store the drug in its cage and release it by shining the
light through optical fibre and weakening the chemical bonds between the drug and the

sensitive material.

Possibilities for how both of these applications could be optimized and improved in

terms of sensitivity and selectivity in the future for commercial use are provided.
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Chapter 1

Introduction

For many centuries humans have pondered the nature of light, seeking to both under-
stand its behaviour and to exploit its properties for enhancing human endeavours. Thus
in 2015 the International Year of Light highlighted 1000 years since Al-Haytham’s
“Book of Optics”, Fresnel’s description of light as a wave in 1815, Maxwell’s formula-
tion of electromagnetism in 1865 and 50 years since the advent of low-loss optical fibre

by Kao in 1965.

Scientists and engineers have continued to further seek methods and materials for
enhancing and controlling the interaction of light and matter including the identifica-
tion or control of particular chemical species. Nanoporous materials (a regular porous
structure having pore size up to several hundred nanometres) have attracted interest in
recent times because they allow particular species to be included within. Importantly,

the interaction of light with such species can be used in two ways:
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e Light Sensing: detection of species within such frameworks;

e Light Actuation: triggering the release of species from such a framework.

Every living creature on earth needs water to survive. Monitoring the quality of
surface water will help protect our waterways from pollution. Water quality is important
not only to protect public health but also as water is used for farming, fishing and mining
and contributes to recreation and tourism. If water quality is not maintained, it is not
just the environment that will suffer; the commercial and recreational value of our water

resources will also diminish.

Light sensing can be used in contaminant detection, as one of the major steps to-
wards controlling water quality is to develop sensor devices that can monitor systems
even in harsh environment conditions. The current means of measuring trace amounts
of contaminants in water is by taking samples directly from the water, taking them to the
laboratory, concentrating and analyzing by chromatography. So, at best, these harmful
contaminants will be recorded weekly or monthly depending on regulatory require-
ments or priorities. This leads to inaccurate results due to not immediate and irregular
sample collection or long transportation and handling times. Instead, the water quality
management system needs to have a device (e.g. optical fibre chemical sensor) that has
the potential to give an instantaneous signal in proportion to the harmful contaminants’
concentration in water. Optical fibre sensors have been used in a broad range of ap-
plications, taking advantage of the advances in optical fibre technology of the last 50
years. As an example, an optical fibre with a thin film at its end-face forms an effective
system to sense chemical species. The presence of chemical species in water can mod-

ulate a property of light such as intensity, phase, refractive index or polarization in the

2
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optical fibre thin film. These changes can be detected at the fibre output signal and can

be related to the concentration of the chemical species present at the point in water.

Fabricating a light actuator (e.g. optical fibre) is another major challenge for devel-
oping a new low cost and high reliability system that would be able to deliver toxic
drugs (e.g. anti-cancer medicines) to remote areas in the human body with the same
dosage as intravenous infusion. In this application, the optical fibre will serve as a sole
light guiding element (waveguide) to its end-face thin film which is encapsulated with
a drug, and the light would cause trigger release of the drug from thin film in a sec-
ond. This drug delivery system would reduce side effects of chemotherapy which are:

anemia, bleeding, mouth sores, nausea, diarrhoea and hair loss.

1.1 Research Objectives

The target of this research is to make an advanced optical fibre chemical sensor and
actuator device for selective sensing of contaminants in water and drug delivery appli-
cations, with a particular focus on implementation of a new thin film technology, stable
in water and biological media. This research is significant because it brings advanced
materials science in conjunction with optical physics to the forefront of a major need to
provide safe drinking water and simplified drug delivery systems. Thus, the main effort
was on coating chemically functional materials, zeolite and Metal Organic Frameworks
(MOFs) that also interact with light on optical fibres. MOFs specifically have been used
in carbon dioxide capture for many years [ 1—4]. Furthermore, because MOFs have large

pore size and surface area, they can be a very good candidate for drug delivery [5-7].
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The research objectives were:

e To develop an appropriate and advanced thin film based optical fibre chemical

sensor to detect contaminants in water.

e To choose a suitable technology for realizing a practical optical fibre chemical

sensor based on the previous aim.

e To design, fabricate and assess a thin film based optical fibre device for drug

delivery purposes.

1.2 Research Contributions

The research has led to the following contributions:

e M. Nazari, M. R. Martinez, G. Tobias, J. P. Barrio, R. Babarao, F. Nazari, K.
Konstas, B. W. Muir, S. F. Collins, A. J. Hill, M. C. Duke, M. R. Hill, (2016):
“Metal-Organic Framework Coated Optical Fibers as Light-Triggered Drug De-
livery Vehicles”, Adv. Funct. Mater. (IF=11.805), in press,

http://dx.doi.org/10.1002/adfm.201505260

e M. Nazari, M. A. Forouzandeh, C. M. Divarathne, F. Sidiroglou, M. R. Martinez,
K. Konstas, B. W. Muir, A. J. Hill, M. C. Duke, M. R. Hill, S. F. Collins, (2016):
“Ui10-66 MOF End-Face-Coated Optical Fiber in Aqueous Contaminant Detec-
tion”, Opt. Lett. (IF=3.292), Vol. 41 (8), pp. 1696-1699;
http://dx.doi.org/10.1364/0L.41.001696

4
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e M. Nazari, M. R. Hill, M. C. Duke, F. Sidiroglou, S. F. Collins, “Aqueous Con-
taminant Detection via a Metal Organic Framework Thin Film Coating on an Op-

tical Fiber End-Face”, 40" Australian Conference on Optical Fiber Technology,

Adelaide, December 2015

e M. Nazari, M. Hill, M. Duke, F. Sidiroglou, and S. Collins, “Selective Sens-
ing of Alcohols in Water Influenced by Chemically Zeolite Coatings on Optical
Fiber Sensors”, Proc. SPIE 9157, 23rd International Conference on Optical Fiber

Sensors, 915752 (June 2014); http://dx.doi.org/10.1117/12.2059516

e M. Nazari, M. C. Duke, M. R. Hill, S. E. Collins and F. Sidiroglou, “Zeolite-
Based Optical Fiber Sensor for Selective Sensing of Alcohols in Water”, Australia
and New Zealand Conference on Optics and Photonics (ANZCOP), Poster #45.

Perth, December 2013

1.3 Thesis Outline

This thesis is organised into the following chapters:

e Chapter 2 reviews the background information including thin film based optical
fibre chemical sensors and their applications particularly as related to the water

industry.

e Chapter 3 discusses the instruments and characterization methods which have

been used throughout this study.
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e Chapter 4 provides instructions and results on zeolite based optical fibre thin film

for trace contaminant detection in water.

e Chapter 5 introduces a new type of thin film based optical fibre chemical sensor
for water quality testing including the design, manufacture and application of this

optical fibre chemical sensor.

e Chapter 6 discusses one of the applications of the chemical optical fibres in biol-

ogy and mainly as a vehicle for drug delivery.

e Finally, a summary of this research and potential future work is provided in Chap-

ter 7.



Chapter 2

Optical Fibre Chemical Sensors and
Actuators with Nanoporous Materials:

a Review

Sensing chemicals in gas and liquid systems based on optical fibre technology has sev-
eral inherent advantages that make it attractive for a wide range of industrial process
control [8], environmental monitoring [9-13] and national security [14] applications.
Optical fibres are typically small in size, passive, immune to electromagnetic interfer-
ence, robust in hostile environments [15] and have a capability to provide distributed

sensing [16].

Also, optical fibres can be bundled and then inserted into a specialized catheter (tube)

that can then be placed at a specified area of the body [17-20].
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In this chapter, a brief review on optical fibre chemical sensors (OFCS), the tech-
niques used in the optical detection and their applications particularly in regard to

nanoporous materials will be provided.

To the best of the author’s knowledge, there are no other reports of a MOF coating

at the end-face of an optical fibre.

2.1 Optical Fibre Chemical Sensors

Optical fibre chemical sensors (OFCS) operate by transporting light to provide infor-
mation about analytes in the environment surrounding an optical fibre. The surrounding
environment is usually gas or a liquid. There are two categories of OFCS: extrinsic or

intrinsic.

Extrinsic OFCS simply use an optical fibre to transport light to an immobilized in-
dicator, a thin film, deposited at the end-face of the optical fibre. The operation mecha-
nism is based on the fact that alterations in a specific physical property of a medium (gas
or liquid) being sensed will cause a predictable change in the light reflection character-
istics of the fibre. The reflected light, recorded by the detector, would be analyzed to
get information on the concentration of the analyte. A major benefit of extrinsic sensors

is their ability to reach places which are inaccessible [21].

In intrinsic OFCS, a portion of the optical fibre cladding is removed and replaced
with a chemically selective layer, thereby allowing the guided mode’s evanescent field
to interact with the analyte. The sensor is then placed directly into the media to be

analyzed. Interaction of the analyte with the chemically selective layer creates a change

8
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in absorbance, reflectance, fluorescence, or light polarization. The optical change is
then detected by measuring changes in the light characteristic carried by the optical

fibre. In short, an intrinsic OFCS uses the optical fibre directly as a detector.

Examples of optical fibre chemical sensors with various coatings is given in Ta-

ble 2.1. A complete list of optical fibre chemical sensors are in [22, 23]

The main interest in this thesis is the selection of possible contaminants in water that
would be absorbed within a thin film, resulting in changes to the optical properties of the
film and in turn this change being detected by either an extrinsic or intrinsic detection

method. The contaminants in this study were chosen on the following basis:

e 4-Aminopyridine, CsHgN,, a solid colourless pyridine compound (molar mass:
94.1146 g/mol, boiling point: 273 °C and soluble in polar organic solvents) is an
extremely effective bird poison. It is registered for use against red-winged black-
birds, blackbirds in agricultural fields, grackles, pigeons, and sparrows around
public buildings. 4-Aminopyridine is highly toxic to mammals and when present

in water, 75 ppm is the threshold of toxological concern [34, 35].

e Ammonium, NH; with molar mass of 18.04 g/mol, is highly toxic. Normally
blood ammonium concentration is less than 50 ymol/L, and an increase to only
100 umol/L can lead to disturbance of consciousness. A blood ammonium con-
centration of 200 umol/L is associated with coma and convulsions. The primary
use of ammonium is as a fertilizer for alkaline soils. While ammonia and am-

monium are not directly an issue for drinking water safety to humans, indirectly
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they are because of interference in disinfection for control of disease causing or-
ganisms. Therefore, having low concentrations of ammonia and ammonium in
surface water systems is helpful for aquatic life and water treatment for human

consumption [36].

e Methanol, CH;OH (molar mass: 32.04 g/mol, boiling point: 64.7 °C), is a
colourless liquid that does not bind well to soil. Methanol that makes its way
into the ground can move through the soil and enter ground water. Exposure to
methanol can occur in the workplace or in the environment following releases to
air, water, land, or ground water. Exposure can occur when people use certain

paint strippers, aerosol spray paints, wall paints and windscreen wiper fluid [37].

e Ethanol, CH;CH,OH (molar mass: 46.07 g/mol, boiling point: 78.37 °C), is a la-
bile electron donor and is readily consumed by microorganisms. Laboratory, field
and numerical studies have identified a number of key geochemical and microbio-

logical features of such spills which quickly drive into ground water systems [38].

e 2-Propanol, (CH;),CHOH (molar mass: 60.10 g/mol, boiling point: 82.06 °C
and miscible in water), may enter the atmosphere, water or soil following waste
disposal and has been identified in the air and leachates from hazardous waste
sites and landfills. It is emitted in waste water from industrial sources and may be

removed by biological oxidation or reverse osmosis [39].

e Rhodamine-B (BV10), C,3H3;C;N,O5 (molar mass: 479.02 g/mol, melting point:
210-211 °C and soluble in water at ~ 15 g/L in 20 °C), is mixed with Quinacridone
Magenta (PR122) to make the bright pink water colour known as Opera Rose. The

textile industry discharges large amounts of Rhodamine-B dye into waste water. It

10
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has been medically proven that drinking water contaminated with Rhodamine-B
dye could lead to subcutaneous tissue borne sarcoma which is highly carcino-
genic. In addition, other kinds of toxicity such as reproductive and neurotoxicity

have been widely and intensively investigated and proved as well by exposure to

this dye [40-43].

11
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TasLE 2.1: Examples of optical fibre chemical sensors

doped Nafion

Sensing Coating Optical Fibre Sensing Reference
Area Material Type Mechanism
Humidity Rhodamine-B: Single Evanescent [24]
hydrox- polymer-clad field
ypropyl silica fibre absorption
cellulose
Humidity Agarose gel Tapered fibre Lossy mode [25]
resonances
Humidity PolyVinyl SMEF-28 Evanescent [26]
Acetate (PVA) field
and CoCl, absorption
Humidity Hydrophilic Tapered Intensity [27]
gel (agarose) plastic optical modulation
fibre technique
Ammonium Organic dye SMEF-28 UV-vis [28]
immobilized absorption
in a porous spectrometry
silica
Ammonia polyaniline SMEF-28 Monitoring [29]
(PAN1) electrical and
optical
responses
Hydrogen SnO, SMF-28 UV-vis [30]
absorption
spectrometry
Ethanol, An Plastic Lossy Mode [31]
Methanol organometal- Cladding Resonances
and lic Optical Fibre
2-Propanol compound
Taste Dye/silicon Plastic-clad Evanescent [32]
polymer silica fibre field
absorption
H,0, Titanium(I'V) SMEF-28 Evanescent [33]
oxyacetyl- field
acetonate absorption

12




Chapter 2 Optical Fibre Chemical Sensors and Actuators

There are various techniques used in extrinsic and intrinsic OFCS, including Fabry-
Perot Interferometry (FPI) for extrinsic OFCS and Optical Fibre Evanescent Wave tech-

nique for intrinsic OFCS.

In the next sections, a brief review of these techniques will be provided.

2.2 Optical Techniques Employed in OFCS

2.2.1 Fresnel Reflection

The end-face coated reflective sensor operates by measuring the reflection from a sur-
face. Reflection of light may occur whenever light travels from a medium of given re-
fractive index into a medium with a different refractive index. As shown in Figure 2.1,
when light travels from a medium of refractive index n; into a second medium with

refractive index of n,, both reflection and refraction of the light occur:

Ficure 2.1: Light reflection and refraction on the interface of two materials with dif-
ferent refractive indices (n;<np)

13
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The intensity of light reflected from the interface is given by reflectance R, and the
fraction refracted given by the transmittance T. If the two materials are both nonmag-
netic, the Fresnel equations can be used to calculate R and T. The law of reflection
states that the angle of incidence 6; is equal to the angle of reflection 6,. When the
light is at near-normal incidence to the interface (i.e. 6; = 6, = 0), the reflectance and

transmittance are given by [44]:

rR=(M""2yp (Eqn. 2.1)
n +np
41’111’[2
T=1-R=_—_""1"_ Eqn. 2.2
(n1 + ny)? (Eqn. 2.2)

For common glass materials, the reflectance is about 4% [44]. In this study, n; is the
refractive index of analyte and any change in its concentration would bring a change in
T and R. However, the deleterious effect of possible fluctuations in the source optical
power on sensor output in these devices may detract from sensor performance and it is
usually better to use a technique that is not dependent of a simple intensity measurement

(e.g. interferometry).

2.2.2 Fabry-Perot Interferometry (FPI)

The Fabry-Perot interferometer is composed of a pair of partially reflective glass optical
flats spaced micrometres to centimetres apart, with the reflective surfaces facing each

other. Considering a simple FPI, the principle of operation of the fibre optic Fabry-Perot

14
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interferometer is well-stablished [45] with a review of sensing applications of FPI being

provided 3 years ago [46].

In Figure 2.2, the radiation of the source is coupled into the fibre arm (1) and prop-
agates through the coupler to arm (2). Then, some of the radiation is reflected from the
end-face of the fibre (2) and the remaining radiation is launched into the second medium
(refractive index, n), reflected from the mirror and returned back into the fibre (2). The
optical beam reflected from the end-face of the fibre (2) superimposes on the beam re-
flected from the mirror and is detected through arm (3) in an optical spectrum analyzer
(OSA). As a result, the intensity of the optical radiation at OSA has a periodicity that

depends on the distance (d) between the fibre arm (2) and mirror, and 7.

Ficure 2.2: A schematic of FPI instrumentation technique

In general, the total intensity of the interference signal (I) depends on the two re-
flected intensities from bare optical fibre in arm (2) (I;) and from the mirror (I,) through

the equation:

drnd
A

I =1 +1+2ylLI,cos( + @) (Egn. 2.3)

where v is the degree of coherency and ( %

+ ¢) is the phase difference of the inter-

fering intensities which depends on refractive index of the cavity medium (n), distance
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(d) between the fibre arm (2) and mirror and arbitrary initial phase difference of the two

reflected intensities ().

In a Fabry-Perot interferometer, I, = R,1, is the intensity of the light reflected from
the end-face surface of the fibre and I, = (1 — R))?RIl, is the intensity of the light
reflected from the mirror and returned back into the fibre, where I is the intensity of the
source radiation coupled into the fibre, R, is the reflectivity of the end-face of the fibre
and R is the reflectivity of the mirror. For quartz glass fibre, Ry = 0.04 is the Fresnel
reflectance of the boundary surface between two substances - glass with refractive index

n~1.5 and air with refractive index n=1.

The source radiation can not be exactly monochromatic, and consequently it has lim-
ited coherence length. This radiation consists of typically of several frequency modes
and the total width of the spectrum 64 is equal approximately to 3-5 nm. Coherence

length /. of such radiation can be estimated as follows:

l.= — (Egn. 2.4)

Substituting in this equation the typical parameters of a single mode laser diode
we can find that the coherence length equals approximately 0.5 mm. The visibility
of an interference fringe depends on the spectral width (and, consequently, upon the
coherence length) of the light. Enlargement of the path-length difference of interfering
beams decreases the visibility of interference pattern. When the path-length difference

reaches the coherence length, the visibility equals to zero.
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Generally, because of the divergence of light at the output of the fibre, the percentage
of radiation reflected from the mirror and returned back into the fibre depends upon the

distance between the fibre and the mirror as given in Figure 2.3.

Ficure 2.3: Dependence of the optical power upon the distance between the fibre and
the mirror [47]

The two reflective surfaces (the mirror and optical fibre in arm (2)) could be replaced
by a non opaque thin film (etalon). In other words, the end-face of optical fibre can be
coated with a reflective thin film of a certain thickness. The light will go through a
number of reflections (R) and transmissions (T) in the thin film that are wavelength
dependent and thus these reflections and transmissions will make a fringe pattern, as

shown in Figure 2.4.

Ficure 2.4: The transmission of an etalon as a function of wavelength [44]

17



Chapter 2 Optical Fibre Chemical Sensors and Actuators

The visibility of this fringe or interference pattern depends on the following fac-

tors [48, 49] :

The thin film refractive index (n)

The thickness of the thin film (optical path length) (d)

Thin film surface reflectance (R)

The angle the light travels through the thin film ()

The optical wavelength of maximum transmission

While the choice of thin film material and the thickness used for an etalon gives a
wide range of design options, its fringe visibility should be improved by ensuring a
flat surface at the end of optical fibre and the distal end of the thin film. The thin film
roughness could be removed by means of optical fibre polishing; this will enhance the
reflectivity of the surface. Figure 2.5 shows the finesse dependence on the thin film
reflectance. As can be seen, by increasing the reflectivity, the fringe visibility (finesse)
would be increased and in order to have very high finesse factors, highly reflective

surfaces are required [50].

Ficure 2.5: Finesse as a function of reflectivity [50]
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2.2.3 Optical Fibre Evanescent Wave Sensing

An evanescent field generally refers to the portion of the guided mode within an opti-
cal fibre that lies in the cladding. In order to enhance evanescent field intensity, either
cladding thickness could be reduced or cladding modes could be generated via TFBGs
or LPFGs (vide infra). In optical fibre sensing, variation in the refractive index of the
unclad region of the optical fibre is used for making different sensors to detect or mea-

sure different physical or chemical variables [51].

Optical fibre evanescent wave sensing technique is based on coating an unclad por-
tion of an optical fibre with a porous material (thin film). Wet chemical etching using
concentrated aqueous solutions of hydrofluoric (HF) acid should be employed in order
to remove the fibre cladding. By removing the cladding and coating the unclad area
with a thin film, the evanescent field of the propagating mode will interact with the
surrounding environment or the analyte. Information about any change in the optical
properties of the thin film under investigation could be detected by optical devices. The
role of the thin film is to provide a support in which selective analyte molecules (based

on size or chemistry) are entrapped into it while others are not [52, 53].

If this coating is applied on a Fibre Bragg Grating (FBG), change in the optical
properties of the thin film arises through a shift in the Bragg wavelength. A FBG is
a periodic perturbation of the effective refractive index in the core of an optical fibre
over a certain length of a few millimetres or centimetres. These perturbations are made
by using an intense ultraviolet (UV) source such as a UV laser. Figure 2.6 shows a

schematic of the FBG.
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Ficure 2.6: Schematic structure of a fibre Bragg grating (FBG)

The refractive index perturbation leads to the reflection of light with a certain wave-

length and transmitting all others for which a Bragg condition is satisfied:

27‘[ 27Tl’leff
— =2X
A

= 1=2n,A (Eqn. 2.5)

where A is the grating period, A is the vacuum wavelength, and n, ;¢ is the effective

refractive index of the fibre.

If the variation of the refractive index is at an angle to the optical fibre axis, a Tilted
Fibre Bragg Grating (TFBG) is made. The angle of tilt in a TFBG has an effect on the
reflected wavelength and bandwidth. Since the tilt angle and refractive index modula-
tion determine coupling efficiency and the bandwidth of cladding mode resonance peak,
the transmission characteristics of TFBGs provide a great amount of information related

to the fibre and grating structures [54]. Figure 2.7 shows a schematic of the TFBG.

Typical FBGs have grating periods of a few hundred nanometres, while Long Period
Bragg Gratings (LPGs) have gratings in the order of hundreds of microns and often
with tilted grating planes. Such gratings can couple modes with the same propagation

direction. When a LPG is coated with a thin film, a core mode can be coupled to
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Figure 2.7: Schematic structure of a tilted fibre Bragg grating (TFBG)

cladding modes. In other words, coupling is observed between the core and circularly
symmetric cladding modes of odd order. TFBGs and LPFGs have only transmitted

spectra while normal FBGs show both transmitted and reflected spectra.

Phase matching in a LPG between the mode propagating in the core of the fibre and

a forward propagating cladding mode is achieved when Eqn. 2.6 is satisfied:

A= [Repr(A) = 1y (DA (Eqn. 2.6)

where A is the period of the LPG, n', (1) is the refractive index of the ith cladding
mode, and n. s is the effective refractive index of the propagating core mode at wave-

length A.

The exact form of the spectrum is sensitive to the period of the LPG, the length of
the LPG and to the local environmental factors (e.g. temperature, strain, bend radius
and the refractive index of the medium surrounding the fibre). Any change in the above
parameters would modify the period of the LPG or the differential refractive index of
the core and cladding modes which, infact, dictates the phase matching conditions for

coupling to the cladding modes. The LPG’s sensitivity to a particular parameter depends
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on the composition of the fibre and the order of the cladding mode to which the guided

optical power is coupled and is different for each attenuation band [55, 56].

In the literature a very wide range of thin films have been synthesized on optical

fibres. Here those that are most relevant to the work of this thesis are discussed.

2.3 Zeolite Coated Optical Fibre Sensors

The word “zeolite”, which means boiling stone in the Greek language, is a microporous
crystalline aluminosilicate composed of TO, (T = Si, Al, Ga, Ge, Fe, P and Co) tetra-
hedral with oxygen atoms connecting neighboring tetrahedral. Zeolites can be repre-
sented by the general formula of M%lo[Sil_nAanz]onHZO, where Mf/jn, [Si;,_,Al,O;]
and nH,O are extraframework cations, framework, and sorbate phase, respectively. In
general, zeolites are crystalline aluminosilicate with uniform subnanometre or nanome-
tre scale pores and unique surface properties that are suitable for highly selective gas
or analyte adsorption. The effective pore sizes of zeolites vary from ~ 0.3 to > 1 nm,
depending on the crystal’s structure. Figure 2.8 shows the pore system in the MFI-

type (Mordenite Framework Inverted) zeolite with straight channels in y-direction and

interconnecting channel system in 3 dimensions.

Thus zeolite materials are capable of discriminating between chemicals by molecular
sieving. The Si/Al ratio in the zeolite framework can be adjusted by substitution of Al
for Si to create positive charges in the framework and give selectivity to framework [58].

Since 1980, several types of zeolites have been synthesized into polycrystalline thin
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() (b)

FiGure 2.8: Pore system in the MFI-type zeolite (a) 3-D interconnecting channel sys-
tem and (b) straight channels in y-direction [57]

films for molecular separations [59-66], heavy metal removal from water [67] and sen-
sor applications [68]. In the next sections, applications of zeolite thin film coated optical

fibres in contaminant detection in gas and liquid phases will be discussed.

2.3.1 Ammonia Detection in Gas and Liquid Phases

A modified ZSM-5 zeolite thin film (with Si/Al ratio of 15/20) coated long period fibre
grating (LPFG) sensor was used for in situ detection of ammonia by Tang et al. [69]
in 2009. Upon loading the ammonia molecules, the refractive index of the zeolite film
changed and its close vicinity to the optical fibre containing the LPFG produced a large
response giving high sensitivity. In this work, the zeolite - coated LPFG was treated in
a 0.1 M NH,CI solution after the template removal step to exchange the Na* ions with
NH;. The sensor exhibited high sensitivity to NH3 at ppm levels. The zeolite thin film

is shown in Figure 2.9.
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Ficure 2.9: SEM image of ZSM-5-LPFG sensor [69]

2.3.2 Ethanol, Methanol, 2-Propanol and Toluene Vapours Detec-

tion

2-Propanol was detected using an optical fibre chemical sensor which had been coated
with zeolite thin film on its end face. The 2005 paper by Xiao et al. [70] reported
that by using a zeolite thin film, their sensor responded very fast (within 1 s) to a 2-
propanol concentration of 1.3 mol% in N, mixture. They had used a standard single-
mode optical fibre in a synthesis solution of 30 ml of water, 5.65 ml of tetrapropyl
ammonium hydroxide (TPA) and 10.2 ml of tetraethyl orthosilicate. The SEM images

of the optical fibre with and without zeolite thin film are shown in Figure 2.10.

2.3.3 Trinitrotoluene (TNT) Detection

Walsh et al. [71] in 2006 used a previously made sensor to detect Trinitrotoluene (TNT)
trace vapour in helium carrier gas. The sensor was made of a dense silica thin film
grown on the straight-cut endface of a standard 125 um diameter telecommunication
optical fibre. Experiments were conducted for more dilute TNT/helium gas mixtures by
diluting the stream (10 mg of TNT flake with helium in a flow rate of 3 cc/min) with
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() (b)

Ficure 2.10: a) SEM image of the cleaved end-face of a single mode optical fibre, b)
end-face SEM image of a MFI zeolite-coated optical fibre [70]

helium by 3 to 10 times. The results showed that the sensor was capable of detecting

TNT vapour at low ppb level.

2.3.4 Detection of Mercury (II) Ion in Water

An integrated zeolite-captured silver optical fibre chemical sensor has been developed
by Liu et al. [72] in 2011. The sensor was made by coating a b-oriented zeolite thin
film onto the end surface of an optical fibre. Then Ag* ions were loaded onto the ze-
olite crystal via ion exchange. The exchanged Ag* ions were reduced in the zeolite
channel by formaldehyde. By monitoring the reflection intensity change, the resulting
Ag-embedded zeolite optical fibre was used for in situ Hg?" detection in water. It is
known that Ag nanoparticles can selectively react with Hg?* ions in solutions with high
sensitivity, and thus the crystal’s refractive index changed when the Hg?* ions reacted
with the zeolite-captured Ag particles so that, the reflected light intensity from the crys-

tal surface changed. After the Hg?* ions reached equilibrium with the captured silver
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in 20 ppm Hg?* solution, the crystal’s refractive index did not change any more and the

reflected intensity remained constant.

2.3.5 Methanol, 2-Propanol and Toluene Detection in Liquid Phase

An optical fibre intrinsic Fabry-Perot interferometric (IFPI) chemical sensor was de-
veloped by Liu et al. [73] by fine-polishing a thin layer (10 4 m) of polycrystalline
nanoporous MFI zeolite on the cleaved endface of a single mode fibre. The concentra-
tion of methanol in DI water was varied from 1 ppm to 13.1% by volume. When the
concentration reached about 1000 ppm, the optical thickness increased with increas-
ing methanol concentration. Based on the results, the sensor showed a detection limit
of about 1000 ppm for methanol in water. In another experiment the concentration of
2-propanol in water was staircase increased from 1 ppm to 25600 ppm. The sensor
response had a detection limit of 5 ppm for 2-propanol in water. The concentration
of toluene in water was changed from 1 ppm to 150 ppm monotonically and a similar
threshold behavior was observed in the sensor response, indicating a detection limit of

about 2 ppm for toluene in water.

2.3.6 Issues with Zeolite Thin Films

The literature review reported in the previous sections suggests that industry and science
needs to pay attention to make new functional materials. As already mentioned, either
the coating materials were not stable in water/biological mediums or they did not have

a good coverage to detect different heavy organic molecules (herbicides and pesticides)
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in water. This knowledge gap is an important issue relating to waste water quality
monitoring and purification. Also, the current science is looking for new materials for
broad applications in both water purification and drug delivery in medicine. In the
following sections, a brief description of a new functional material and its utilisation in

water treatment and drug delivery will be discussed.

2.4 MOFs - Smart Materials

Metal Organic Frameworks (MOFs) are a class of materials consisting of a metal ion
or cluster of metal ions coordinated to organic linkers called ligands. They form one-
two- or three- dimensional structures which are porous. This coordination network is
an extension, through repeating coordination entities, in one dimension, but with cross-
links between two or more individual chains, loops, or spiro-links, or a coordination
compound extending through repeating coordination entities in two or three dimensions.
The choice of metal and linker defines the structure and hence properties of the MOF.
The metal’s coordination preference influences the size and shape of pores by dictating
how many ligands can bind to the metal and in which orientation. Careful selection of
MOF constituents can yield crystals of ultrahigh porosity and high thermal and chemical
stability [1, 4, 74]. The pores are stable during elimination of the solvent molecules and
could be used for the storage of gases such as hydrogen and carbon dioxide. Other
possible applications of MOFs are in gas purification, in gas separation, in catalysis and
as sensors [75]. Figure 2.11 shows the MOFs structures (1D, 2D, and 3D) reported in the

Cambridge Structural Database (CSD) from 1971 to 2011. The trend shows a striking
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increase during this period for all structure types. In particular, the doubling time for the

number of 3D MOFs (inset) is the highest among all reported metal-organic structures.

Ficure 2.11: MOFs structures (1D, 2D, and 3D) reported in the Cambridge Structural
Database (CSD) from 1971 to 2011 [75].

The organic units are typically mono-, di-, tri-, or tetravalent ligands. Subunits of a
MOF, called secondary building units (SBU), can be described by topologies common
to several structures. Each topology, also called a net, is assigned a symbol, consisting
of three lower-case letters in bold. Inorganic secondary building units (A) and organic

linkers (B) are shown in Figure 2.12.

2.4.1 MOFs in Water Evaluation

The issue of supplying clean water and sanitation has become a major problem due to in-
creasing population in the world. In the past decades, a few desalination techniques have
been developed for seawater [76]. In particular, reverse osmosis currently dominates,

accounting for approximately half of the installed desalination methods worldwide [77].
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Ficure 2.12: Inorganic secondary building units (A) and organic linkers (B). Color
code: black, C; red, O; green, N; yellow, S; purple, P; light green, Cl; blue polyhe-
dra, metal ions. Hydrogen atoms are omitted for clarity. AIPA, tris(4-(1H-imidazol-
1-yl)phenyl)amine; ADP, adipic acid; TTFTB4, 4,4,4,4-([2,2-bis(1,3-dithiolylidene)]-
4.,4,5,5-tetrayl)tetrabenzoate [75].
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Removal of harmful materials from contaminated water is very important because
water quality is adversely influenced by them. However, so far, there has been a few

reports on the use of MOFs in the removal of harmful materials [78-82].

Zeolites, specially ZIF-8 (Zeolitic Imidazolate Framework) thin film, are capable for
desalination. However ZIF-8 has a rigid framework and it is not flexible enough to have
a higher uptake of salts in the water. For example, a molecular simulation showed that
ZIF-8 is resistant to water and organic solvents, because of hydrophobic pores [83, 84].
The paper highlighted that desalination can occur under external pressure, which in-
cludes Na* and CI™ ions being unable to pass through the thin film due to a molecular
sieving effect. In this study there was an assumption that the thin film material was en-
tirely defect free. So, the increasing interest in utilizing new materials has led to a surge

of interest in preparing MOF thin films as selective thin films for water purification.

MIL- group (Materials Institute Lavoisier) MOFs have shown promising results in
removal of toxic and even carcinogenic dye materials from aqueous solution. For exam-
ple, MIL-101-Cr (chromium terephthalate-based mesoscopic metalorganic framework)
has been identified for the removal of both methyl orange (MO) and xylenol orange
due to its excellent adsorption properties [85, 86]. Also, MIL-101-Cr and MIL-100-
Fe MOFs have been used for liquid phase adsorptive removal of naproxen and clofibric
acid, two typical PPCPs (pharmaceuticals and personal care products) [87, 88]. Further-
more, MIL-100-Al gels have been used for high efficiency removal of microcystin-LR

in 2013 [89].

The use of MOF-235 (Iron terephthalate) has also shown promise for the removal of

methyl orange (MO), as well as methylene blue (MB) through electrostatic interactions
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between the dyes and the adsorbent [90].

In another study n-hexane, cyclohexane, benzene, toluene, and p-xylene showed
reversible adsorption in FMOF-1 (a fluorous MOF) with no detectable water adsorption
even at near 100% relative humidity due to MOF’s high capacity and affinity to C¢-Cg
hydrocarbons. In comparison with FMOF-1, FMOF-2, obtained from the annealing of
FMOF-1, showed double the amount of toluene adsorption due to having enlarged cages

and channels [91].

Bisphenol-A was removed from aquos solution by MIL-53-Cr(Benzenedicarboxylate)
[92] and MIL-101-Cr and MIL-100-Fe [93]. Results showed that the addition of differ-
ent amount of NaCl lead to BPA adsorbtion into MIL-101-Cr pore through free diffusion
and MIL-100-Fe adsorbed BPA with electrostatic interaction. The adsorption capacity
and adsorption kinetic constant of MIL-101-Cr were greater than those of MIL-100-Fe

which proved the importance of porosity and pore size for adsorption.

Several toxic chemicals (NH3, H,S and CNCI) were reported to remove by Zr(OH),
/HKUST-1 composites from effluent water. In all, materials exhibited good broad spec-
trum removal capabilities. The NH; performance of the composites were substantially
higher than a broad spectrum carbon, while CNCIl and H,S removal capacities were

slightly lower than those of the broad spectrum carbon [94].

Also in another study some heavy-metal ions including Cd(II), Co(II), Cr(III), Cu(II)
and Pb(II) were studied to remove by TMU-4, TMU-5 and TMU-6 (Azine-Decorated

Zinc(II) MOFs) in water [95].
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Ui0O-66 was also used in water treatment. By using an in situ solvothermal synthe-
sis method, the pure-phase Zr-MOF polycrystalline thin films were fabricated on alu-
mina hollow fibers. Because of the exceptional chemical stability of UiO-66 material
the thin films had very stable water filtration performance. These thin films exhibited
high multivalent ion rejection (86.3% for Ca>*, 98% for Mg**, and 99.3% for AI**) on
the basis of size-exclusion mechanisms with moderate permeance (0.14 Lm~h~'bar™!)
and good permeability (0.28 Lm>h~'bar~'y) for water desalination. These promis-
ing results shows the UiO-66 thin film as a promising candidate for water desalina-
tion [96]. In another study the Agl/UiO-66 composites with different composition ra-
tios were synthesized by a simple solution method and exhibited remarkable activity
for the degradation of Rhodamine-B (RhB) under visible-light irradiation [97]. Due to
the strong interaction between polar phenols and the aqueous matrix, effective solid-
phase microextraction of polar phenols from water samples is usually difficult. But by
fabrication of a UiO-66 coated stainless steel fiber via physical adhesion, the detection
limits ranged from 0.11 ugL™"! for 2,6-dimethylphenol to 1.23 ugL~"! for phenol [98].
In other studies, UiO-66 was incorporated with bismuth tungstate (Bi,WOg) and BiOBr
by a simple hydrothermal method for the development of visible-light photocatalysts.
These composites not only exhibited enhanced photocatalytic activity for the degra-
dation of Rhodamine-B (RhB) under visible-light irradiation, but also showed good
catalyst stability during long exposure to light [99, 100]. Highly dispersed Pd nanopar-
ticles of about 36 nm in diameter were immobilized in UiO-66-NH, via a hydrothermal
method. Results showed that the Pd@UiO-66-NH, exhibited excellent reusability and
much higher catalytic performance than UiO-66-NH, for reduction of aqueous Cr(VI)

under visible light illumination [101].
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2.4.2 MOFs as Drug Delivery Vehicles

MOFs are one of the most promising candidates for drug delivery. Their unprecedented
internal surface areas, uniform pore sizes and chemical versatility make them an attrac-
tive alternative to conventional nanocarriers for drug delivery and for imaging contrast
agent applications [5, 102]. Thus far, several studies have shown that nontoxic MOFs

can be used as efficient nanocarriers for a large variety of therapeutic agents.

In 2010, Horcajada and co-workers showed that iron carbolxylate nanoparticle MOFs
can adsorb and release anticancer and antiviral drugs [6]. In this study, Busulfan was en-
capsulated into the framework using an impregnation method thereby loading up to 25
wt%. These frameworks lead to a retarded release over 7 days which had the additional

benefit of avoiding the normal biodegradation of the drug.

More recently, Lin et al. [7] reported the encapsulation of Cisplatin and siRNA into
UiO-66 nanoparticles using aminotriphenyldicarboxylic acid (amino-TPDC) as a bridg-
ing ligand. After 2 h of incubation the active siRNA was able to escape from the en-
do/lysosome entrapment of the siRNA/UiO-Cis. The results showed that the resistant
ovarian cancer cells resentisized after being treated with siRNA/UiO-Cis and increased

the in vitro chemotherapeutic efficacy.

In another study [103], Zr-based MOF of UiO-66 was applied as an efficient carrier
for amino-bisphosphonate of alendronate (AL) delivery. The AL is widely used for the
treatment of osteoporosis, solid tumour bone metastases and myeloma bone disease.
The inherent Zr-O clusters in UiO-66 serve as natural drug anchorages for effective

capture of AL, leading to an enhanced loading capacity and its mediated release. Also,
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the pH-sensitive drugcarrier interaction accelerates the AL release in the acidic milieus

of cancer cells, resulting in increased antitumour efficiency against cell lines.

Ferey and co-workers studied the storage and release of Ibuprofen with chromium-
based MIL-101, MIL-100, MIL-53 and the less toxic MIL-53(Fe) [104, 105]. MIL-101
and MIL-100 showed high Ibuprofen loading, with 0.347 ¢~ buprofenf, _ yor for MIL-100
and 1.376 s-Ibuproferf, _pyor for MIL-101 while MIL-53(Cr) and MIL-53(Fe) achieved
loadings of 0.220 &-/buprofenfs _yor and 0.210 &-1burrofenf, _ yor respectively. The kinet-
ics of Ibuprofen release was investigated by suspending the Ibuprofen-loaded materials
in simulated body fluid at 37 °C. There was an initial release of weakly-bound drug
molecules within the first 2 h for MIL-100, and the entire cargo is released within 3
days. For MIL-101, steady release is observed for the first 8 h with complete release
after 6 days. In the case of MIL-53, complete drug delivery occurred in 3 weeks, a
long release time attributed to the flexibility of the MIL-53 framework and the strong
drug-framework interactions. However, these MOFs contain toxic chromium, and thus

the use of these materials for drug delivery should be limited.

2.4.3 MOFs Toxicity Studies

Several toxicity studies of MOFs in various cell lines reported the biodegradable char-
acter of specific MOFs showing that iron and zirconium based MOFs generally show

lower toxicity than cobalt, magnesium and copper based MOFs [103, 106—110].
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2.5 Summary

This chapter highlighted findings from the literature review on nanoporous materials
conducted as part of the first stage of the research framework. The findings supported
the view of the global initiative on water quality sensing and drug delivery. However, to
date, existing optical fibre chemical sensors and actuators appear to be deficient in deal-
ing with various contaminants in the water and drug delivery respectively. To overcome
the barriers, there is a need to identify new thin films (MOFs) for water quality sensing

and simultaneously for drug storage and release.
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Experimental Instruments and

Methods

Four general categories of experimental instruments and methods have been used in this

thesis:

Firstly, standard chemical characterisation techniques that included: Thermo Gravi-

metric Analysis (TGA), X-Ray Diffraction (XRD) and Gas Adsorption Analysis.

Secondly, techniques associated with thin film deposition and characterization were
deployed. These included: Radio Frequency Glow Discharge (RFGD) Plasma Poly-
merisation, Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spec-

troscopy (FTIR) and Energy-Dispersive X-Ray Spectroscopy (EDX).

Thirdly, for biological applications, a Microplate Photometer was used for absorbance

detection of 5-Fluorouracil in a liquid.
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Finally, the optical components and the experimental method to determine optical
cavity lengths, obtained via FPI, and used in the detection of contaminants in water, are

presented.

3.1 Standard Chemical Characterisation Techniques

3.1.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes
in the physical and chemical properties of materials are measured as a function of in-

creasing temperature.

TGA is commonly used to determine selected characteristics of materials that exhibit
either mass loss or gain due to decomposition, oxidation, or loss of volatiles (such as
moisture). Common applications of TGA are (1) materials characterization through
analysis of characteristic decomposition patterns, (2) studies of degradation mecha-
nisms and reaction kinetics, (3) determination of organic content in a sample, and (4)
conformation of inorganic content in a sample, that could be useful to predict material

structure.

Thermogravimetric analysis (TGA) relies on a high degree of precision in three mea-
surements: mass change, temperature, and temperature change. Therefore, the basic
instrumental requirements for TGA are a precision balance with a pan loaded with the
sample, and a programmable furnace. The furnace can be programmed either for a

constant heating rate, or for heating to acquire a constant mass loss with time.
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The TGA instrument continuously weighs a sample as it is heated to temperatures
of up to 700 °C. As the temperature increases, various components of the sample are
decomposed and the weight percentage of each resulting mass change can be measured.
Results are plotted with temperature on the X-axis and mass loss on the Y-axis. The
data can be adjusted using curve smoothing and first derivatives are often also plotted

to determine points of inflection for more in-depth interpretations

3.1.1.1 TGA Instrumentation

TGA analysis data were obtained with the use of a “PerkinElmer Pyris 1 TGA” shown
in Figure 3.1. The temperature went up to 700 °C for all samples in order to compare

weight loss in them.

Ficure 3.1: Thermogravimetric Analysis Instrument
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3.1.2 X-Ray Diffraction (XRD)

3.1.2.1 Fundamental Principles of X-ray Diffraction (XRD)

X-ray diffraction is now a common technique for the study of crystal structures and
atomic spacing. X-ray diffraction is based on constructive interference of monochro-
matic X-rays and a crystalline sample. These X-rays are generated by a Al anode ray
tube, filtered to produce monochromatic radiation, collimated to concentrate, and di-
rected toward the sample. The interaction of the incident rays with the sample produces
constructive interference (and a diffracted ray) when conditions satisfy Bragg’s Law, as

illustrated in Figure 3.2.

nA = 2dsiné (Egn. 3.1)

Ficure 3.2: Crystal diffraction illustrating Bragg’s Law

This law relates the wavelength of electromagnetic radiation (A1) to the diffraction
angle (0) and the lattice spacing (d) in a crystalline sample. These diffracted X-rays

are then detected, processed and counted. By scanning the sample through a range of
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26-angles, all possible diffraction directions of the lattice should be attained due to the

random orientation of the powdered material.

3.1.2.2 XRD Instrumentation

Where possible, samples were back-loaded into sample holders prior to the collection
of XRD traces. Where insufficient sample was provided to allow for back-loading,
samples were loaded onto a zero background plate. A “Bruker D8 Advance X-Ray
Diffractometer” operating under CuKea radiation (40 kV, 40 mA) equipped with a Lynx-
Eye detector was employed to obtain the XRD patterns. The samples were scanned over
the 260 range 5° to 130° with a step size of 0.02° and a count time of 1.6 second per step.
173/192 of the sensor strips on the LynxEye detector were used, to give an equivalent
count time of 276.8 seconds per step. Analyses were performed on the collected XRD

data using the Bruker XRD search match program EVA™Y,

Pawley analyses were performed on the data using the Bruker TOPAS”" V35 pro-
gram. Background signals were described using a combination of Chebyshev polyno-
mial linear interpolation function and 1/x function. Cell parameters, vertical sample
displacement, peak full width at half maximum and peak scale factors were all refined.

Error values were calculated on the basis of three estimated standard deviations.
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3.1.3 Gas Adsorption Analysis

The process of adsorption is usually studied through graphs known as adsorption isotherms.
It is the graph between the amounts of adsorbate (x) adsorbed on the surface of adsor-

bent (m) and pressure at constant temperature.

The adsorption theory put forward by Brunauer, Emmett and Teller (BET) explained
that multilayer formation is the true picture of physical adsorption in mesoporous ma-
terials. One of the basic assumptions of Langmuir adsorption was that adsorbates form
a monolayer. The Langmuir adsorption equation can be applicable at very low partial
pressures. Under these conditions, gaseous molecules would possess high thermal en-
ergy and high escape velocity. As a result of this, fewer gaseous molecules would be
available near the surface of the adsorbent. At higher partial pressures, the thermal en-
ergy of gaseous molecules decreases and more and more gaseous molecules would be
available per unit surface area. Due to this, multilayer adsorption would occur. The

multilayer formation was explained by BET Theory. The BET equation is given as

Vmonoc([%)
1-La+ck)-£

R

Vrota = (Egn. 3.2)

where V,,,,, be the adsorbed volume of gas at high pressure conditions so as to
cover the surface with a unilayer of gaseous molecules,% is designated as C. K| is
the equilibrium constant when single molecule adsorbed per vacant site and K is the

equilibrium constant to the saturated vapour liquid equilibrium.
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3.1.3.1 Gas Adsorption Instrumentation

Surface area and pore size distribution measurements were obtained by use of “Mi-
cromeritics ASAP 2420 Accelerated Surface Area and Porosimetry System” and is
shown in Figure 3.3. Standard features include six independently operated analysis
ports and a programmable and fully automated sample preparation module with twelve
independently operated ports that allow users to prepare up to twelve samples simulta-
neously. The sample degas procedure is controlled by software and allows to specify
parameters for custom degas and sample preparation. User defined evacuation rates and
temperature ramps are provided to support even the most difficult-to-prepare samples.
Usually non corrosive gases like nitrogen, hydrogen, argon and carbon dioxide are used

as adsorbates to determine the surface area data.

Ficure 3.3: Micromeritics ASAP 2420 Accelerated Surface Area and Porosimetry Sys-
tem
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3.2 Thin Film Deposition and Characterization

3.2.1 Radio Frequency Glow Discharge (RFGD) Plasma Polymeri-

sation

Radio frequency glow discharge (RFGD) plasma polymerisation is a technique that is
used to deposit thin polymer layers over a surface to influence its physical and chem-
ical properties. In this process an electrical potential difference is applied between
two copper electrodes in the presence of an organic monomer vapour under low pres-
sure. Applying a continuous radiofrequency AC voltage across the electrodes causes
the monomer vapour to become a plasma which then polymerises and coats the surface.
Traditionally, this technique is utilised to control the interactions and binding of proteins
to surfaces without requiring the protein itself to be present in the surface modification
process, but has also been shown to be able to produce a platform for secondary func-
tionalisations. Due to the adaptable and non-destructive nature of REGD polymerisation
and its ease of application, it provides a simple and quick process by which to alter the

surface chemistry of a substrate beyond its traditional applications.

3.2.1.1 RFGD Polymerisation Instrumentation

Prior to the MOF thin film deposition, a plasma polymer film produced from the monomer
diethylene glycol dimethyl ether (diglyme 99.5%, Sigma-Aldrich) was deposited at the
tip of conventional single mode optical fibre (SMF-28) using a Radio Frequency Glow

Discharge (RFGD) plasma polymerization. Plasma treatments were performed using
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Ficure 3.4: Schematic of RFGD polymerisation reactor

a custom-built reactor (Figure 3.5) described elsewhere. The parameters chosen for
plasma polymer deposition of the diglyme film were: frequency of 200 kHz, load power
of 20 W, initial monomer pressure of 20 Pa and treatment time of 30 s. The diglyme
plasma polymer coating was performed in a chamber when the pressure gauge read be-
low 0.001 mbar. The optical fibre samples were placed within the reactor on the lower
electrode. After plasma treatment, optical fibres were rounded over a Teflon rod and
Teflon tape was wrapped over the remaining polymer coating to avoid contact with the

Ui0O-66 MOF solution.

3.2.2 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) uses a focused beam of high-energy electrons
to generate a variety of signals at the surface of solid specimens. The signals that derive
from electron-sample interactions reveal information about the sample including exter-
nal morphology (texture), chemical composition, and crystalline structure. A scanning
electron microscope (SEM) produces images of a sample by scanning it with a focused

beam of electrons.
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Ficure 3.5: RFGD plasma polymerization system

3.2.2.1 SEM Instrumentation

SEM for this study was done using two different instruments: the “JCM-5000 Neo-
Scope Table Top SEM (JEOL Ltd. Japan)” and “FEI/Philips XL30 FEG ESEM”. Sam-
ples were sputter-coated using a “Neo Coater MP-19090 NCTR” (Jeol Ltd. Japan),
equipped with a DC magnetron for gold coating, and “SC5750 Quorum Technologies
Ltd.” sputter coater for irridium coating in order to prevent problems with charging. Op-
tical fibres and powders were mounted on the side and surface of an aluminium sample
holder using carbon tape. In most cases, an electron acceleration of 10 kV was used for

imaging.
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3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a well-established method for the chemical identification of par-
ticles or contaminants and for visualizing the distribution of certain substances in com-
plex compounds. For this purpose, microscopes having mirror optics have been devel-
oped that allow not just a visual viewing but also for infrared spectroscopic analysis of

a sample.

3.2.3.1 FTIR Instrumentation

In this study a “Thermo Scientific Nicolet 6700 Spectrometer”, depicted in Figure 3.6,
was used for detremining whether 5-Fluorouracil has been successfully encapsulated in

UiO-66 powder. The number of scans collected to produce a spectrum was 32.

Ficure 3.6: FTIR Microscopy device

3.2.4 Energy-Dispersive X-Ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy (EDX) is a qualitative and quantitative X-ray
microanalytical technique that can provide information on the chemical composition
of a sample for elements. An electron beam is focussed on the sample in a scanning

electron microscope (SEM). The electrons from the primary beam penetrate the sample
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and interact with the atoms from which it is made. The X-rays are detected by an
Energy Dispersive detector which displays the signal as a spectrum. The energies of the
characteristic X-rays allow the elements making up the sample to be identified, while
the intensities of the characteristic X-ray peaks allow the concentrations of the elements

to be quantified.

3.2.4.1 EDX Instrumentation

In our reserach a “FEI/Philips XL30 FEG ESEM”, with Electron Backscatter Diffrac-
tion analysis and Energy-Dispersive X-ray capability device was used for analysing the

UiO-66 powder and thin film.

3.3 Biological Applications

3.3.1 Microplate Photometer

Plate readers, also known as microplate readers or microplate photometers, are instru-
ments which are used to detect biological, chemical or physical events of samples in
microtiter plates. They are widely used in research, drug discovery, bioassay validation,
quality control and manufacturing processes in the pharmaceutical and biotechnologi-
cal industry and academic organizations. A light source illuminates the sample using
a specific wavelength (selected by an optical filter, or a monochromator), and a light

detector located on the other side of the well measures how much of the initial light is
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transmitted through the sample; the amount of transmitted light will typically be related

to the concentration of the molecule of interest.

3.3.1.1 Microplate Photometer Instrumentation

The “FlexStation 3 Microplate Reader” (Molecular Devices, LLC.) shown in Figure 3.7
was used in this research for absorbance studies. This device features high-efficiency
monochromator optics which are tunable for absorbance, fluorescence intensity, fluores-
cence polarization, and time-resolved fluorescence assays. Users have several choices
when configuring the FlexStation 3 Microplate Reader. Users can choose from 96-well

pipetting, 384-well pipetting, or both.

Ficure 3.7: FlexStation 3 Microplate Photometer

3.3.1.2 Microplate Photometer Calibration Curve for 5-Fluorouracil

Prior to use light source, the sensitivity of Microplate Photometer was determined by
making diluted solutions of 5-Fluorouracil in water at 37 °C and its calibration curve is

graphed in Figure 3.8.
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Ficure 3.8: Microplate Photometer calibration curve for 5-Fluorouracil

3.4 Optical Components

3.4.1 Optical Fibres
Two types of silica optical fibres were used in this study. The specifications of each are

as follows:

SMF-28 (Corning Optical Communications, USA): standard telecommunication fi-
bre with core and cladding diameter of 8.2 um and 125 + 0.7 um respectively, cut-off

wavelength < 1260 nm and numerical aperture of 0.14.

SM-800 (Thorlabs, Inc.): core and cladding diameter of 5.6 yum and 125 + 1.0 um

respectively, cut-off wavelength of 660-800 nm and numerical aperture of 0.10-0.14.
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3.4.1.1 Fibre Couplers

Fibre optic couplers are optical fibre devices that divide one input between two or more
outputs, or combine two or more inputs into one output. The device allows the trans-
mission of light waves through multiple paths. Optical couplers can be specified by the
number of ports used for signal transmissions going in as well as out. The coupling
ratio (splitting ratio) is the distribution of power among the output fibres of a coupler.
A coupling ratio of 50/50 means that there is an equal distribution of optical power; a
60/40 ratio means 60% of the power is transmitted to a primary output and 40% to the
secondary output. 1 X 2 and 2 X 2 couplers are available with coupling ratios of 50/50
(3 dB) and 10/90 (10%). Wavelength choices for fibre optic couplers include 633 nm,
830 nm, 1060 nm, 1300 nm, and 1550 nm (centre wavelength) and a typical coupler is

shown in Figure 3.9.

Ficure 3.9: A 2 x 2 Fibre Coupler

In this study, where needed, two 2 X 2 single mode fibre couplers (OEMarket, Aus-

tralia) with different centre wavelengths (830 and 1550 nm) have been used.
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3.4.2 Light Sources

3.4.2.1 Superluminescent Light Emitting Diode (SLED)

A superluminescent light emitting diode operates very similar to a laser diode. It is com-
posed of an electrically driven p-n junction that, when biased in the forward direction,
becomes optically active and generates amplified spontaneous emission over a wide
range of wavelengths. The peak wavelength and the intensity of the SLED depends on

the active material composition and on the injection current level.

Two fibre coupled superluminescent diodes, “2 mW @ 790 nm: QSDM-790-2” (Fig-
ure 3.10) and “1.5 mW @ 1050nm: QSDM-1050-2" from QPhotonics, LLC. were used
in this thesis where light in near and far-infrared was needed. These SLEDs are high

power and have broad spectral width, flat and low-rippled spectrum.

Figure 3.10: Fibre coupled superluminescent diode, QSDM-790-2

3.4.2.2 Erbium ASE Light Source

Amplified Spontaneous Emission (ASE) is a process where spontaneously emitted radi-

ation (luminescence) is amplified. If a laser has a medium large gain, the luminescence
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from spontaneous emission can be amplified to high power levels. In applications where
light with low temporal coherence but good spatial coherence is required, this amplified
luminescence can be used. The light produced is typically a hundred times stronger
than an Edge-Emitting LED (EELED), and ten thousand times stronger than a white

light source [111].

The “Agilent 83438 A Erbium ASE” source which emits light from an erbium doped
fibre over the range from 1500-1600 nm, was used in this study and is shown in Fig-

ure 3.11.

Ficure 3.11: Erbium ASE Source

3.4.3 Optical Spectrum Analyzer (OSA)

An optical spectrum analyzer is an instrument which is designed to display the distribu-
tion of optical power over a specified wavelength window. An OSA displays power in

the vertical scale and the wavelength in the horizontal scale.
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The optical spectrum analyzer which has been used in this thesis is: “Ando, AQ6317B”
which has high wavelength accuracy, high wavelength resolution of 0.015 nm, syn-

chronous sweep, wide band, high sensitivity and high power measurement capabilities.

Ficure 3.12: Ando AQ6317B OSA
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3.4.4 Signal Processing Method

Experimental signals do not exist without noise; i.e. noise interferes or corrupts signals
in a significant manner and these must be removed from the data in order to proceed
with further data analysis. Thus signals from FPI (Fabry-Perot interference) includes

Fresnel reflections [112].

The algorithm in this study for FPI is written based on the work in [48, 113—-115].
The output signals collected by an OSA need to be denoised first and then demodulated
to get the optical path difference. A measured sensor signal arising from a FPI depends
upon the source spectrum. To eliminate the unwanted source spectrum modulation,
interferograms were “normalized” using the reflection spectrum from a cleaved fibre
end-face, taken prior to splicing the sensor to the system (i.e. each sensor spectrum was
divided by its source spectrum), for which an example is shown as I;(4) in Figure 3.13

(actual data to be presented in Chapter 5).

Ficure 3.13: Example of a measured source and sensor and deduced I (1) spectra
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For calculating the optical path difference, n X d, an algorithm was run using Mat-
lab software in which the first part of the program denoises the spectrum by using
Daubechies Wavelet Transform (DWT) [116, 117]. The DWT filter is usually utilized
as a band-pass filter and is used to decompose the spectrum signal for denoising. For
the low finesse FPI sensors, the spectrum interferogram with noise has the following

general form:

drnd

(1) = A1) + B(1) X cos( ;)

+¢)+ N1 (Egn. 3.3)

where A is the scanning wavelength, A(1) is the low frequency background irradi-
ance that is introduced by the light source, B(1) is the coherence envelope of the sensor
spectrum that is relevant to the fibre bending, the coupling ratio and the contrast influ-
enced by the reflection of the fibre ends, N(A1) is the high frequency intensity noise of
the broadband source, the constant ¢ is the wave loss from the reflection at the thin film

interface and n X d is the optical path difference.

With running a seven level Daubechies wavelet, db-7, the sensor signal is decom-
posed into a set of approximations and details at different levels. The approximations
are the low frequency components of the signal and the details are the high frequency
components. The approximation of level seven and the detail of level one are subtracted
from the sensor spectrum for eliminating A(1) and N(A) respectively. The approxima-
tion of levels 2 to 5 are also subtracted to further smooth the output spectrum (I,(4) in

Eqn. 3.4). Figure 3.14 shows an example of these sequences .
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drnd
A

(1) = B(1) X cos( + )
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(Eqn. 3.4)

Ficure 3.14: Example of: a) I;(1) spectrum (as in Figure 3.13). b) after subtracting
A(A) (approximation level 7). c) after subtracting N(1) (approximation level 1). d, e
and f: after smoothing (approximation levels 2, 3 and 4), g: I,(1) spectrum.
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I,(1) in Eqn. 3.4, can be regarded as an amplitude and frequency modulated (AM-
FM) signal with B(A) being the instantaneous amplitude. Thus, the second part of the
algorithm does a Fast Fourier Transform (FFT) [118] to first eliminate B(1) and then
determine the optical path difference from the extracted periodicity. The resultant signal
after eliminating B(A) is given in Eqn. 3.5 and the deduced FPI spectrum (I3(1)) is

shown in Figure 3.15 in comparison with the initial source and sensor spectra.

4rnd

I;(A) = cos( 1

+ ) (Egn. 3.5)

Figure 3.15: Example of a measured source and sensor and deduced FPI spectra

I3().

The Matlab algorithm is provided in Appendix A.

57



Chapter 3 Experimental Instruments and Methods

3.5 Summary

In this chapter, the wide range of experimental equipment used in this study were de-
scribed. As FPI was used for most sensors, the mathematical procedure to obtain the
optical path difference was also provided. The experimental apparatus for the end-face

sensor characterization is schematically shown in Figure 3.16.

Ficure 3.16: Schematic diagram of the optical fibre interferometric measurement sys-
tem
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Zeolite Coated Optical Fibre for

Aqueous Contaminant Detection

This chapter presents the characterization, development and optimization of the zeolite
based optical fibre chemical sensor for trace contaminant detection in aqueous media.
As discussed in Chapter 2, zeolite based optical fibre thin films have been used widely
in water sensing area both in gas and liquid phase [69-73]. Here, a zeolite thin film
optical fibre is fabricated and used to detect specific contaminants in water down to

ppm and ppb levels.

4.1 The Principles of the Sensor

As discussed in Section 2.3, the zeolite film is used to control molecular transport,
allowing certain molecular species to pass through while rejecting others based on the

molecular size, chemical properties and chemical bonding properties with zeolite.
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The working function of the sensor is based on the change of optical thickness (corre-
sponding change in refractive index) induced within zeolite membrane. The sensor de-

sign is based on using Fabry-Perot Interferometry technique described in Section 2.2.2.

As it can be seen in Figure 4.1, the end-face coated reflective zeolite thin film will
absorb contaminants from water. Then upon adsorption of these contaminants, its re-
fractive index will change, and as explained in Section 2.2.2, an interference pattern will
be generated. The optical spectrum analyzer (OSA) will record the interference pattern
(Figure 3.16) and by using the signal processing method (described in Section 3.4.4),
the optical path difference will be determined. This is then correlated to the amount of

adsorbed contaminant which is in proportion to its presence in the sensor’s environment.

Ficure 4.1: Structure of the end-face zeolite reflective sensor

4.2 Synthesis of Zeolite Thin Film on Optical Fibre

The procedure for zeolite film growth has been described in a paper by Zhang et al. [70],
which has been adapted to coat the end-face of the optical fibre. A standard SMF-28 op-

tical fibre with 125 um cladding and a 9 um core was cleaved at a right angle to its axis to

60



Chapter 4  Zeolite Thin Film Optical Fibre for Aqueous Contaminant Detection

produce the end-face, and was cleaned with acetone. The fibre was mounted in a synthe-
sis tube with its cleaved end suspended in the zeolite synthesis solution and the end-face
facing upward. The synthesis solution was made by mixing 30 ml of water, 5.65 ml of
tetrapropyl ammonium hydroxide (TPAOH, Sigma-Aldrich), and 10.2 ml of tetraethyl
orthosilicate (TEOS, Sigma-Aldrich) (the structure directing agent, tetrapropyl ammo-
nium (TPA)*, occupies the zeolite channels during crystallization). The mixture was
under constant stirring at 50 °C for 2 h and then aged at room temperature for 4 hours.
The thin film was first grown on the end-face of the fibre by in situ crystallization at 180
°C under autogenous pressure for 4 h and secondly by replacing the initial mixture with
a fresh one for another 4 h to increase the membrane thickness. After the hydrother-
mal synthesis, the fibre was rinsed with deionized water, dried under vacuum at 80 °C
overnight and calcined at 120 °C for two hours. For further analysis, the zeolite powder

was rinsed in water and collected by centrifuging at 6000 rpm for 5 min.

4.3 Zeolite Material and Optical Fibre Coating Charac-

terization

XRD and SEM were carried out on zeolite powder and zeolite coated optical fibre to
check the crystallinity and morphology of the particles. XRD of the zeolite powder is
shown in Figure 4.2, while SEM images of the optical fibre coating and zeolite powder

are shown in Figures 4.3 and 4.4 respectively.

As shown by XRD, a single crystalline phase of the MFI (Mordenite Framework

Inverted) structure was confirmed by observing the typical main Bragg peaks at 26 of
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8.03°,8.94°,23.24°, 24.05°and 24.52°. Also, the zeolite powder was highly crystallized
and MFI-type was the only phase identified in the sample with orthorhombic system and
Pnma-62 space group. The XRD pattern is similar to that of MFI-type zeolite structures

reported in the scientific literature [119].

The SEM images in Figure 4.3 show that there is not a smooth coating of zeolite
thin film at the end of optical fibre; causing light scattering and in turn weakening the
reflection and diminishing the formation of clear interferograms. The structure of the

zeolite particles is further confirmed in Figure 4.4.

Therefore, MFI-type structure was produced via the synthesis technique and suc-
cessfully coated at the end-face of an optical fibre. The coated optical fibre can now be

tested for water contaminant detection.

Ficure 4.2: Zeolite powder XRD pattern
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(a) (b)

Ficure 4.3: a) SEM image of zeolite thin film at the end-face of an optical fibre, b)
close up of the region highlighted by the red circle

Ficure 4.4: SEM images of zeolite powder

4.4 Contaminants Detection by Zeolite Thin Film Opti-

cal Fibre

The zeolite optical fibre thin film was used to detect contaminants (Section 2.1) in water.
Different dilute solutions of ammonium, 4-aminopyridine and methanol in deionized
water (DI) were prepared and the zeolite-fibre sensor was then immersed in these solu-

tions. The interferograms did not change within 1% over 15 minutes when immersed in
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these solutions. The Erbium ASE light source was used and interference spectra were
obtained with OSA and the output signal was analyzed to determine the optical path

differences by signal processing method described in Section 3.4.4.

4.4.1 Ammonium Detection

As it was mentioned earlier in Chapter 2, MFI-type zeolite thin films have been synthe-
sized on LPFG optical fibres to detect trace ammonia vapour in water [120]. Here, the
zeolite is coated on SMF-28 optical fibre and will be used to detect ammonium in liquid

phase.

In this study, the concentration of ammonium in DI water was changed from nM to
mM. For each concentration several interferograms were obtained at 10 s intervals after
the sensor was dipped into the solution, and the average of these is shown in Figure 4.5;
these resemble the expected curve shape shown in Figure 3.15. The sinusoidal spec-
tral interferograms indicated that high quality interference signal was generated by the
zeolite thin film. The shape of the signal changed with the increasing of ammonium
concentration, indicating an increase in the refractive index of the zeolite thin film. The
spectral positions of the interferogram peak and valley shifted to longer wavelengths
with the increasing of ammonium concentration, indicating a solid increase in the op-
tical thickness of the zeolite film which is shown in Figure 4.6 as a function of the

ammonium concentration.
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Ficure 4.5: Interferograms in correlation with ammonium concentration in DI water

Ficure 4.6: Optical thickness as a function of ammonium concentration in DI water

4.4.2 4-Aminopyridine Detection

4-Aminopyridine with estimated hydrodynamic (Stokes) radius of 2.5 A [121] is small

enough to move freely in the inner surfaces of MFI-type zeolite cage with average
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pore diameter of 5.3 A [122]. Hence, it would be a good candidate to investigate the

performance of zeolite as a sensor device.

The tested concentration of 4-aminopyridine in DI water ranged from pure water to
0.1 M concentrations. The interferograms in correlation with the 4-aminopyridine con-
centrations are shown in Figure 4.7; these resemble the expected curve shape shown in
Figure 3.15. The computed optical thickness of the zeolite thin film is shown in Fig-
ure 4.8 as a function of the 4-aminopyridine concentration. The interfrograms shifted
towards the longer wavelength as the 4-aminopyridine concentration increased, which
indicated that the optical thickness increased as more 4-aminopyridine molecules ad-
sorbed in the zeolite and further confirmed the dependences of optical thickness on
adsorption level. The sensor exhibited a detection limit of less than 1 mM (90 ppm) for

4-aminopyridine.

Ficure 4.7: Interferograms in correlation with 4-aminopyridine concentration in DI
water
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Ficure 4.8: Optical Thickness as a function of 4-aminopyridine concentration in DI
water

4.4.3 Methanol Detection Studies

In a similar way to 4-aminopyridine, the concentration of methanol in DI water ranged
from pure DI water to 1 M methanol. Figure 4.9 shows several representative interfer-
ograms at different concentrations for the zeolite thin film optical fibre sensor; these
resemble the expected curve shape shown in Figure 3.15. Figure 4.10 plot the optical
thickness as a function of the methanol concentration for the above sensor. As can be
seen, optical thickness did not change by a significant amount over the entire concentra-
tion range. There was a possible increase from water to 1| mM MeOH, which remained
constant with increasing concentration up to 50 mM. However the value is the same as

for water in 100 mM concentration. Consequently, there is not an indication of sensor’s
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positive response to increasing MeOH concentration in low ppm levels. This is at vari-
ance with the findings of other; the detection limit of methanol in water by zeolite thin

film optical fibre has been reported as 1000 ppm (31 mM) [73].

FiGure 4.9: Interferograms in correlation with methanol concentration in DI water

Ficure 4.10: Optical Thickness as a function of methanol concentration in DI water
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4.4.4 2-Propanol and Ethanol Adsorption Studies in Zeolite Thin

Film

In this study, the coated optical fibers were immersed into solutions of ethanol and 2-
propanol. The solution concentrations tested contained 20, 40, 60, 80 and 100% of the
alcohol in DI water. The intensities were constant within 1% for the first 3 readings
(20%, 40% and 60% of 2-propanol) over a 2 h period, whilst for the 80% 2-propanol

sample, the fluctuation in intensity was around 5% over 45 minutes.

The performance of two selected sensors is shown in Figure 4.11 as a function of
increasing 2-propanol and ethanol concentrations in water. As can be seen, there is de-
creasing trend in intensity over increasing the 2-propanol concentration in water. How-
ever, after an initial significant decline in intensity for the first ethanol concentration of
20%, there 1s no significant change in intensity for increasing ethanol concentration in

water. However, the results are less rigorous, as they are not based on interferograms.

Ficure 4.11: Performance of zeolite coated optical fibre sensors to 2-propanol and
ethanol
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4.5 Discussion and Summary

In this chapter, a MFI-type zeolite thin film based optical fibre sensor was success-
fully synthesized and used for studying the adsorption dependent optical property, op-
tical thickness, of zeolite thin films. This sensor was used to detect ammonium, 4-

aminopyridine, methanol, ethanol and 2-propanol in DI water.

The pH of ammnoium in our solutions was 5, which shows that ammonium was
present in ionic form (NH}) rather than as free ammonia (NH3). It has been found
that the zeolite optical thickness increases with increasing the loading of ammonium
molecules in the zeolite cage. Zeolites remove ammonium ions by means of ion-
exchange and, at higher concentration, by adsorption [123]. While ammonium is at-
tracted into the zeolite due to its small size and positive charge (zeolite has negative
charge above its isoelectric point of around pH=2), it can also exchange when other
cations present in solution [124]. However no other cations were added to the system.
The more aluminium present in zeolite structure, the higher the capacity of the zeolite
for NHj [123], but in our case no aluminium was added during synthesis implying the
MFI-type structure was silicalite. Meanwhile the interaction with NH} was significant
for sensing. In our study, by using zeolite thin film the ammonium detection limit is less
than 1 nM (0.018 ppb) in water in liquid phase. However, by considering MFI-type’s
selectivity affinity order based on its Si/Al ratio and possible interfere with its ability to
adsorb only ammonium, the applicability of this method in the presence of other ions
must be further investigated. For instance, at high alumina content (Si/Al = 30), the ma-

terial tends to exchange K* for Na* exhibiting little net ion uptake and decreasing the
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alumina content led to a range of effects on porous properties and ion interactions [124].

4-aminopyridine has estimated hydrodynamic (Stokes) radius of 2.5 A [121] and in
comparison with elliptical cage structure [125] of MFI (pore diameters of 5.1 X 5.5
A), is small enough to move freely in the inner surfaces of the zeolite’s intrinsic pores.
Also, 4-aminopyridine elimination from water could be directly related to the concen-
tration of Lewis acid sites either by its decomposition on strong Lewis acid sites or by
its adsorption on weak Lewis acid sites in zeolite. As FTIR investigation of pyridine ad-
sorption/desorption in literature [ 126, 127] shows, mild and strong Lewis and Br@nsted
acid sites are present on MFI zeolites. Our study showed detection threshold of less

than 90 ppm for 4-aminopyridine in water in liquid phase.

The end-face reflective sensor was demonstrated for detection of organic compounds
(alcohols) dissolved in water. 2-propnaol, ethanol and methanol aqueous solutions were
used as model systems. The sensor exhibited low concentration (highly sensitive) quan-
titative measurement capability for ethanol than 2-propanol dissolved in water. The
sensor signal decreased dramatically for ethanol from water to 20% concentration while
was monotonically changed with the increase of 2-propanol concentration in the tested
range under the same conditions. The theory behind this pattern is the permeation which
molecules move through zeolite pores by surface diffusion. The organic molecules
adsorb more strongly than water within the MFI framework because of its strong hy-
drophobicity, but nonzeolite pores and structural defects in the thin film may be a more
significant disadvantage to hydrophobic membranes than hydrophilic ones because of
silanol groups on the zeolite surface [125]. Also, the heats of adsorption for the alcohols

increase with the number of carbons due to increased Van der Waals interactions [128].
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This suggest that -AH of 2-propanol is greater than that of ethanol (-AH for ethanol:
70+10 kJ/mol and -AH for 2-propanol: 90+10 kJ/mol). Also the separation factor for
the alcohols increases with increasing -AH of the alcohols. Considering the observed
higher selectivity of ethanol in water to 2-propanol, it seems the likely explanation that
ethanol more strongly penetrated into the zeolite, yielding a more reduced intensity at
the lowest concentration of 20% [65]. Due to the inherent ability of zeolite to resist
2-propanol compared to ethanol, we observed a weaker reduction in intensity, but was
more sensitive when increasing concentration up to 100%. The sensor did not respond
to methanol because organic/water separation factors for alcohols tend to increase as
carbon number increases (for methanol, ethanol and 1-propanol) and adsorption selec-
tivity for linear alcohols/water increases as the alcohol carbon number increases because

the alcohol adsorption strengths increase in this order.

4.6 Conclusion

In this chapter, the end-face zeolite coated sensor was demonstrated for detection of spe-
cific contaminants dissolved in water. Ammonium, 4-aminopyridine, ethanol, methanol
and 2-propanol aqueous solutions were used as model systems. The sensor exhibited
quantitative measurement capability for ammonium, 4-aminopyridine, ethanol and 2-
propanol dissolved in water. The sensor’s detection limit was 0.018 ppb for ammonium
and 90 ppm for 4-aminopyridine. At low concentration (20% solution), the sensor’s
response to ethanol dissolved in water was much greater than that of 2-propanol dis-

solved in water, because the refractive index change induced by the substitution of water
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molecules with ethanol molecules in zeolite pores was more than that induced by the

substitution of water molecules with 2-propanol molecules.
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Metal Organic Framework Thin Film
Coated on Optical Fibre End-Face for

Aqueous Contaminant Detection

In chapter 4, a zeolite thin film was made at the end-face of an optical fibre and used
as a sensor to detect 4-aminopyridine, ammonium, ethanol, 2-propanol and methanol
in water. However, as discussed in Section 2.3.6, efficient adsorption depends upon the
material’s porosity, pore geometry and specific adsorption behaviour. The low porosity
and small pores of the zeolite means that its use in the sensing area is limited to small
molecules, i.e. it can not detect heavy organic molecules (e.g. herbicides or pesticides)
in water. In this chapter, a new device of MOF thin film coated optical fibre end-face is
fabricated and used as an in-fibre interferometer to study the changes to MOF refractive
index as a function of chemical adsorption. For this purpose, Rhodamine-B and 4-

Aminopyridine were used as specific examples.
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5.1 Thin Film Role in Sensing

As noted earlier in Section 2.2, the reason a porous thin film is added is that a chemical
sensor should provide the quantitative or qualitative information of the chemical species
in a sample of interest. A bare optical fibre can act as a chemical sensor if it can
determine the refractive index change caused by the absorption of species from a diluted
solution. In other words, a bare optical fibre is able to give indication of changing the
refractive index in various diluted solutions based on Fresnel reflection, but it does not
recognize the solution composition (e.g. ethanol or methanol) and hence there will not

be any selectivity with a bare optical fibre.

In chemical detection with a thin film based optical fibre, the thin film (optical mate-
rial) can interact selectively with the analyte species that change the materials’ optical
properties. Such changes in optical properties are examined by the light propagating
inside the optical fibre. The reflected light carrying the chemical information is then
collected directly from the fibre to report the sensing results. Therefore a porous thin

film increases the sensitivity and selectivity of an optical fibre sensor.

5.2 Optical Detection Method

The optical detection method is based on using Fabry-Perot Interferometry technique
described in Section 2.2.2. Figure 5.1 shows the proposed end-face coated reflective
sensor structure, which will be obtained by synthesizing a UiO-66 thin film on a per-

pendicularly cleaved end-face of an optical fibre. The input light will first be partially
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reflected back (I;) from the fibre-MOF interface. The rest of the light is transmitted
through the MOF thin film and again be partially reflected back (I,) from the MOF -
water interface. The interference of the two reflected beams (sensor signal) is recorded

by OSA for signal processing and calculation of the thin film optical thickness.

Ficure 5.1: Structure of the end-face MOF reflective sensor

5.3 MOF Water Stability

MOFs with metal-carboxylate bonds have been shown to have varying degrees of water
stability. Usually each MOF degrades under various temperature and humidity con-
ditions measured over experiments lasting 28 days. An example is given by Cu-BTC
(HKUST-1)(Hong Kong University of Science and Technology) is a MOF made of cop-
per nodes with 1,3,5-benzenetricarboxylic acid struts between them. At conditions of
90% relative humidity (RH) and 25 °C, water uptake for Cu-BTC is shown to be higher
than at 90% RH and 40 °C. This is due to the degradation of the inner structure of Cu-
BTC as measured by XRD which occurs more readily at lower temperatures [129, 130].
However the external surfaces of Cu-BTC degrade more readily at conditions of 90%
RH and 40 °C. Mg-MOF-74 (Mg/DOBDC) has a nearly complete loss of surface area

after just one day of exposure to each of the conditions studied above; however the
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PXRD patterns show only a change in the [1 0 0] peak [129]. Furthermore, UiO-66
(Zr-BDC) (Universitetet i Oslo), a MOF made up of [ZrsO4(OH),] clusters with 1,4-
benzodicarboxylic acid struts, was stable to each of the aging conditions for the full 28
days of study. Therefore, a promising material for chemical sensing in aqueous systems
appears to be the UiO-66 MOF structure [129, 131]. Figure 5.2 and Figure 5.3 show
the structure of UiO-66 and Cu-BTC MOFs [129]. The spheres represent the pore sizes
within the framework which can be used for storage purposes. Figure 5.4 illustrates the

structure change after water uptake.

FiGure 5.2: UiO-66 MOF Structure FiGure 5.3: Cu-BTC (HKUST-1)
MOF Structure

Figure 5.4: Cu-BTC, Mg-MOF-74 and UiO-66 structure change after water
uptake [129]
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5.4 Optical Fibre UiO-66 Thin Film Synthesis

5.4.1 Synthesis of UiO-66

UiO-66 was synthesized according to the recipe described in previous work by Lau et
al. and Schaate et al. [3, 132]. 0.60 g (2.68 mmol) of ZrCly, 0.43 g (2.68 mmol) of
1,4-benzenedicarboxylic acid (BDC) and 5.00 g (40.96 mmol) of benzoic acid were
dissolved in 100 mL of dimethylformamide (DMF) and 5 mL of deionized (DI) wa-
ter under constant stirring for 2 hours. The mixture was left at 120 °C for 24 hours
in the pre-heated oven. After cooling down to room temperature, a clear phase sepa-
ration could be observed between the solids and the solvents. The nanoparticles were
centrifuged at 20000 rpm for 15 minutes and washed first with fresh DMF (at least 3
times) and second with methanol overnight. They were dried at 80 °C under vacuum

overnight.

The SEM images of the UiO-66 powder material shown in Figure 5.5, show distinct

particles with a particle size distribution between 60 and 200 nm.

Further confirmation of the formation of UiO-66 material was obtained from pow-
ders using XRD, TGA and nitrogen adsorption isotherm. XRD result of UiO-66 has a
main peak at 26 angles of 7.4° and some characteristic peaks at 26 of 8.5°, 25.9°, and
30.8° as shown in Figure 5.6 and proves that as-synthesized UiO-66 has exactly the
same crystal pattern as a standard UiO-66 powder (the Crystallographic Information

File (CIF)) [133]. The TGA result shown in Figure 5.7 exhibits an slow initial weight
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Ficure 5.5: SEM images of UiO-66 powder

loss up to 300 °C (DMF molecule removal), with a clear shoulder around 100 °C (loos-
ing physisorbed water). The weight became stabilized at 518 °C and the sample was
left with the 36.65% of the starting weight. The residual material at the end of the TGA
experiment is simply ZrO,. The TGA result confirms the UiO-66 weight loss pattern
in agreement with the literature [134]. The porous feature of the UiO-66 was also anal-
ysed by N, porosimetry at 77 K. The isotherms, shown in Figure 5.8, show an indication
of a microporous material and the shape of the isotherms are the same as reported for
standard UiO-66 [134] with the rise of the isotherm in the p/p, > 0.6 region. Calculated
BET surface area of the as-synthesized UiO-66 is 1304 m?/g with a micropore volume

of 1.38 cm?/g.

Therefore, the characterization of the UiO-66 material confirms the correct structure
and porous properties suitable for capture of organic contaminants that can be detected

when it is coated on an optical fibre end-face.
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Ficure 5.6: UiO-66 powder XRD

Ficure 5.7: TGA curve for UiO-66 powder (in air at 3°/min)

Ficure 5.8: UiO-66 nitrogen adsorption isotherm
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5.4.2 Synthesis of Optical Fibre UiO-66 Thin Film

Most commonly, MOF films have been synthesized directly on the surface of interest
from the appropriate molecular and ionic precursors. Typically the surface is a metal,
metal oxide [135, 136] and glass or silicon [137]. Film formation can sometimes be
accomplished by simply placing a platform in a reactor/oven with the MOF precursors.
These direct growth approaches often require functionalization of the surface with a

self-assembled monolayer to nucleate film formation and exceed the growth rate [138].

In this study, Radio Frequency Glow Discharge (RFGD) plasma polymerization
(Section 3.2.1) was used with the same conditions described in Section 3.2.1.1 to de-
posit a layer of diethylene glycol dimethyl ether (diglyme) on the optical fibre right
cleaved end-face surface. After monomer deposition, the prepared optical fibres were
placed in an untreated precursor solution of UiO-66, were then heated at 120 °C for 24
h to allow the MOF thin film to grow on the exposed surface of the optical fibre. After
24 hours, the fibres were taken out and washed gently as above procedure with DMF

and methanol to remove unreacted starting reagents.

The SEM image in Figure 5.9-b from optical fibre end-face shows formation of a
thin layer of UiO-66 for comparison with a bare optical fibre in Figure 5.9-a. As can
be seen, the thin film has some cracks which could be due to exposing it to air just
after taking it out of the precursor solution. These cracks would not have an impact on
sensor results if they are not located at the centre of the optical fibre (core area with 8.2
um diameter coloured in yellow in Figure 5.9-b). Further production of optical fibres

with MOF thin films confirmed a smooth thin film layer (the film thickness and surface
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smoothness are important factors affecting the optical signal quality) deposition at the
end-face without any cracks (Figure 5.9-c). The final layer’s thickness is 1.6-1.9 um,
from Figure 5.9-d and -e, and since there are 10-12 layers present (Figure 5.9-f), the

estimated thin film thickness is 17-22 um.

(@ (b)

© (d)

£ 1.66 un‘l -

(e) ®

Ficure 5.9: SEM images: a) A bare optical fibre, b) UiO-66 optical fibre thin film top
view, first sample, ¢) UiO-66 optical fibre thin film, second sample, d) side view at
x13000 of UiO-66 optical fibre thin film, e) view of another UiO-66 optical fibre thin
film, f) accumulation of layers
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5.5 Contaminants Detection by UiO-66 Optical Fibre

Thin Film

In order to evaluate the UiO-66 thin film coated optical fiber as a sensor, two different
contaminants (Section 2.1), Rhodamine-B (RhB) and 4-Aminopyridine (4-AP) were
tested. Figure 5.10 shows the two different cages structures of UiO-66: a tetrahedron (6
A) and an octahedron (9 A), RhB molecule with 15.6 A x 13.5 A x 4.2 A dimensions

and 4-AP molecule with 5.6 A x 4.4 A size.

FiGure 5.10: An illustration of two cages structures of UiO-66, RhB and 4-AP
molecules

The Erbium ASE light source was used and interference spectra were obtained with
OSA and the output signal was analyzed to determine the optical path differences by

signal processing method described in Section 3.4.4.
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5.5.1 Rhodamine-B Detection

RhB is a good candidate to investigate the performance of UiO-66 as a sensor device,
and previous work has shown its absorption into the surface of UiO-66 framework is
due to electrostatic interaction between RhB (a hydrophilic cationic dye [139, 140])
and UiO-66 MOF (anionic material) as it is shown in Figure 5.11 with the maximum
dye adsorption capacities of dried UiO-66 (dye concentration = 20 ppm and pH = 7) of

53.307, 70.679 and 75.850 mg.g™! at 273, 303 and 323 K respectively [141].

Ficure 5.11: Mechanism diagram of RhB adsorption on UiO-66 surface

Diluted solutions of 0.1 mM (48 ppm), 1 mM (480 ppm), 9 mM (4311 ppm) and 15
mM (7185 ppm) of RhB in DI water were tested with the optical fibre thin film. The
spectral interferograms generated by the UiO-66 thin film at these concentrations are
shown in Figure 5.12; their sinusoidal shape shows that the thin film indeed generated
interference signals; these resemble the expected curve shape shown in Figure 3.15. The
interferograms did not change within 1% over 15 minutes when immersed in 50 ppm
or 100 ppm RhB solutions. The spectral positions of the interferogram peak and valley
shifted to longer wavelength with an increasing RhB concentration, with the tracked
maximum/minimum of the interferogram moves out from the investigated wavelength

range at large concentrations, indicating that there is an increase in the optical thickness
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of the UiO-66 film, as is clear from Figure 5.13. So it can be concluded that RhB is
absorbing within the UiO-66 MOF thin film and the obtained limit of detection demon-

strated by this method is 48 ppm.

FiGure 5.12: Interferograms in correlation with RhB concentration in DI water

Ficure 5.13: Optical thickness as a function of RhB concentration in DI water, point
labelled “water” included for reference
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To further confirm adsorption of RhB in UiO-66, 10 mg of UiO-66 activated/dehy-
droxilated powder (the powder was heated up to 120 °C for 2 h under dynamic vacuum)
was added to a 5 ml solution containing 20 ppm RhB under constant stirring. Before
taking a sample from the middle of the vial, the mixture was left at rest for 5 minutes in
order to precipitate UiO-66 powder to the bottom of the vial. Aliquots were taken after
10 min, 30 min, 60 min and 1 day of stirring the mixture. Figure 5.14 shows the peak
of corresponding to RhB at 554 nm and after the addition of UiO-66, the peak reduced
in intensity over time which shows that RhB is absorbed from 20 ppm aqueous solution
into the UiO-66 surface and is a further confirmation of our Fabry-Perot interferometry

method.

Ficure 5.14: UV-Vis absorption pattern of a solution containing RhB and UiO-66
powder
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5.5.1.1 RhB Adsorption Mechanism

Owing to the big molecular size of RhB (Figure 5.10), it can only adsorb on the external
surface of the UiO-66 but not inside its micropore. As explained by He et al. [141], the
increasing RhB uptake at UiO-66 by increasing its concentration, could be attributed
to the increase in the driving force from the concentration gradient. In other words,
under the same condition, with higher concentration of RhB, the active sites of MOF
are surrounded by many more RhB molecules and the adsorption will proceed more
sufficiently. Their calculated negative Gibbs free energy (AGy) confirmed the feasibil-
ity of the adsorption process and spontaneous nature of it. Since their calculated value
of enthalpy change (AH,) was 15.096 kJ.mol™!, it indicated that the adsorption is en-
dothermic and may involve chemical and physical processes, based on the suggestion
of Kara et al. [142] that the value of AH, for chemical adsorption is more than 40

kJ.mol~! [141].

5.5.2 4-Aminopyridine Detection

Diluted solutions of 1 mM (94 ppm), 9 mM (846 ppm), 10 mM (940 ppm), 50 mM
(4700 ppm) and 100 mM (9400 ppm) of 4-AP in DI water were tested with the optical
fibre thin film. The spectral interferograms generated by the UiO-66 thin film at differ-
ent 4-AP concentrations is shown in Figure 5.15. The sinusoidal spectral interferograms
indicated that an interference signal was generated by the thin film; these resemble the

expected curve shape shown in Figure 3.15. As can be seen, the spectral positions of
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the interferogram peak and valley did not shift to longer wavelength in order of increas-
ing the 4-AP concentration in water. Further data signal processing showed that by
increasing the 4-AP concentration, the optical thickness started to fluctuate and it did
not follow any specific pattern (Figure 5.16). Therefore, it concluded that 4-AP was
not loading into UiO-66 pores and instead was attaching to its surface, blocking the

accessible pores and resulting the initial increase of optical thickness.

Ficure 5.15: Interferograms in correlation with 4-AP concentration in DI water

Ficure 5.16: Optical thickness as a function of 4-AP concentration in DI water, point
labelled “water” included for reference
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In a similar way to RhB, to further confirm the adsorption of 4-AP on UiO-66 sur-
face, 10 mg of UiO-66 activated/dehydroxilated powder (the powder was heated up to
120 °C for 2 h under dynamic vacuum) was added to a 5 ml solution containing 20 ppm
4-AP under constant stirring. Figure 5.17 shows the UV-Vis adsorption pattern of 4-AP
after the addition of UiO-66 in which the 4-AP peak at 243 nm shifted to 262 nm after
2 minutes of adding UiO-66 that corresponds to characteristic peak of deprotonated 4-
AP [143] and remained the same for longer impregnation times. The new 262 nm peak
intensity did not change considerably for longer times which could be an indication of

4-AP adsorption on UiO-66 surface rather than inside its cage during the first 2 minutes.

Ficure 5.17: UV-Vis absorption pattern of a solution containing 4-AP and UiO-66
powder
Further experiment with increased amount of UiO-66 in 5 ml solution of 20 ppm
4-AP revealed the dependence of 4-AP water removal to UiO-66 mass increase during

the first 2 minutes of their impregnation (Figure 5.18).
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Ficure 5.18: UV-Vis absorption pattern of a solution containing 20 ppm 4-AP and
UiO-66 powder at different amounts

5.5.2.1 4-AP Adsorption Mechanism

Ui0-66 (Zr-BDC) MOF is made up of [ZrsO4(OH),] clusters with 1,4-benzodicarboxylic
acid (BDC) struts bound to 12 terephthalate anions and is assembled by two differ-
ent cages structures: a super tetrahedron and a super octahedron consisting of zirco-
nium, oxygen, carbon and hydrogen in which all of the p3-O or u3-OH groups in the
Zrs04(OH)4 cluster point toward the tetrahedral cages. Deprotonated 4-AP is attached

to the carboxilic group of ZrsO4(OH),4-(COO)-BDC forming an amide bond.

To confirm the above mechanism, FTIR spectrum of 4-AP@UiO-66 in Figure 5.19
was analyzed, showing appearance of significant new bands centered at 1255 cm™,
1663 cm™! and 1702 cm™'. The 1255 cm™! peak corresponding to the C-N group proves

the binding of nitrogen onto UiO-66 adsorbents. Moreover, the peaks rising at 1663
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and 1702 cm™' are related to the vibrations of the N-H and C=0 bonds respectively,
indicating the formation of amide group. In addition, the small peak at 3674 cm™! in

UiO-66 powder is assigned to a triply-bridged OH in the inner core of Zrg(u3-O)4(us-

OH), being disappeared in 4-AP @ UiO-66.

Ficure 5.19: FTIR spectrum of 4-AP@UiO-66 sample

5.6 Conclusion and Future Work

In this chapter, UiO-66 thin film has been deposited successfully at the end-face of an
optical fibre and was used for detection of specific contaminants dissolved in water,
Rhodamine-B and 4-Aminopyridine. The wavelength shift of the FPI spectra has been
shown to be dependent upon the change in optical thickness of UiO-66 thin film via
loading the RhB molecules with sensor threshold operating limit of 47 ppm. This can be
explained by the fact that the size of the UiO-66 pores matched well the size of the RhB
molecule. While, due to the strong interaction between hydroxide ligand of UiO-66 and

the deprotonated 4-AP, all the accessible pores of UiO-66 were blocked by formation of
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amide bond between the carboxilic group of the U10-66 framework and the amino group
of the 4-AP and the measurement of the sensor response towards 4-AP concentration
change in water by means of optical fibre was not successful. However, the concept
of the MOF integrated optical fibre based sensor has been proved and represents the
new strategy in the field of chemical sensing. The cross-sensitivity and the response
of the sensor to the mixtures of contaminants is planned to be examined in our further
work. In order to increase the sensor sensitivity, a number of optimization procedures
are planned, including functionalization of the UiO-66 thin film by ligand exchange

along with enhanced approaches to use Bragg gratings in optical fibres (FBGs).
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Triggered Release of 5-Fluorouracil

from Optical Fibre Thin Film

After successfully producing a UiO-66 thin film at the end-face of the optical fibre and
validating its capability to capture specific contaminants from water (Rhodamine-B) in
Chapter 5, in this chapter, the new UiO-66 MOF thin film was utilized for 5-Fluorouracil
(5-FU) anti-cancer medicine encapsulation. As illustrated in Figure 6.1, the aim is to
investigate whether the drug can be released by delivering light via the optical fibre, and
this included measurements at several incident wavelengths. Additionally, for the drug

encapsulation, both impregnation and sublimation were tested.
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Ficure 6.1: Schematic illustration describing a): the encapsulation of 5-FU into the
Ui0-66 thin film optical fibre and b): the novel drug delivery system achieved using
light
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6.1 Potential for Triggered Release as an Alternative to

Chemotherapy

Zr-MOF UiO-66 is based on the ZrsO,(OH), SBU (Secondary Building Unit) bound to
12 terephthalate anions and is assembled by two cages structures: a super tetrahedron
and a super octahedron consisting of zirconium, oxygen, carbon and hydrogen. The
combination of one octahedral cage and two adjacent tetrahedral cages form a cubic
unit consisting of eight inorganic bricks (Figure 6.2). When all the linkers are present,
there is a well-defined pore at 7.5 A and when about 4 linkers per node are missing,
then this pore size increases to 12 A. The pores are accessible through microporous

triangular windows of around 5-7 A [144].

Ficure 6.2: UiO-66 MOF structure showing internal cage pore size [144]

As discussed in Section 2.4.2, various types of MOFs have been successfully used

for drug delivery studies [5-7, 102—-105].

In our study, 5-Fluorouracil (5-FU) was chosen as a model guest molecule due
to its simple structure and common usage in cancer treatments. Although standard
chemotherapy is the most efficient method to deliver an anti-cancer drug into the body,

because the chemicals are delivered through the blood circulation system of the body,

95



Chapter 6  Triggered Release

this process might kill healthy cells as well as the cancerous cells. The normal cells
affected by this intravenious method might be blood cells, the cells in the mouth, stom-
ach, bowel, and the hair follicles, resulting in low blood counts (anaemia, bleeding,
infections), mouth sores, nausea, diarrhea or hair loss [145—-147]. Alternatively, if phys-
ical control of the location of drug delivery were possible, these problems could be

addressed.

6.2 Simulation Methodology

In order to understand how 5-FU could be encapsulated into the UiO-66 and how light
interacts with this system, a set of simulations were performed (by Dr. Ravichandar
Babarao). Simulations similar to this have been reported for CO, uptake and xylene

adsorption at UiO-66 before [3, 78].

All calculations were performed using Vienna initio simulation package (VASP with
a plane-wave energy cut-off of 600 eV and k-point sampling at the gamma-point).
The interaction between core and valence electrons were described by the projector-
augmented-wave (PAW) method and the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) was used to parameterize the exchange-correlation
functional. The initial location of the drug in the primitive cell was obtained from
classical simulated annealing technique. In the simulated annealing method, the tem-
perature was lowered in accordance with a sequence of moves that allowed the gas
molecule to reach a desirable configuration based on rotation, translation and reposi-

tioning with preset probabilities of occurrence. This process of heating and cooling the
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system was repeated in several heating cycles to find the local minima. Forty heating
cycles were performed where the maximum and final temperatures were 105 K and 100
K, respectively. The maximum loadings of 5-FU in perfect UiO-66 were estimated by
grand canonical MC simulations using Materials Studio [148]. The configurational-bias
algorithm was used rather than the conventional Metropolis technique, which is pro-
hibitively expensive in sampling the phase space of big molecules. In configurational-
bias algorithm, a molecule is grown atom-by-atom biasing energetically favorable con-
figurations while avoiding overlap with other atoms [149—151]. The simulation box
contained eight (2x2x2) unit cells for UiO-66, and the periodic boundary conditions
were exerted in all three dimensions. The Lennard-Jones (LJ) interactions were evalu-
ated using a spherical cut-off of 15 A and the Coulombic interactions were calculated
using the Ewald summation with a precision of 107, The number of steps in the MC
simulation was 10 steps for equilibration and subsequent 107 steps for production. Five
types of trial moves were randomly attempted in the MC simulation, namely, transla-
tion, rotation, twist, regrowth, and exchange including creation and deletion with equal

probability [152, 153].

The LJ parameters were adopted from the Universal Force Field (UFF) [154]. The
Lorentz-Berthelot combining rules were used to calculate the cross LJ interaction pa-
rameters. For the Coulombic interaction, the atomic charges of 5-FU and UiO-66

were calculated based on the Qeq method as implemented in Material Studio (Fig-

ure 6.3) [155].
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Figure 6.3: 5-FU loading @ UiO-66

Using dispersion-corrected semi-empirical DFT-D2 modelling/calculations, we were
able to determine the optimized location of the drug confined within UiO-66, with pref-
erential positioning near the triangular pore window of the tetrahedral cage (Figure
2-a) [156—158]. The predominant intramolecular interaction found between 5-FU and
Ui0O-66 involved hydrogen bonding between the oxygen atom of the carbonyl group
and the hydroxyl group present in the metal-oxide clusters (O-H...O=C) with a distance
of ~1.82 A. In addition, -7 interactions were found between 5-FU and the organic
linkers of the UiO-66 framework. The simulation indicated the tetrahedral cages were
the strong adsorption sites which filled first, followed by the octahedral cages present in

the UiO-66 framework.

However, XRD results (vide infra) confirm that 5-FU does not have a regularised
location within the pores. Figure 6.4 (Left) shows the DFT-D2 [159] optimized location
of drug inside the tetrahedral cage of UiO-66 structure and Figure 6.4 (Right) with trian-
gular pore windows show the characteristic drug/UiO-66 interacting distances reported

in angstroms.
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Ficure 6.4: Left : Energy minimised incorporation of 5-FU, showing that it can fit
within the pores, Right: Interacting distances in angstroms

6.3 5-FU Encapsulation into UiO-66 MOF

The UiO-66 MOF thin film synthesis method was described in Section 5.4.2. Here we
used two methods for encapsulation of 5-FU into the MOF. 1- Impregnation and 2-
Sublimation. For each method, a set of characterization techniques have been used to

quantify if the drug is encapsulated in the UiO-66 successfully.

6.3.1 Encapsulation via Impregnation

It is reported in literature [160] that 5-FU is soluble in Dimethyl Sulfoxide (DMSO) in
5 mg/mL, Dimethyl Formamide (DMF) in 5 mg/mL, methanol in 1 mg/mL or hot water

in 1 mg/mL.

In this study, solubility of 5-FU at different temperatures and in different solvents
was tested. The highest solubility measured was 56 mg of 5-FU in 1.5 ml water at 56
°C. As Figure 6.5 shows, when using water as a solvent, distinct particles ranging from

500 nm to several um can be seen. However in the case of ethanol as a solvent, no
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particles can be seen and the material instead resembles a porous solid under the SEM

conditions used.

() (b) (©

Ficure 6.5: SEM images: a) Pure UiO-66 powder before impregnation, b)
Impregnation of 5-FU in UiO-66 using water as a solvent, ¢) Impregnation of 5-FU in
Ui0O-66 using ethanol as a solvent

Based on the finding, water is a suitable solvent to carry 5-FU, and so impregnation
into Ui0-66 MOF was commenced with water as a solvent. 650 mg of 5-FU was mixed
with 15 ml of water and 500 mg of UiO-66 under constant stirring at 56 °C for 6 hours.
The samples were then analyzed by FTIR as shown in Figure 6.6. The position of peaks
in FTIR spectra of pure 5-FU and pure UiO-66 were compared with those in the FTIR
spectra of impregnated sample. It was observed that all peaks specifically related to
5-FU were present in the 6 h sample. The data are summarized in Table 6.1 [134, 161,

162].

In order to confirm the quantity of compound in the 6 hours impregnated sample,
TGA and XRD were carried out. The TGA result is shown in Figure 6.7 and XRD
shown in Figure 6.8. The TGA pattern of 6 h sample is similar to UiO-66 pattern and
there is no evidence of specific 5-FU weight loss at 270 °C in the 6 h sample pattern.
Also, XRD pattern proves that 5-FU is not present in a crystalline form in the 6 h

impregnated sample and UiO-66 main peak at 26 angle of 7.4° has lost its sharp peak
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intensity. Therefore it appears that impregnation by immersion of the UiO-66 in water

dissolved 5-FU was not a suitable method for drug loading.

Ficure 6.6: FTIR data for 6 hours impregnation sample

Ficure 6.7: TGA curves for UiO-66, pure 5-FU and 6 h impregnation sample
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Ficure 6.8: XRD for 6h sample in comparison with pure 5-FU and UiO-66
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TaBLE 6.1: FTIR spectra data

Group 5-FU Ui0O-66 6h Literature
(em™) (cm™) (em™) [134, 161, 162]
(em™)
N-H (Stretching) 3172 - - 3173
Free
C=0O(Stretch) 1720 - 1717 1721
C-N(stretch) 1646 - - 1649
OCO asymmetric - 1577, 1577, 1568, 1627,
stretching (in- 1632 1631 1648
phase/antiphase)
C-0 - 1395 1395 1400
vCsFyy 1244 - 1249 1247
VN]Cz, VC2N3 994 - - 1000
u3-0 stretching - 744 745 730
Zr-(0C) - 662 661 622
symmetric
stretching
VC2N1 . VC2N3 . 642 - - 640
VC4C5 , vC 6N 1
Zr-(0C) - 574 554 560
asymmetric
stretching
0C,N,Cg 535 - 534 539
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6.3.2 Encapsulation via Sublimation

5-FU loading into the UiO-66 MOF via sublimation was also investigated (as the sub-
limation process is simple and has the potential to lead to a high filling yield due to
drug encapsulation in the gas phase and being free from any solvent molecules). As
described in Chapter 3, this was carried out using a vacuum line and vacuum pump to
sublime 5-FU. The sublimation temperature was set at 230 °C under 0.001 mbar pres-
sure. The sublimation time was 30 minutes. 200 mg of 5-FU was placed at the closed
end of a Pyrex tube with a 10 mm internal diameter with 100 mg of UiO-66 powder in
an aluminium foil at the open end of the Pyrex tube. The tube was inserted into a fur-
nace and heated up gradually to 230 °C (from room temperature to 120 °C at 5 °C/min,
remaining at 120 °C for two hours in order to activate the UiO-66 MOF and then up to

230 °C at 9 °C/min ). Figure 6.9 shows the sublimed 5-FU on the wall of the tube.

(a) (b)

Ficure 6.9: a) Sublimed 5-FU on the wall of the pyrex tube, b) 5-FU is sublimed at
the wall of the tube, inside the aluminium foil boat is UiO-66 powder

Characterization methods were run to investigate successful sublimation of 5-FU

in UiO-66 using the powder which was collected from the aluminium foil. The XRD
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pattern in Figure 6.10 displays the characteristic peak at 26 = 28.6° of the drug 5-FU,

following its sublimation. This indicates the drug is present in significant quantities.

Figure 6.10: XRD for encapsulated 5-FU @ UiO-66 powder in comparison with pure
5-FU and UiO-66
Moreover, EDX analysis in Figure 6.11 shows the presence of fluorine from 5-FU
and the corresponding zirconium of the framework. The TGA curve for the sublimed
one in Figure 6.12 indicates that the pattern is similar to 5-FU with evidence of specific
5-FU weight loss at 260 °C, following the pattern of UiO-66 after 300 °C up to weight
stabilization at 540 °C. Also, the drug incorporation has lead to a lower percentage

residue (4% of the starting weight).

Figure 6.13 shows the unmodified and encapsulated UiO-66 pore size distribution,
revealing the appearance of a smaller pore which indicates that the drug is encapsulated
mostly in the tetrahedral cage, but also in the octahedral cage, which in turn reduced the
large peak at 12.7 A upon loading with 5-FU. There was an observed shift in the smaller
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Ficure 6.11: EDX spectra on UiO-66 powder after 5-FU encapsulation

Ficure 6.12: TGA curves for UiO-66, pure 5-FU and encapsulated 5-FU @ UiO-66
powder
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Ficure 6.13: Pore size distribution of encapsulated 5-FU @ UiO-66

peak at 8 A 10 8.6 A as a result of loading, which may be attributed to slight expansion

of the smaller cages upon the uptake of the 5-FU into the larger pores found at 12.7 A.

BET surface areas, calculated from Figures 6.14 and 6.15, shown in Table 6.2 il-

lustrate that the sublimation process reduced the surface area as compared to the pure

Ui0-66.

TasLE 6.2: BET surface areas

Material BET Surface Area ('”?2)
Ui0O-66 1304
Encapsulated UiO-66 1057
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FiGure 6.14: Pore size distribution of encapsulated 5-FU @ UiO-66

FiGure 6.15: Encapsulated 5-FU @ UiO-66 nitrogen adsorption isotherm
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In order to correlate the decrease in surface area to the amount of encapsulated 5-
FU, we compared the theoretical and measured surface areas to identify how much drug
is loaded inside the system. Since the incorporation of the drug in UiO-66 was done
using sublimation method, it is hard to determine the amount of drug loaded inside
the MOF. For this reason, we theoretically calculated the maximum amount of drug
that can be loaded inside UiO-66. The maximum loading of drug calculated based on
MC simulation is around 0.37 g of drug/g of material, equivalent to roughly 19 drug
molecule per unit cell of UiO-66. The theoretical BET surface area for a perfect UiO-
66 crystal is around 1000 m?/g based on N, as a probe molecule. To calculate the
surface area upon encapsulation, we assume three drug molecules per unit cell of UiO-
66. Further the surface area is predicted with drug encapsulated inside the MOF which
is estimated to be around 822 m?/g. The decrease in surface area is around 18.6%,
which is close to the experimentally measured decrease in BET surface area, 19%, that
is calculated based on the BET surface areas in Table 6.2. Based on this, we have 0.04

g of drug/g of material.

In summary, based on the observations of lost surface area, the identification of the
5-FU by XRD, EDX and TGA curves, it can be concluded that sublimation effectively
loaded the drug inside the pores as desired, instead of depositing simply on the surfaces

surrounding the particles.

6.3.2.1 Unit Cell Dimension Calculation

Unit cell dimension calculations were performed to further confirm successful encapsu-
lation of 5-FU at UiO-66. The result is shown in Table 6.3. Based on this calculation, it
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is concluded that the 5-FU can fit in the UiO-66 pores.

TaBLE 6.3: Crystallographic data and important interatomic distances for encapsulated

Ui0-66
Material a(A) b (A) c(A) a°® p° ¥°
Ui0-66 20.770 - - - - -
+ 0.05
5-FU 9.211 12.643 | 8.783 80.682 | 90.800 | 98.717
+ + + + + +

0.004 0.007 0.004 0.022 0.022 0.025
Encapsulated | 20.900 12.665 8.791 80.757 90.837 98.605

UiO-66 +0.04 + + + + +
and 0.005 0.008 0.061 0.049 0.064
9.218 +
0.007

6.4 Determining UiO-66 Stability in Different Biologi-

cal Media

In order to work in applications such as drug delivery, UiO-66 needs to be stable in
different solutions relevant to biological media. As described in Chapter 3, this was
carried out by testing UiO-66 in the presence of water, bovine serum albumin (BSA)
with pH = 7.4, phosphate buffer solution (PBS) with pH = 7.4 and acetate buffer with pH
= 5 for 24 hours under constant stirring at 37 °C (body temperature). After centrifuge,
samples were analyzed by XRD to observe the crystallinity of the UiO-66. The XRD
result in Figure 6.16 shows patterns for the UiO-66 in the various environments. The
peaks of the MOF remain unchanged indicating no breakdown in the crystallinity of

the UiO-66. However this is not the case of PBS which a sharp decline in the peak
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height was observed showing that there was not enough UiO-66 crystal compared to

the original UiO-66 due to high affinity order between Zr and phosphate [163].

Ficure 6.16: XRD data for UiO-66 in different biological media

6.5 Light Triggered Release of 5-FU from UiO-66 Thin

Film

After successfully validating the sublimation technique to encapsulate the 5-FU into
Ui0-66, experiments were designed to investigate light triggered release from the coated
optical fibres. UiO-66 was coated at the end-face of optical fibre followed by the encap-
sulation of 5-FU via the sublimation approach. Figure 6.17 shows a bare optical fibre

sample in which 5-FU is sublimed on and around the end-face.
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Ficure 6.17: SEM image of a bare optical fibre after 5-FU sublimation

During the sublimation process for the sample with UiO-66 thin film, 5-FU molecules
were sublimed on the surface of the UiO-66 film and also on the adjacent surface of the
optical fibre (as shown for the bare optical fibre in Figure 6.17). So after encapsulation
and before turning on the light source, the optical fibre was immersed for 12 minutes
in water/BSA solution at 37 °C in order to wash away excess 5-FU from the surface
and surrounding area of the optical fibre tip. The release samples were taken every
minute, where in each case the removed sample vial was replaced with a fresh one. Fig-
ure 6.18 shows the large peak observed immediately after contact with the water reveals

the release of excess 5-FU attached on the surface of the optical fibre.

As shown in Figure 6.19, after 12 minutes of initial washing and initial release of
5-FU from the surface of the optical fibre, no 5-FU was detectable in the surrounding
liquid as indicated by light absorbance at 265 nm. Upon confirming no further loss
from the material, at 13-15 minutes the 800 nm, 1050 nm and 1550 nm light sources

were used to observe whether light triggered release of 5-FU into the surrounding liquid
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FiGure 6.18: Light absorbance at 265 nm of the samples collected from immersing the
encapsulated UiO-66 optical fibres in water/BSA

solution was possible. Upon initiating this light via the optical fibre, 5-FU was detected
in the solution, but only with the 1050 nm source. The controlled release of 5-FU
captured inside the UiO-66 cage structure was confirmed. This release is wavelength

dependent and there is no release for 800 nm and 1550 nm wavelengths.

After turning the light on in vials 13-15 minutes, the light source was turned off for
another 12 minutes and was turned on again for vials 26-28 minutes. As it can be seen
in Figure 6.19 no more release was observed. This indicates that 5-FU was completely

released upon the initial light exposure.

Based on density functional theory calculations, the binding energy of one drug
molecule with UiO-66 is estimated to be around 100 kJ/mol which is equivalent to
1197 nm. By tuning the wavelength to 1050 nm, UiO-66 was sufficiently activated to

overcome the enthalpy of adsorption for 5-FU, allowing the in situ release.
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Ficure 6.19: Light absorbance at 265 nm of solutions surrounding the optical fibre
triggered at various light wavelengths

6.5.1 Release Amount

In order to calculate the amount of drug which is released due to light, the peak intensity
in Figure 6.19 was compared with the calibration curve in Figure 3.8. Figure 6.20 shows
the amount of drug released (star icons) due to the light triggered effect at 1050 nm using
a 5-FU calibration curve with r-squared fit of 99.8%. The released peak intensities from
a microplate photometer were determined to be 106, 110 and 115 uM for each repeat

sample.
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FiGure 6.20: Interpolating release concentration with line of best fit

6.6 Efficiency of the Process

After successful validation of the triggered released of 5-FU from the optical fibre, the
efficiency of this method can now be assessed for intravenous infusion for chemother-
apy. It should be noted that this release rate is only for one optical fibre, it is possible
to make an array of drug-loaded optical fibres for their intended application [164, 165].
Figure 6.21 shows a schematic illustration of an optical fibre array. The fibre bundle can
be inserted into a specialized catheter (tube) for protection and then placed in proximity

to the specified tumorous area in the body [18-20, 166—169].

However, maximum 5-FU administration dose depends on the patient’s age, weight,

general health, type/stage of cancer, comorbidity and kidney function [170] and the
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Ficure 6.21: A schematic illustration of an optical fibre array

standard duration of treatment is based on 5-FU treatment regime (5-FU as a sole treat-
ment or in combination with other medications) [171]. For instance, in intravenous
infusion of 5-FU to adult patients, the maximum recommended daily dose [172, 173] is
800 mg in 300-500 ml of 5% glucose solution and is administered over 4 hours. This
dose is equivalent to 12.3 mM < [5-FU] < 20.5 mM and in comparison with the above
average release rate of 110 uM for one optical fibre in a vial volume of 300 uL, we need
approximately 111 to 186 separate SMF-28 optical fibres to get the same effect in one

minute as above from intravenous infusion.

6.7 Conclusion and Future Work

In this chapter a new method of delivering medicine with controllable release was dis-
cussed. Mathematical simulation was run to investigate the location of 5-FU at UiO-66

cage and their possible chemical interactions. Moreover, it was noted that impregnation
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is not a suitable method for encapsulation; however, the sublimation method demon-
strated a good uptake of the drug with reasonable agreement between experiment and
simulation. By tuning the light wavelength, one can trigger release of a medicine from
the UiO-66 material into the surrounding medium, albeit that there are significant limi-

tations on when this approach can be used.

Considering this proof-of-concept work, the large number of fibres or frequency
of use could be reduced with further improvement, for example by using larger core
diameter optical fibres (e.g. multimode step-index fibres with 1500 um of core diameter)
or further explore opportunities to increase the load quantity. However, other types of
MOFs with larger pore sizes could be used. These new MOFs can store larger molecules
in their pores (e.g. Doxorubicin) which was impossible in this project to encapsulate
in UiO-66 due to its small pore size. Also, there is another option of functionalising
the MOFs with choosing different ligands and/or ligand exchange. In this case, specific
molecules could be attached/encapsulated to these MOFs and then released by a right

light wavelength.
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Conclusions and Future Work

7.1 Summary of the Thesis Outcome

An effective approach to developing optical fibre chemical sensors is to coat optical fi-
bres with nanoporous functional materials. A variety of materials, including polymers,
mesoporous silica, metal oxides, silicon, sol gel and zeolites have been researched either
as selective adsorbing overcoats or as immobilizers for dispersing of chemically sensi-
tive materials on optical substrates. Among these, zeolites have received much interest
in recent years and are used to develop highly selective adsorbents and membranes for
molecular separations and electrode modification to obtain enhanced sensitivity of elec-
trochemical sensors. However, zeolite’s small pore size does not allow its use for larger
molecular adsorption or drug delivery applications. In order to fulfill this problem, in
this research, a new type of nanoporous materials (MOFs) were used as a thin film at

the end of optical fibre, firstly to capture specific contaminants from water and secondly
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for the triggered release of anti-cancer medicine using light via optical fibre. The key

findings of this research are summarized below:

Firstly, MFI-type zeolite thin films were grown on the cleaved end-face of a single
mode optical fibre using in sifu hydrothermal synthesis method. The zeolite-fibre device
was used to study the molecular sorption induced optical refractive index and optical
thickness changes for ammonium, 4-Aminopyridine, methanol, ethanol and 2-propanol
as model systems. A mathematical procedure was established for the calculation of the
optical thickness from the experimentally measured Fabry-Perot interference data. It
was found that the zeolite refractive index and optical length increases with increasing
the loading of sorbate molecules (e.g. ammonium) in the zeolite cavities. These phe-
nomena are caused by the increase in zeolite overall density and lattice expansion upon
molecular sorption into the zeolitic pores. The definitive relationships between the op-
tical properties and the adsorption are necessary for use of the zeolite-fibre device as
a sensor for quantitative chemical detections. The sensor exhibited a clear correlation
between analyte concentration and optical output that allows quantitative measurement

with high sensitivity.

Secondly, optical quality MOF thin films were integrated, for the first time, with
structured optical fibre substrates to develop MOF-fibre sensors. In the MOF-fibre
structure, the UiO-66 thin film has multi functions to act as an effective analyte collector
or concentrator and an optical actuator. The MOF-fibre sensor operates by measuring
the shift of wavelength in its reflected spectrum. The shift of wavelength in the inter-
ference spectrum is caused by the UiO-66 refractive index variation as a function of

the adsorption of analyte molecules into UiO-66 pores. The end-face reflective sensor
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was also demonstrated for detection of Rhodamine-B and 4-Aminopyridine dissolved
in water. The sensor exhibited quantitative measurement capability for Rhodamine-B
dissolved in water as the sensor signal decreased monotonically with an increase of
chemical concentration in the tested concentration range. The sensor’s response to a
0.1 mM Rhodamine-B concentration indicated that the sensor’s detection limit could
be at lower mM levels. At low concentration the sensor’s response to 4-Aminopyridine
dissolved in water was much less accurate than that of Rhodamine-B dissolved in water

and 4-Aminopyridine was not detected by this method in water.

Rationally designed drug delivery system enables us to precisely control drug release
rates for prolonged duration and sometimes help targeting drugs, such as anti-cancer
medicine, to specific body sites. With taking advantage of MOF-fibre structure, we
successfully applied sublimation technology for the anti-cancer drug, 5-Fluorouracil,
encapsulation into UiO-66 cage. The design and development of this technique posed
various challenges involving optimization of drug entrapment, release from the UiO-66
cage, stability evaluation and utility as a safer alternative to conventional chemotherapy
method. The basic idea was to reduce the toxicity of the cytotoxic anti-cancer drug
by making use of its administration to the body via triggered release by means of an
optical fibre without compromising the clinical efficacy. This drug delivery system
demonstrated a great potential in this regard with delivering 110 uM of 5-FU in less
than one minute with just one optical fibre. However, the major issue limiting its utility
is the relaesed drug dose which can be overcome by using larger core diameter optical

fibres.
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In short, this study presented a novel thin film based optical fibre chemical sensor
and actuator for water evaluation and anti-cancer drug delivery. This proposed device
will help promote a more promising method for sensing harmful chemicals in water and

delivering toxic medicines to the rural areas of the body.

7.2 Future Directions

As the science is growing, new methods and materials must be discovered. Further

studies could consider the following approaches:

e Investigating how the UiO-66 structure could be improved via functionalising

with other ligands for various contaminant selectivities and sensitivities;

e Considering alternative MOF structures to capture larger anti-cancer molecules;

o Using different types of optical fibres to minimise loss or having larger surface
area to coat with thin film and hence heavy encapsulation of anti-cancer medicine

into thin film which leads to higher dose release;

e Photonic crystal fibres (PCF), which are being used in analyte detection as they
allow infiltration, could be investigated as an alternative (possibly improving the

ability to detect lower concentrations).
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Appendix A

Signal Processing Algorithm

A.1 Matlab Coding for Signal Processing

The procedure described in Section 3.4.4 involves the following Matlab coding:

clc;
clear all;
close all;
filename = "................ xIsx’;
RIS = xlIsread(filename,’B:B’);
Wavelength = xlsread (filename, *A:A’);
ArrayL = length(RIS);
RIS = RIS - mean(RIS);
[C, L] = wavedec(RIS,6,'db7’);
cA = wrcoef(’a’,C,L,db7’,6);
cD5 = wrcoef(’d’,C,L,db7’,5);
cD4 = wrcoef(’d’,C,L,’db7’ ,4);
cD3 = wrcoef(’d’,C,L,’db7’,3);
cD2 = wrcoef(’d’,C,L,’db7’,2);
cD1 = wrcoef(’d’,C,L,;’db7’,1);
DenoisedRIS = cA + cD5 + cD6;
figure,
plot(Wavelength,RIS,Wavelength,DenoisedRIS);
Lambda0 = (((Wavelength(end) + Wavelength(1)) / 2) / nIndex) * 107%;
LambdaS = (Wavelength(end) - Wavelength(1))/ArrayL;
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Appendix A. Signal Processing Algorithm

Fs = 1/ LambdaS;

N = 100000;

freq = linspace(0,Fs,N);

fitedRIS = fft(DenoisedRIS,N);

figure,
plot(freq(1:floor(end/10)),abs(fftedRIS(1:floor(end/10))))[maxAm, ind]=max(abs(fftedRIS));
hold on, plot(freq(ind),maxAm, r*”)

legend(’Freq Spectrum’,”Fundamental Freq’)
th=..... ;

[pks,dep, pidx, didx] = peakdet(abs(fftedRIS),th);
for i=1 : (length(pidx) / 2)

T() = (1 / freq(pidx(i)))* 10~°

d(i) = (Lambda0?) / (2*T(i));

text(Fs/20, maxAm/2-(i*maxAm)/10, num2str(d(i)));
end

Al = cos(2*pi*freq(pidx(1)) .* Wavelength);

A2 = cos(2*pi*freq(pidx(2)) .* Wavelength);

figure,

plot(Wavelength,A1,Wavelength,A2);
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