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Abstract

THE UNIVERSITY OF ADELAIDE
Faculty of Science

School of Physical Sciences
Doctor of Philosophy

by Roman Kostecki

Corrosion is a multi-billion dollar problem faced by industry. High acquisition costs
associated with modern military and civilian aircraft coupled with tighter budgets has
resulted in the need for greater utilisation of existing aircraft fleets. With advancing
aircraft age there is increased possibility that protective coatings will break down or
be damaged, resulting in exposure of the base material to the environment and an
increased possibility of corrosion. Corrosion is most difficult to detect in inaccessible
metallic structures within aircraft. Monitoring these areas requires a sensor capable
of spatially resolved detection of corrosion (distributed measurements), so that the
location of the detected corrosion can be determined. Optical fibre based sensors are
inherently suited to distributed sensing and are typically in the order of only a few
hundred microns in diameter making them very lightweight and suitable for embedding

in otherwise inaccessible corrosion-prone areas.

This thesis describes the development of an optical fibre based corrosion sensing
element. Transition of exposed-core microstructured optical fibres from soft glass to
silica is shown to provide a platform for optical fibre sensors requiring long term and/or
harsh environmental applications while providing real time analysis anywhere along the
fibres length. The portion of light guided outside of the glass core, often described as the
‘evanescent field,’ is affected by the refractive index and absorption characteristics of the
surrounding medium. Functionalising this core with chemosensors sensitive to corrosion
by-products, turns the light guiding fibre into a corrosion sensing element, with which in-
situ kinetic measurements of accelerated corrosion in simulated aluminium aircraft joints
is demonstrated. This provides a fibre optic approach for detection of corrosion inside
the hidden part of structures and opens up new opportunities for distributed optical

fibre chemical sensing with a capacity for long-term application in harsh environments.
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1 INTRODUCTION 1

Introduction

“The greater danger lies not in setting our aim too high
and falling short; but in setting our aim too low, and

achieving our mark.”

— Michelangelo

Corrosion is a multi-billion dollar problem in industry [12),[13]. An increasing recognition
of potential cost savings by early warning of corrosion problems has led to an increasing
focus on corrosion monitoring as part of preventive and predictive maintenance. The
high acquisition costs associated with modern military and civilian aircraft coupled with
tighter budgets has resulted in the need for greater utilisation of existing aircraft fleets.
Typically, military aircraft have a planned life-of-type of 25-30 years. In Australia, in
many cases, almost twice this time is achieved before the aircraft is retired [I4]. For
civilian aircraft flying today, approximately 20% are considered to be ageing, and as
that number increases so does the need for heightened fleet monitoring by airlines and
manufacturers [15] and continued intense focus and surveillance of these activities by

regulatory agencies [16].

With advancing aircraft age there is an increased possibility that protective coatings
will break down or be damaged, resulting in exposure of the base material to the
environment and an increased possibility of corrosion [I5]. The continual cycling of the
structure also increases the possibility of structural fatigue damage, which constitutes
one of the most significant safety concerns due to the potential for corrosion to combine
with structural fatigue [I7]. While inspection and preventive maintenance attempts
are made to prevent and reduce the effect of corrosion, in practice it is impossible to
completely avoid. It is therefore essential that corrosion processes are monitored so that
repair time and costs are minimised, and the structure is maintained in a safe operating

condition.
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Corrosion is most difficult to detect in the inaccessible metallic structure of an
aircraft, such as lap joints, stiffeners and under sealant beads, since access to these
areas usually requires time consuming and therefore costly disassembly [14]. Such areas
are recognised as being particularly prone to corrosion, due to the possibility of creating
a micro-environment within the crevice between the plates, accelerating the corrosion
process [I7]. Current non-destructive inspection methods are typically based on the
use of a hand held ultrasonic probe which tests material thickness. To reliably detect
material thinning, ultrasonic probes require a 5-10% loss in material thickness and so
are not suitable for measuring localised or isolated material thinning. By the time such
a dramatic loss in material thickness is detected by these probes, the damage caused
by corrosion may be too severe to repair, and so the component often needs to be
replaced [I4]. Clearly a more proactive approach is needed to detect the initial onset of

corrosion within these difficult to inspect areas.

Detecting corrosion in these inaccessible areas requires the ability for measuring lo-
calised corrosion regardless of where it is located, which requires a sensor capable of
spatially resolved detection (distributed measurement) of corrosion. To achieve this, a
monitoring system with the ability to detect the onset and location of corrosion could be
embedded within these inaccessible areas. Detecting corrosion requires a sensor capable
of measuring the changes that occur as a result of the corrosion process, such as corro-
sion induced chemical changes of the metallic structure. Optical fibre based sensors offer
several inherent advantages when applied to structural platforms; they are immune to
electro magnetic interference (EMII), easily networked, inherently suited to distributed
sensing, and are typically in the order of only a few hundred microns in diameter making
them very lightweight and suitable for embedment in inaccessible corrosion-prone areas.
A number of fibre optic systems have been developed for single point corrosion moni-
toring, but only a few of these systems have exploited the capability of optical fibres for
distributed measurements. Many of the aircraft fuselage components are fabricated from
aluminium-based alloys, hence aluminium ions (@) are of particular interest because
they are not only an indicator of the onset of corrosion [I4], but also have the potential

to be an environmental hazard [18].
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1.1 Aims of Thesis

This thesis describes research associated with developing a robust optical fibre based
sensor capable of detecting corrosion anywhere along the fibre length while embedded
in the structure of an aircraft. The project aims were to find an approach where a fibre
optic evanescent field sensor could be used to detect corrosion while embedded inside

the harsh conditions of a corroding aircraft joint.

1.2 Detecting Corrosion

According to ISO8044:1999 [19] corrosion is defined as an interaction between a metal
and its environment that results in changes in the properties of the metal, and which
may lead to significant impairment of the function of the metal, the environment, or the
technical system, of which these form a part. There are two essential requirements for
the corrosion process to occur, which are: a susceptible alloy / metal, and; a corrosive

environment [20].

The corrosive environment is provided by a conductive solution, such as airborne
salt and water. The susceptible metal can be exposed to the corrosive environment by
mechanical damage to protective coatings, such as paint, during aircraft use or mainte-
nance or by the breakdown of protective coatings with time due to other environmental
factors. The susceptible metal is gradually destroyed by chemical and/or electrochemical
reaction with the corrosive environment. As shown in Fig. the changes that occur

(therefore the possible measurands) due to corrosion are:

o
oh o

@)

I (09
@ /@ Alkaline environment
\ /Oxide film

Dealloyed layer

@ Intermetallic particle

-

()

Aluminium matrix

Acidic environment

Figure 1.1 — Image from [20] showing a generalised illustration on pitting corrosion of aluminium alloys.
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e pH

e oxygen level

e moisture content

e presence of salt contaminants

e production of corrosion products

The first four are measurands that indicate the environment has changed, providing
conditions susceptible to corrosion, however do not provide a direct measurement of the
corrosion itself. Therefore the measurement of corrosion products is preferred to directly
detect and monitor the progress of the corrosion process. Many aircraft components,
including the fuselage, are fabricated from aluminium-based alloys. Therefore, a unique

by-product of the corrosion process will be [AI*¥] [14].

The current practice is to routinely disassemble the aircraft for visual inspection of
corrosion, which is time consuming and therefore costly both in terms of aircraft down-
time and maintenance personnel. When corrosion is found it is to removed, regardless
of whether it poses a risk to structural integrity [14]. In some cases, the process of dis-
assembly damages the panels even when they are not corroded which adds further costs.
Therefore, a corrosion monitoring system is expected to reduce costs by reducing inspec-
tion time, decreasing damage and repair time, and increasing aircraft availability. There
are power and weight restrictions associated with aircraft, and so a detection system
also needs to have very low power consumption and be light weight. For nondestruc-
tive detection of corrosion of an aluminium fuselage, the system needs to be capable of
detecting corrosion anywhere within the inaccessible preferential corrosion areas of long
joints and beads of an aircraft fuselage. Ideally an aircraft corrosion detection system

would be also capable of:

e measuring the onset of corrosion; so that the effect of protective measures or

changes in process variables can be evaluated under actual operating conditions.

e rapid response; so that solutions of urgent problems to be tested and applied

immediately.
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e yield reproducible and accurate data, and should respond to the propensity of the

operating environment to induce corrosion.
e monitoring actual corrosion of a component as it occurs.

e continuous detection and measurement of minor changes in the corrosion rate at

the early stages of degradation.

1.3 Benefits of Fibre Optic Techniques

The channelling and manipulation of light through an optical fibre and monitoring any
variation(s) of the output is the basic concept of optical fibre sensor methods. Fibre
optic sensors represent a technology base that can be applied to a multitude of sensing
applications. The following are some characteristic advantages of fibre optics that make

their use especially attractive for sensors [21]:
e nonelectrical;
e explosion proof;
e compatible with remote sensing applications;
e small size and very light;
e allow access into normally inaccessible areas;
e potentially easy to install;
e immune to radio frequency and [EMI
e can be interfaced with data communication systems;
e capable of secure data transmission;

e potentially resistant to ionising radiation.

Most physical properties can be sensed optically with fibres. Light intensity,
displacement (position), temperature, rotation, sound, strain, magnetic field, electric
field, radiation, flow, liquid level, chemical / biological analysis, and vibration are just

some of the phenomena that can be sensed [2I]. In particular, optical fibres have
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Figure 1.2 — Image from [25] showing the concept of aircraft fitted with a distributed optical fibre sensor in
I - red.

advantage of being flexible and lightweight enough for use in confined and inaccessible
spaces, with the capacity to sense the position where corrosion is occurring along the
length of a single fibre (distributed sensing) [22H24]. Those areas on an aircraft that
are particularly prone to corrosion have been identified as being at lap joints and under
sealant beads [I4]. The concept of an aircraft fitted with a distributed optical fibre

sensor is shown in Fig. [1.2

Techniques by which the fibre optic sensor measurements can be made are broadly
grouped in three categories depending on the physical extent of the sensing (Sec. ,
the role of the optical fibre in the sensing process (Sec. , and how the sensing is
accomplished (Sec. [26]. These broad groups in terms of corrosion sensing are

further expanded on in the following sections.

1.3.1 Extent of Sensing

Fibre optic sensors are typically termed either point sensors or distributed sensors. In
the case of a point sensor, the role of the fibre is only to bring light to and from a
transducer which is typically at the end of the fibre. An example of a point sensor is
remotely measuring pressure or temperature using interferometry at the ends of optical
fibres. In the case of a distributed sensor, sensing is performed along the fibre length [27].
Hence, the physical extent of corrosion sensing using optical fibres is based on whether

the fibre will operate as a single point sensor or over a distribution of points.
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1.3.2 Role of the Optical Fibre

The role of optical fibres in sensing applications is typically separated into two categories,
depending on whether the measurand acts externally or internally to the light guiding
properties of the fibre. When transducers are external to the light guiding properties of
an optical fibre, and the fibre is used to register and transmit the sensed quantity, then
the optical fibre sensor is termed an extrinsic sensor. When sensors are embedded into
or form a part of the light guiding property of the fibre, then it is termed an internal or
intrinsic sensor. Intrinsic optical fibre sensors often involve some modification to light
guiding characteristics, such as using fibre Bragg gratings (EBGE) or propagation loss
from micro—bending to sense strain, or measuring rotation using counter—propagating
beams within an optical fibre coil, and can provide long-range distributed sensing [28§].
Some examples of extrinsic sensors are using fibre to fibre couplers to sense displacement,

and absorption cells to sense chemistry effects [27].

1.3.3 Means of Sensing

Fibre optic sensors are generally based on measuring an intensity, wavelength or phase
change in the guided light due to interaction or interference, and so are termed either
intensity or interferometric sensors. Techniques used for intensity based sensors include
light scattering (both Rayleigh and Raman), spectral transmission changes such as at-
tenuation of transmitted light due to absorption or additional signal due to fluorescence,
micro—bending or radiative losses, changes in reflection, and changes in the modal proper-
ties of the fibre. A few of the interferometric type sensors which have been demonstrated

tend make use of magneto—optic, the laser—Doppler, or Sagnac effects [27].

1.4 A Brief History of Microstructured Optical Fibres as Sensors

Optical fibres have come an exceedingly long way since Dr Charles Kao’s Nobel Prize
winning work on reducing fibre propagation losses in the 1960s [29]. He realised that
the losses of optical fibres at that time were orders of magnitude above the fundamental
limit set by unavoidable density fluctuations in the glass, known as Rayleigh scattering.
It was soon realised that a major issue was the purity of the glass, and that silica was a

good candidate material for lower propagation losses. These ideas were taken seriously
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by several research groups, and already by 1973 at Corning, Dr Robert Maurer and his
colleagues Dr Donald Keck and Dr Peter Schultz showed that optical fibres can be used
as a practical telecommunications technology with optical losses as low as 2 dB/km [30].
To achieve this they developed the flame hydrolysis deposition sintering process to create
optical fibres with an oxide doped fused silica core and fused silica cladding. By 1974, Dr
John MacChesney with his colleague Dr Paul O’Connor invented the modified chemical
vapour deposition (MCVDI) process [31] at Bell Labs, which has been key to low-cost
commercial manufacture of telecommunications optical fibre, fuelling the explosion in
fast reliable worldwide communications and the internet. Today, silica telecom fibres are
regularly being made with losses close to the fundamental limit (~0.2 dB/km at near-
infrared (NIR]) wavelengths) [32] with over a billion kilometres of optical fibre wound
around the globe, used for transmitting enormous amounts of information very quickly
and at astonishingly low-cost. There can be no doubt that the pioneering work of Kao,

Maurer, and MacChesney has had an enormous impact on technology and our lives.

Around the same time as Maurer and his colleagues were working on ways to use
silica for optical fibres, Dr Peter Kaiser and Dr Enrique Marcatili were working on a
new concept which has become known as [MOFk [33], shown in Fig. The core of

these fibres was effectively suspended in an air cladding surrounded by a solid jacket

50um

20pum 10 um
(a) (b)

Figure 1.3 — Photographs from [33] showing the first (a) multimode and (b) single mode (top)
microstructured optical fibres (MOFEE), developed at Bell Labs in 1972. (b)(bottom) Magnified
core region of the single mode [MOFl
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by using a thin supporting glass web. Their idea was to use structural form along the
length of the silica material to provide the effective refractive index needed for light
confinement. This meant that a single low loss material could be used to guide light
by total internal reflection, removing the need to modify the composition of the silica
as is necessary with conventional core—cladding or graded index fibres. At the time
the motivation was still to produce low loss optical fibres for telecommunications or
integrated optical circuits (IOCk). However, the low losses obtained with the
process soon overtook single material [MOT5, and interest in structured fibres faded for

the next two decades.

At Bellcore in the late 1980s, Dr Eli Yablonovitch noticed losses in semiconductor
lasers and other devices arising from light emitted at unwanted frequencies. In 1987,
Yablonovitch and Dr Sajeev John of Princeton University independently showed that
these types of losses would not occur in a medium with band gaps which prevented
these frequencies of light from propagating [34], 35]. They proposed that such a medium
could be produced by introducing voids in a transparent material to create a periodic
structure, with the material and the voids having different refractive indices. This
pattern resembled a crystal lattice and so they decided to use the words “photonic
crystal” to describe these kinds of structures with band gaps for electromagnetic waves.
Spurred on by these concepts, Yablonovitch, Dr Thomas Gmitter, and Dr Kok-Ming
Leung (a theorist from Polytechnic University) worked together on developing and
testing different periodic designs with spacing on the scale of a few millimetres for
microwave wavelengths [36H38]. Following their success, several groups during the
1990s worked on extending this concept to the visible and infrared wavelengths. This
photonic crystal work led to renewed interest in IMOFk when Dr Jonathan Knight, Dr
Tim Birks, and Prof Philip Russell at the University of Southampton demonstrated
the first photonic crystal fibre (PCE) in 1996 [39], shown in Fig. The fabrication
technique was described by the group a year earlier [40], which involved stacking
macroscopic silica capillary tubes together into a hexagonal lattice to form a preform
with millimetre-scale features and then pull this preform to a fibre with micron-scale

features on a drawing tower (stack and draw method).

Since their conception, [PCFEk (also known as holey or microstructured fibres) have

been shown to provide a host of interesting and technologically enabling optical prop-
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erties. Unlike conventional optical fibres, [PCFk are typically made of a single material,
and with the appropriate cross-sectional design, the structure can enable a broad range
of highly unusual and tailorable optical properties [4I]. This is because of the way
the guided light interacts with the cladding region, where the high refractive index
contrast between the material and small air hole features combine to form a strongly
wavelength dependent effective cladding index. The work started in the 1990s led to
several groups working out that with suitable selection of glass or polymer material
and geometry the dispersion, nonlinearity, birefringence, polarisation, evanescent field
and mode area of the propagating light can be optimised to specific applications. This
has led to innovations in air-guiding photonic band gap fibres (PBGEE) (also known as
hollow-core fibre) [42], supercontinuum generation [43], fibre lasers [44], terahertz wave
guiding [45], fibres with high numerical apertures [46, [47]. are also an excellent
candidate for new high-capacity transmission multicore telecommunications fibres [48],

as they can guide a single mode at all wavelengths (endlessly single mode).

In 1999, while working on light propagation modelling for [PCEk at the University
of Southampton, Dr Tanya Monro developed a highly efficient and flexible approach
to model the way the light is guided, which could easily be used to explore the modal
properties of different fibre geometries. This model became a valuable tool in the
development of [PCE] technology, and by using it Monro noticed that the holes of
[PCTE do not need to be filled with air to guide light but instead could be used to
create an evanescent field device [49]. Monro showed that the portion of guided light

(often described as “evanescent field”) protruding into the holes of the structure can be

Figure 1.4 — Image from [39] showing the first [FCEl produced at the University of Southampton in 1996.
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affected by the characteristics of the medium within these holes, providing opportunities
for exploiting the interaction of light with gases and liquids [50]. In this regard, the
fibre geometry can provide extremely long interaction lengths without the need for
large volumes. A couple of years later, in 2001, Monro went on to describe the type of
sub-wavelength sized suspended silica rod fibre geometry needed to gain a significant

fraction of guided light power in the holes outside of the glass (power fraction (PE)) [51].

During the early 2000s, [PCEk made using compound glass for nonlinear applica-
tions [52], such as ultrafast optical switching for telecommunications, and polymer for
data communications [53] were also being investigated. Unlike silica, compound glasses
(also known as soft glass) and polymers have softening temperatures low enough to
extrude the preform rather than use the stack and draw method, making it possible to
produce new geometries proportional to the design of the extrusion die. In 2002,
Monro demonstrated the first MOF] made using the extrusion method [54} [55], shown in
Figs. a)—(b). This fibre was produced using a chalcogenide glass preform, and was
the first example of a suspended-core microstructured optical fibre (SCE]) with the type
of geometry needed to gain a significant [PE] described by Monro the year before [51].
The geometry has a high air filling fraction with a small core suspended on a
number of thin struts. Unlike glass nano-wires [56, 57], this design provides a means
for obtaining uniform micrometer—nanometer scale suspended ‘wires’ while protecting
the highly sensitive core, and long lengths can be fabricated by drawing the structured

extruded preform.

Over the next few years, the SCH| extrusion and fibre drawing methods became well

Figure 1.5 — Images from [55] showing the first (a) extruded preform and (b) [SCE| developed at the
University of Southampton in 2002. (c) Image from [58] of produced by the same group
in 2004.
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established. Being joined by glass chemistry expert Dr Heike Ebendorff-Heidepriem,
the Monro group at the University of Southampton developed the methods to produce
uniformly structured, long length with smaller core sizes, single mode, and higher
[PE] properties. Figure [1.5|c) shows the well defined geometry, with @1.7 pm core,
of the being produced by the group in 2004 [58, [59]. The fibres were made in
three steps. First, the structured preform and a jacket tube were produced using the
extrusion method. Next, the structured preform, which had an outer diameter (ODI) of
about 16 mm, was reduced in scale on a fibre drawing tower to a cane of about 1.7 mm
In the last step, the cane was inserted into a jacket tube, and this assembly was

drawn to the final fibre (cane-in-jacket method).

Another breakthrough occurred in 2004, five years after Monro’s ideas that [PCEk
could be used to create an evanescent field device [49] [50], when Dr Jesper Jensen at the
Technical University of Denmark demonstrated highly efficient evanescent field detection
of fluorophore-labeled biomolecules in aqueous solutions positioned in the air holes of a
[PCH [60]. A year later Jensen demonstrated selective detection of fluorophore-labeled
antibodies from aqueous samples by using a sensor layer immobilised by physisorption
inside the air holes of a polymer [MOF] [61]. In these experiments, the excitation laser
light was focused on the side (short axis) of the fibre, and the emitted fluorescence
collected from the end face of the core. This showed that emitted fluorescence at the
core surface could tunnel through the evanescent field and be guided along the core.
The [MOF] was produced by drilling six holes in a poly(methyl methacrylate) (PMNMAI)
rod to produce the preform (drill method), which was then drawn down to a fibre with
core and hole diameters of ~60 ym, shown in Fig. (a). The functionality of the [MOT]
was illustrated by selectively detecting labeled antibodies in micro-litre volumes of
aqueous solutions in the air holes of the fibre, shown by Fig. (b) At this time, in the
mid 2000s, many groups around the world began investigating the use of different types
of for the development of novel biological [60H62] and gas [63-66] [MOF}based

Sensors.

Spurred on by the advances being made with[MOF]based technologies, Monro founded
a new group at the University of Adelaide focusing on the design, fabrication and ap-
plication of soft glass optical fibres, starting out as the Centre of Expertise in Photon-

ics ([CoEP]) in early 2005 which later became the Institute for Photonics & Advanced
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Sensing ([PAS)) in 2009. In 2007, while working on his PhD thesis at the University of
Adelaide under the supervision of Monro, Dr Stephen Warren-Smith developed a general
model for both in-fibre excitation and fluorescence recapturing of filled MOFk by their
core guided modes [67, [68]. This model showed that fluorescence emission at the surface
of the fibre core has a higher coupling efficiency into the backward modes, which was ex-
perimentally verified using quantum dot labeled proteins. This meant the portion
of modal field overlap surrounding the core (the [PE)) could be used to both excite the
from one end of the fibre and recapture the resulting emission at the core surface for
measurement at the same end. In the following year, in 2008 while also working at the
Adelaide based Monro group, Dr Yinlan Ruan demonstrated that the chemistry shown
by Bhatia et al. [69] for covalent attachment of proteins to a glass surface, could be used
to provide functionality to glass [70]. To do this, Ruan silanised the internal hole
surfaces of a lead silicate glass (including the core), similar to the one shown in
Fig. [1.5{c), with thiol-terminal silanes and heterobifunctional crosslinkers having differ-
ent reactive groups on each end. The cross-linking layer formed by this method was
subsequently used to connect antibodies to the silane layer at the glass surface. The
antibodies that Ruan used were conjugated with 100 nm which were used as a
fluorescence label to measure the effectiveness of the immobilisation procedure. These
ideas shown by Warren-Smith and Ruan led to reduction of the minimum detectable
concentration of by optical fibres to 10 pM, and made it possible to detect single

nanoparticles in sub-cellular fluid volumes [71].

oL

Antigen ; Q matching -‘ mis-matching
c antibody antibody
{:} cy3 o BSA
(b)

Figure 1.6 — Images from [61] showing; (a) the end-face of the [MOF] used in the experiments. The outer
diameter is 300 pm and the air hole diameter is 60 pm, and; (b) schematic presentation of the
capture processes utilised in the selective detection of the antibodies. a-streptavidin-Cy3 was
captured by streptavidin molecules directly immobilised on the PMMAI core surface while the
mis-matching a-CRP-Cy3 molecules are washed out.
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1.5 Corrosion Sensing: State of the Art

This section summarises corrosion sensing methods found in literature, and critical eval-
uation in terms of fibre optic distributed sensing using these methods. A summary of

this section is given in Table on page [28

1.5.1 Intensity Methods

There has been some interest in extrinsic fibre optic sensing using probes for reflectance,
polarised reflectance [72], fluorescence (discussed in Sec. [1.5.6), mechanical failure [73],
and Raman spectroscopy. Also, intrinsic methods include evanescent wave absorption
spectroscopy with which Namkung et al. [74H76] has published several papers and
presented at conferences work on Fourier transform infrared spectroscopy (FTIRI)
techniques for periodic remote sensing and structural health monitoring of normally
inaccessible structural components and areas. Although this technique might be
adaptable to distributed sensing, it does not seem to have any advantages over the

distributed fluorescence methods discussed in Sec. [[.5.61

Although reflectance and polarised reflectance could be setup in a multiplexed ar-
rangement, this does not seem to be cost effective or be practically compatible with
the need to detect the onset of corrosion in any location. Similarly, although Raman
spectroscopy using sampling fibres [77] or with the application of a surface enhanced Ra-
man spectroscopy (SERS]) active substrate at the end of a fibre as a probe [78, [79] has
been successfully shown to work in the literature, these methods are not cost effective

or practically compatible with distributed sensing.

1.5.2 Fibre Bragg Grating (FBG) Methods

There has been successful micro-bending methods using fibres with long-period
to detect expansion of polymer films that swell due to pH or moisture changes [S80H82].
Although this seems like a reasonable approach, since it might be possible to engineer
a polymer material which has specificity with respect to aluminium ions, fixed position
do not seem to be able to provide a distributed sensor capable of measuring

corrosion anywhere along the fibre length. During and following the application of heat



1 INTRODUCTION 15

to metallic components, sensors can also be used to detect temporal and spatial
temperature variations due to hidden corrosion [83]. Although this thermography
technique seems possible, the method requires thermal stimulation which adds to the
cost and complexity of the system, and are not practically capable of detecting actual

corrosion as it occurs in any environment.

Ultrasonic signal generators and sensors can be applied in-situ to monitor corrosion
in hidden or hard to reach locations [84) [85]. The principle of operation is based on
Rayleigh-Lamb waves at ultrasonic frequencies that can be made to propagate over or
through a given structure. The detected return signal, that is bounced or deflected
back, can be used to deduce material characteristics such as surface defects, corrosion,
and material thickness. A ultrasound detection system incorporating a fibre ring
laser has been developed for this purpose [86]. The basic idea is to use [FBG sensors as
acoustic receivers of ultrasonic Lamb waves [86, [87]. The spectral response of sub-
jected to the ultrasonic field have been theoretically and numerically investigated [88],
and related work with respect to spatially resolved acoustic measurement as a diagnostic
framework for structural health monitoring has been done at the Australian Defence
Science and Technology Group (DSTG)) [89]. This concept could be susceptible to
temperature changes, have cross-talk issues, ghost reflections, blind zones, requires the
additional cost of an ultrasonic signal generator, and may need several measurements

to obtain reliable data.

The development of a reflective, gold coated long-period based sensor for the
measurement of chloride ions (CLJ) in solution has been shown [90]. The approach has
explored creating a portable, low-power device, developed with the potential for installa-
tion in concrete structures to determine the ingress of [CI] operating through measuring
the refractive index change by the response. When there is a concentration change
leading to a refractive index change in the surrounding medium, the effective refrac-
tive index of the cladding mode changes and therefore a definite shift in the central
wavelength. The work done showed that the sensitivity of this sensor could be further
enhanced by coating it with gold nano-particles and thereby utilising the surface plas-
mon resonance (SPR]) effect, enhancing the sensitivity to changes in the refractive index
of the material surrounding the sensing region. It seems feasible that a transduction

coating on this type of sensor which changes refractive index in the presence of
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such as chitosan [91] with specificity, could be used as a corrosion sensor. However, this
method does not seem to be able to provide a continuous distributed method without a

dynamic [FBG

1.5.3 Brillouin Scattering Methods

Brillouin scattering based fibre optic sensors could be used [92] to extend the
concepts to a distributed sensor. Strain and temperature distributed sensing through
Brillouin scattering in single mode fibres (SMFEL) has been demonstrated [93] in different
tests to understand the influence of different fibre coatings and embedding techniques.
In that work, pressure tests were performed on a pipe with inhomogeneous strengthening
layout. The Brillouin strain data was compared with conventional strain gauges and a
data comparison between the developed Brillouin technique and resistive strain gauges
confirmed that the Brillouin technique is very effective for composite materials strain

monitoring.

Brillouin gain has also been investigated both experimentally and numerically in
azimuthally symmetric optical fibres with cores that are acoustically inhomogeneous due
to the doping required to establish optical waveguides with the desired properties [94].
There seems to be an opportunity to develop a with optimised Brillouin gain,
and hence improved sensitivity for distributed sensing, while still maintaining low
loss. This type of new fibre could provide the basis of a new type of distributed
corrosion sensor with the potential to not only utilise transduction mechanisms for
local strain or refractive index differential measurements along the fibre, but also have

the ability to map strain and corrosion pitting on a surface using ultrasonic Lamb waves.

Recent work on Brillouin optical time-domain reflectometry (OTDRI]) distributed
temperature sensors show 1.2 cm spatial resolution for distributed temperature mea-
surements over a 20 m polarisation maintaining fibre [95]. The authors claim that the
sensing range can be expanded to 100 m, but a kilometre range remains highly ques-
tionable, since the polarisation is unlikely to be maintained over this distance. Also,
this method does not provide a whole distribution map, where it is claimed by Song et
al. [96] that the approach suffered from noises coming from the analog signal processing

applied for high-speed position sweep, which deteriorated the practicality of the sensor in
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terms of measurement accuracy. In that paper, the authors showed an alternate method
incorporating differential frequency modulation, and claimed their result of 20 Hz is the
highest repetition rate ever reported in distributed Brillouin sensors, albeit with a spatial

resolution of about 80 cm.

1.5.4 Electromagnetic & Electrical Resistance Methods

Electromagnetic and electrical resistance methods have been successfully used for corro-
sion sensing and structural health monitoring, however the concepts are not practically

compatible with fibre optics. Some of these methods are;

e Pulsed eddy current (PEC) [97] uses a pulse of electric current through a drive coil
to induce a multi-frequency mix of eddy currents. Low frequency eddy currents
can penetrate a conductive structure more deeply, providing a basis for buried

corrosion detection.

e Magnetometers and superconducting quantum interference devices (SQUIDE) [98]
have been demonstrated for quantitative measurements of both corrosion activ-
ity and material loss in aircraft aluminium alloys. [SQUIDE provide sufficient
spatial resolution for the distribution of hidden corrosion currents, which can be

mapped [99].

e Magnetic flux leakage (MEL]) [I00] is one of the oldest and most commonly used
technique for detecting corrosion in the pipe wall as well as pipeline features like
welds, valves, supports, attachments, etc. [MFL] data is processed for detecting
(isolating) defect or feature signal and characterising it for the purpose of sizing
or assigning a template. The characterisation of the defects is based on primary
and secondary parameters of the radial signature. Primary parameters are

axial and circumferential spread and amplitude of the signature.

e A micro electro mechanical system (MEMS]) [T01] based multifunctional wireless
environmental monitoring chip has been demonstrated with successful results from
integrated temperature, humidity and gas sensors. The authors state that it is
planned to incorporate additional sensing functionalities such as corrosion and gas

flow velocity in later sensor models.
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Electrochemical methods typically use electrochemical change by electron transfer as
the mode for detection, however the concepts are not practically compatible with fibre

optics. Some of these include;

e Linear polarisation resistance method [102], limited to ionic conducting liquids
where the electrical conductivity (or inversely the resistance) of a given fluid can
be related to its corrosiveness. This principle can also be applied at the interface

between a given metal and its environment.

e Galvanic [I03] and thin film micro-sensors [104] use the well known principles of

galvanic corrosion incorporated into a bimetallic sensor.

e The electrochemical noise (ECN) methodology [105] involves the measurement
of electrochemical transient or noise produced by the corrosion process. This is
accomplished by measuring potential noise by monitoring the potential difference
of two identical electrodes, and/or measuring current noise by monitoring current

fluctuations, utilising a zero resistance ammeter of two identical shorted electrodes.

e Electrochemical impedance spectroscopy (EIS) [106] is a technique for continuous
measurement of the corrosion rate and corrosion pitting behaviour [107] which can
be determined by quantifying the polarisation resistance. is also used as a
method for evaluating commercially applied organic protective coatings [108] and

other corrosion inhibitors.

e Electrochemical emission spectroscopy (EES) [109] is a modified electrochemi-
cal noise technique, developed for nondestructive, real-time corrosion rate mea-
surements. This technique differs from standard measuring techniques in that
it uses signals generated by the corroding system. It can detect the onset and

re-passivation of a previously localised corrosion site.

1.5.5 Radiation Methods

Radiation methods have typically used high-energy radiation, such as X-ray which is
ionising, or low frequency terahertz or microwaves which can penetrate outer protec-
tive layers to effectively image hidden corrosion. These wavelengths are not practically
compatible for distributed corrosion detection using fibre optics. Some of the radiation

based methods used for detecting corrosion include;
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e X-ray methods to detect corrosion and cracks involve the use of tomograms or
tomography in which the surface images are reconstructed from the various slices
taken. The method is particularly effective in detecting inter-granular corro-

sion [110].

e Corrosion and material thickness can be monitored by employing microwave radia-
tion methods. This approach seems to provide good results for detecting corrosion

under paint and other materials [111].

e Terahertz radiation is capable of detecting hidden corrosion under surfaces, sur-
face roughness of metals, and used to evaluate composites [I12]. The National
Aeronautics and Space Administration (NASAI) has investigated methods using
terahertz radiation for detecting hidden corrosion such as might be found un-
derneath the heat barrier tiles. This method was able to detect corrosion under
5 cm thick space shuttle tiles, using a time domain processing procedure with
terahertz radiation in samples ranging from small lab samples to an actual space

Shuttle [113].

1.5.6 Fluorescence Intensity Methods

Initial work on the fluorometric detection of as an indicator of aluminium corrosion
was conducted by the Australian Defence Science and Technology Group (DSTG),
part of Australia’s Department of Defence, in conjunction with Monash University
in the early 2000s. These experiments focussed on the use of conventional large core
multi-mode fibres (MMFL). As part of this research a range of different permeable
polymer systems, doped with a compound that fluoresces in the presence of
were evaluated. The most promising of these, a flexible polyurethane (PU]) the main
constituent of which is a polyether [14], was shown by Dr Grant McAdam in 2005. The
polymer was doped with a fluorescent compound, 8-hydroxyquinoline (8-HQJ), which
reacts with to form a rigid octahedral complex that fluoresces at 516 nm under
ultraviolet (UV]) excitation at around 360-390 nm.

The doped polymer was dip-coated onto the distal end of a conventional large
core optical fibre to create a sensing polymer bead at the fibre tip. This bead was

exposed to in solution to allow the dopant to diffuse into the polymer, and then
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Figure 1.7 — Simulated lap-joint after exposure in salt spray chamber for 2 weeks.

allowed to dry naturally prior to placement into the channel of a simulated lap joint
in a region where the corrosion protective coating had been removed. This lap joint
was then placed in a salt spray chamber for a period of 14 days to accelerate the
corrosion process, as shown in Fig. The sensing fibre was excited using a[UV] light
emitting diode (LED) light source and the back-reflected fluorescence measured via a
3 dB coupler using a micro spectrophotometer (Ocean Optics). A schematic diagram of
the experimental set-up is shown in Fig. (a). The measured back fluorescence as a
function of exposure time in the salt-spray chamber is plotted in Fig. b).

For this case, where the bead is attached to the end of an optical fibre, there are
fewer physical constraints on the properties of the permeable coating used to contain

the fluorescent species compared to a distributed sensor. Ideally, it would be preferable to
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Figure 1.8 — (a) Schematic for point detection from a doped polymer bead, and (b) the measured back
reflected fluorescence from the fibre tip as a function of exposure time in the salt spray
chamber.
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create sensitivity to by coating the fibre along the length, thus creating a distributed
sensor rather than a local (point) sensor. To make distributed measurements the fraction
of guided light propagating along the outside of the core needs to be accessed, which

requires careful tailoring of the cladding to optimise the light /fluorophore interaction.

1.5.7 Distributed Sensing with Optical Fibres

For spatially resolved mapping of analyte, a technology should permit the determination
of the analyte as a function of position along the sensing element length. Fibre optics
provide a unique solution to this problem. Distributed sensors using extended-length
continuously sensitive optical fibres can offer detection schemes that have no counterpart
in conventional sensor technologies. A sensor is termed ‘distributed’ here if it operates
with a continuous extended length sensing element and is capable of determining
variations in a parameter along the entire length of the fibre as a continuous function

of distance [114] or spatially averaged [115].

The first type of distributed optical fibre sensor was devised by Dr Michael
Barnoski in 1976 at Hughes Research Laboratories using optical time-domain re-
flectometry (OTDR) [114]. The method is shown in Fig. A pulsed
laser is coupled into a section of fibre via a directional coupler, used to couple the
returned backscattered light fraction to a test fibre and avalanche photodiode (APDI)
detector. For uniform fibres, the detected component varies as the product of the

launched power and the bi-directional attenuation between the source and detec-
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Figure 1.9 — Image from [116] showing the basic concept of [OTDR] with (top) the optical arrangement and
(bottom) the return signal.
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tor, since the scattering coefficient does not vary significantly along the length. This

makes the method extremely useful for measuring spatial variations of fibre attenuation.

The concept of optical fibre distributed sensing of an analyte was first discussed
by Dr Lee Blyler of Bell Labs at the 1988 International Conference on Optical Fibre
Sensors ([OFS) [117]. The work Blyler demonstrated utilised made from silica
and plastic clad with a dye-doped silicone acrylate. This rubbery silicone cladding
was shown to have a distinct advantage for chemical sensing applications since small
molecule chemical species could diffuse through the cladding very rapidly. The dye
used to dope the cladding was sensitive to changes in pH, and Blyler used this to
show that absorption loss changes which occur anywhere along the fibres length could
be detected in a spatially averaged manner. Ten years latter, Dr Radislav Potyrailo
of General Electric combined the ideas of Barnoski and Blyler to create an extended
length distributed sensor capable of determining the location and local concentration of

an analyte along an optical fibre [IT§].

The concept of distributed detection of fluorescence from [B-HQ] complex with
AI°"| in solution was demonstrated by Dr Elena Sinchenko in 2010 at Swinburne
University in conjunction with the [119]. By using a large solid core (200 pm)
made from silica with the cladding removed, it was shown that could
be used to not only detect the presence of but also locate the position of this
fluorescence 80 m along the fibres length. Figure M(a) shows the setup, where photon

counts were accumulated by the time-gated electronics in bins of 2 ns width, which
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corresponds to a length resolution along the fibre of 0.2 m, assuming a propagation
velocity of 2 x 108 ms™!. An accumulation time of 10 min was used to obtain adequate
signal-to-noise discrimination. These photon bin accumulations corresponded to the
return time of flight of the fluorescence that originate at a distance along the fibre. The
signal detected is shown in Fig. M(b), which represents the time domain response

of the detection system when the de-clad fibre section was immersed in a 5 x 1073 M

solution of the complex.

This experiment, conducted at Swinburne University, and described in detail
in Ref. [119], shows that distributed fluorescence detection of cations, and in particular
M is possible. The [PF from the guided light propagating along the outside of the
core could be used to excite the [-HQ] complex and the fraction of emitted florescence
recaptured by the fibre core could be measured by the time-gated electronics. Further
work by Sinchenco demonstrated that the could be used to perform in situ detec-
tion of corrosion in a model aluminium lap joint [120, Chap. 7]. However, using such a
large core meant that less than 0.1% of the total optical power propagates out-
side the core. In fact, the [PE] increases as a function of core diameter where smaller
core sizes have increased power [I121]. Further explanation of how the fraction of guided

light power propagating outside the core changes with core size is discussed in the next

chapter, Sec.

1.5.8 Suspended-Core [MOF] (SCF]) Fluorescence Based Sensing

Unlike sub-wavelength diameter optical fibre made by tapering a commercial fibre (glass
nano-wires) [57] (Fig.[1.11(a)), a [MOF] [41] provides a means for obtaining long lengths
of uniform micrometre-nanometre scale suspended and protected cores. A protected
core geometry is necessary for sensing in harsh environments, such as the application of
corrosion sensing within an aluminium structure. In particular, the [122] design,
which consists of a small glass core suspended by thin struts inside voids within the
fibre, has found extensive use in chemical sensing applications [121] 123]. For these
fibres the [PE] that is outside the glass overlaps with the voids, and by controlling the size
of the core, this overlap between the light and the voids can be adjusted. If the voids of
the fibre are then filled with liquids or gases this controllable interaction allows sensing

measurements to be performed, using methods such as direct absorption [66] or various
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fluorescent techniques [121] 122]. These [SCEk dramatically improve fluorescence-based
fibre sensors by making use of the increased [PEl provided by the micrometre scale
core size and therefore increased sensor performance. Figure [1.11|(b) c¢) shows a

SCEH| based on undoped high purity fused silica known as Heraeus Suprasil F300HQ
silica (F300HQ)).

Figure M(b) shows the overall suspended-core structure, with the polymer coating
removed. This example has an of 270 pm, although smaller sizes can easily be
achieved. An enlargement of the core and holes region in the centre of the fibre is
shown in Fig. c), where the core of the fibre is the small triangular element in the
centre of the image (highlighted by the green box), suspended on three thin struts. The
three black voids are the holes within the fibre cross-section, which form the cladding
region used to provide the refractive index contrast needed for light confinement, and
can also be used as sample chambers. Each hole effective diameter is 12.4 pm, defined
as the diameter of a circle whose area is equal to the cross sectional area of the hole.
The web thicknesses are at least 0.16 pm, while the core has an effective diameter of
1.7 pm, defined as the diameter of a circle whose area is equal to a triangle that fits

wholly within the core area [124].

While [SCEk have provided a highly sensitive sensing platform exploiting the
significant fraction of guided power located within the holes [66] 67, 1211, 125-H127], the

closed structure makes it impossible to use them for distributed sensing applications.

This is because sensing with [SCEk relies on filling the fibre from one or both ends,

200 um

10 um

(©)

Figure 1.11 — Scanning electron microscope (EE%ross section images of (a) glass nano-wire from
Ref. [57]; (b) the silica [SCEl with a of 270 ym; and, (c) an enlarged image of the core
and hole region, where the core is highlighted by the I — green box, having an effective
diameter of 1.7 pm [3].
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and difficulty exists when attempting to ensure stable optical coupling while filling [2].
In principle, offer the potential for easier filling compared to [PCEk, since [PCE]
cladding holes provide very small air filling fraction when the core is small [12§]. In
practice though, the time needed to fill depends on the required interaction length
and size of the holes. For example, it takes ~7 hrs for gas diffusion [66] or ~100 min for
water [129] to fill 1 m of with @8 pm holes at standard temperature and pressure.
To overcome this, fabrication techniques that expose the core were demonstrated
in 2007 by micro-machining fluidic side-channels at several locations along the fibre
length [I30HI33], which results in short exposed regions in the order of tens of microns.
This provides access to the core by the analyte, making it useful for real time sensing
applications, but is still not practical for distributed sensing applications where long
lengths are required. To overcome this problem, Dr Stephen Warren-Smith [134] at
the University of Adelaide (using soft glass) and Dr Felicity Cox at the University of
Sydney [135] (using polymer) independently created the first example of an exposed-core
microstructured optical fibre (ECE) in 2007. A scanning electron microscope (SEM])
image of the soft glass [ECF| made by Warren-Smith is shown on the right hand side of
Fig. This was done by effectively opening up one of the voids within the preform
before drawing to fibre. These [ECEF5 can allow the guided light to interact with the
surrounding medium anywhere along the length. This method provides the ability to

fabricate [ECEk hundreds of metres long with a fixed microstructured cross section.

1. Extrusion 2. Caning 3. Drawing
(a) gy (b) 4
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Figure 1.12 — (Left) Schematic diagram of Schott F2 soft glass [ECE fabrication process, with
images of (top-right) the resulting [ECF| with an of ~160 pm; with an enlargement of the
area highlighted by the I — green box (bottom-right) showing the core, hole and strut
structured region, where the core has an effective diameter of ~3.0 ym [134].
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The fabrication of [ECEk is challenging due to their asymmetric cross section.
The method using soft glass involved modification of the established cane-in-jacket
process [124] by introducing a wedge in the preform fabrication process [134]. These
fibres were initially produced in [F2] which has a glass transition temperature low
enough to make it practical for extruding the structured preform [I36]. The process,
summarised in Fig. |[1.12] involved extruding a billet into a structured preform
at high temperature and pressure. The preform was then drawn to a cane (~1 mm
diameter) using a draw tower, which was inserted into an extruded [F2 wedged jacket.
The cane-in-jacket was then drawn to fibre with an of ~160 pm diameter (top-right
of Fig. where the ~3 pm effective diameter core, in the exposed region highlighted
by the green box, is suspended by three thin struts [134]. An enlarged view of the [ECF]
structured region of the fibre is shown in the bottom-right view of Fig.

Warren-Smith showed that the [ECE| has fast response and is capable of real-time
sensing anywhere along the fibre length, making this type of fibre ideal for distributed
sensing. It was demonstrated that fluorescence emission coupled into the backward
modes of a core has higher efficiency compared to the forward modes [68] [137].
This means that fluorescence measurements are enhanced when evaluating the back re-
flected signal, as shown by the schematic in Fig. [1.13] Figure shows the result of
the demonstrated fluorescence based distributed sensing by performing [OTDR] measure-
ments using [ECEk. Fabrication of these small-core [ECEFs was a significant milestone in
the development of a distributed fibre optic corrosion sensor. For the first time, small
core distributed fluorescence measurements became possible [I138], where the increased

[PE] from the guided light propagating outside the small core could be accessed anywhere

Interface loss at excitation frequency

—

Input _ Forward
excitation fluorescence
light signal
[ [®] = o
——
Backward
fluorescence
signal

—  —

Interface loss at fluorescence frequency

Figure 1.13 — Schematic from Ref. [137] of an [ECH with a section immersed in a liquid. Liquid interface
losses exist for the excitation light entering the liquid filled section and for the fluorescence
exiting the liquid filled section.
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Figure 1.14 — From [I38] demonstrating the use of [ECEE for fluorescence-based distributed sensing. This
was achieved by performing [OTDRI measurements using an [ECFl immersed in a fluorescent
solution.

along its length, whilst still being protected by the outside jacket. Unfortunately, it
was found that the material was not suitable for long term use and/or harsh envi-
ronments [134] [139], where the fibre loss increased by 0.4 4= 0.048 dBm~'day~! while
in storage. These loss and deterioration issues associated with the soft glass material
from which they were fabricated precluded their long-term practical use under harsh

conditions.

1.5.9 Summary of Methods

A summary of the corrosion sensing methods discussed in this chapter are summarised in
Table Of these varying approaches, further development of the fluorescent method
described in Secs. and has many benefits over the others. In particular, fab-
rication of [ECEk and their application to excite and perform distributed measurements
of the emission from fluorophores in solution is significant towards the development of
a distributed fibre optic corrosion sensor. This means that fluorophores with specificity
to could be used to detect corrosion. The obvious next step was to find a way to
create a practical [ECE] / fluorophore combination as a sensing element for the detection

of corrosion in harsh conditions while embedded in a simulated joint.
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Table 1.1 — Summary of Corrosion Sensing Methods

Method Conclusion Section
flect . . . .
Re e(.: . -Requires multiplexing and so is not cost
Polarised effective or practically compatible with the Lo
Reflectance . P Y P
requirements.
Spectroscopy
E t Wi
VAeseEnt Avave -Does not have any advantages over 1.5.1
Absorption
fluorescence methods.
Spectroscopy
-Requires multiplexing and so is not cost
Raman . . . . 1.5.1
effective or practically compatible with the
Spectroscopy .
requirements.
-Fixed position Bragg gratings are not able to
Micro-bending provide a continuous distributed measurement 1.5.9
(Bragg Grating) and so is not practically compatible with the
requirements.
-Requires thermal stimulation which adds to
Thermography . . 1.5.2
(Bragg Grating) cost and complexity of the system, and is not
practically compatible with the requirements.
-Susceptible to temperature changes, has
Ultrasonic Lamb cross-talk issues, ghost reflections, blind zones,
Waves and requires the additional cost of an 1.5.2
(Bragg Grating) ultrasonic signal generator. Several
measurements are needed for reliable data.
Refractive Index -Does not seem to be able to provide a
Change continuous distributed method without a 1.5.2
(Bragg Grating) dynamic Bragg grating.
-There is an opportunity to develop a
Stimulated Brillowin corrosion/chemical sensor with a that TE3

Scattering

optimises Brillouin gain, hence improved
sensitivity for distributed sensing, while still
maintaining low loss.

Electromagnetic /
Electrical Resistance

-These methods are not practically compatible

/ Electrochemical / with the requirements. 1.5.5
Radiation

-Demonstrated method for distributed 5.6
Fluorescence corrosion sensing, requiring improvement to

handle the harsh environmental exposure.
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1.6 Thesis Structure

This research advances optical fibre sensing technology with the objective to develop a
fibre optic approach for detecting the initiators and/or by-products of corrosion within
an aluminium structure. This thesis shows the significant progress that was necessary
to achieve this objective. In the next chapter, the requirements for using fibre optics
in this way are discussed and the design parameters are described, along with material
options and their properties. A technique was established for the fabrication of suitable
polymer (Chapter [3) and silica (Chapter . This required understanding of
the details of the draw process beyond what is achievable by trial and error, which
required the ability to predict the experimental drawing parameters needed to produce
the desired final geometry. A method to apply an analytical model developed by Fitt et
al. [140] to determine the draw conditions needed to produce multi-hole symmetric and
asymmetric [MOFk is described in Chapter [ This fabrication methods was used to
fabricate the first silica [ECE], the characterisation of which is shown in Chapter

Although these newly developed silica [ECEk provided a robust fibre optic sensing
platform, a transduction method was also needed for the specific detection of To
achieve this, sensor molecules that fluoresce when combined with[AI’ where immobilised
onto the surface of the [MOF] exposed core (also known as functionalisation). Chapter [6]
shows a new method for functionalising, by applying a thin film polymer doped with
sensor molecules to the surface of the [ECE core. It was found that the thin film poly-
mer method has several advantages over traditional covalent bonding techniques, when
fluorescent sensor molecules are used. These developments were then used to create an
optical fibre based sensor for corrosion detection of aluminium in accelerated laboratory

tests of simulated aircraft joints, shown in Chapter [7}
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Methods and Material for MOF| Corrosion Sensor

“If you wish to make an apple pie from scratch, you

must first invent the universe.”

— Carl Sagan

Further development of optical fibre fluorescence sensing described in the last chapter
has merit for this project. Fluorescence was shown to be practical when combined with
[ECTS, with the capacity for distributed measurements. To decide whether to iterate
from the past work done by Warren-Smith and Sinchenko or change tactics, it was
important to understand why the soft glass [ECF| had loss and deterioration issues. The
[ECE] material used for fluorescence based distributed sensing prior to this work was [[2],
which is known to not be as mechanically or chemically robust as silica or polymer [141].
Hence, the discussion and results shown in this chapter is intended to gain a quantitive
understanding of the critical requirements as well as available fabrication techniques and
materials that could be used for [MOT] sensing elements for use in distributed detection

of corrosion.

2.1 The Process of Producing IMOFs

All optical fibres are produced by heating and drawing down a preform from an initial
diameter of the order of centimetres to the desired final diameter using a fibre drawing
tower. This process is shown in Fig. [2.1a). For with longitudinal air holes this
draw process typically includes a mechanism by which the pressure difference of the
holes and atmosphere is maintained to ensure the holes collapse or expand to achieve
the desired final geometry. Some common ways to produce [MOF] preforms include using
extrusion [136, 142] (Fig. 2.1(b)), sol-gel casting [143, [144], ultrasonic drilling [66], 145]
or stack and draw methods [39, [146], [147], which resemble a large-scale form of the

final desired fibre geometry. The fibre drawing tower is then used to feed the preform at a
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Figure 2.1 — Schematics showing (a) the draw process of cane or fibre from preform, including the neck
down region inside the furnace, and; (b) the preform extrusion setup and process [142].
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Figure 2.2 — Schematic of MOF fabrication procedure, showing the two main fabrication options.
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fixed rate into a furnace, which heats the material to an appropriate viscosity, so
it can taper down to the final fibre diameter (usually of the order of hundreds of

micrometers) by drawing the fibre below the furnace at a faster rate.

The process of drawing the preform directly to fibre is termed a ‘one step process’, as
shown on the left side of Fig. It is also common to use two steps in the drawing of
fibres to achieve smaller core sizes than can be realised by the one step process [124], [134].
The ‘two step process’, shown on the right side of Fig. involves firstly caning the
preform to the order of millimetres, inserting this cane into a jacket, and then drawing

down the cane-in-jacket to fibre.

2.2 Description of Materials

Ultimately, the corrosion sensing element needs to withstand the corrosive environment
while detecting the progress of corrosion within the joints and beads of an aircraft
fuselage. To produce a distributed fibre optic corrosion sensor capable of withstanding
these intended harsh conditions, fibre materials other than soft glass needed to be inves-
tigated. Both polymer and silica have material properties that make them attractive for
optical fibre sensing applications [141] [148]. [PMMAI polymer optical fibres (POEk) have
high elastic strain limits, high fracture toughness, and high flexibility in bending, and
so initial work was performed to determine the suitability of polymer to create a robust
optical fibre based distributed corrosion sensor (see Chapter. On the other hand, silica
is known to be reliable under a range of processing and use environments, with relatively
better mechanical and thermal stability [I41] (see Sec. . Highly homogeneous,
high purity bulk material is commercially available, which has led to the development of
low loss silica telecom fibres (~0.2 dB/km at [NIR] wavelengths) [32]. Both polymer [135]
and silica [66] have already been developed by other researchers, and working

in multiple directions with these two materials provided a risk reduction for the project.

As an initial step, the transmission characteristics of bulk [F2]soft glass, [F300HQ)]silica,
and polymer were measured using ultraviolet—visible spectroscopy (UV-Vis) to
understand what could be expected when producing optical fibres from these materials.
The results for these [TV-Vi§ measurements are shown in Fig. [2.3] This graph indicates
that [F300HQ) silica has better overall transmission properties compared to [PMMA] and
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Figure 2.3 — Comparison of the (I — green) soft glass (E21- 31.33 mm thickness), (I — red) silica (E300HQ] -
31.97 mm thicknessE and (I - blue) polymer (PMMAI - 33.95 mm thickness) bulk material
transmission using Error bars are included in the plot.

[[2], which have similar transmission characteristics in the range 200-800 nm. Other

known properties from the manufacturer or literature is shown in the following sections.

2.2.1 Schott F2 Lead Silicate

is part of the family of compound glasses, also known as ‘soft glass’. A significantly
useful feature of [F2] is that it has relatively high transmission at visible wavelengths
while having a transition temperature (@ that is considerably lower than that of silica.
This makes it useful for producing low loss [150] using the extrusion method, and

so in the past has become common for use as fibre optic sensors. While the material

Table 2.1 — Typical properties of Schott F2 lead silicate glass [149]

Property F2
Density (g/cm?) 2.65
Sensitivity to Humidity, 30 hrs (%) <0.3
Glass Surface Stain Formation, pH=4.6 No
Acid Resistance (hours) >100
Alkali Resistance (hours) >4
Phosphate Resistance (hours) >4
Transition Temperature 7, (°C) 569
Refractive Index (at 589.29 nm) 1.62
Light Transmission at 400 nm, 10 mm thick (%) 94.6
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specifications shown in Table show good bulk material stain, acid, and alkali resis-
tance, the transmission properties of and [ECE produced from this material tends to
degrade very quickly compared to fibres where the core is protected. Another property
to consider when choosing for sensing applications is that it absorbs and therefore is
not transparent at [JV] wavelengths, therefore precluding the use of many biological or

fluorescent sensing molecules that are excited by OVl

2.2.2 [PMMA| Polymer

One advantage of using polymer [MOFk for sensing applications is that the sensing
layer can be directly physisorbed to the light guiding core surface by electrostatic
interactions. For example, polymers containing negatively charged side chains readily
adsorb positively charged adsorbates. Alternatively, negatively charged adsorbates are
attracted to polymer that contains positively charged side chains. However, the low
transition temperature (e.g. ~90°C for PMMA]) makes polymer impractical
for use in high temperature environments or for high power light transmission, and
like is not transparent at [JV] wavelengths. Nevertheless, PMMA] has been used
extensively for the production of [POFE, and so was chosen as the material used for the
work described in this thesis. This material is described by manufacturers as being
transparent at visible wavelengths, unaffected by moisture, able to be heat formed, and

offers a high strength to weight ratio.

In brief PMMAI is manufactured by two different production processes [I53]. Cast
[PMMA| as the name suggests, is manufactured by a process whereby methyl methacry-
late monomer (MMA]) liquid is pumped into a mould. The mould and monomer is then
submerged in warm water where the process of polymerisation takes place. The result is
rigid PMMA] also known more generically as Acrylic. The surface finish of cast
is smooth, since it is cast in a smooth mould. On the other hand, extruded [PMMAI
is manufactured by a continuous production process whereby pellets are fed
through an extrusion barrel. As the pellets progress through the heated zones of the
extruder barrel the heat increases until the pellets melt into a molten mass. This molten
mass is pushed forward into a conical shaped die and outwards through a round die to
produce a molten rod which is then cooled. The specifications of both cast and extruded

PMMAl are shown in Table The main differences in the specifications of the cast and
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extruded material are the tensile elongation at break, 2% (cast) vs. 4.5% (extruded), the
forming temperature 170°C (cast) vs. 149°C (extruded), and the operating temperature

for the cast material can be twenty degrees higher than for the extruded material.

Table 2.2 — Typical properties of cast [I51] and extruded [I52] PMMA

Property Cast Extruded
Density (g/cm?) 1.18 1.19
Water Absorption, 24 hrs (%) 0.3 0.2
Tensile Elongation at Break (%) 2 4.5
Flexural Strength (MPa) 83 - 117 117
Compressive Strength (MPa) Unknown 149
Forming Temperature (°C) 170 149
Vicat Softening Point (°C) Unknown 105
Max Operating Temperature (°C) 65 — 93 71
Refractive Index (at 589.29 nm) 1.48 - 1.50 1.49
Min Broadband Light Transmission (%,
92 92
10 mm)
Chemical Resistance

Limited Resistance to: Resistance to:
- Acetic Acid (5%) - Ammonium Chloride
- Chromic Acid - Ammonium Hydroxide
- Ethyl Alcohol (30%) - Battery Acid
- Gasoline - Calcium Chloride (Sat.)
- Hydrogen Peroxide (>40%) - Calcium Hypochlorite
- Isopropyl Alcohol - Citric Acid (20%)
- Methyl Alcohol (30%) - Cottonseed Oil
- Nitric Acid (40%) - Detergent Solution

- Diesel Oil

- Ethylene Glycol

- Glycerine

- Heptane

- Hexane

- Hydrochloric Acid

- Hydrogen Peroxide (<40%)

- Kerosene

- Mineral Oil

- Nitric Acid (10%)

- Olive Oil

- Soap Solution (Mild dish soap)

- Sodium Carbonate (20%)

- Sodium Chloride (10%)

- Sodium Hydroxide (<60%)

- Sodium Hypochlorite (5%)

- Sulfuric Acid (<30%)

- Transformer Oil

- Turpentine

- Water
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Figure 2.4 — UV-Vis loss comparison of (I — red) cast PMMA billet from supplier and (B — blue) extruded
PMMA billet from supplier.

To determine the difference in transmission properties of cast and extruded [PMMA],
[UV-Vis measurements of these materials was conducted using samples ~35 mm thick.
The results of these measurements is shown in Fig. which indicates that the loss is
similar for wavelengths above 400 nm, however for the cast PMMAIl there is an additional

loss peak centred at around 380 nm.

2.2.3 Silica

It is generally accepted that “if you can do it in silica; do it in silica ... given silica’s high
strength, very low loss, industrial acceptance, and market incumbency” [I54]. Silica
has a relatively low refractive index, which can improve the sensitivity of evanescent
field sensors, since reducing the index contrast (An) at the core-cladding boundary
increases the power fraction to the analyte or functionalised surface [I2I]. A relatively
low intrinsic nonlinearity makes silica excellent for low or high power optical fibre
applications. The most striking feature of silica is the broad transparent area that
covers the complete visible spectrum and extends far into the infrared and ultraviolet
regions. The intrinsic [UV] and infrared ([R]) absorption edges in silica glass are located
at around 180 nm and 3.5 pm wavelengths, respectively. Like other glasses, metallic
impurities cause the [UV] edge to shift to longer wavelengths, and the presence of
hydroxide (OHZ]) caused by water introduces absorption just below the [R] edge. The
strongest of these is the fundamental O-H stretching band with peak wavelength at
2.73 pm.
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To modify the absorption characteristics of silica materials, manufacturers produce
highly homogeneous materials using vapour deposition with varying amounts of [OH "]
[CIT] and fluorine. Viscosity is also significantly affected by trace impurities [156].
Alkalis and halogens such as sodium and chloride lower viscosity while small amounts
of aluminium and refractory metals like molybdenum increase viscosity [I55]. Hence,
the method of manufacture is an important consideration for defining processing
temperature. material is made using vapour deposition with silicon tetra-
chloride as the starting material, which produces a material that has excellent
transmission properties from 400-1100 nm, because of the very low [OH_] and is
designed for the most demanding optical performance applications. On the other hand,
light weight quartz (LWQ) silica material is melted from quartz crystals which have a
variety of impurities including high but is a cheaper alternative to the [F'300HQ)
The specifications of these two materials are shown in Table and Fig. shows the
difference in the viscosity curves of these two materials, with having a lower
viscosity due to the content. For the experiments with silica shown in this thesis,

the cheaper was chosen for initial trials and then once the method was established
the [F300HQ]| was used.

While silica has many advantageous characteristics, the [Ty] of silica (~1150°C) makes
it challenging to use extrusion techniques established for producing preforms from soft

glass or polymer. In 2007, Webb et al. showed that silica [SCEk could be fabricated by

Table 2.3 — Typical properties of electrically fused mineral quartz and synthetic fused silica material [155].

Probert Electrically Synthetic
Operty Fused Quartz Fused Silica

Density (g/cm3) 2.203 2.201
Flexural Strength (MPa) 67 67
Compressive Strength (MPa) 1150 1150
Softening Temperature (°C) 1710 1600
Annealing Temperature (°C) 1220 1100
Max Operating Temperature (°C) 1160 950
Refractive Index (at 589.29 nm) 1.458 1.458
Min Broadband Light Transmission (%,

93 93
10 mm)
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Figure 2.5 — Comparison of synthetic fused silica (I — red), and electrically fused mineral quartz (I — blue)

materials [I55] [157]

using ultrasonic drilling to define the air holes in a solid silica rod, which is then caned

and drawn inside a jacket tube into fibre, using a conventional fibre drawing tower [66].

This method was shown to produce a three hole [SCE] structure, as shown in Fig.

The shape of the holes were manipulated during the draw by applying a vacuum around

the cane, which introduced a pressure differential between the holes inside the cane and

the surrounding air space. Thus, the holes were expanded and the strut length increased

by introducing a pressure differential between the holes inside the cane and the outside

space.

Figure 2.6 — Cross section of silica [SCFl produced by Webb et al. [66]. Inset shows a [SEM]image of the core

area.
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2.2.4 Summary of Materials

Table 2.4] shows a comparison of fibre characteristics using [F2 soft glass, PMMAI poly-
mer, or silica materials for from past research. The ticks and crosses
indicates results from past published [MOF] production showing if the material is suit-
able for; producing exposed-core fibre; mechanical flexibility; reproducible cleaves; harsh
environments, and has relativity low loss suitable for sensing using spectroscopic tech-
niques. Gaps in knowledge are shown by the question marks. This comparison shows
that while polymer [ECFk have been developed by other researchers [135], further work
was still needed to understand if polymer could be used in harsh environments
and would have suitable characteristics in terms of loss or cleaving. Also, while a method
to produce silica was shown by Webb et al. [66], further work was needed to de-
velop silica [ECEk, and characterising these fibres in terms of aircraft fuselage corrosion

sensing and applicability to the harsh environment.

Table 2.4 — Comparison of [MOFEk produced from soft glass, silica and polymer.

. Exposed . Repeatable Harsh Low Loss

Material Core Flexible Cleaving | Environments | 400-800 nm
F2 Schott Glass V x V x V
F300HQ Silica ? X v ? 4
PMMA Polymer | ¢/ v ? ? ?

2.3 Target Fibre Specifications

While developing [ECEFE in potentially a more mechanically or chemically robust material,
such as silica and/or polymer, it is important to understand what core size would be
suitable and fibre loss acceptable for distributed detection of corrosion. Even though
reducing the core size can increase [P [PE] alone cannot be used to optimise fluorescence-
based optical fibre sensors [137]. The following sections describe the distributed sensing
fibre design in terms of [PE] fluorescence capture fraction (ECE]) into guided modes of
the fibre, range, loss, modes, and field distributions. All of these factors needed to be

considered together to analyse the effectiveness of the fibre’s being produced.
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2.3.1 Optical Time-Domain Reflectometry (OTDR]) Fibre Sensor Model

The light propagating in an optical fibre is affected by the fibre attenuation proper-
ties, which is discussed further in Chapter It is important to understand how the
distributed attenuation profile of the fibre affects the power available for based
measurements. The concept of an [OQTDRI] distributed measurement using optical fibre is
based on detecting the backscattered power as a function of the position (z) along the

fibre, which is given by,

. SP(O)G[_ /0 () + o) dz’] "

where,

P;(2) is the power detected at the detector;

S is the fractional part of pulse scattered and guided by the fibre going in the

reverse direction;

P(0) is the initial power of the coupled pulse at z = 0;

o is the position dependent loss coefficient for the backscattered pulse;
o’ is the position dependent loss coefficient for the forward pulse.

The position dependent loss coefficients, o’ and o, are related to the average attenuation

coefficient, o, with,

/: (o/(z') + a"(z')) dz/

o= 2(z — 20) @)

Since the attenuation properties of a fibre can be obtained from power measurements

as,

P
10log; La(z) = Attenuation in [dBm™] (3)

Py(20)

then Egs. , and form the basis for determining what the limit of detection

is for a particular intrinsic fibre attenuation, or what the minimum intrinsic fibre
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attenuation needs to be for some choice of overall sensing length.

The time scale can be converted to propagation distance in the fibre by multiplying
by the phase velocity of the pulse in the core. Hence, it is useful to describe how the
pulse travels along the optical waveguide to understand the fibres dispersion properties.
The basic description is shown here, for a more thorough description one should see

Ref. [158]. Considering the response for an optical pulse having the Gaussian envelope

t\? |
— | — ] +iwpt
tin

is injected into a step index fibre, where wg is a centre angular frequency, ti, is the

of the form,

f{t) = Ae (4)

input pulse width and A is a constant. With Eqgs. and , the pulse waveform at
the detector (gq4(t,z)) after the pulse undergoes a reflection (backscattering) at some

position z 1s,

tq

/ 2
s <(t_52)> Filwot — Boz + On(t, z)]]
ga(t, 2) = 7/7%@ (5)

where,
2 2 2 2
ta=1\[t2 + <tﬁ“z> ;b= [th + (_5”z> (6)
and,
28"z (t—B'2\* 1 1 (2p"=

S(w) in Eq. is the fractional part of the backscattered pulse, and compared to S
in Eq. is also a function which includes any additional distortions induced by the
backscatter event, 3 is the propagation constant, ' = df/dw and 3" = d?3/dw?. In
Eq. , « is the average attenuation coefficient which can also be replaced with the

position dependant loss coefficient from Eq. .

Equations to provide the basis for understanding the distributed sensor not



2 METHODS AND MATERIAL FOR [MOF] CORROSION SENSOR 43

only in terms of the attenuation, but also the fibres dispersive properties. Since the

power P(0) oc [ f(t)dt (from Eq. (), and Py(2) o [ g4(t, z) dt from Eqgs. (1) and (5),
by the constant A, then,

_ Py(2) _ /_oogd(t’Z) @ (8)
Py(20) /OO

gd(t, Z()) de

Attenuation in [dBm™!]
—00

Thus, the one model can be used to optimise different fibre sensing architectures in
terms of attenuation («), dispersion (¢,) and any additional distortions induced by the

backscatter event (S(w)).

The fabrication of a [MOF] with the core exposed along the whole length provides
near-instantaneous measurements of fluorescence intensity while additionally allowing

the opportunity for spatial measurements along the length of the fibre through temporal

detection methods such as [OTDRI [134].

2.3.2 Distributed Sensing: Range vs Loss

The power P at an axial light propagation distance z along a fibre can be written as,
P(z) = Py107i0 (9)

where Py is the initial input power, and « is the average characteristic fibre attenuation
(see Eq. ) in dBm~!. By assuming that both the excitation light propagation and
the fluorescence propagation have the same attenuation, the loss of the fibre can be

determined by fitting a set of measured [OTDR] intensities to the rearranged equation,

oz

logo [P(2)] = T

+ log o[ F0] (10)

where with z = 2L, L is the position along the fibre of an observed [OTDR] intensity.
Equation represents the linear regression line of [OTDR]I intensities.

P(2L) is the fluorescence power expected at the detector from a position L along
the fibre, and P is the fluorescence power expected at the detector from a fibre with

zero length (L = 0). Py is now related to the excitation power by factors assumed to
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be constant, such as excitation coupling efficiency, fluorophore quantum efficiency, and

fluorescence coupling efficiency.

As a function of L, Eq. becomes,

L= 2 logyg (PQL)) (11)

This result can be extrapolated to determine the length of fibre that could be used for
particular characteristic fibre loss,

5 Py
Lax = p logy <Pmm> (12)

With Py, as the minimum detectable peak height required to detect a fluores-
cence signal, and Py/Ppin is the We see from Eq. that the maximum length
for detection is strongly effected by the fibre loss () and weakly effected by the
SNR] Py/Pumin- To show this, Eq. (12 can be rewritten as,

Lpax =ca™! where ¢ = 5log;,(SNR) (13)

and so,
Lmax o' and  10Pmsx oc SNR (14)

Figure shows four plots of Ly.x as a function of «, at of 3, 30, 300 and
3000. These results show that a decrease in fibre loss will increase the practical [OTDRI

1000
100 {

10 §

Max Length (m)
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0.01 0.1 1 10
Loss (dB / m)

Figure 2.7 — Log—Log plot of Lmax as a function of loss (), at signal-to-noise ratios (GNRk) of 3, 30, 300
and 3000 shown in B — red, B — blue, B — green and I — orange respectively.
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detectible length by the same amount. For example, halving the fibre loss doubles
the maximum practical length, and reducing it by an order of magnitude will increase
the practical maximum length by an order of magnitude. On the other hand, orders of
magnitude improvement in the SNR] would be required to double the maximum practical
length. This shows that the majority of gain in practical length can be achieved
by reducing the fibre loss. Nevertheless, it is also beneficial to make any practical
improvements to[SNR], since an improvement in from 3 to 30 will more than double
Lax, whereas the practical difficulty of improving from 30 to 300 might outweigh
the benefits. For example, improving coupling and using better detectors are some easy
and cost effective ways of improving [SNR] and it is possible to enhance SNR]if the noise

is random by averaging the measurement.

2.3.3 Core Size and Power Fraction Relationship

Using the equations described in Ref. [137], a theoretical estimate of [PE] propagating
outside a circular silica core (air suspended rod (ASR]) model), for core diameters rang-
ing from 460 nm to 10 pm was calculated. The excitation and fluorescence wavelengths
used for this study were 375 nm and 516 nm respectively, being the excitation and
fluorescence wavelengths of the B-HQ] complex, and for the region surrounding the silica
core a refractive index of n = 1.33 was used. As a first approximation, the coupled
incident beam waist was set at the same diameter as the core, which is reasonable
for micron scale (> 1 pm) core diameters. The total [PE] that propagates outside the
core, of all propagating modes excited by the incident beam as a function of the core
diameter, is shown by the red curve in Fig. (a). This [PF] curve shows that for core
diameters less than 4 pum the fraction of power available for fluorophore excitation starts
to significantly increase, being 0.3 and 2.1% at 4 and 2 pm diameters respectively. For
core sizes below 1 pm in diameter there is another significant [P increase, where the
calculated values are 2.8 and 17% at 1 pm and 460 nm diameters respectively. The
corresponding [FCEF] is shown by the blue curve in Fig. a). The [ECE| is defined as
the fraction of fluorescent photons that are coupled to the guided mode(s) of the fibre.
Although the total [PE] was used to calculate the [ECE| for simplicity only the [ECE into
the fundamental mode (HE11) of the fibre was considered for the special case of an
attenuation-free fibre of infinite length. This [FCEl curve varies from a minimum of 1.1%

to a maximum of 1.7%.
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Figure 2.8 — (a) [l - Red] Fraction of guided light power propagating outside a silica core as a function of
core diameter assuming Gaussian beam excitation, and [N - Blue] the corresponding
fluorescence capture fraction into the fundamental mode; and (b) the figure of merit as a
combination of both.

The intensity of fluorescence that is measured from the backward propagating modes
of the fibre is the result of both the incident excitation power and the number of
fluorescence photons recaptured. These quantities can be brought together to provide a
better understanding of the overall performance of the sensor as a function of the core
diameter by defining a figure of merit (FEOM])=(PE) - (ECE) [121]. This is shown
in Fig. b), where we observe an order of magnitude increase in sensor performance
between the peaks at 8 and 2 pm, and no significant change in performance from 2 to
1 pm. Another factor, which will influence the [FOM], is the fibre loss, which increases
with smaller core diameters (and therefore greater [PF]) due to the increased scattering
resulting from surface imperfections. More details and characterisation of optical fibre

loss is discussed in Chapter

2.3.4 Field Distribution and Power

While the [FOM] can be used to understand the overall performance of the fibre sensor,
more work is needed to calculate a more accurate [FCEL This is because for many
mode sensing fibres, fluorescence capture is mostly through the higher order modes.
In fact, Warren-Smith et al. show in Ref. [I59] that the contribution of the higher
order modes is such that fluorescence capture efficiency becomes insensitive to core

diameter with an increase in number of modes. This means that larger core diameters,
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with potentially less loss and therefore longer practical [OTDRI] length, could have
the desired [SNRI characteristics to be effective as an optical fibre based sensor for
corrosion. As the effective core diameter is increased the number of modes increases,

hence the fibre design in terms of number of modes and mode distribution were studied.

To show the core size / number of modes relationship, the [ASRI model was used to

calculate the number of modes with:

4v?
M~ 5 (15)
where
V =2n—1/n} —n3 (16)

and a is the core radius.

Figure 2.9 shows these number of modes for core diameters of 0.9375 pm, 1.875 pm,
3.75 ym, and 7.5 pm. To gain an understanding of the amount of power fraction in the
exposed hole of an [ECE, and how this power fraction changes with core size, numer-
ical simulations were performed using full vector finite element method (FEM]) in the
commercial package COMSOL 3.4. This numerical simulation of the field distributions

provides the z-component of the Poynting vector (S, ), from which the power percentage

Number of modes
D
=)

4
Core Diameter (um)

Figure 2.9 — Number of modes in circular optical fibre.
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can be calculated as,

S, dA
P% - 100 . (m) (17)

using trapezoidal rule integration over the domains. For the holes the refractive index
used was ny = 1, the wavelength used was A = 1550 nm at which the silica refractive
index is nj(\) = 1.444. These simulations were done using the cross section image
of a fabricated [ECE shown later in this thesis in Fig. [5.22(a), and scaling down the
geometry in 50% steps to obtain Py for effective core diameters of 7.5 pm (full size),
3.75 nm (half size), 1.875 nm (quarter size), and 0.9375 pm (eighth size). Since the
number of modes able to propagate in these simulated fibres increases with increasing
core size, the number of modes simulated was 12, 12, 6, and 1 for the four core diameters
respectively. The field distribution of S, as well as the power percentage (Pey) is shown on
the following six pages and discussed afterwards. The fibre was found to be single-mode
at 0.9375 nm core diameter (shown in Fig. , and only the mode distributions shown
for the 1.875 pm core diameter (Fig. were found to propagate by the simulation.

This is the same number of modes that were predicted by the [ASR] model shown in

Fig. 2.9

x10” 210" neff_rfwv(1)+1.227975  Surface: Power flow, fime average, 2 component [Wimz) x10"”

9.681% : 5.591%

Figure 2.10 - Distribution of Poynting vector z-component of 0.9375 pm effective core diameter [ECFl from
eighth size [SEM| cross section image. Percentage of power in the exposed hole region for
each mode is shown.
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Figure 2.11 — Distribution of Poynting vector z-component of 1.875 pm effective core diameter [ECFl from
quarter size[SEM] cross section image. (1)—(6) represent the effective refractive index order,
with (1) and (2) being the fundamental mode. Percentage of power in the exposed hole
region for each mode is shown.
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Figure 2.12 — Distribution of Poynting vector z-component of 3.75 pm effective core diameter [ECF] from
half size[SEM] cross section image. (1)—(6) represent the effective refractive index order, with
(1) and (2) being the fundamental mode. The percentage of power in the exposed hole
region for each mode is shown.
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Figure 2.13 — Distribution of Poynting vector z-component of 3.75 pm effective core diameter [ECFl from
half size[SEM] cross section image. (7)—(12) represent the effective refractive index order.
The percentage of power in the exposed hole region for each mode is shown.
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Figure 2.14 — Distribution of Poynting vector z-component of 7.5 pm effective core diameter [ECFl from full
size GEMI cross section image. (1)—(6) represent the effective refractive index order, with (1)
and (2) being the fundamental mode. The percentage of power in the exposed hole region
for each mode is shown.
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Figure 2.15 — Distribution of Poynting vector z-component of 7.5 pm effective core diameter [ECF| from full
size SEM] cross section image. (7)—(12) represent the effective refractive index order. The
percentage of power in the exposed hole region for each mode is shown.
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Figure 2.16 — As a function of the core diameter; (a) the effective refractive indexes plotted in order and,
(b) the percentage of power in the exposed hole region plotted in effective refractive index
order. (1) — (6) refers to modes.

Figure shows a summary of how reducing the core diameter influences both the
effective refractive index (reg) and the percentage of power for the first six modes. These
results show that while the power percentage of the fundamental mode in the exposed
hole increases as the fibre core size is reduced, for larger core diameters this power
percentage increases for higher order modes. Inversely, since the mode overlap with the
hole is relatively larger for higher order modes, the coupling efficiency for fluorescence
capture is also increased for higher order modes. One should also keep in mind that
an excitation light source with a gaussian power distribution cross section will couple

mostly into the fundamental mode of the sensing fibre.

2.3.5 Summary of Target Fibre Specifications

Section demonstrates that the best practical results for an optical fibre sensing ele-
ment could be obtained by a fibre that has low loss. The loss of the fibre will impact
most on the fibre’s practical length. While [PE] improves light overlap with the
sensing environment, that increased overlap can also increase loss due to increased scat-
tering. Therefore, the initial plan was to produce an [ECE] that has a relatively large
core diameter (~10 pm) with relatively low loss for ~100 m practical length
(~0.1 dB/m). Essentially, the core diameter needs to be small enough so that there is
sufficient [PF] to excite sensing molecules at the core surface but not excessively impact
the fibre’s loss. This requires careful balancing. While not done as part of this project,
further theoretical work could potentially be done in the future to find the optimum core

geometry that has the best loss, [PE, and fluorescence capture efficiency ratio.
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Polymer MOF Fabrication

“It is scientific only to say what is more likely and what
less likely, and not to be proving all the time the

possible and impossible.”

— Richard Feynman

This chapter shows the results associated with experiments towards producing a practical
polymer [ECFl As discussed in the previous chapter, polymer has a @ low enough to
make extrusion of structured preforms a possibility. The first part of this chapter shows
the results of experiments related to extruding [PMMA]| billets, followed by polymer fibre

fabrication and cleaving results.

3.1 Extruding Structured Preforms

There is no reliable viscosity curve for polymer, such as for many glasses, hence it is
not possible to look up exactly which settings to use for the extrusion process when
working with polymer. In fact, the viscosity of varies between manufactures
and production methods. Hence, systematic extrusion work with polymer to determine
a viscosity curve was needed. For this purpose a procedure was developed by Ebendorff-
Heidepriem et al. [160], which can provide the required data to plot a provisional

viscosity curve for the used polymer type. In this case the material used was extruded

PMMA|

This procedure for determining the [PMMAI viscosity makes use of the extrusion
machine, which provides a detailed force profile and the extrusion machine furnace can
be set to within +2°C. Typically the extruded diameter, D,.q, is larger than the die exit
diameter, Dgj., and the ratio of the diameters is used as a measure for the die swell,

B = Dyodq/Dgie. The affect of temperature and ram speed on the die swell is given
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as [160],
E
B:a—l—blnF:a—i—b(an—i—RT—i—nlnm) (18)

where F' is the force, vy is the ram speed, n is a measure for the degree of shear thinning,
K is a constant for a specific die geometry (the die constant), T is the absolute die
temperature, F is the activation energy for the flow process, R is the gas constant, and
a and b are linear regression constants for die swell as a function of In F'. Die swell is a
useful measurement which effectively connects the die constant, temperature and ram
speed. From Eq. we expect that the die swell should increase as vg increases, where

at a particular ram speed there is expected to be no die swell.

From Eq. we have the relationship,

E m
n n +RT—|—nnv0 T—l—c (19)

By setting a constant ram speed, whilst stepwise varying the temperature, it is possible
to plot the linear relationship between In F' and inverse temperature shown by Eq.
and determine the slope (m) and intercept (c) from the regression line. A typical force
profile at constant temperature is shown in Fig. [3.1} which shows that time is needed

for steady state applied force as the flow of material through the die reaches a steady

state.
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Figure 3.1 — From [142], a typical force profile of an extrusion trial that produced an [E2] lead-silicate glass
rod of 10 mm diameter from a 30 mm diameter billet using 531°C die temperature and
0.2 mm/min ram speed.
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Figure 3.2 — Viscosity result of PMMAI extrusion, In F' as a function of inverse temperature, by
Ebendorff-Heidepriem et al. [160].

Figure shows an example from Ref. [160] of a plot created using the process

described above which gives,

14566

In(F) = TR] ~ 29-256 (20)

These previous results led to polymer preforms that were visibly smooth, as shown by
Fig. although the final produced from these preforms had very high loss at
10-15 dB/m at visible wavelengths. For the aims of this project it was necessary to
improve on that result by producing a polymer with 1-2 orders of magnitude less
loss. To work out the ideal temperature for extrusion experiments described

here, an initial guess for temperature was taken from from the previous work described

above using Eq. (20)).

Figure 3.3 — Structured preforms extruded at (a) 175°C and (b) 165°C using the same billet size and
material quality. The left end corresponds to the start of extrusion. The two preforms
are shown at the same scale, their outer diameters are (a) 15 mm and (b) 16 mm,
respectively [160]. The die size used was 15 mm.
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3.2 Extrusion of Cast PMMA Material

Since the tensile strength, operating and forming temperatures are higher for clear cast
relative to clear extruded [PMMA] initial thoughts were that this material might
have some useful benefits for [MOTF%, such as the possibility of producing relatively low
loss fibre. Clear rods at 3 cm diameter (density of 1.18 g/cm?) were purchased
from Professional Plastics Pte. Ltd. [Singapore|. These rods were cut into billets of
approximately 32 mm length, ends polished to 1200 grit, sonic cleaned with Methanol
and rinsed of with demineralised water, dried/annealed at 90°C for 135 hrs, then stored
in a nitrogen filled glovebox. These billets were subsequently used for the experiments

described in this section.

From the results described in Ref. [160], an initial attempt was made to produce
an extruded rod using a ©10.2 mm die with temperatures set at 160/160/210°C
(Top/Middle/Bottom). At these parameters the cast [PMMAl material did not extrude,
with the force building up to 10 kN, at which time the experiment was aborted. The
extrusion force profile is shown in Fig. [3.4. The only material that exited the die
was a small amount in the shape of a flower, approximately 2 ¢cm max, as shown in
Fig. [3.5((a). This was found at the exit of the die, but was not attached to the bulk
inside which did not look like it has taken the form of the internal die radius. This
suggested that the material was highly deformed by the high pressure, but did not flow.

Since the forming temperature of cast material is higher than that of extruded material,
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Figure 3.4 — Cast [PMMA] extrusion force plot as function of time at 160/160/210°C (top/middle/bottom)
set temperatures.
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(b)

Figure 3.5 — Die exit material from cast PMMA extrusion attempts at (a) 160°C and (b) 180°C.

it was thought the @ of the cast material may also be higher, hence the extruding

temperature which suits this cast material needed to be found.

The next step was to raise the temperature in 5°C increments with the ram at
constant feed rate and measure the force profiles. Figure shows the force results for
the [PMMA] extrusion at incrementally increased temperatures. The green, blue and
orange curves show the results for 165/165/215°C, 170/170/220°C and 175/175/225°C
(Top/Middle/Bottom) temperatures at 0.2 mm/min ram speed, where the experiment
was aborted above 6 kN. At 180/180/230°C and 0.2 mm/min ram speed, the force
oscillated around 5.5-5 kN for about 7 mm then dropped to around 4 kN and fluctuated

12 7
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Figure 3.6 — Cast extrusion force plot as function of time at (I — green) 165/165/215°C, (I — blue)
170/170/220°C, (K — orange) 175/175/225°C (top/middle/bottom) set temperatures and
0.2 mm/min ram speed. (B — dark red) and (I — red) were done at 0.2 mm/min and
0.05 mm/min respectively with set temperature at 180,/180,/230°C.
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between 3.5-4 kN for a further 6 mm, as shown by the dark red curve in Fig. [3.6] The
ram speed was then changed to 0.05 mm/min for the remainder of the billet, shown by

the red curve.

The resulting extrusion was extremely rough and fractured, with the shape of a dried
tree branch and bark, as shown by Fig. B.5|(b) and Figs. 3.7(a)—~(b). The material at
the inlet of the die also looked extremely fractured, as shown by Fig. c). Using
the force and temperature results from Fig. and Eq. as a starting point, then
for T'= 180°C = 453.15K, In(F) = 2.88. Therefore, using F' = 4 kN at 180°C with
0.2 mm/min from the result shown in Fig. m Eq. becomes,

14566
In(4000[N]) = 8.29405 = 2. = ——— —29.2
n(4000[N]) 8.29405 88788 4+ a 153.15[K] 9.256 + a
therefore for the cast [PMMA| material,
1
In(F) = 14566 ——= — 23.8498 (21)

TIK]

For F =1 kN, Eq. predicts that T" = 200°C. Hence, a series five temperatures at
5°C increments in the range of 190-210°C was chosen for the next extrusion experiment.
A program for the extrusion machine was created to extrude a 70 mm long billet of the

new PMMA material in five even extrusion lengths, where the temperature was allowed

(b)

Figure 3.7 — ((a) and (b)) Die exit material and (c) die entry material from cast PMMA extrusion attempt
at 180°C.
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to stabilise for 30 mins between each step. During the stabilisation the ram was held at

a constant force of 50 N.

The blue line in Fig. [3.8(a) shows the force results, with the temperature for each
step in the series shown in orange. The 190°C result did not show any steady state of
the force curve, which might have been due to the die filling. Also, something seemed
to have gone wrong with the result at 210°C, for which the cause was unknown. At
the other three temperatures, 195-205°C, the force curve increases to a maximum then
begins to level off with some fluctuations. For these three temperatures, the mean force
across the levelling off area was calculated, as shown in red. The viscosity curve using
these three temperatures is shown in Fig. 3.8(b). This viscosity curve showed that for a

target force of 1 kN, 235°C would be required, from the formula,

6117.1
In(F) = TIK]

—5.1211 (22)

As was the case with the 160-180°C experiment, the extruded material from the
190-210°C experiments was also badly deformed and bark like in appearance. There
was some material left in the die, shown in Fig. [3.9(a), which was dissected in half and
the cross sectional faces polished, as shown in Fig. 3.9(b). Figure [3.9(a) shows that
most of the material had expanded to fill out the sleeve, however there are still some

areas which could expand further. In Fig. [3.9|(b) it is possible to see why the extruded
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Figure 3.8 — (a) Series of force curves and (b) viscosity result (In F') as a function of inverse temperature
for cast PMMAI extrusion from 190-210°C at 0.2 mm/min extrusion speed.
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(a) (b)

Figure 3.9 — (a) Remaining PMMA material in extrusion die. (b) Cross section of the material from the
extrusion die.

material looks so rough, since the polymer is fracturing in the area around the ¥10 mm

die outlet, through which it is being forced.

The viscosity experiment was done again with the temperature range of 225-245°C,
the results for which are in Fig. [3.10[(a), which showed that a 1 kN was generated at
around 245°C instead of 235°C as expected. It was also found that the program needed to
be changed to hold the ram at constant position instead of constant pressure, since the
ram was being pushed back up 10-12 mm at the holding force of 50 N. This is probably

also the reason that the previous result at 210°C failed (Fig. [3.8]). The viscosity curve
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Figure 3.10 — (a) Series of force curves and (b) viscosity result (In(F)) as a function of inverse temperature
for cast PMMA extrusion from 225-245°C at 0.2 mm/min extrusion speed.
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Figure 3.11 — Combined plot of viscosity curves from Figs. and

from these results is shown in Fig. |3.10(b) which indicates that 244°C is needed for a

1 kN extruding force at the 0.2 mm/min rate, given by,

In(F) = ;2;{5] ~10.959 (23)

The viscosity curve for the 225-245°C experiment, together with the viscosity curve for
the 195-205°C experiment is shown in Fig. [3.11] This difference in the viscosity curves
of the two experiments was not expected, since there should be a linear correlation
between all of these points. The extruded material from the 225-245°C experiments was
also badly deformed and bark like in appearance, as shown in Fig. One possible
reason why the extrusion viscosity curves from the two experiments were different could

be related to the fracturing occurring in the area around the 10 mm die outlet, through

which it is being forced, as shown in Fig. [3.9

Figure 3.12 — Die exit material from cast PMMA extrusion force flow analysis (225-245°C).



64 3 POLYMER MOF FABRICATION

3.2.1 Deformation Experiments of Cast PMMA Material

To provide some additional understanding towards the cast extrusion tempera-
ture, softening experiments were performed at a range of temperatures to determine at
which temperature the polymer shows deformation. Five millimetre thick coins of @5cm
cast [PMMA] billet were used with a support on two sides, leaving a 38 mm spacing so
that the material could sag in the centre (shown in Fig. [3.13[a)). Since the viscosity
curve from the extrusion experiment showed that the temperature required should be
235°C, and the target of 1 kN force was reached at 245°C, the starting temperature of
240°C for the softening experiment was selected. At this temperature, deflection of the
polymer coin along with considerable blistering at the material surfaces was observed,
as shown in Fig. [3.13(h). The amount of deflection was still much less than expected
for an extrusion temperature, therefore the temperature was increased to 250°C, where
the deflection increased (shown in Fig. [3.13(i)) and the blistering was much worse. This
surface blistering, as shown in Fig. seemed to be the limiting factor which needed

to be better understood, so another experiment at lower temperatures was restarted.

A new bmm thick piece of material was setup as before, and the softening experiment
was started from 165°C and increased in 10°C increments, as shown in Fig. [3.13] These
observations showed that there was only a slight deflection for this temperature range,
although no blistering was visible during the experiment. The material was then left

in the furnace at 200°C for 1.5 hrs, at which time the material had again blistered at

(a) 25°C (b) 165°C | (c) 175°C

(d) 185°C (e) 195°C (f) 205°C

(g) 215°C (h) 240°C (i) 250°C

Figure 3.13 — Softening experiment of cast PMMA| material.
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Figure 3.14 — Blistering of PMMA at 250°C.

the surface. The reason for the blistering is not known at this stage, although it seems
that something in the material was evaporating and causing thin layers to separate
from the bulk material at the surface. This might be due to the material not being
dried properly (at 95°C for 96 hrs) before storage in the nitrogen filled glovebox. Hence,
subsequent experiments were performed to find a temperature > 95°C at which the
material could be dried without blistering. It was found that this cast material
had surface blistering after 16 hrs at 175°C, however did not show any signs of surface
blistering at 150°C. After leaving the 5 mm thick coin to dry for 24 hrs at 150°C,
the temperature was raised back up to 175°C, where no signs of blistering was no-

ticed after 1hr, however after 16hrs the material was again significantly surface blistered.

While there might be a way to extrude cast [PMMA] these experiments were not con-
tinued as part of this project as the challenges involved outweighed the possible benefit
towards the project aims. The next step in understanding what might be causing the
surface blistering is to do differential scanning calorimetry (DSC]) measurements using
the simultaneous thermal analyser (STA)) to determine the materials thermal properties
and measure the amount of mass loss with temperature. A simultaneous X-ray photo-
electron spectrometry (XPS)) and or a residual gas analyser (RGA]) could be used
to examine the composition of the gases leaving the material when it is heated to de-
termine what might be causing the blistering. Another possible approach to producing
cast and [ECFE5 is to drill the polymer billet rather than using extrusion
techniques [61].
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3.3 Extrusion of Extruded [PMMA| material
3.3.1 Thick Wall Extrusion

As described in Sec. the typical method for producing relatively smaller core
is to use a cane-in-jacket two step process. To attempt to make an extrusion that
could be used for drawing relatively small core in one step, removing the need
to produce a cane, a so called ‘thick wall’ extrusion die was fabricated as shown in
Fig. Experiments were conducted to attempt to produce preforms with the
thick wall extrusion die using extruded billets.

A @5 cm extruded billet taken from the storage cabinet and dried at 95°C
for 65 hrs prior to the extrusion process. With Ny, Di, and L; being the number,
diameter and length of the die holes respectively, the die constant described in Eq.
was calculated as [142],

128L
K= 7TN1Dl‘11 where K = 0.29, with
N1 =570, D; = 1.0 mm, L; = 4 mm (24)

which is similar to two step process dies; i.e. 10/2 jacket (K = 0.2) or [SCE] thin wall

(a) (b)

Figure 3.15 — Thick wall suspended-core extrusion die.
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(K = 0.4) extrusion dies [142]. Hence, since a feed rate of 0.05 mm/min was used in
Sec. for the jacket or thin wall extrusions from @3 cm billets, 0.018 mm/min was
chosen for the @5 cm billet being used for the thick wall die. Based on other polymer
extrusion work [160] it was decided to start with top and mid zone temperatures at

160°C and the bottom zone set to 210°C.

The extrusion produced with this thick wall die was straight, however the outside
surface finish was extremely rough with a fine bark type finish, as shown in Fig. [3.16
Figure b) shows the end, where the first 16 mm had a smooth outer surface with
a great deal of bubbles trapped within the fused thick wall. After this initial smooth

section, the outside face of the extrusion wall was rough, as can be seen in Fig. a).

A cross section was cut 38 mm from the end, which is shown in Figs. B.17(a)-(b),
were a plume of gas bubbles were visible close to the extrusion outside surface. Several
more sections were cut and it was found that Fig. [3.17]is typical with respect to a steady
stream of bubbles which follows the extrusion length within the first few millimetres of
the surface. The core, shown in Fig. 3.17(b), started to form at 38 mm from the end
and looked continuous for the remainder of the extrusion length, although the struts

had a slight rough speckled appearance.

The section closer to the end of the extrusion was further examined, where

(b)

Figure 3.16 — Images of the outer surface finish of the PMMA thick wall extrusion (a) side and (b) start.
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(a) (b)

Figure 3.17 — Cross sections of thick wall extrusion showing (a) bubbles under surface and (b) the well
formed core.

Fig. a) shows a close-up. This closeup shows the bubbles are starting at the outside
edge sections of the die. The majority of these bubbles are going to the surface and the

remainder remained in the region close to the surface, as was seen in the section closer

to the start of the extrusion (Fig. [3.17]).

To better see what was going on at the die exit, a section of the material as seen in
Fig. a) was cut down to the die. It can be seen from Fig. b) that the majority
of the bubbles originated from the outside edge of the die and swirl towards the core,

and a continuous thinning line also formed within the material at the remaining die

Figure 3.18 — Thick wall extruded material close to die exit (a) cross section and (b) longitudinal section.
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(a) (b)

Figure 3.19 — Cross sections of thick wall extrusion showing areas (a) with gas plume close to core area and
(b) without gas plume.

holes. When looking through the extrusion with backlight, there was an appearance
of darker and lighter sections periodically alternating along its length, although the
distances between these areas was not uniform. A section taken through the middle
of one of these dark areas, as shown in Fig. a), revealed a plume of bubbles
surrounding the core. Another section through one of the lighter areas, as shown in

Fig. b), showed no bubbles in this area.

Figure[3:20[shows a plot of the force as a function of travel for the thick wall extrusion.
The peak at the start is unusual, and further work is needed to better understand what
occurs as the material flows through the die. This could be done in the future by

comparing the extrusion cross section profile with the force plot in the travel domain.
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Figure 3.20 — Thick wall extrusion force plot as function of travel.
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3.3.2 Thin Wall Extrusion

To create an initial practical [PMMAI fibre for characterisation purposes, a structured
thin wall extrusion and 10/2 jacket (i.e. outer diameter measures ~ (#)10 mm
and the inner diameter measures ~ ()2 mm) were produced for drawing down to fibre
using the cane-in-jacket method. The material used for both the thin wall and
sleeve extrusions was )3 cm billet taken from the nitrogen glovebox. In the case of
the thin wall extrusion, the temperatures where set at 170°C for the top and
mid zones and at 220°C for the bottom zone, whereas for the sleeve the temperatures
were set at 165°C for the top and mid zones and at 215°C for the bottom zone. These
temperatures were previously successful for the production of in 2007 [160].

Figure shows the profiles obtained from the extrusions, where the outside and
inside faces of the thin wall extrusion was rough although the core looked to have
a smooth outer surface. Also, the struts looked straight with a clear smooth finish,
without any buckling. Subsequently, the outside surface of the thin wall extrusion
was polished prior to caning, which was found to work well for the bare fibre extrusion
previously produced and drawn to fibre. Similarly, the surface finish of the sleeve was
rough, and gas bubbles close to the inner diameter were noticed along the length of the

extrusion, as shown in Fig. Comparing this extrusion result, shown in Fig. [3.23

() (b)

Figure 3.21 — (a) PMMA suspended-core thin wall extrusion profile and surface finish; and (b) PMMA
Sleeve produced using a 10/2 (ratio) die. The outer diameter measures ~ (»10 mm and the
inner diameter measures ~ @2 mm.
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Figure 3.22 — The 10/2 PMMA sleeve with air bubbles along the length, near the inner diameter.

with the work published in 2007 (Fig. , there was additional roughness associated
with this recent attempt and the bubbling effect in the sleeve was unexpected. This

result also had much more tapering than the results obtained in 2007.

3.3.3 PMMA Suspended-Core [MOF (SCEJ)

Experiments were done to better understand the draw tower temperature profile related
to the polymer caning and fibre draw process, which the viscosity of the polymer depends
on. This is because drawing tower furnaces do not exhibit a constant temperature but
an axial temperature gradient/profile [161} [162]. This means that the polymer viscosity
varies with the temperature gradient/profile within the furnace [163], preform size and
the feed rate. Figure [3.24fa) shows an example of the temperature profile in the draw
tower furnace used for the polymer fibre work. This temperature profiling was done for

soft glass, and so is at a higher temperature than is used for polymer fibre drawing.

Figure 3.23 — PMMA thin wall extrusion length and diameter measurements.
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Figure 3.24 — (a) Temperature profiles measured inside soft glass tower furnace at (I — blue) 750°C, (I -

green) 855°C, and (I — orange) 1000°C furnace temperatures. (b) Plot and linear fit of peak
measured temperatures as a function of set temperatures. The distance inside furnace was
measured from the top of the furnace outer casing.

From these profiles, the peak temperatures are shown in Fig. b) as a function of

the temperature measured by the draw tower temperature sensors which shows that the

actual temperature of the polymer would be lower than the measured temperature on

the tower, where the offset is linear.

The first step towards producing the polymer[SCEF|was to cane the thin wall extrusion

so that the structure could be placed inside the jacket to draw down to fibre. The result

of the cane produced is shown in Fig.[3.25] The burrs visible on the inside of the structure

are only at the surface, and arise from the polishing technique used to create a plane

Figure 3.25 — PMMA cane from thin wall preform.
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surface for the image. The final cane geometry remained approximately the same as
the thin wall extrusion, although reduced to 1.7 mm which could be inserted into the
jacket. The PMMAISCE was drawn to ¥340-400 pm. Images of the final fibre produced

are shown in the next section which discussed cleaving experiments.

3.4 PMMA Fibre Cleaving

One of the main challenges with respect to polymer fibres is being able to produce a qual-
ity cleave with reproducibility. Quality cleaves are important to check the fibre structure
during drawing, as well as being able to couple light into the core for characterisation
measurements and sensing applications. In the case of glass, the crack cleaving method
is used since the glass is brittle. Polymer is different to glass since it is elastic and mal-
leable, stretching under load, which means it needs to be cut. The published method
which is shown to have the best cleaving results for [POFk is hot cleaving [164]. It has
also been shown [165] that a [Vl laser cleaving method produces excellent results when
used with porous polymer fibre structures. Another method which has been discussed
but discounted in several papers, is to cool the fibre before cleaving. Therefore, hot,
laser, and cold cleaving methods where tried and compared to find a suitable method

for the PMMAISCE] produced.

Figure 3.26 — Hot cleave setup. The hotplate was used to heat the lower teflon block and blade, and the
upper teflon block was preheated in the oven.
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3.4.1 Polymer Hot Cleaving

The initial setup for the hot cleaving attempt is shown in Fig. [3.26] where a standard
V-sharpened razor blade was used. A hot plate was used to heat the lower teflon block
and blade, and the upper teflon block was preheated in an oven. The fibre was placed
in the slot of heated teflon block, and left for 1 min so the fibre reached the same
temperature as the blocks before slowly moving blade down through fibre. Attempts
were made at cleaving using this setup at both ~80°C and ~100°C, the results for which
are shown by Fig. (a) and Fig. [3.27|(b) respectively. These results show that the
overall cleave quality achieved using this method was extremely poor, with a great deal
of distortion to the fibre geometry. An increase in temperature (120°C) was tried, the
result of which is shown in Fig. While this result was better, there was still a lot

of distortion of the fibre geometry.

The distortion of the fibre suggested that the material was being squashed by the
blade, so the blade was chisel sharpened at a small angle to try to avoid distortion to
the fibre geometry. This new blade is shown in Fig. [3.29(a). This chisel sharpened blade
design did produce better results, where the overall fibre geometry is reasonably well
maintained, shown in Fig. [3.29(b). However, when the fibre core area was examined

with transmission, shown in Fig. [3.29(c), it is evident that the core area is multifaceted

(b)

Figure 3.27 — Hot cleaves using V-ground sharpened blade, where; (a) At ~80°C, fibre placed in slot of
teflon block, waited 1 min before slowly moving blade down through fibre; and (b) the same
method tried at ~100°C.
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(b)

Figure 3.28 — Hot cleave at 120°C using V-ground sharpened blade, where (a) shows the overall result and
(b) shows a closeup of the fibre core area.

rather than the required single plane for optimum coupling and transmission conditions.
This multifaceted cleave at the core, will cause the light to scatter and therefore reduce

coupling efficiency.

This result using a chisel sharpened blade suggested that the best quality in cleaving
fibre might be achieved by hot cleaving with a extremely small angle chisel
sharpened blade, however the tip of steel blades tend to roll over at very small angles,
causing a blunt leading edge. Therefore, a ceramic blade chisel sharpened to ~ 1° was
tried. Unfortunately, the tip of this ceramic blade reached a minimum of about 10 pm

after which it could not be further sharped due to the material being brittle. The

(a)

Figure 3.29 — Hot cleaving attempt at ~80°C with chisel sharpened blade, where; (a) shows the new blade
geometry created; (b) shows the overall cleave quality, and (c) shows the core area in
transmission.
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resulting cleave was much rougher than that produced by a steel blade sharped at a 12°

angle.

3.4.2 Laser Cleaving

Laser cleaving experiments were attempted using a high power laser at 532 nm. The
results, shown in Figs. m(a)f(c), were very poor quality since the absorption of polymer

caused the surrounding material to also melt and ablate, thus distorting the structure.

(a) (b)

Figure 3.30 — Laser cleaving attempts using 532 nm, where; (a) shows the polymer fibre partially cut; (b)
shows a hole cut through the polymer fibre; and (c) shows the overall cleave quality using a
laser

3.4.3 Polymer Cold Cleaving

For an initial attempt at cold cleaving, the fibre, chisel sharpened blade and teflon
block were placed in liquid nitrogen and cooled for 3 mins to ~70K. The blade was
then used to cut through the cooled fibre. The overall cleave quality and core area
in transmission of the cleaved end of the fibre are shown in Figs. [3.31fa) and [3.31|(b)
receptively. Although focusing and imaging the whole end of the fibre was difficult, this

cleaving method produced a reasonable result at the core which looks to be in one plane.

In another method, the fibre was first scored with a blade, then placed in liquid
nitrogen for 3 mins, then removed from the liquid nitrogen and snapped off at the score
location. This cleaving method consistently produced the best results with respect to

the core being in one plane. Figures|3.32(a) and [3.32(b) show the overall cleave quality
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(b)

Figure 3.31 — Cold cleave (~70K) of PMMA by placing fibre in slot of teflon block, cooled for 3 mins with
chisel sharpened blade which was then used to cut through the cooled fibre. (a) Shows the
overall cleave quality and (b) shows the core area in transmission.

(a) (b)

Figure 3.32 — Cold cleaving attempts at ~70K, where the fibre was firstly scored with a blade, placed in
the liquid nitrogen for 3 minutes then snapped at the score location; (a) shows the overall
result; and (b) shows a closeup of the core in transmission.

and a close-up of the core area respectively. The main concern was that the outer solid
region was not in a single plane. The differences in height of the outside area caused
most of this area to be out of focus so the hole structure around the core is not visible

in this image, however were not collapsed.

3.4.4 Summary of Cleaving Results

Table [3.1] shows a summary of the cleaving attempts which shows that the best cleaving
result was achieved when using cold cleave score and snap method. Characterisation of

the fibre is shown in Chapter [f]
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Table 3.1 — Summary of PMMAICE] cleaving results

Type Method Result
(I—;((;EC) V-ground sharpened blade
<If§§oc> V-ground sharpened blade
(3&0) V-ground sharpened blade
(I;Igg"tc) chisel sharpened blade
Laser 532 nm
((3703?0 chisel sharpened blade
Cold

(T0K)

score and snap
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3.5 Summary and Conclusions

This chapter has shown the results towards producing a practical polymer fibre for
corrosion sensing. For the aims of this project, it was necessary to show that with
orders of magnitude less loss than previous published results [I60] could be fabricated.
It was thought that using cast [PMMAI might be a way to achieve this lower loss target,
since the tensile strength, operating and forming temperatures are higher for cast
relative to extruded PMMAl While the cast polymer had a [Tg] low enough to
make extrusion of structured preforms a possibility, a suitable viscosity for extruding
cast [PMMA] could not be found. Future work attempting to extrude cast could
involve and [STA] measurements to get a better understanding of the materials
thermal properties, or drilling the cast material to produce a preform for drawing

could be a less challenging option.

An attempt was shown to produce relatively smaller core size by a one step
process using extruded material. Instead of the typical cane-in-jacket approach,
the process involved using a ‘thick wall” extrusion die. While an extrusion was produced,
the surface finish of the extrusion was extremely rough due to small bubbles that were
formed and trapped during the process. This roughness makes the extrusion unsuitable
for optical fibre production as rough surfaces cause transmission loss, and further work
is needed to gain an understanding of what is occurring to cause bubbles as the material
flows through the die. Extrusions for an using the typical two step cane-in-jacket
approach were also produced from extruded [PMMA| material, and successfully drawn

to fibre.

Several different cleaving methods were attempted to find a technique that produces a
quality cleave reproducibly. These included hot, laser, and cold cleaving methods. While
reasonable results were achievable with hot cleaving, the best result was found to be the
cold (70 K) score and snap cleaving. This cold cleaving method produced consistent
results with respect to the core being in one plane, which is important for maximis-
ing coupling into the fibre. Further characterisation of the [PMMAISCE] transmission

properties are shown in Chapter
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Silica MOF Fabrication

“Fach problem that I solved became a rule, which

served afterwards to solve other problems.”

— René Descartes

The production of and [ECF5 in silica has many inherent advantages as well as
challenges. A way to predict the draw process parameters was needed to provide insight
into the nature of the process, which is especially useful when preform lengths are
relatively short such as those produced by the drilling process, the length of which are
limited by the drill length. The advantages of having analytic equations for the fibre
draw process are these equations allow prediction of processing parameters such as
temperature and pressure to achieve desired final [MOF] geometries. This avoids the need
for systematic scanning of drawing parameters such as temperature and pressure during
the fibre draw. Given that each time the drawing conditions are changed it takes time

for the draw process to stabilise, which reduces the fibre yield possible from the preform.

Models describing the draw process of MOFk has already been done by several stud-
ies [I66HI69]. Instead of repeating such descriptions, this chapter shows how the an-
alytical model provided by Fitt et al. [140] can be used to predict suitable fibre draw
conditions when applied to multi-hole [MOF] geometries. This model, describing the
process of a single axisymmetric hole fibre, was shown to give excellent agreement to a
range of capillary drawing experiments, providing practical guidelines useful in design
and control of capillary fabrication [140l 161} 170]. The results shown here provide ex-
perimental validation of the ability for the Fitt model to predict the parameters needed
for fabrication of symmetric and asymmetric multi-hole fibre structures. In particular,
this chapter shows the predictive nature of this model when applied to fabrication of
three hole symmetric [SCEE, such as that shown by Webb et al. [66], and leads to the
first two hole asymmetric silica [ECFk [1].
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4.1 Silica Fibre Preforms

For fabrication of silica [MOFk described in this chapter, the ultrasonic drilling method
to produce preforms was used. Drilling was chosen since it has been demonstrated to
be a relatively simple method to create three hole structures [66] compared to the more
widely used stacking method, and after cleaning the surface quality is satisfactory to
produce fibres with relatively low losses [I71]. Examples of drilled preforms produced as
part of this project are shown in Fig. which were 100 mm long. For such relatively
short preforms a hollow handle (~60 c¢cm long) was welded to the preform. This handle
is used to ensure the drive mechanism for feeding the preform is kept well away from
the high temperatures of the furnace. The holes of the preform were pressurised by
attaching the top of the handle to the nitrogen supplied pressure system controlled by
the furnace. To create this type of arrangement, the preform or sleeve (Fig. 4.2{d))
was first welded to the hollow handle (Fig. 4.2(a)) and a solid silica drop-off weight
(Fig. e)). This drop-off weight is used in the initial stages of setting up the fibre

draw, to form a neck down of the preform to fibre.

For the two step process (cane-in-jacket method), sufficiently long enough cane was

(b) (©)

Figure 4.1 — Images of (a) 3 preforms drilled will different size holes, (b) cross section of 100 mm long,
(P12 mm diameter silica rod drilled with three @4.2 mm holes, and (c) cross section of
100 mm long, @12 mm diameter silica rod drilled with three ©¥2.9 mm holes.

Figure 4.2 — Handle setup for silica [MOF] draw process, made up of (a) a hollow silica tube which is (b)
tapered at the top to suit the gas pressure attachment and attached to the (d) structured
preform and (e) drop-off weight. (c) Pressure relief or active vacuum fitting.



4 SILICA MOF FABRICATION 83

Figure 4.3 — Closeup of cane sealed into handle.

inserted into the handle and sleeve. The gap between the outside of the cane and wall
of the handle was then sealed at the top of the handle using high temperature sealing
putty (Resbond 907GF) capable of withstanding upto 1300°C (Fig. [1.2(b)), a closeup of
which is shown in Fig. This setup ensures that the pressure applied at the top of the
handle inflates the cane while allowing the gas in the gap between the cane and sleeve
to escape. To ensure that the pressure in the handle did not buildup, a relief fitting
was also welded into the side (Fig. 4.2(c)) which could have been attached to vacuum;

although vacuum was not used in the experiments.

4.2 Practical Understanding of the Draw Process

When fabricating structured optical fibres it is important to control the size and shape
of the hole structure in a finished This is because when the [MOF is drawn down
to the typical 100-250 pm diameter from the typically 10-25 mm diameter preform, the
structure experiences substantial external deformation under draw tension. A range of

deformation patterns compared to the initial preform structure can occur:

e hole collapse: the holes are partially or totally closed;

e hole expansion: the hole diameter is increased relative to fibre outer diameter;

and

e hole shape changes: originally circular hole may become non-circular.

Such deformations may lead to favourable or disadvantageous alteration of the fibre’s

optical properties. The extensive range of possibilities means that to fabricate [MOFk
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in an efficient manner, it is essential that these draw conditions can be predicted
accurately. Hence, the first step was to find the parameters needed to control the

structure during the draw process and achieve the target structure.

To understand how the draw parameters affect the hole structure of the fibre,
systematic experiments were performed. These experiments involved varying the
temperature (material viscosity) or internal hole pressure parameters while keeping the
others constant during the draw process. The method used to create the preforms was to
ultrasonically drill solid silica rod to define the air holes. These first set of experiments
were done using to avoid using up high grade material during the initial stages.
After drilling, these preforms were etched for 15 minutes in a buffered hydrofluoric
acid (BHE) solution, 6 volumes of ammonium fluoride 40% solution — 1 volume
of hydrofluoric acid (HE]). This solution is commonly used in the electronics industry
for etching silica wafers, due to its well known etch rate of 100-250 nm/min. The
resulting reaction with the silica is SiOy 4+ 6 HF —— H,SiFg + HyO, where the H,SiFyg
dissolves into the [BHE] solution.

A 6 m fibre drawing tower, with a temperature range of 1800-2200°C, was used
to draw the preforms to fibre. The preform used for these initial experiments, shown
in Fig. c), was made using 10 cm long ¥12 mm silica rods, drilled with three
¥2.9 mm holes, where the centres of the holes form an equilateral triangle with a
0.3 mm web between them. A series of fibres were produced at varying internal hole
pressures (po) from 100 to 1600 Pa at fixed furnace temperature (2020°C), feed rate
(W; = 1.5 mm/min), and outer fibre diameter (hy = 220 pm) which was maintained by
setting the draw tower draw speed (W,) to automatically maintain the outer diameter.
The pressure was then initially set to 100 Pa for the first 16 mm of preform, then raised
to 200, 400, 800, 1600 and 3200 Pa for subsequent 16 mm preform lengths. The fibre
lengths for each segment ranged from 40-45 m with a total of 257 m drawn. Except
for the 3.2 kPa segment where the pressure was too high and so continued to expand
uncontrollably, the pressure and draw speed settled to become approximately steady
within 8 mm of preform and remained steady up until the pressure was changed for the
next segment. The images shown in Fig. were taken from the end of each of these
segments. These results showed that the initial preform geometry is kept relatively

constant (internal holes remain circular) at ~800 Pa (equilibrium pressure). Below



4 SILICA MOF FABRICATION 85

and above this 800 Pa equilibrium pressure the geometry shows hole collapse and hole

expansion respectively.

To understand if a change to the fibre diameter significantly effected the size and
shape of the hole geometry, another pressure series of fibres with outer diameter (hy) at
160 pm was produced using For this pressure series, the internal holes pressures
were varied from 200 to 2000 Pa, while the same temperature and feed rates (2020°C,
Wy = 1.5 mm/min) were used. As done previously, the pressures where raised from
200 Pa to 400, 800, 1200, 1600 and 2000 Pa in 16 mm reform length increments.
The images shown in Fig. were taken from the end of each of these segments.
These results also showed that the initial preform geometry is kept relatively constant
(internal holes remain circular) at ~800 Pa, with hole collapse and hole expansion
above and below this equilibrium pressure respectively. This indicated that the change
from 220 pm to 160 pm external fibre diameter did not significantly alter the effect that

internal hole pressure has on the size and shape of hole geometry.

With success of the above pressure series experiments using the low quality [LIWQ)
material, the next step was to perform experiments to understand the draw process

using high quality silica which is more suitable for fabricating the exposed-core corrosion

[EXIT]

(a) 100Pa (b) 200Pa (c) 400 Pa (d) 800Pa (e) 1.6kPa

Figure 4.4 — Microscope images of [SCFE| pressure series cross sections, drawn to outside diameter of 220 pm
using feed rate of 1.5 mm/min, and furnace temperature of 2020°C, using [[WQ]

/,

)

\N

e

(a) 200Pa (b) 400 Pa (c) 00 Pa (d) 1.2kPa (e) 1.6kPa (f) 2kPa

Figure 4.5 — Microscope images of [SCF| pressure series cross sections, drawn to outside diameter of 160 pm
using feed rate of 1.5 mm/min, and furnace temperature of 2020°C, using
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sensing fibre. High purity fused silica (Heraeus Quarzglas GmbH & Co.KG)
was chosen for this purpose. The first step was to replicate the previous pressure
series results by using the higher grade material, and then produce a series of fibres with
varying temperature while keeping the other parameters constant. For this purpose, the
preforms were produced using the drilling technique in the same way as was done in the
previous set of experiments, shown in Fig. u(c) Since the temperature dependance of
viscosity for the two materials is different, the preform was first heated to 1920°C and
slowly raised in 10°C increments until the tension of the ‘drop-off’ was similar to the

drop. This occurred at 2000°C.

A series of fibres were produced at varying internal hole pressures (pg) from 200
to 2000 Pa at fixed furnace temperature (2000°C), feed rate (W; = 1.5 mm/min),
and outer fibre diameter (hy = 160 nm) which was maintained by setting the draw
tower draw speed (W) to automatically maintain the outer diameter. The pressure
was initially set to 200 Pa then raised to 400, 800, 1200, 1600, and 2000 Pa in 16 mm
preform length intervals. At 2000 Pa the fibre continued to expand uncontrollably,
which could be seen by the draw speed increasing, and the experiment was stopped. The

results of this pressure series, produced using [F300HQ)] material, is shown in Fig. [£.6]

As was the case for the pressure series produced using material, these results

(a) 200 Pa (b) 400 Pa (c) 800Pa (d) 1.2kPa (e) 1.6kPa

(f) 2kPa
Figure 4.6 — Microscope images of [SCF] pressure series cross sections, drawn to outside diameter of 160 pm
using feed rate of 1.5 mm/min, and furnace temperature of 2000°C, using [F300HQ]

St
(a) 1920°C (b) 1960°C (c) 2000°C (d) 2040°C (e) 2080°C

Figure 4.7 — Microscope images of [SCH| temperature series cross sections, drawn to outside diameter of
160 pm using feed rate of 1.5 mm/min, and hole pressure at 1.2 kPa,using
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also show that the initial preform geometry is kept relatively constant (internal holes
remain circular) at ~800 Pa, with hole collapse and hole expansion below and above
this equilibrium pressure respectively. This is an indication that the material viscosities

during the draw process of these fibres produced from [LWQ)] and [F300HQ] materials were

similar, since the deformation of the holes is also related to the viscosity of the material.

To understand how the holes deform with varying viscosity, a temperature series
was produced from 1920°C to 2080°C in 40°C increments. This ensured that the result
could be compared to the same set of parameters used during the pressure series at
2000°C. In this case the pressure was kept constant at 1.2 kPa. As with the pressure
series, the feed rate (IW; = 1.5 mm/min) and outer fibre diameter (hy = 160 pm) were
also kept constant. The results of this temperature series are depicted in Fig. [4.7, which
shows that the initial preform geometry is kept relatively constant (internal holes remain
circular) somewhere between 1920°C and 1940°C, with hole collapse and hole expansion
above and below this temperature respectively. Also, as was expected, the geometry of
the fibre drawn at 2000°C during the temperature series was similar to the fibre drawn
at 1.2 kPa during the pressure series, since all the parameters at these points were the

same.

4.3 Simplified Model of the Draw Process: The Fitt Model

In theory, the set of Navier-Stokes coupled differential equations can be used to describe
the neck down region viscous fluid flow of the [MOF] draw process to model the shape of
the final expected fibre geometry [166] [167]. These equations describe how the velocity,
pressure, temperature, and density of a moving fluid are related, as well as how these
quantities are transferred inside the physical system due to diffusion and convection.
Solving these equations for [MOF] production becomes a computationally intensive
numerical problem due to the large set of parameters involved in the fibre draw process.
To overcome this, suitable approximations and generalisations have been studied to

develop useful draw process predictive models [168].

In 2002, starting from the Navier-Stokes and convection-diffusion equations, Fitt et
al. [140] derived and experimentally validated a general model describing the draw

process of a capillary (Fitt model), which is capable of including the effects of internal
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hole pressurisation, surface tension and all of the other effects useful for predicting the
draw process. The Fitt model assumes that viscosity alone is a function of temperature,
ignoring some of the weak dependance [I72] that temperature has on physical quantities
such as material density, surface tension, thermal conductivity and specific heat, since
the material viscosity typically varies by orders of magnitude over a relatively modest
temperature range. Also, although the Fitt model accounts for physical effects such as
diffusive and convective heat transfer, some simplifications are made where the terms
in the equations are small, such as ignoring viscous dissipation, and that the optically
thin fibre absorbs radiation directly from the surrounding furnace and re-radiates heat
back to the furnace. With these approximations and appropriate choice of practical
boundary conditions for fibre drawing purposes, a set of analytical equations for the

case of a capillary was developed.

There have been several studies utilising the methods described by Fitt et al. [140],
such as models to; determine the drawing domain of internal hole pressurisation
when applied to a square lattice geometry [I73], include the effects of preform rota-
tion [I70} [I74, 175] and self pressurisation [I61], and asymptotic analysis of surface
tension and internal hole pressurisation affects on the drawing process [176]. Here, it is
demonstrated how the Fitt model can be used as a practical predictive tool to produce
multi-hole symmetric and asymmetric fibre structures, and provides the first experimen-
tal validation of these analytical equations when applied to [MOFk rather than simple

capillaries.

Figure 4.8 — Representation of the parameters involved when drawing a simple capillary structure. Adapted
from [161].
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4.3.1 The Fitt Model

A simplified representation (simple capillary structure) of the fibre draw process de-
scribed by Fitt et al. [140] is shown in Fig. . Even though this representation is

simplified there are still may variables involved, where,

po [Pa], internal hole overpressure (above atmospheric pressure);
hi [m], the inner diameter;

ho [m], the outer diameter;

hip [m], the initial inner preform diameter;

hoo [m], the initial outer preform diameter;

i [Pa.s], temperature dependent material viscosity;

v [Nm~1], surface tension;

Wy [ms™!], the feeding speed for the preform;

W, [ms™!], the drawing speed for the fibre;

L [m], the draw down (neck down) length [162], 177];

z [m], the distance along the axis from the start of the neck down region.

The Fitt model equation describing the internal diameter (hy [m]) of the single ax-

isymmetric hole fibre depicted in Fig. is given by [140],

hi(po) = exp (;iz — Pexp (_§Z)> hio exp(P) — G/exp (—Qiu + Pexp (1@:”)) du
0

Y poL Wi
2uWy 2BuWy Wy %)

where, the heating zone length (L [m]) is defined by Eq. as the neck down region

where the changes are integrated over 0 < z < L for the drawn fibre case.
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4.3.2 Temperature Dependence of Viscosity and Surface Tension

Knowing the temperature dependence of material viscosity is a major part of practically
applying a model to the fibre drawing process. For material in the temperature
range 1673 K < T < 2773 K the viscosity, experimentally measured by Urbain et al. [178]
and discussed by Doremus [179] and Voyce et al. [I70], is given by,

515400
p="58x10"% exp ( =T ) [Pa.s] (26)

where R is the gas constant and T [K] is the glass temperature. To find closed form
solutions of Eq. it is necessary that the temperature of the glass is assumed
constant. However, a drawing tower furnace does not exhibit a constant temperature
but an axial temperature gradient/profile [162] [170]. This means that the glass viscosity
varies with the temperature gradient/profile within the furnace [163]. One should also

consider that temperature profiles can vary between drawing towers and furnace designs.

To determine the temperature profile inside the preform for the conditions prevailing
within our draw tower, a thermocouple was inserted in the centre of a drilled [F300HQ)
glass rod. The measurements of the thermocouple temperature were taken for 312 mm

and ¥20 mm rods at 5 mm intervals along the central axis of the furnace, ensuring
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Figure 4.9 — (a) Temperature profiles measured inside (small dots) ?¥12 mm and (large dots) @20 mm rods
at (I — blue) 1500°C, (N — green) 1600°C, and (I — orange) 1700°C furnace temperatures. (b)
Surface of 2x1 degree polynomial (Eq. (27)) fitted to the @12 mm results shown by green
dots. The distance inside furnace was measured from the top of the furnace outer casing.
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thermal equilibrium at each measured point. For furnace temperature measurements,
the draw tower was equipped with a pyrometer located next to a furnace element
and targeted at the inner sleeve of the furnace. Figure a) shows the results of
the thermocouple temperatures measured at 1500°C, 1600°C, and 1700°C furnace
temperatures, shown in blue, green and orange respectively, where the small and large
dots correspond to the measured points for the ¥12 mm and ¥20 mm rods respectively.
The three furnace temperatures were chosen so the results could be extrapolated to

typically higher fibre drawing temperatures.

These temperature profile results show that the temperature measured inside the
silica glass tube is lower for smaller diameters. Larger diameter preforms are closer to
the surrounding heating element, placing the outside of the glass in a hotter part of
the furnace [163], which results in a hotter temperature inside the preform and shows
the role that glass thermal conductivity has in the heat transfer process. For the three

(?12 mm silica rod temperature profiles, the 2x1 degree polynomial given by,
Ty = —3634 +43.71€ +1.073T; — 0.1416 £2 — 2.404 x 1077 £ T (27)

fits the curves with R? of 0.9899, where T, is the measured temperature, T is the furnace
temperature, and £ is the distance inside the furnace from top of the outer casing. The
surface given by Eq. is shown in Fig. (b) together with the three sets of measured
points. Similarly, for the three 20 mm silica rod temperature profiles, the 2x1 degree

polynomial given by,
T = —4704 + 51.79¢ + 1.537T; — 0.1551 2 — 2.201 x 1073 £ T; (28)

fits the curves with R? of 0.9957.

For calculations shown in this chapter, the surface tension of silica is assumed constant
at 0.31 Nm~! [I80HI82], since it varies weakly with temperature within the fibre drawing

range.
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4.3.3 Defining the Geometry and Analytical Solution

The Fitt model describes a capillary draw process for which the geometry change during

drawing is defined as the ratio [183],

~ hihgg

C =
hahio

(29)

where hyg and hoy are the preform inner and outer diameters. This ratio provides a
comparison of the final fibre geometry ratio (h1/h2) to the initial preform geometry ratio
(h10/h2o) of the inner and outer diameters. When C' = 1 the hole geometry is preserved.
If C > 1 the hole expands from the original geometry, and the hole experiences collapse

when C < 1. With Eq. and the external fibre diameter (he [m]) given by [140],
_ —B
hz = hg() exp 7 , (30)

Eq. becomes,

C(po) = P (—Pheljp (=5)) hip exp(P) — G/exp <—2§Ju + Pexp (?)) du
0 (31)
for the z = L drawn fibre case. To obtain a closed form Eq. , Eq. assumes that
the draw down ratio (/) is independent of inner diameters, which can only be valid for

small hole changes compared with the initial preform geometry.

Equation is simple to calculate using mainstream software, such as Excel or Mat-
lab. Since the geometry change ratio (C') describes a capillary draw process, a method to
relate the geometry of a multi hole [MOF] to a capillary needed to be established. Four
different definitions to relate the ratio C' from experimental results shown in Sec.
using Eq. with the predicted value of C(pg) using Eq. were investigated. These

are,

e Circle: define hy and hig as the diameter of a circle that fits tightly around the

inner holes, as shown in Fig. |4.10{(a);

e Area: define hy and hqg as the diameter of a circle which has the same area as

the area of the three holes (d = 21/ Ayotal/7 ), as shown in Fig. 4.10(b);
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(a) (b) (¢)

Figure 4.10 — Geometry relationship definitions shown in I — red; being (a) circle, (b) area, and
(c) perimeter.

e Perimeter: define h; and hjg as the diameter of a circle which has the same

perimeter as the total perimeters of the three holes (d = Piota1/7), as shown in

Fig. [4.10(c); and

e Hydraulic: define h; and hjo as the hydraulic diameter (d = Atotal/Protal)
from the three inner holes, calculated from the area (Fig. b)) and perimeter

(Fig. [L10(c)).

4.4 Comparing the Model with Experiment

As discussed in Sec. although the furnace temperature is known, it is not the
actual glass temperature. The actual temperature of the glass in the neck down region
was less than the furnace temperature, due to axial and radial temperature gradients.
Also, as discussed in Sec. several assumptions were made to arrive at Eq. . It
was therefore expected that not all of the contracting effects due to surface tension are
completely accounted for in the Fitt model described in Sec. which would lead to
the actual internal hole overpressure (pg) being different to the pressure measured by
the draw tower control system (pf). Because of these uncertainties, pressure (p.) and
temperature (7¢) offsets were included such that py = pr + pe and T' = Ty + 273.15 + T,
and fitted to the experimental data. The outside diameters, ho and hog were measured
directly. The neck down region length (L) was measured from the preforms after fibre
drawing as being 0.039 m. The results of this comparison is shown in Fig. [4.11] and
summarised in Table including 95% confidence interval for the offsets. These results

show that the circle and hydraulic definitions have the worst correlation to experiments,
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Figure 4.11 - Fitt model vs experimental results using circle (I — red), area (N — blue), perimeter
(W — orange), and hydraulic (I — green) defined inner diameters.
Table 4.1 — Summary of offsets and goodness of fit from Fig. is sum of squared errors, and
[RMSEl is the root mean square error.
| Definition |  Offset . | Offset p. | SSE | R* | RMSE |
Circle -181.5°C +22.6 -445.8 Pa4+210.3 0.03102 0.9217 0.0557
Area -147.5°C £8.2 -479.9Pa+70 0.01222 0.9849 0.03496
Perimeter -141.1°C £7.6 -375.8 Pa +80.4 0.01368 0.9905 0.03699
Hydraulic | -151.2°C£16.7 | -431.2Pa+131.6 | 0.04944 | 0.9358 | 0.07032

with R? = 0.9217 and R? = 0.9358 respectively. The area and perimeter relationships

are the better way to define the geometry, with R?> = 0.9849 and R? 0.9905

respectively. Defining the geometry relationship using the perimeter definition was
chosen since the temperature offset was closer to the furnace temperature described in
Sec. The peak temperature offset calculated from Eq. at a furnace tempera-
ture of 2000°C gives an offset of -123°C, which is remarkably close to the value obtained,

T.=—141.1°C, considering that only a step temperature profile is assumed in the model.

In Sec. Eq. assumes that the outside diameter (hy) is independent
of pressure, which leads to a closed form geometry change ratio (Eq. ) being
independent of outside diameter. This is because the approximation of Eq. given
by the Fitt model leads to the outside diameter (hz2) only being dependant on the draw
down ratio (8 = Wy/Wy ; i.e. draw speed divided by feed speed) and so independent
of inner diameters, which can only be valid for small hole changes compared with the

initial preform geometry. It is interesting to compare this with the experimental results
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to verify if the assumptions are valid in this respect. The draw tower pressure and
draw speed data obtained during the pressure series discussed in Sec. are shown in
Fig.[4.12] where the blue line shows the pressure applied to the holes of the preform and
the red line shows the draw speed. At the start of the experiment, where the automatic
diameter control was switched off, a constant draw speed of ~4 m/min was used
while the pressure was switched on and allowed to stabilise to 200 Pa. The automatic
diameter control was then switched on with a target outside diameter of 160 pm and
the draw increased in speed until the target diameter was reached, at ~8 m/min. As
the pressure was increased to 400, 800 and 1200 Pa the draw speed did not increase,
showing that within this range of hole expansion the outside diameter (hg) of the final
fibre is indeed independent of pressure. When the pressure was increased to 1.6 kPa
the draw speed started to increase, which is due to the automatic diameter control
compensating for an increase in fibre diameter by increasing the draw speed and as a
result the set fibre diameter is maintained. After this initial increase, the draw speed
reduced back towards the 8 m/min draw speed, showing that although the system
experienced some instability there was tendency for the draw speed to remain constant.
At the end of the fibre draw experiment the draw speed started to increase quickly,

where the fibre draw is no longer in a steady state regime at the end of the preform.

These experimental results provide evidence that the assumptions made to arrive at

Eq. and Eq. are within the range of pressures used and for moderate geometry
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Figure 4.12 — Draw tower data, showing (I — blue) the pressure applied to the holes of the preform, and
(N — red) the draw speed which was set to automatically maintain a constant outside fibre
diameter.
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change ratios (up to C' ~ 2), giving greater confidence in the Fitt model to predict the
parameters which need to be considered for practical fibre drawing. The validation that
the geometry change ratio (Eq. (31])) is independent of the MOFk outside diameter for
moderate geometry change ratios leads to the proposition that it should be possible to
create asymmetric structures where the cross sectional wall thickness surrounding the

holes could be made non-axisymmetric.

4.5 Predicting Fibre Draw Parameters
4.5.1 Suspended-Core [MOFl Symmetric Structures

The predictive nature of Eq. is most useful for fabrication of [MOFk. Equipped
with the temperature and pressure offsets, the aim was to produce a fibre with a similar
structure but smaller scale and core size, for which the cane-in-jacket method [124] was
required. The process is to first cane the preform (shown in Fig. [£.13|(a)) to the order
of millimetres, insert this cane into a rod (jacket), and then draw down the cane and
jacket to fibre, which requires the successful application of the right combination of
parameters to achieve the desired final fibre structure. Another preform was fabricated

and drawn down to fibre using the cane-in-jacket method.

For the cane, the feed rate needs to be greatly increased and the draw speed greatly
reduced to achieve the lower draw down ratio. For this a feed rate of 6.4 mm/min was
chosen, with the targeted outside diameter for the cane being 0.95 mm maximum.
The aim was to pre-expand the holes during the caning process, for which a geometry

change ratio of C' = 1.55 was chosen. Using Eq. the predicted pressure (pf) needed

to achieve this was 3.5 kPa at a furnace temperature of 1980°C. A microscope image

( ‘ ' .
500 ,um 200 F”“

oL

{10 mm

Figure 4.13 — (a) Cross section of the preform fabricated from ¥12 mm [F300HQ] rod; and, microscope
|mage of (b) the cane; and, scanning electron microscope images of (c) the silica cross
section measured to be @270 pm with (d) and enlarged image of the holes and core having
effective diameters of 40.5 pm and 1.7 pm respectively.
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of the resulting cane structure is shown in Fig. 4.13(b), from which the outer diameter
was measured as ¥0.91 mm with the hole region diameter 0.87 mm. Applying the
definition discussed in Sec. the geometry change ratio (Eq. ) obtained for this
cane was C = 1.50, which agrees well with the target C' = 1.55.

A jacket was made by drilling a @1 mm hole centrally located in @12 mm [F300HQ]
rod into which the cane was placed. The setup of the cane and jacket arrangement was
made to ensure pressure was only applied to the three holes of the cane, as described
in Sec. 2.1} The aim was to draw down the cane and jacket to a with core size
of ¥1.5-2.0 pm and target outside diameter of ¥270 pm. A geometry change ratio of
C = 1.8 was chosen to further expand the cane holes, for which Eq. predicted the
pressure (pf) needed to achieve this was 2.7 kPa at a furnace temperature of 2000°C and
feed rate of 1.5 mm/min. A single 80 m long length of was fabricated using those
parameters, as shown by the images in Figs. [4.13|(c)-[4.13{(d) from which the outer
diameter was measured as being (#1270 pm with the hole region diameter ¥40.5 pm.
Applying the definition discussed in Sec. the geometry change ratio (Eq. )
obtained for this fibre was C' = 1.97, which is ~10% deviation from what was calculated
by the model. The core, shown by the green box in Fig. [4.13|(d), was measured as having
a effective diameter of ¥1.7 pm, defined as the diameter of a circle whose area is equal

to a triangle that fits wholly within the core area [124].

4.5.2 Exposed-Core [MOF: Asymmetric Structures

Another preform was fabricated as before, however this time a 1.8 mm wide slot cut
along the length of one hole to fabricate a fibre with the core exposed along the length,
as shown in Fig. |4.14{(a). The aim was to produce this type of asymmetric structure to
a final maximum outside diameter of 200 pm, by directly drawing down the preform
to fibre. Looking at the series of fibres discussed in Sec. [£.4] a furnace temperature of
2000°C was chosen with an aim of expanding the holes to achieve a geometry change
ratio of C' = 1.4. Using Eq. the predicted pressure (pf) needed to achieve this
was 1.40 kPa, at a preform feed rate of 1.5 mm/min. A single 127 m long uncoated
[ECF (Fig. [4.14(b)) was fabricated using a pressure of 1.40 kPa and the dimensions of
this fibre were measured from images, shown in Figs. [£.14[b-d), being ¥202 pm

(measured at the maximum) with the hole region diameter of the two holes being
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(?143.1 nm. The central web thickness (between the holes) is 0.85 pm minimum, while
the webs each side of the core are 1.10 pm minimum thickness. The core, shown by
the green box in Fig. [4.14)(c) and enlarged in Fig. [4.14(d), has an effective diameter of
10.0 pm. This is the first time the fabrication of a silica [MOF] with the core exposed

along the whole length was achieved [I].

As shown in Fig. [1.14b), the outside of this asymmetric structure no longer
resembles the preform from which it was made (Fig. [4.14|(a)). This is caused by surface
tension increasing the initial gap provided by the 1.8 mm slot in the preform and
significantly changing the geometry, adding a degree of complexity not accounted for
in the Fitt model or in the way the geometry is defined (Sec. . Therefore, C'
was not calculated from measurements (Eq. (29)) and compared to the model, since
a consistent method for such a measurement could not be found and further work is
needed to understand, account for, and predict such geometry changes in the draw
process. Nevertheless, since the outside diameter does not contribute in the calculation
of C given by the Fitt model (Eq. ), it was still possible to predict the pressure
needed, fabricate this asymmetric structure, and create a fibre useful for the intended

application [184].

The above experiment used a one step drawing process from preform to fibre. To
achieve a small core size, the two step cane-in-jacket method was tried next. For this
another preform was fabricated, as discussed above for the [ECE], and drawn down to
fibre using the cane-in-jacket method discussed in Sec. The jacket was made by
drilling a @1 mm hole centrally located in a @12 mm [F300HQ]|rod and cutting a 1.8 mm
wide slot along the length of the hole, ensuring that this slot only overlapped the hole

by 0.25 mm to make sure a lip remained to hold the cane. The cane was placed into the

\ :
\,, /
b 110 mm ———— 100 um — 1100 um

Figure 4.14 — (a) Cross section of the preform fabricated from @12 mm 300H ] rod; and, [GEM] i images of
(b) the silica [ECE with (c) the cross section measured at the maximum to be (202 pm; and,
(d) an enlarged image of the core having an effective diameter of 10.0 pm.
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jacket ensuring that the jacket slot lined up with the cane slot. The setup of the cane and
jacket arrangement was made to ensure that the cane would remain orientated correctly
with the slot of the jacket during drawing, as well as ensuring that pressure was only
applied to the two holes of the cane. Although the cane was successfully produced with
an outside diameter of ~1 mm, drawing this cane with jacket to fibre was not successful.
It was found that the holes collapsed for pressures < 3.5 kPa, and that pressures higher
than this caused the struts of the exposed hole to break. To understand this further,
the impact of surface tension on the fibre draw process was investigated using the Fitt

model.

4.5.3 Impact of Surface Tension on Fibre Draw

The impact of surface tension when drawing [MOFk is particularly apparent for
asymmetric structures, such as the [ECF] where the final geometry of the fibre can
be dramatically altered compared to the preform shape due to surface tension. Fig-
ure M(b) shows how the outside of the fibre has been altered from the circular shape
of the initial preform to a D shape due to surface tension. Surface tension also acts on

the holes during fibre drawing.

Surface tension is defined as the force acting a line of unit length, where the force
is parallel to the surface but perpendicular to the line. When the surface is curved, as
in the case of the holes, there is a pressure difference normal to the surface caused by
surface tension. This pressure difference acting on the hole can be determined from the
Young-Laplace equation as,

Ap=~ (: + 1) (32)

T 7ﬂy

where Ap is the pressure difference (known as Laplace pressure), v is surface tension,
and r is the radius of the hole in the cross sectional xy plane of the preform. Equa-
tion (32)) shows that the pressure difference caused by surface tension, increases with
reduced hole radius. This means that holes with relatively larger initial size should
require less internal pressure during fibre draw. To test this, the Fitt model (Eq. )

was used to calculate the pressure needed to produce SCEk with various size canes.
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Figure 4.15 — Plot of calculated pressure required to produce fibre without geometry change (i.e. C' = 1)
from different size canes with initial geometry as shown in Fig. [4.13]on page

The pressures were calculated using Eq. for cane shown in Fig. b) as the
initial geometry. The cane sizes used ranged from 1 to 5 mm outer diameters, with hole
region diameters scaling to maintain the same geometry. The final hole region diameter
of 19.5 nm was used with geometry change ratio of C' = 1, furnace temperature of 2000°C
and preform feed rate of 1.5 mm/min. Figure shows a plot of the pressure needed
to keep the holes from collapsing relative to the initial cane geometry. These results
show that for smaller cane hole sizes the internal pressure needed to produce the same
final fibre geometry exponentially increases. This is because of the slope of hole change
with pressure at the temperature used, due to the 1/r dependance shown in Eq. . If
this slope is high, small changes in pressure has large effect on expansion of the holes.
It is important to consider this when drawing [MOFk, and in particular [ECEk with small
cores, since the need to use higher internal pressures, with higher hole change slope, can

lead to difficulties in maintaining a controlled state.

4.5.4 Small Core Exposed-Core IMOFSs

Since larger cane sizes reduce the need for higher pressure to expand the holes during

fibre drawing another attempt was made to produce an [ECE with small core using a

larger cane size. Another preform was fabricated, as shown in Sec. 4.5.2| (Fig. 4.14{(a)),

for a cane with targeted [OD] of ¥2.9 mm maximum, and feed rate of 7.5 mm/min.
The aim was to again expand the holes slightly during the caning process, for which a

geometry change ratio of C' = 1.25 was chosen. Using Eq. the predicted pressure
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(pr) needed to achieve this was 1.64 kPa at a furnace temperature of 2000°C. A
microscope image of the resulting cane structure is shown in Fig. [4.16|a), which was

measured as ¥2.8 mm (at the maximum) with the hole region diameter (11.48 mm.

A jacket was made by drilling a ©¥2.9 mm hole centrally located in a 12 mm
rod and cutting a 1.8 mm wide slot along the length of the hole, into which the
cane was placed ensuring that the sleeve slot lined up with the cane slot. The setup of
the cane and jacket arrangement was again made to ensure that the cane would remain
orientated correctly with the slot of the jacket during drawing, as well as ensuring that
pressure was only applied to the two holes of the cane. The aim was to draw down the
cane and jacket to a [ECE] with a core size of ¥1.5-2.0 pm and target outside diameter
of @150 pm. We chose a geometry change ratio of C' = 1.3, since the holes of the cane
were already expanded, for which Eq. predicted the pressure (pf) needed to achieve
this was 1.80 kPa at a furnace temperature of 2000°C and feed rate of 1.5 mm/min. A
single 80 m long length of [ECE] was fabricated using those parameters, as shown by the
images in Figs. [4.16b)-[4.16]c). This fibre outer diameter was measured using
these images as being #1152 pm (measured at the maximum) with the hole region
diameter (*¥19.1 pm. The core of this fibre, shown by the green box in Fig. |4.16{c),
was measured as having a effective diameter of ¥1.7 pm. C was not calculated from
measurements (Eq. ) and compared to the model, since this asymmetric structure

no longer resembles the preform due to surface tension effects on the outside geometry.

The fabricated asymmetric [ECF] structures have extremely non-axisymmetric cross
sectional wall thicknesses about the hole structure for which Eq. was used to cal-

culate the parameters. Since in the Fitt model the outside diameter is independent of

pressure and surface tension, the parameters needed to make these structures could be

p A
@

200 um 10 um
o —

Figure 4.16 — Microscope image of (a) the cross section of a cane which was used in a two step
(cane-in-jacket) process to produce a asymmetric silica [ECE] shown by GEM]images (b); and,
(c) an enlarged image of the core having an effective diameter of 1.7 pm.
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predicted, within the geometry change ratio (C') limits of the types of asymmetric and

symmetric multi-hole fibre structures shown here.

4.6 Summary and Conclusions

The ability to predict the experimental drawing parameters needed to produce desired
final geometries requires a practical understanding of the draw process beyond
what is achievable by trial and error. This chapter described how to use the analytical
model provided by Fitt et al. [140] to determine the draw conditions needed to produce
multi-hole MOFk. The results showed that although the Fitt model describes a capillary
draw process, it provided powerful and practical insights when applied to more complex
multi-hole symmetric and asymmetric structures. By understanding the draw process,
both in terms of the draw tower temperature profile and establishing a method to relate
the geometry of a multi-hole [MOF] to a capillary, it was found that analytical equations
given by the Fitt model could predict the drawing conditions needed to produce the

chosen structures.

This better understanding of the draw process and application of the analytical
equations (published Ref. [I85], see Appendix were used to fabricate the first silica
[ECE] (published Ref. [1], see Appendix @[) For this type of asymmetric structure it was
found that the outside no longer resembles the preform from which it was made, due
to surface tension effects. These effects add a degree of complexity not accounted for
in the Fitt model or in the way the geometry is defined and further work is needed to
understand and account for such geometry changes in the draw process. Nevertheless,
it was still possible to predict the pressure needed, fabricate this asymmetric structure,
and create the type of desired [ECE geometry targeted towards distributed corrosion

sensing.
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Characterisation of Fabricated Fibres

“Measure what is measurable, and make measurable

what is not.”

— Galileo Galilei

To understand if the new polymer and silica [SCFE] and [ECEk were suitable for distributed
sensing in harsh environmental conditions, characterisation in terms of transmission
and environmental stability was needed. As shown in Chapter 2] the lower the loss in
transmission properties of the fibre, the greater the capacity for distributed measurement.
This chapter shows the results of methods used to surface profile, determine the loss and

deterioration characteristics in transmission properties of the fabricated fibres.

5.1 Optical Fibre Attenuation

Attenuation of an optical fibre, also known as transmission loss, is the reduction in in-
tensity of the transmitted light with respect to distance travelled along the core. Char-
acterising optical fibres in terms of attenuation is important, as it is the main limiting
factor in transmission of the sensing signal across long distances. There are two principle

attenuation mechanisms in [MOLI%5, being

e absorption: intrinsic — determined by the electronic transitions of the material
where photon energy exceeds the network band gap energy ([UV] cut-off), and
lattice (multi-phonon) vibrations of the material network ([R] cut-off); extrinsic —

caused by impurities and defects which absorb different wavelengths of light,

e and scattering: intrinsic — caused by dielectric inhomogeneities and impurities
(Rayleigh scattering); extrinsic — caused by defects, bubbles, rough surfaces, etc.

type scattering centres.
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The optical power, P, at a propagation distance z with respect to the optical power

at position zg a fibre can be expressed as,

P(\,2) = PO, zo)e[_ /z:dzl O/(zl)]

— P\, z) ez —20) (33)

where the general loss coefficient, o/(z’), may be position dependent. If the loss coeffi-
cient o(z') is constant, then Eq. reduces to Beer’s law. The conventional technique
for determining the attenuation of an optical fibre is known as ‘cut-back measurement’.
This technique involves measuring the optical power emanating from the end of a fi-
bre of length z, then shorten the fibre and measure the power at length zy, as shown in
Fig. m The attenuation coefficient («) can be calculated by fitting these measurements
to Eq. . Cut-back measurements performed in this fashion eliminate Fresnel reflec-
tion and provide the average total attenuation which is dependent on the length z — 2,
and is typically expressed in units of dB per unit length. The cut-back measurements
were performed while the fibre was on this drum, using the light from a 100 W halogen
light bulb source with power curve of approximately Gaussian distribution and peak
power at 800 nm. This light source was coupled into one end of the cleaved fibre core,
while the light emitting from the other end of the core was imaged onto the grating of
a Ando AQ6315E optical spectrum analyser (OSA]) such that the power was maximised

before each measurement.

Coupling Arrangement
Objective

Nano-St g Data
ane age% i H Collection
B \=r PC
'
\ Typical ) Test Fibre
Eat;cch IF:{abtch
ibre B/ W P, ==——= Fibre
— N [—]
Light Source CL\J:t/to\L/% Spectrometer
L P
. : |

Figure 5.1 — Schematic of cutback attenuation measurement. (Step 1) Measure output power Pra(\) of
length Lo; (Step 2) Cut test fibre to L; and measure output power Pr1(\). Use Eq. (33) to
determine the fibre attenuation « in dB per unit length.
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5.2 Deterioration in Optical Fibre Transmission

The corrosion sensing application of the [ECFk involves the detection of an analyte
suspended in liquid. Also, when preparing the fibre for this application, solvents
such as acetone, isopropanol, methanol and water will need to be used to clean the
core of dust or other particulates deposited on the surface, as well as prepare the
core for functionalisation. Deterioration in the transmission properties of the [MOF]
can occur as a result of changes in the mechanical characteristics, such as pitting or
micro-fracturing, and/or compositional characteristics at the core surface, causing light
scattering effects [I86} [I87]. The build up of dust or other particulates onto the light

guiding core can also cause the guided light to be scattered [188].

This deterioration in the transmission properties of the [ECE] are expected to increase
the attenuation of the fibre over time. A modified version of Eq. , to include time

dependant attenuation (£), can be expressed as,
P\ z,t) = P(X, z,0)e (= = 20) = &(t.z = 20) | (34)

A technique for determining the average deterioration on the transmission properties of
[ECTk involves performing time based measurements of the optical power emanating from
the end of a fibre, with length 2z exposed to a test environment. These measurements

can then be fitted to,
P(\t) = P()\,0)e 7 (35)

The setup for this type of time based measurement is shown in Fig. [5.2] where the test
fibre is exposed to a test environment. Before this type of time based measurement
could be performed, the stability of the setup needed to be established. This is because
any variations in the light source, coupling, or measuring equipment can lead to mea-
surements that indicate fluctuations in the setup rather than the fibre. The next section

shows characterisation of the setup.
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Figure 5.2 — Setup to perform time based measurements to determine the effect that an environment has
on deterioration of transmission properties of an optical fibre.

5.3 Measurement Equipment Stability

The equipment stability measurements were performed using the setup shown in Fig. 5.1
with a 5 mW 532 nm laser light source. To measure the stability of coupling the light
source to the [OSA] the light source was coupled into a patch cable which was
screwed directly into the and the power measured every 15 seconds for 30 minutes.
The result of this measurement is shown in Fig. which demonstrates that this
part of the setup has an error of 0.1 dBm, which should be minimised by averaging
several points when performing cut-back or time based transmission deterioration

measurements.

To measure the stability of methods used for cut-back measurements and time
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Figure 5.3 — Equipment stability measurement of coupled 5 mW 532 nm laser light source, [OSA| and [SMF
patch cable.
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(a) (b)

Figure 5.4 — (a) Bare fibre coupler and (b) free-space methods tested for coupling into the [OSA

based measurements of the deterioration in transmission properties of the [MOF fibres
produced, lengths of polymer clad bare fibre made from were used. For these types
of measurements, a method to image the light from the core onto the grating of the
was needed. The errors from two methods to achieve this were compared. The
first of these was a commercially available bare fibre coupler, shown in Fig. H(a). The
other was a free-space method, by using a stage with x4 objective to focus the light

emanating from the end of the core onto the grating of the [OSA] shown in Fig. [5.4{b).

The light source was coupled into a 1.5 m length of cleaved fibre, setup into the
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Figure 5.5 — Comparison of coupling stability into [OSAl using bare fibre coupler (I — green) and free-space
(N - red) methods.
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using the bare fibre coupler, and measurements were recorded every 15 seconds
for 40 minutes. The experiment was repeated using the free-space method. Results
from these experiments are compared in Fig. [5.5] which shows that over 40 minutes
the measurement using the bare fibre coupler drifts 1.5 dBm, whereas the free-space

method has five times less drift at 0.3 dBm.

When doing cut-back measurements, the fibre needs to be removed, cleaved, and
restored to the for the next measurement. To measure how accurately the
two methods realigned with the [OSAl experiments were performed to measure how
the power changed when the fibre was removed and replaced. The results of these
measurements is shown in Fig. which shows that realignment of the light from the
end of the fibre is 6.5 times improved using the free-space method, at £0.1 dBm. These
two experiments, comparing the bare fibre coupler and free-space methods, show that
the free-space method has ~ 5 times better measurement stability compared to the bare

fibre coupler.

The other stability measurement that needed to be considered is the time required
for the setup to settle, such as settling of the threads on the stage, which could lead
measurement error. To perform such a measurement, the laser light source was coupled
into another 1.5 m length of fibre, and the free-space method was used to image the
output of the fibre into the Figure shows the stability of the setup when

left overnight, which indicates that settling time is required after the initial coupling of

0.5 e

Intensity (dBm)
<)
(9,

Trial #

Figure 5.6 — Comparison of bare fibre coupler (I — green) and free-space (I — red) re-coupling error into
OSAl
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Figure 5.7 — Long term stability of measurement setup.

the fibre to prevent misleading results. In particular, the first part of the curve shows
an almost linear drop in intensity of ~ 1 dBm over the two hour period directly after
coupling, which could cause lower than actual loss to be measured. The result shows

that approximately 15 hours is needed for the setup to settle.

5.4 Uncertainty in Loss and Deterioration Measurements

As described in the previous sections, the measurements from loss or deterioration in
transmission properties can be fitted to Eqgs. and respectively. Since dB is a
logarithmic unit, the fitting to these equations is linear in dB. A straight line is fitted
through a set of n points by using the least squares method, and for loss measurements

we are primarily interested in the slope /31 of the line in the linear model given by [189],
Y=00+/X+¢ (36)

with an experimental region X; < X < X,,. Using 171 to estimate the expected value of

Y; (E(Y:)), the variance of the data set is,

5= (1) ;w -7y (37)
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which provides an unbiased estimator for the population variance o2. Hence, the stan-

dard deviation (o) of an unbiased point estimator 31 is given by,

S (Y, - Ti)?
P =1
R R 3 (X, - X

and for a 100(1 — o) percent confidence interval (1)) for the slope,
Clz =ty/2n-20p

for a t distribution with n — 2 degrees of freedom.

5.5 Loss Measurements

5.5.1 Polymer Fibre Loss

The light guiding properties of the polymer fibre produced was assessed by performing

cutback loss measurements. Figure (a) shows the results of the cutback measure-

ments on approximately 12 m of the [PMMAI bare fibre together with the bulk material
loss for comparison. For the [PMMAI[SCH the score and snap cold cleave method was

used and the results are shown in Fig. [5.8(b). In each case the loss of these [PMMAI

v
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Figure 5.8 —[PMMAI broadband cutback loss measurements (B — red) of (a) bare unstructured fibre and (b)
the [GCH fibre shown in Fig. [3:32 of Chapter 3] The bulk material loss is shown for comparison

by the blue (B) curve.
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fibres was very high, with the bare fibre having loss between 3-4 dB/m and the
having loss between 5-10 dB/m at visible wavelengths. Both fibres showed increasing
high losses peaks beyond 700 nm. The measured loss of the fibre is much
higher than the bulk loss, which is 3.6 dB/m at 532 nm. In the case, it was found
that loss centres along the length of the fibre caused the transmission along the core
to terminate, and it was found that only several short 1.5 m lengths of fibre could be
used for the cutback measurements. For the sections of fibre where the core could not
be seen at the transmitted end of the fibre, many discrete loss centres were visible due
to light scattering along the length, as shown in Fig. [5.9(a). Figure [5.9(b) shows an
image of the transmitted light from the core and a haze of light being transmitted by
the sleeve section of the fibre. For these loss measurements the light from the fibre core

into the [OSAl was isolated by using a pin-hole.

Investigation of the cause of the catastrophic loss centre in the polymer [SCEFk was
a challenge, and while isolation these regions for imaging was tried they could not
be found. Figure shows two sections of the ¥237 pm core in the cane. There
were bubbles found inside the core, as shown by the two circled regions to the left of
Fig. [5.10(a), and another type of unknown artefact shown to the right of Fig. [5.10|a).
Twelve bubbles were counted at varying focus depths in a 465 pm length region of the
core, as shown in Fig. (b) The core of the drawn was measured at 6.0 pm

which gives a draw-down ratio of 0.0253, equating to this 465 pm region becoming

(b)

Figure 5.9 — (a) Photograph showing loss centres and (b) far field image of transmission from coupled
SCF
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18.4 m long. Hence, assuming an approximate even length distribution of the bubbles,
this equates to a bubble being spaced every ~1.53 m which is close to the observed
catastrophic loss centre spacing in the fibre. This shows that the catastrophic loss
centres can be attributed to these air bubble imperfections in the fibre core which
would be causing loss due to light scattering. It is not clear why these bubbles
form during the process. One possible explanation could be that there is still some
residual moisture remaining in the material after drying. The elimination of these bub-

bles would be required to achieve long lengths of fibre without catastrophic loss centres.

A [UV-Vid spectrum of the extruded preform was obtained and compared to
the bulk material billet, shown in Fig. 5.11} This result shows that the extrusion has
three times the loss, compared to the bulk material in the region 400-600 nm. Clusters of
bubbles along with some other artefacts were observed at x10 and x20 magnification on
the surface of the extrusion, although none were found within the material bulk. Bubbles
may have still been present within the material bulk, since there was a limitation of only
being able to view inside the extrusion with x10 magnification due to its size. Hence,
the additional loss of the extruded preform, shown in Fig. [5.11] might also be due to the

additional loss scattering centres generated by small air bubbles.

Figure 5.10 — Microscope images of loss centres (shown by O — red circles) in the core (237 pm) of the
PMMA] cane at x20 magnification, where (a) shows a region of the cane with loss centres,
and (b) shows a 465 pm long region where 12 @4 pm bubbles were counted.
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Figure 5.11 —[UV-Vig| loss of (I — blue) as supplied extruded [PMMA billet and (H — red) after extruding
material to a @10 mm rod.

5.5.2 Silica Suspended-core MOF's Loss

To assess the light guiding properties of the silica fibres produced, cut-back measure-
ments were performed. After fabrication, the fibres discussed in the last chapter were
stored in the laboratory, exposed to air, on a high density [PUl foam drum with 1 m
circumference. Comparison of broadband loss (400 — 1750 nm) from drawn
using [LWQ)] and [F300HQ)] with similar geometries being produced with similar draw

parameters; such as viscosity and pressure (SCEk shown on pages [85 and are shown
by the green and blue spectra in Fig. [5.12] respectively. While the loss of these [SCEE
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Figure 5.12 — Cutback loss measurements of [SCFk drawn using (I — green) material (see page
using 31 m length with @7.5 ym core, (1 — blue) material (see page [86]) using 54 m
length with @7.5 pm core, and (B — red) small core (1.7 pm) (see page[96)) using
9 m length.
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are extremely low for a[MOF] the overall loss of the produced using material
(0.057 dB/m at 1064 nm) is more than six times higher than the fibre produced using
[F300HQ)] (0.009 dB/m at 1064 nm). This higher loss of the [WQ][SCE] is expected,
since LWQ)] material is produced from mineral quartz whereas the material is
produced from synthetic fused silica [157]. The presence of within the fibres causes
an increase in attenuation at 950, 1244, and 1383 nm wavelengths. These ions occur
in the glass because water molecules enter the material through a chemical reaction
during the manufacturing process or environmental humidity [I90]. This loss in optical
fibres due to groups is known as the water peak absorption areas. In addition,
the increased attenuation at 635 nm is caused when rapidly cooled silica has strained

bonds, which can be cleaved upon ionising radiation to form non-bridging oxygen hole

centres (NBOHC) [191].

The red loss spectra in Fig. [5.12| is from cut-back measurements of the small core
(1.7 pm) shown on page Although the loss of this fibre is nearly two orders
of magnitude higher than the produced with a 7.5 pm core size using the same
material. This greater [PE] means that more of the propagating light interacts
with small imperfections on the core surface, which leads to an increase in scattering
loss [124]. Section included more discussion about field distribution of the guided
modes, and Sec. shows that the preform etching is likely to be the dominant cause.

5.5.3 Silica Exposed-Core [MOF] Loss

After fabrication, the large core (10 pm, page [ECTE] was stored in the laboratory,
exposed to air, on a high density [PUlfoam drum with 1 m circumference. While the fibre
was on the drum, cutback fibre loss measurements were performed by coupling the light
from a 100 W halogen light bulb source with power curve of approximately Gaussian
distribution and peak power at 800 nm, into one end of the [ECEL At the other end,
the light from the core was imaged onto the grating of the Ando AQ6315E such
that the power was maximised before each measurement. The fibre loss measurement
results taken directly after fibre draw, shown by the red spectrum in Fig. [5.13(a), were
1.1240.15dB/m, 1.10+0.08 dB/m and 1.434+0.39dB/m at 532nm, 900 nm and 1550 nm
respectively. Further work is required to determine the cause of the increased loss at

longer wavelengths. For another fibre loss measurement taken 26 days after fibre draw,
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Figure 5.13 — (a) Loss of silica [ECE, broadband cutback measurements taken 26 days apart (I —red & I —
blue) compared to silica ECFl with similar core size (I — green) ; and, (b) fibre Raman peaks
at 532 nm.

shown by the blue spectrum in Fig. [5.13(a), the results were observed to be the same
within a 95% confidence interval. As a comparison, the fibre loss measurement results
for the (Fig. [p.12|(blue)) produced in the same way, with material from the same
bulk stock, and with similar core, web and hole sizes as for the [ECE], is shown by the
green spectrum in Fig. [5.13[(a). This result, being ~2 orders of magnitude lower
compared to the [ECF] shows that confinement loss is negligible in the total loss of the
[ECT], and therefore additional surface scattering loss, either from the process of cutting
the slot, airborne particulates depositing on the surface of the core [188] before or after
fibre drawing, or the etching process when preparing the preform is the most likely
dominant cause of the additional loss (see Sec. . For [ECFk previously produced
in [[2] [134] (n ~1.62) with a core size of ~ (3 pm, the fibre loss measurements taken
directly after fibre draw were 5.544+0.20 dB/m, 2.254-0.26 dB/m and 2.50+0.34 dB/m at

532nm, 900 nm and 1550 nm respectively.

5.6 Silica [ECF] Fluorescence

Another factor which can restrict the detection limit of a fibre optic sensor is the
amount of Raman and fluorescence peaks generated within the glass [121] which de-
pends on the wavelength and power of the light source. Given enough power and with
a sensitive enough detector, the Raman spectrum corresponding to the energy of the

probed vibrational modes of the silica is expected, whereas fluorescence is an indication
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of impurities and/or structural defects within the silica material. To detect the Raman
and any potential fluorescence peaks, a 25 mW laser excitation light source at commonly
used 532 nm was coupled into a 1 m long exposed-core fibre using a 60x objective via
a dichroic mirror. The signal collected from the fibre was imaged using the same objec-
tive, passed through the dichroic mirror and filtered using a 532 nm long pass filter, and
measured using a Horiba iHR550 Imaging Spectrometer with Synapse CCD Detector.
The peaks observed at 545 nm, 550 nm, 555 nm, 562 nm, 566 nm and 580 nm, shown in
Fig. [5.13{(b), correspond to well known Raman peaks of silica at 490 cm™!, 605cm™!,
800cm ™!, 1050 cm ™!, 1190 cm ™! and 1600 cm ™! respectively, previously used for sensing
applications [192]. The absence of any fluorescence peaks shows that the silica material
has negligible fluorescence at 532 nm for the excitation power and detector sensitivity
used. For fluorescence or Raman spectroscopy sensing applications these peaks gener-

ated within the glass might affect the detection limit, depending on the excitation and

emission wavelengths of interest.

5.7 Environmental Stability of Silica Exposed-Core [MOF]

In previous studies, for the [ECEk produced using [F2][134], 139] with a ~ @3 pm core,
it was found that the fibre loss increased by 0.44-0.048 dBm~'day !, even when stored
in a dry nitrogen filled environment. It is thought that this deterioration in the
transmission properties of the fibre occurs due to changes in the properties at the
core surface, such as particulate deposits [188], micro-fracturing [I86] and/or increased
roughness [I87] induced by exposure to the environment. Since the deterioration found
in the [F2[ECES was rapid, it could easily be measured by comparing standard cutback
loss measurements over time. However, as shown in the previous section no loss was

observed after 26 days for the silica exposed-core fibre.

To measure the exposure induced deterioration in the transmission properties of the
silica [ECEF] a length of fibre was setup as described Sec. Instead of performing
cutbacks, the transmitted power spectrum, in dBm, was recorded from 350-1750 nm
every two minutes. With the fibre in air, this setup was left for 15 hrs so that the
measured power stabilised to within £0.05dBm, then used to take time based measures
of the power. Changes over time in the transmission characteristics can be fitted to

Eq. , where ¢ is the loss in dB/day. An assumption for these measurements is that
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the deterioration measured comes from changes along the [ECF| length, not just the
cleaved ends of the fibre, as the area exposed along the length is much greater than the
area at the ends. As a sanity check, a laboratory-grade patch cord optical fibre assembly
was setup in the same way, to ensure that the measured losses were not coming from

the light source or other parts of the setup; where no deterioration was detected.

The result of £\ (Eq. (35))) for a 4.2 m length of the [ECE exposed to air for 180 hrs is
shown in Fig. [5.14|(a), where the 95% [CI] is also shown in black. This result shows that

there is a sharp loss peak at 515nm, equivalent to 0.043 dBm~'day !

, and a broad loss
from ~450 nm to ~900 nm with a peak of 0.023dBm~'day—'. At wavelengths ~900 nm
to ~1340nm the loss is at ~0.0043 dBm~'day !, and drops below the detection limit
of the experiment for wavelengths > ~1340nm. The air exposure induced deterioration
in the transmission properties of the silica [ECE is lower than the for cutback
measurements, as shown in Fig. a), and ~2 orders of magnitude better than for

the previously reported [ECEk produced in

This measurement was repeated for a 1 m length of the silica [ECF] with a 8 c¢cm
centrally located section of the fibre submersed in Milli-Q water, shown in Fig. [5.14{(b),
where the transmission properties of the fibre is reduced by ~0.067 dBm~'day~! for
wavelengths shorter than 1450 nm. When this was repeated with methanol, it was ob-

served that the transmission properties of the silica [ECE| was significantly affected across
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Figure 5.14 — Deterioration in the transmission properties of the silica [ECE]l when exposed to (a) air; and,
(b) water. The 95% confidence interval is shown in black.
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all the measured wavelengths (350-1750nm), at a rate of 12.8-16.8 dBm~‘hr—!. This
deterioration in the transmission properties is expected to come from changes in the me-
chanical and/or compositional characteristics at the core surface, causing light scattering

effects.

5.8 Surface Measurements

The silica [ECE] serves as a useful platform for understanding the causes of deterioration
in the transmission properties, providing access to the core for post exposure surface
analysis. To determine the differences between the mechanical and compositional
characteristics of the exposed core surfaces, a NT-MDT Ntegra Solaris atomic force
microscopy (AFEM)) + near-field scanning optical microscope (SNOM]) with Smena
head for tapping mode atomic force microscopy (TMAFM]) measurements was used.
Initial broad area surface profile measurements were also taken using a ContourGT-K1
(Fig. 5.15(a)—(b)) coherence scanning interferometry (CSI). The [CSI measures the
intensity of the light as the interferometric objective is actuated in the vertical direction
(z—axis) and finds the interference maximum. Each pixel of the sensor measures the
intensity of the light and the fringe envelope obtained is used to calculate the position

of the surface, as shown in Fig. [5.15(b).
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Figure 5.15 — (a) Schematic of [CSI} and (b) measures the intensity of the light as the interferometric
objective is actuated in the vertical direction (z—axis) and finds the interference maximum.
(from Ref. [193])
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Figure 5.16 — [TMAFM] schematics where (a) shows the topology measure scheme and (b) shows the phase
shift measure scheme which can be thought of as a delay in the oscillation of the cantilever
as is moves up and down in and out of contact with the sample.

Nanometer-scale topographical and phase mapping of the [ECE] core surfaces was
performed using a as shown in Fig. [5.16[a). As the tip is brought close to
the sample surface, the vibrational characteristics (i.e., the force constant, resonance
frequency, phase angle, and amplitude) of the cantilever change due to the tip-sample

interaction and any contamination layer on the sample surface.

In [TMATFM] a surface region of larger amplitude damping is recorded as being higher
in topography, and the phase refers to the phase shift which can be thought of as a delay
in the oscillation of the cantilever as is moves up and down in and out of contact with
the sample, as shown in Fig. b). This means that the phase is really a measure of
the energy dissipation involved in the contact between the tip and the sample, which
depends on a number of factors, including such features as variations in composition,
hardness, adhesion, friction, viscoelasticity and also contact area. Therefore, as the
contact area is dependent on the slope of the sample, the phase image can also contain
some topographic contributions. Understanding of the contribution of the individual
factors to the phase shift is not simple, and it is a crucial issue of [MAFM] studies how
one can relate the contrasts of height and phase images recorded, to physical properties
of samples. Despite the complications involved in interpretation, phase contrast is a
commonly used technique for mechanical and composition characterisation of sample

surfaces.
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5.8.1 Surface Mechanical and Compositional Characteristics

Figures a—c),(d-f) and (g-i) show the phase and topology results of a
25 1m x 25 pm section across the core for the [ECE| exposed to air for 19 days, Milli-
Q water for 72 hrs and methanol for 2hrs respectively. For the core area exposed to
air, the nanometer scale spikes in the topology and phase shift suggest small hardened
impurities within the surface structure, while the bulk of the material is homogeneous
in composition with nanometer scale roughness. For the core exposed to water, large

peaks measuring > 100 nm in height and several microns across the surface suggest that
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Figure 5.17 —[TMAFEM] images of the [ECFk exposed to (a—c) air, (d—f) water and (g—i) methanol with (j) a
image along the methanol exposed core region. (a), (d) and (g) show the phase images
across the core region indicated by the 12 ym area on the z-axis, with [(b), (e) and (h)
respectively] enlarged phase images of the area shown by the green box; and, (c), (f) and (i)
showing their respective topologies.
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impurities from the water have been deposited onto the core. The darkest areas in
the phase image show up on the topology to be slightly lower than the surrounding
bulk, which may also be an indication of surface damage such as micro-fracturing [186].
The results for the core exposed to methanol shows micron scale areas with large phase
shifts where the topology image indicates an increase in height. The methanol exposed-
core area was further investigated using a [CSI, shown in Fig. [5.17]j), which indicates
micrometer scale pitted sections along the core instead of the increase in height observed
by the It is known that topology height reversal can occur for images
when the tip is strongly affected by capillary forces and also by tip-sample van der Waals
attraction [194]. In this interaction regime, the phase shift shows to be more negative
on more hydrophilic regions, and suggests pitting or micro-fracturing of the methanol

exposed sample, which is confirmed by the [CSIl results.

5.8.2 Exposed-Core [MOF]| in Saturated Salt Solution

Another experiment, exposing the fibre to a saturated salt solution was also per-
formed to determine the effect that the salt might have on the deterioration of
the transmission properties of the [ECE] when being tested in a salt spray chamber.
Figure [5.18(a) shows the deterioration of the transmission properties of the fibre
at one of the wavelengths (1445 nm) while submersed in a saturated sodium chlo-

ride (NaCl) solution. The black dots of Fig. a) are measurements of the power
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Figure 5.18 — Results of exposed-core MOF, where an 8 cm section has been submersed in saturated NaCl
solution. (a) Shows the measured power over time; (b) shows the phase image across the
core region indicated by the 12 ym area on the z-axis, with (c) being an enlarged phase image
of the area shown by the green box; and, (d) and (e) showing their respective topologies.
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in air, the blue dots are the measured power in water and the square violet dots are

the measured power while an 8 cm section was submersed in the saturated salt solution.

These results show that for the first few minutes the power remained close to
what was measured in water, the transmission characteristics then quickly declined
and became erratic for the remaining time in the solution. When the fibre was
placed back in water, the transmitted power increased and settled about 2 dBm below
the power level measured before the solution experiment, and reduced a further
4 dBm when the fibre was removed from the water and allowed to dry. This erratic
transmission behaviour of the fibre submersed in the solution is likely to be
caused by salt crystals, which could form as a result of capillary action combined with
evaporation where the fibre enters and exits the solution. Figure [5.19] shows how salt

crystals formed along the fibre at these two interfaces.

The phase image of a 25pm X 25 pm section across the core is shown in
Fig. b), where the core area is indicated by the 12 pm area on the x—axis. In this
image the total phase difference is 88°. The streaking of the image at 121° might be an
indication that loose particles are interfering with the tip during the measurement, and
with subsequent attempts the streaking became more apparent. The surface topology
along the 12 pm core area shows a surface with nano scale structure and only a couple
of larger 180 nm spikes. Also, the phase image (Fig. c)) of the 2 ym? region shown
by the green square in Fig. b), shows the majority of the area to have the same

Figure 5.19 — Salt crystallisation on fibre due to capillary action from the saturated [NaCll solution.
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phase characteristics with only a few small areas, measuring tens of nanometers, having
large phase shifts of 66°. The topology of this area, shown in Fig. e), indicates
nano scale (£1.5 nm) rough structure. These results seem to indicate that something
has accumulated on the surface, which is probably the [NaCl and it is not clear if the

silica has been damaged in any way.

5.9 Characterisation of Preform Etching

The cut-back measurements of the [ECE], shown in Fig. has orders of magnitude
greater loss compared to the initially produced (shown in Fig. |5.12). It was
thought that the method of [BHE] etching used could have effected the loss by changes to
roughness and composition at the preform surface which might led to scattering centres.
To understand the effect of [BHE] etching, a small drilled section of the preform was
cut in half along its length, and both halves were sonic cleaned in methanol and then
Milli-Q water. One of these halves was then etched for 30 minutes using the process
described for etching silica preforms, and cleaned again in methanol and Milli-Q water.
These two halves were mounted on a glass slide (shown in Fig. so the surface
topology of the drilled holes of both samples could be measured using the surface
profiler. The un-etched sample showed an root mean square (RMS)) surface roughness of
~1.5 pm, with some larger grooves perpendicular to the hole, as shown in Fig. a).
The surface of the etched sample had become microporous (Fig. [5.21{(b)), where the
material was removed by the etching process in a random pattern with ~ 7.5 pm
features. An inkblot test on the etched surface also confirmed the porous nature, as the

ink spread due to capillary action.

Another [ECH was produced from an initial 20 mm diameter silica rod, where the

Figure 5.20 — Samples measured to understand the affect of the [BHF] etch.
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Figure 5.21 —[CS]| surface topology profiles of (a) un-etched sample with surface roughness of ~1.5 pm plus
some larger grooves; and (b) the microporous [BHE] etched sample.

preform was cleaned by submersion in 70% nitric acid instead of using the [BHE] etch
method described earlier. The geometry and loss of this [ECE] is shown in Figs. (a)
and b) respectively. This result shows more than an order of magnitude less loss
than the previously produced [ECFlL This shows that the higher loss of the preciously
produced etched [ECH is likely to have been caused by the etching process. The nanome-
ter scale spikes shown in Figs. (afc) are likely to have been caused by particles
becoming trapped on the surface of the preform during the draw process, because of the

rough porous nature of the etched exposed core. This type of loss was not experienced
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Figure 5.22 — (a) Contrast enhanced [SEM] image of (silica material shown in black) [F300HQ|[ECF] cross
section with 7.5 pm effective core diameter and 160 pm outside diameter, and (b) loss
(cutback) measurement of this fibre.
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by the etched enclosed [SCE], having a similar core size to the [ECE] which is an indica-
tion that the surface was protected from particulate contamination of the surface during
the draw process. This lower loss has the potential to increase the [OTDR] distributed
sensing range, as discussed in Sec. At this 0.1-0.15 dB/m loss level the achievable
distributed sensing range would be about 80—100 m at of 30.

5.10 Evanescent Field Spectroscopy

In Sec. Eq. describes the power at a particular wavelength (P)) at an axial light

propagation distance (z) along a fibre, which can be rewritten as,
P)\(Z) = P)\70 e vE (40)

where P, g is the initial input power, and « is the absorption coefficient in dBm~! of the
fibre. This absorption coefficient («) is made up of absorption of the light propagating
inside the silica core and the light propagating outside the core (the [PE]).

Taking a reference absorption measurement of the fibre, without the presence of the

analyte of interest,
P)\71(Z) = P)\,O Ce ArE (41)

and comparing this to the absorption measurement of the fibre in the presence of the

analyte (assuming the initial power remains the same),
P)\72(Z) — P)\70 X e—(oq—i—aa-Pf)z — P)\70 . 6—0(1~Z_Oéa~Z~Pf (42)

where «a, is the analyte absorption coefficient and Fs is the power fraction in the analyte,

then with Egs. and .

Pyq(z Pyg-eor# Dxg - e 1
3 — ) — 5 — (43)
P)\72(Z) P/\70 . e—al-z—aa-z~Pf %W e—aa-z~Pf e—OLa'Z'Pf
P P.
PiQEZ — gzl In (Pi) =—q,- 2P (44)
,1
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we get the power fraction as,

P = _.1 -In (g) (45)

Equation shows that the [ECE] can be used to measure the absorption charac-
teristics of an analyte using the [PE] and if the absorption coefficient of the analyte is
known then the [PE] can be calculated. This is particularly useful for understanding how
much of the transmitted light is available for interacting with the analyte, and a way of

experimentally validating calculated field distributions (also see Appendix |J)).

5.10.1 Evanescent Field Absorption of Water

Since the wavelength dependant absorption coefficient of water is well documented [195],
water was chosen for an initial absorption measurement using the [ECE, to test the
ability for evanescent field absorption spectroscopy. Broadband light was coupled to the
[ECH core, as discussed in Sec. and the transmitted power in dBm was measured
ten times from 400 nm to 1750 nm in 1.35 nm increments. The transmitted power
was then measured ten times with an 8 cm section of the fibre submersed into MilliQ
water. The average of each of these ten measurements was calculated for each of the
measured wavelengths, where the difference of these averages is shown by the red spectra
in Fig. 5.23] The result of this absorption measurement clearly shows the 1445 nm
absorption peak expected for pure water. The blue spectra shown in Fig. [5.23] is the

known water absorption from Pope et al. [I95]. There is a clear discrepancy of 2-3 dB/m
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Figure 5.23 — The result when using the silica [ECE| (10 pm core) as a evanescent field spectroscopy sensor
in water (I — red), compared to the published absorption of water from Ref. [195] (I — blue).
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across all the lower wavelengths. This discrepancy is most likely due to the change in
refractive index, and therefore [PE], because the transmitted powers were taken initially
in air and then in water. Nevertheless, the power faction can be approximated at the
1445 nm water peak, since this discrepancy of a few dB/m is negligible. The ratio
between the [ECE] result and published absorption results shows that the evanescent
field [PT of the exposed part of the fibre is ~ 3.5% in water.

5.10.2 Evanescent Field Fluorescence Measurements

Rhodamine B in solution was used to test the ability to use the silica [ECF for mea-
suring recaptured fluorescence propagating in the backward direction from fluorophores
surrounding the core. While Rhodamine B does not complex with ions, it is an efficient
fluorescent dye that fluoresces strongly at ~ 583 nm (max) when excited around 562 nm
(max) in water [196], and therefore useful for initial characterisation. To do this, a
532 nm laser excitation light source was coupled into the fibre using a 60x objective via
a dichroic mirror. The fluorescence signal collected from the fibre was imaged using the
same objective, passed through the dichroic mirror and filtered using a 532 nm long pass
filter, and measured using a Horiba iHR550 Imaging Spectrometer with Synapse CCD

Detector, as shown in Fig. [5.24((a).
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Figure 5.24 — (a) The setup used for [ECE] based back reflected fluorescence measurements. (b) Result of
fluorescence experiment using Rhodamine B where the I — orange and B — blue curves are the
background spectra of the fibre in air and fibre submersed in water respectively. The I —
violet and I — green curves are the spectra when the fibre is submersed in 1 pM and 10 pM
solution of Rhodamine B respectively. The I — red curve shows the water background
subtracted result of 1 yM Rhodamine B.
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The results of the fluorescence experiment are shown in Fig. [5.24(b), where the
background spectra of the fibre in air and the fibre submersed in water are shown by
the orange and blue curves respectively. These background peaks are characteristic of
Raman from the silica. The Rhodamine B was then added to the water to achieve a 1 pM
solution of Rhodamine B, which is shown by the violet curve. The solution was then
increased to 10 pM, shown by the green curve, where the fluorescence signal was lower
with the higher concentration. This reduction in fluorescence signal was also seen for
subsequent increase in concentration to 100 pM and 1 mM. Reduction in the measured
fluorescence intensity with higher concentrations suggests that fluorescence quenching

of the Rhodamine B is occurring [197].

5.11 Summary and Conclusions

Characterisation in terms of transmission and environmental stability of the fabricated
polymer and silica and [ECF were performed to understand if these fibres were
suitable for distributed sensing in harsh environmental conditions. The methods used
included; cut-back measurement to determine the fabricated fibre loss; measurement of
the deterioration in transmission properties of the fibre over time; surface profiling of the
preform and fibre core to ascertain the possible causes of the losses; and, measurement
of the [PE] percentage as well as testing the ability for the silica [ECE to recapture

fluorescence using evanescent field [PH excitation.

For the polymer [SCE] it was found that there were catastrophic loss centres along the
length of the fibre. These loss centres were investigated using a microscope, and were
attributed to small air bubble imperfections in the fibre core which cause loss due to
light scattering. Further investigation showed that small air bubbles were present in the
extrusion, and that the extrusion had increased loss compared with the bulk material
before extrusion. On the other hand, the silica was found to have particularly
good transmission properties, with loss as low as 9 dB/km at wavelengths, which
is extremely low for a [MOFl While the loss of the first silica [ECE] produced was found
to be 2-5 times better than [ECEk previously produced using [F2] the loss was still ~2
orders of magnitude higher than the silica [SCEFk. This additional loss for the silica [ECF]
compared to the was investigated and found to be attributed to the [BHE] cleaning

method used on the preform before drawing to fibre. This [BHE cleaning method
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does not etch the silica surface smoothly, but instead causes the surface to become
microporous which is likely to have trapped particulates on the surface of the [ECE
core during the draw process. When another silica [ECE| was drawn from a preform
that was cleaned using nitric acid instead of BHE] it was found to have an order of
magnitude less loss compared to the first silica [ECE produced, and at ~0.1 dB/m at
[NTR] wavelength this loss is low enough to achieve distributed sensing over a distance of

80-100 m at [SNRI of 30.

Experiments to measure air exposure induced deterioration in the transmission
properties showed the silica [ECF] had ~2 orders of magnitude less susceptibility in
transmission loss over time compared with previously produced [F2] [ECEk. These
measurements were also repeated with the silica[ECEF in methanol, water, and saturated
salt solution. In all these cases, there was an increase in transmission loss over time
compared to the air result and, for the water and saturated salt solution, this was
attributed to particulates deposited on the core surface. For the methanol case, the
and results indicated that the methanol causes pitting or micro-fracturing

of the silica.

Evanescent field spectroscopy results using the silica [ECF]showed that in water there
is ~3.5% [PH at the exposed part of the fibre, which was used to excite fluorophores
in solution and recapture the resulting fluorescence for measurement. This fluorescence
measurement was done by coupling the excitation light source into the core at one
end of the silica [ECF and measuring the fibre collected fluorescence signal from the
fibre core at the same end of the [ECFlL All of the results with the silica [ECE| showed
potential towards the project aims of a fibre capable of distributed detection of corrosion
within the harsh environment of an aircraft fuselage. Alternatively, the polymer fibre
produced had substantial challenges to overcome in terms of fabrication and reducing
loss. Therefore, the remainder of the project concentrated on further developing the

silica [ECH for corrosion sensing.
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Functionalisation of Exposed-Core MOF's

“To raise new questions, new possibilities, to regard old
problems from a new angle, requires creative

imagination and marks real advance in science.”

— Albert Einstein

To detect an analyte using light, it is necessary for the analyte to change the prop-
agation characteristics of the light in a specific way that can be measured. While
the most straightforward sensing architecture can be to make use of absorption or
Raman spectroscopy techniques [198], as shown in the previous chapter, problems can
occur when dealing with; mixtures with spectral overlap, analyte with weak or no
determinable signals, and/or solution condition dependance. These problems can be
overcome by using a sensor molecule (detector or probe) that specifically recognises the
analyte of interest, and either uses the guided light to provide a detectable signal of the
recognition event (such as fluorescence) or changes the properties of the medium through
which the light is guided (such as refractive index). For the detection of [AI>T] as an
indicator of aluminium corrosion, sensor molecules that fluoresce when complexed with
the ion are available. The advantage of using such a fluorescent indicator is that they
can be specific and sensitive to very low concentrations of [AI*} for example detection
of concentrations as low as 30 nM have been reported [199]. Although mixing sensor
molecules with a sample is a simple method for the detection of analyte, it does not
allow for the potential to use [MOFk directly without the need for pre-mixing. To enable
such direct sensing measurements, it is necessary to immobilise these sensor molecules

on the surface of the [MOZF] exposed core, which is known as surface functionalisation.

While silica [ECFk offer advantages of lower loss, higher damage thresholds, easier
cleaving (compared with polymer), and potential for integration with commercial

interrogation devices [7], they do not allow for a sensing layer to be directly physisorbed
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onto the surface. For glass it is necessary to use some initial chemical interactions
often referred as covalent binding (also known as grafting) or physical interactions
(adsorption, physisorption or chemisorption) between the core surface and deposited
layers [198]. The choice of the surface functionalisation method is as important in
defining sensing performance as the transduction mechanism being used, and dictated
by the physical and chemical properties of both the core surface and the sensing layer
to be deposited. Functionalisation methods traditionally used include silanes [3, 200,
Appendix |C] or polyelectrolytes [201) 202], which provide a functional group on the

surface to which the sensor molecules can be covalently attached.

Some important factors to consider when choosing a functionalisation method are
the conditions in which the sensor is to be used and any additional optical losses that
might occur as a result. Polyelectrolytes have been found to wash off in acidic condi-
tions [123], and so this method was not included in this study towards developing a
robust optical fibre based distributed sensor capable of detecting corrosion in the struc-
ture of an aircraft. This is because of the acidic environment in the local of aluminium
corrosion, as shown in Fig. Another consideration is the use of fluorescent sensing
molecules which form multiligand complexes, such as [-HQ] that forms an octahedral
complex with (Sec. , and the effect that restricting their mobility by cova-
lently bonding to the core surface might have on their ability to form a complex. In
this chapter, the fabricated silica [ECEk are characterised in terms of fluorescence-based
sensing using a covalent bonding functionalisation method. Also, the development of a
new one step functionalisation process for optical fibre sensing applications, by applying
thin film (~ 50 nm) [PMMA] doped with sensor molecules to a silica [ECF] is described

and compared to covalent bonding.

6.1 Fluorescent Indicators and Binding of Aluminium lIons

Reactions ligands with are characterised by polymerisation, slow ligand exchange
rates, and extensive hydrolysis in aqueous solution. Its preferred coordination number is
6, producing octahedral complexes. All metals and metal ions are Lewis acids (electron
pair acceptors; electrophiles) that have incomplete valence electron shells. They com-
plex with Lewis bases (electron pair donors; nucleophiles), which are therefore effective

ligands, e.g. small molecules or ions that have at least one electron pair that can be
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donated. is the hardest trivalent metal ion (hard Lewis acid), and is highly elec-
tropositive, not easily polarised, and prefers to coordinate with hard Lewis bases that
can donate electrons to its vacant electron orbitals. The most stable complexes
are with multi-dentate ligands with nitrogen or oxygen donors [203, 204]. The term
denticity, from Latin for tooth, denotes the number of donor atoms the chelator uses in
metal binding. The term chelator, from the Greek word for claw of a crab, refers to a
compound that binds a metal ion through at least two functional groups, where each
group donates a pair of electrons to form a heterocyclic ring encompassing the metal.
To form a ring, the ligand must have at least two donor atoms. Chelators having hy-
droxy and azo groups that complex have been used in the fluorometric detection of
[205], 206]. The following are examples of chelators possessing these groups, used
to combine with the [ECF for detection.

6.1.1 8-hydroxyquinoline

8-hydroxyquinoline (8-HQ)) is an aromatic nitrogen compound characterised by a double-
ring structure, containing a benzene fused to pyridine at two adjacent carbon atoms,
with the formula CoH,NO (Fig. [6.1|left)). This compound has a hydrogen atom
that is replaceable by a metal, and gains its fluorescent nature by forming a dative
bond between the metal and hetrocyclic nitrogen atom, enabling formation of a six-
membered chelate ring with It is a bidentate ligand which forms stable multi-
ligand complexes with several metal ions [207]. For example, metal ions with 2% charge
form a bis[8-hydroxyquinoline|metal(Il), whereas a 37 charge metal ion forms a tris[8-
hydroxyquinoline]metal(I1T), as shown in Fig. for the case. The rigid octahedral
complex that forms between three[8-HQ|molecules and [AI*F] fluoresces strongly at 516 nm

—

\

uv
o 380 nm
Green-yellow
3 +AI3+ AI/O +3H+ fluorescence
N 516 nm
\ 7/
8-hydroxyquinoline

Tris{8-hydroxyquinolyl}aluminum

Figure 6.1 — Reaction sequence for [B-AQ with [AT] from Ref. [14].
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(max) when excited by [UV] light in the range 360 to 390 nm [20§], although has also

been shown to work effectively when using a 405 nm excitation light source [119].

6.1.2 Lumogallion

Lumogallion (C,;3HgCIN;,O4S), shown in Fig. [6.2(a), has a specific reactivity to the
trace amount of all inorganic aluminium, gallium, and niobium species [209] in wide pH
range (from 2.0 to 5.7) and an extremely high stability constant when complexed with
[AI*] (5.62%107) [210]. It has been reported that nM level detection of [AI’H]in solution
is possible using Lumogallion [2I1]. When not complexed, the molecule exhibits weak
fluorescence at 567 nm (max) when excited at ~ 507 nm, and strongly fluorescent upon
complexation (Fig. a)). Lumogallion is a derivative of 2,2’-Dihydroxyazobenzene
(i.e. includes sulfonic acid, chloro, and additional hydroxy groups), with which
can form a complex by replacing the hydrogen atoms of the hydroxy groups. When the
Al-Lumogallion complex is formed, the increased rigidity reduces non-radiative losses
and dative bonds with the nitrogen atoms induce molecular polarisation making the

complex fluoresce strongly [212] when excited with green light.

To enable surface attachment, the derivative of Lumogallion with formula
C13H,oNyOj5 (see Ref. [123]) was used, as shown in Fig. [6.2{(b). This derivative contains
a carboxyl moiety in place of the sulfonic acid of lumogallion to allow ready attachment
to a glass surface. It also lacks the chloro substituent of lumogallion to improve the hy-
drophilicity of the molecule. This derivative of Lumogallion was produced by Dr Sabrina

Heng at The University of Adelaide.

Al 1]
/
OH Oy oI\ o0
HO  S~oH O  S-oH - HO OH
HO N\\ A3+ HO N\\ :©/
) — ) o
Cl Cl HOOC
(a) (b)

Figure 6.2 — (a) Reaction sequence for Lumogallion with [AT] [123| 211], and (b) Lumogallion analog with
carboxyl moiety functional group in place of the sulfonic acid for ready glass surface
attachment.
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6.1.3 Spirobenzopyran

A spiropyran appended with a crown ether (spirobenzopyran (SP))) allows photochro-
matic control between ion binding and non-ion binding states [2I3H216]. This type of
sensing molecule can be reversibly photo-switched between ring-opened form, which is
fluorescent when the metal ion is bound (Fig. [6.3(c)—(d)), and ring-closed form, which
is non-fluorescent and doesn’t bind to metal ions (Fig. |6.3(a)—(b)). Cations coordinated
by the crown moiety of the ring-opened form are subject to intramolecular interactions
with the merocyanine phenoxide anion, as shown in Fig. [6.3(c), inducing strong
fluorescence at ~ 630 nm (max) when excited with ~ 532 nm. Isomerisation of the
ring-closed form (spirocyclic isomer), as shown in Fig. [6.3(a)—(b), to ring-opened form
(merocyanine isomer) occurs in dark conditions, but is promoted most strongly by the
presence of [UV]light at A\ ~ 365 nm. The cation-bound ring-opened form readily reverts
to the ring-closed form on exposure to visible light, releasing the bound metal ion. This
provides an opportunity to control complexation, by simply irradiating with either

[UV] or visible light. Weak background fluorescence from the ring-closed form, without

e =2 =it el B e 6 B
(a) P NO, (b) - NO;
| I°"“§ o0 & ~°f°““g |
S AT e
‘ o . O~ e 0\/\{,)/ ‘
I J
. NonFluorescent _Ring Closed Form,
Vis luv
r " Fluorescent ﬁng?pengFom

\\ Single-Liganded

Multi-Liganded J

Figure 6.3 — Metal ion (M) interaction with spirobenzopyran (SP)) according to the model proposed by
Kimura et al. [215] Compound (b) represents the closed form of the SP-M complex prior to
irradiation with light. Compounds (c) and (d) represent the opened and fluorescent form
of the SP-M complexes (single- or multi- linganded versions respectively) after irradiation with
light (A ~ 365 nm).
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the presence of cations, also provides a powerful self-indicating internal reference feature
for analytical measurements [217]. This is because change in fluorescence is due to

cations coordinated by the crown moiety.

Experiments involving with several different size crown ether’s, and therefore
binding affinities to cations other than were tried before a suitable spiropyran
based sensing molecule for [AI* was found. The spiropyran analog with 1-Aza-18-crown-
6 attached to the indolic nitrogen, as shown in Fig. a), was found to multi-ligand
bind to [AIPT] (Fig. .(d To achieve this, a carboxylated chain was incorporated into
the sensor design as an additional binding site. All of these based sensing molecules
shown in the following experiments were produced by Dr Sabrina Heng at The University

of Adelaide.

6.2 Covalent Functionalisation

Covalent functionalisation refers to the creation of covalent bond between the glass core
surface and the sensing molecule to be immobilised. A popular way in achieving this is
to exploit on glass surfaces [200, 218] 219] (also polymers [220] and metals [221]).
Among the different attachment chemistries available shown in Fig. which include
phosphonates, carboxylates, catechols, alkenes or alkynes, and amines, silanes are the
most popular. This is because the chemical modification is performed by a simple
reduction reaction followed by the widely used organosilane chemistry to introduce

diverse functional groups such as perfluoroalkyl, amino, and sulfhydryl for surface
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Figure 6.4 — Available surface modification processes for oxide surfaces, from Ref. [218]
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passivation or further sensing molecule immobilisation.

The attachment mechanism of silane, shown in Fig. [6.5] relies first on the hydrolysis
of the silane to be deposited by water molecules already adsorbed by the polar sensors
surface which presents hydroxyl groups, creating the corresponding hydroxysilane.
Hydrogen bonds are formed between the hydroxysilane and the surface hydroxyl
groups while lateral reordering allows the formation of a single monolayer before the
condensation between the Si-OH groups to form the stable Si-O-Si bonds. This is what
should be happening in theory, however silanes are very sensitive to moisture which can
strongly affect their ability to form a perfect monolayer. Depending on the deposition
method and the moisture exposure during the coating process, cross linking between
silanes can occur during the condensation phase, resulting in the creation of a network
rather than a monolayer. Another factor which can influence the quality of the silane
layer is the initial surface density of groups onto the sensor surface. A low surface
density inevitably results in low reproducibility in the deposition process. These
groups can be generated onto the sensor surface prior the deposition process by plasma

activation [222] or extensive cleaning of the surface with acids [223].

Silanes can be deposited either in solution [223] or in vapour phase [224], 225]. The
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Figure 6.5 — Schematic of silane immobilisation mechanism, from Ref. [218]
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solution deposition process involves simply exposing the freshly prepared core surface
into milli-molar silanes concentration in anhydrous solvent such as Toluene [200], 223],
yielding a full silane coating in minutes to hours. Concentration of the silane in solution
is also crucial in achieving an homogeneous film without cross-linking [226]. The vapour
phase deposition requires more equipment as it involves placing the sensor surface in
a vacuum chamber under a reduced pressure of silane vapour [227]. This technical
limitation makes solution deposition of silanes the typical choice for functionalisation of

silica surfaces.

6.2.1 Functionalisation of MOF exposed core using silane

The fibre used for these experiments was the silica [ECE] fabricated [I85] with 7.5 pm
effective core diameter, as shown in the previous chapter (Fig. [5.22)). To couple the
sensing molecules to the exposed core surface, 3-aminopropyltriethoxysilane (APTES))
was used. This silane covalently bonds to hydroxyl groups ([OHZ) on the silica core
surface to provide free amine groups for covalent bonding with a carboxylic acid group
of the sensing molecule [200]. The fibre was prepared for functionalisation
by flame sealing the holes at each end, then clean and hydroxylate the outer surface by
immersion in 70% nitric acid for 16 hrs followed by 2 hrs in 70/30 piranha solution. After
rinsing and drying, the prepared fibre was immersed in 5% [APTESltoluene solution
for 2 hrs, then rinsed with toluene and acetonitrile. This silane functionalised fibre
was then immersed in a solution of sensing molecule + acetonitrile + HATUF + N,N-
diisopropylethylamine (DIPEAI) for 20 hrs and rinsed with acetonitrile. The [HATUl and
[DIPEAI are used as a coupling agent to generate an active ester from the carboxylic acid
group for covalent attachment to the amine group of the silane [228]. The detailed step
by step procedure is described below. The container used for this chemistry was a long
(1 m) test tube with ®¥8 mm inner diameter, specifically made for this purpose from
borosilicate glass (Pyrex). The fibres were not removed from the container until the
functionalisation procedure was complete, and the chemistry was done in a fume hood

and room temperature (~23°C).

* 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
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1.

10.

11.

Seal the ends of the [ECEF5 (~ 0.8 m lengths) using a hot flame torch.
(~1800°C - such as oxy/acetylene.)

. Place the sealed fibres into the test tube.

(The rest of the procedure is done using the test tube without removing the fibre.)

. Fill with concentrated nitric acid (70%) and leave overnight (16 hrs).

Remove the nitric acid and rinse twice with Millipore water, by filling then re-
moving the water. Leave the test tube filled with water until preparation of the

piranha solution is complete.

. Prepare a 70/30 (v/v) piranha solution (concentrated sulfuric acid (98%) and

hydrogen peroxide (30%)).
CAUTION - Piranha solution must be prepared and handled with great care as
it is an extremely strong oxidising agent, capable of quickly dissolving organic

material.

. Remove the water from the test tube, fill with the prepared piranha solution and

leave for 2 hrs.
Note: Bubbles from the piranha solution reaction will attach to the fibre(s) and
cause them to lift out of solution. To prevent this a loose cap, such as a small

glass slide, should be placed over the top of the test tube.

Remove the piranha solution, and rinse twice with Millipore water, by filling then

removing the water. Then, rinse twice with acetone (high performance liquid

chromatography (HPLC) grade).

. Place the test tube in an oven at ~150°C for 20 mins.

. Remove from the oven and leave to cool for a few minutes. Check that there is no

condensation at the sealed end of the test tube. If condensation is noticed, then

rinse with acetone again and repeat the drying step.
Fill with anhydrous toluene.

Prepare a (5%) solution of [APTES] in anhydrous toluene (v/v), inside a nitrogen
filled (dry) glove box.
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12. Remove the toluene from the test tube, fill with the [APTES] solution and leave
for 2 hrs.

13. Remove the [APTES| solution, rinse twice with anhydrous toluene, and then rinse
twice with acetonitrile (HPLC] grade). Leave the test tube filled with acetonitrile

until preparation of the sensing molecule solution is complete.

14. Prepare a solution of 75 pM sensing molecule with 100 pM [HATU + [DIPEA] i.e.
the coupling agent needs to be in excess of the sensing molecule. For example,
the lumogallion (molecular mass: 344.72) can be prepared from 2.6 mg/100 mL
in acetonitrile, then add 17.5 pL [HATUl and 3.8 mg [DIPEAL

15. Remove the acetonitrile from the test tube, fill with the sensing molecule solution,

and leave for 20 hrs.

16. Remove the solution and rinse twice with acetonitrile. Leave the test tube filled

with acetonitrile until ready to use the fibre for sensing experiment.

Some of the challenges with this functionalisation chemistry is making sure the surface
is kept clean and free from moisture, and how to achieve long lengths of homogeneously
functionalised fibres. The results for silane functionalisation of the silica [ECF] are shown

in the following sections.

6.2.2 Covalent Attachment of Lumogallion

As described in Sec. the lumogallion used for attachment to the silica [ECE]
is a derivative that was characterised and compared to the commercially available
lumogallion in Ref. [123]. Those published cuvette measurements showed that the
fluorescence from the surface attachable derivative is similar to that of the commercially
available form, with the added advantage of linear increase in emission with increasing
aluminium concentration. The minimum detectable concentration of in solution
was found to be ~ 500 nM. Comparison of slides and (core diameter ~ 1.7 pm),
functionalised with the lumogallion derivative using polyelectrolytes showed a 10-fold
decrease in sensitivity for the [SCE| case. This decrease in sensitivity was attributed
to a high surface density of the fluorophore on the fibre, causing large background
fluorescence from the uncomplexed fluorophore. Nevertheless, lumogallion is a good

candidate as a first attempt to functionalise the [ECF] for detection of m since it was
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Figure 6.6 — Back reflected spectra of [ECF] functionalised with lumogallion using silane, where the
I — green, I — blue, and I — red curves are the results from the fibre before immersion
(background measurement), immersed in a solution containing [A7] dissolved in water, and
immersed in a solution containingdissolved in acetonitrile respectively.

previously used for functionalising the [F2/[SCFk.

To characterise covalent functionalisation of the lumogallion derivative using silane,
using the method shown in Sec. the back reflected fluorescence from the lumo-
gallion functionalised [ECE] (60 cm total length) was measured with a 8 cm immersed in
saturated solutions (100 g/L) of KAL(SO,),-12H,0 (AP solution). Figure shows
the results of these measurements, where the green, blue, and red spectra are the back
reflected fluorescence from the fibre before immersion (background measurement), im-
mersed in dissolved in water, and immersed in dissolved in acetonitrile. While
the fluorescence response is slightly better when the is in acetonitrile solvent, the re-
sult is still only a few hundred counts increase over background. These results show that
response of the lumogallion to a saturated solution of is limited when covalently

attached to the fibre core.

6.3 Physical Functionalisation

Physical functionalization is a method for immobilisation of sensing molecules which
doesn’t depend on the chemistry of the surface and can be exploited virtually on every
material. Although the process is relatively simple, it is unlikely to result in a single
self-assembled monolayer due to the attachment mechanisms involved. One particular

approach is to use charged polymers in solution, often called polyelectrolytes (PE).
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Figure 6.7 — Examples of polyelectrolytes (a) poly(acrylic acid), (b) poly(allylamine hydrochloride), (c)
poly(styrene sulfonate).

A large variety of [PEk are available, the most common of which are poly(acrylic
acid) (PAA]) (with carboxylic functional group), poly(allylamine hydrochloride) (PAH])

(with amino functional group), and poly(styrene sulfonate) (PSS)), depicted in Fig. [6.7]

Polyelectrolytes are either positively or negatively charged. Deposition of [PE] layers
is done following a layer by layer process where a first [PE] layer with a charge opposite
to the intrinsic surface charge of the substrate is deposited in solution, then followed by
a rinsing step and a second [PE] layer with opposite charge compared to the previously
deposited [PH layer [230] as shown in Fig. The process can be repeated multi-
ple times to stack layers onto any substrate, resulting in an increase of the functional
groups density onto the sensor surface. These free functional groups are then available
on the surface for subsequent attachment of a sensing molecule with the corresponding
group. Since the deposition process relies exclusively on electrostatic forces, the de-

position of [PE] layers is only dependent on the intrinsic charges of the surface rather

(1) Polyanion (3) Polycation
(2) Wash (4) Wash

Substrate

Figure 6.8 — Depiction of the layer by layer deposition process used for polyelectrolytes coating, from
Ref [229].
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than its chemical nature, as required by the covalent bonding method. This versatility
means that [PEl coatings have been used for [MQOF] based sensing applications involv-
ing; with metallic coatings [201], 231], polymer whispering-gallery mode (WGM])
microspheres [232], 233], and functionalisation of suspended glass cores with molecular
beacons for deoxyribonucleic acid (DNAI) detection [I1, 234] and fluorophores for ion
detection [123]. Appendix [K] shows a combination of [PEk and liposomes used to create

a biocompatible sensing platform using the silica [ECF]

6.4 8-HQ Doped Thin Film Polymer

In 2013, Rowland et al. showed a solvent evaporation deposition method for the
internal coating of silica capillaries with doped polymer to create capillary resonators
for optofluidic refractometric sensors [235]. In that work, the principle of capillary forces
was used to load a solution of dissolved polymer (poly(benzyl methacrylate) (PBzMAI))
into the capillary which leaves behind a thin film as the solvent evaporates. It was also
shown that a fluorescent die (Nile Red) could be mixed with the dissolved to
coat the inner surface of the capillaries with a doped polymer thin film (~400 nm).
These ideas by Rowland et al. led to the question; is it possible to use a polymer
thin film doped with fluorescent indicators as a functionalisation method? It has been
shown that polymers can be thought of as a highly viscous fluid subject to molecular
diffusion [236, 237]. Therefore, it was thought that the polymer matrix might provide
an environment on the surface of the [ECE] that allows diffusion of and mobility of
multiligand binding fluorophores, such as as long as these fluorophores are also
sufficiently trapped by the polymer matrix.

For thin film functionalisation, PMMAIl was chosen since it has a refractive index
of 1.49 (at 620 nm), which is closer to that of silica (1.46 at 620 nm) compared with
polystyrene (1.59 at 620 nm) or [PBzMA] (1.57 at 620 nm). Higher refractive indices at
the core surface can lead to more [PF] [137, [139], however it is also important to consider
possible increased light scattering losses as a greater portion of guided light travels out-
side the core and coupling of excited fluorescence back to the guided modes of the fibre
core. While fluorocarbon based polymers (such as poly(tetrafluoroethylene) (PTEE);
DuPont brand name Teflon) have refractive indices lower than silica, finding a way to

dissolve these types of polymers could pose a challenge. [PMMA]is known to be soluble



144 6 FUNCTIONALISATION OF EXPOSED-CORE MOFS

in dichloromethane (DCM]), which evaporates very quickly (boiling point 39.6°C), and
[PMMA] is often used for doped thin film optical devices [238-240]. To understand if

doped within a polymer film could complex with [AI’F] a drop of doped
PMMAI (concentration of 3:100 by weight) was placed on a glass slide.

It was noticed that the PMMAMHS-HQJ on glass slide was lifting off the glass after
several minutes of being submersed in aqueous solution. This suggested that the polymer
was not bonding to the glass substrate, but instead just sitting on the surface where the
water was able to penetrate between the coating and substrate, breaking the adhesion.
In this case, PMMA] granules with a density of 1.20 g/cm? from Polysciences Inc. were
used. To determine if bonding improvement could be achieved using cast polymer, as
well as reduced background due to impurities, a 24.65g clear cast rod with
a density of 1.18 g/cm?, also known as a ‘plexiglass rod’ (Professional Plastics Pte.
Ltd. [Singapore]) was dissolved in 1ltr of to produce a solution. The
solubility of this cast PMMAI is thought to be 30mg/ml in 6 mg of was
dissolved in 1ml of and 1ml of the PMMAI solution, making a concentration of
30(8-HQ) : 100(pnma) by weight. A drop of this solution was then placed
at each end of a glass slide and allowed to set for 15mins at room temperature. The
glass slide was cut in half, and one of these pieces was placed in [AI*F] solution for 2.5 hrs

during which time the PMMAMgS-HQ)] remained attached to the glass slide.
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Figure 6.9 — Back reflected spectra at 355 nm excitation wavelength of PMMAH8-HQ] drop on glass slide,
not exposed to|£]1_T|sqution (1 - blue) and exposed to [A7] solution for 2.5 hrs (I — red), with
(a) 5mW excitation power, and (b) 35 mW excitation power.
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The back reflected spectra from each of the PMMAHS-HQ)] drops on the glass slide
was measured using a 355 nm excitation light source and Horiba iHR550 Imaging Spec-
trometer with Synapse CCD Detector via a 400 nm long pass filter, shown in Fig.
The blue spectra show the results when the drop was not exposed to solution, and
the red spectra show the results when the drop was exposed to solution for 2.5 hrs,
using 5mW excitation power (Fig. [6.9(a)) and 35 mW excitation power (Fig. [6.9(b)).
The results confirm that the is able to complex with the doped within the
[PMMAl drop on the slide. It is assumed that the cations are able to permeate the PNMMA]
and that the molecules are able to move within the polymer matrix to complex

with the cations.

6.4.1 One Step Functionalisation Process

The PMMAHS-HQ] solution, at a concentration of 30(s rq) : 100(priva) by weight, was
next used to coat the ECEl One end of the fabricated silica [ECH (Fig. a)), with an

effective core diameter of 7.5 pm, was fed through a silicone septum (Aireka Scientific
Co., Ltd) fitted to the bottom of an open-end vial. This setup, shown by the schematic
in Fig. b), was then used to coat the outside of the [ECE] including the exposed core
region. The [PMMAH-HQ)] solution was placed into the vial (~5 mm depth), and the
fibre was pulled through the solution and silicone septum by hand (at ~8 m/min) to
leave behind a ~50 nm coating of the doped on the core surface (Fig. [6.10]c)).

Uniformity of the polymer layer is critically important for optical performance of the
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Figure 6.10 — (a) Contrast enhanced image of (silica material shown in black) [ECH cross section,
having an effective core diameter of 7.5 pm (core location shown by I — green box). (b) A
schematic of the thin-film polymer coating method used to coat the outside of the
including the exposed core region. (c) Close-up GEM] of the outside edge of the exposed core

(N — red arrow in Fig. a)) with 50 nm polymer coating (light grey).
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device. Measured results from images of six samples, from the centre and 10 ¢m in
from the ends of two individually coated 1 m lengths of fibre, showed the coating thickness
on the outside edge of the exposed core to be in the range 43—46 nm with measurement
uncertainty of +£9 nm. The coating procedure was performed in a laboratory chemical

fume hood at room temperature (~21°C), without additional curing.

6.5 Characterisation of Thin Film Polymer Layer
6.5.1 Functionalised Fibre Loss

To determine the impact of polymer coating on propagation loss, cutback fibre loss
measurements were performed using a 100 W halogen broadband source with an
approximately Gaussian-distributed intensity profile and peak power at 800 nm. The
before and after polymer coating loss measurements are shown by the blue and red
lines in Fig. [6.11] respectively, and summarised in Table for 532 nm, 1064 nm,
and 1550 nm wavelengths. These results show an increase of ~10-20 times after

applying the polymer layer. The difference between these coated and uncoated fibre

w
w n

N
5

=
"

Loss (a[dB/m])

[any

o
n

0 +——r—r+—r T

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 6.11 — Broadband cutback loss measurements of silica [ECEl before (N — blue) and after polymer
coating (I — red). The difference between the coated and uncoated fibre
loss after — Qbefore IS shown in B — green. Cutback loss measurement at A = 640 nm for

un-doped [PMMA] coated [ECH (dark-red dot @).

Table 6.1 — Loss measurements for silica [ECFl (Fig. a))
|Wavelength (nm)|  Uncoated (dB/m) [Coated (dB/m)]
532 0.178 1.04

1064 0.092 1.82

1550 0.141 2.94
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loss measurements (after — Qbefore) 18 shown by the green line in Fig. [6.11

Understanding the reasons the polymer layer adds to the overall loss, and finding
ways to reduce these losses, can significantly improve the distributed sensor practical

range, as shown in Chapter [2] The loss of a fibre is given by,

1
g0 ¢ [ na|El?dA
Afiber(A) (M()) [ ExH* 2dA (46)

where n'(z, y) and a(x,y) are the refractive index and material loss distribution, E(x,y)
and H(z,y) are the electric and magnetic field distributions, and z is along the optical
axis of the fibre. This guided mode loss includes all loss mechanisms, such as absorption
and scattering. The change in loss of the guided mode due to the addition of the polymer

layer can be written as,

1
o -« - (2 ’ flayer malBf dA (47)
after before foo ExH* 2dA

where we have assumed the mode distribution has not changed due to addition of the
layer, since it is very thin (~ 50 nm). In Eq. ., a(z,y) includes loss of polymer
material, oy, and any loss due to scattering or inhomogeneity added during fabrication,

ag, hence a(z,y) = am + ag(z,y). As a result, Eq. can be rewritten as,

€0> (TL Om flaycr|E|2dA flayor l’ y)af(l' y)|E|2dA> (48)

Qafter — Obefore = (/L(] fOOEXH* 7 dA fOOEXH*ZdA

or alternatively,

<M0 >é (aafter - abefore) foo ExH* zdA

€0 m flauyer|E|2 dA

. flayer (z,y)af(x,y)|E|* dA
. flayelr“:-l"‘2 dA

= d (49)

where o is the overall layer loss. Equation can be used to determine the loss induced
from applying the polymer layer, as a function of the guided mode field distribution
fraction, by measuring ufier — before and calculating electric and magnetic fields of the

fibre propagation mode.
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To calculate the electric and magnetic fields, numerical simulation was performed
on the fibre core profile taken from an image, with a 50 nm polymer layer added
to the exposed hole side of the core, using full vector [FEM] in the commercial package
COMSOL 3.4. For example, Fig. a) shows the result for the z-component
power flow (S, = E x H* z) distribution at A =532 nm of the fundamental mode,
with refractive indices of the air holes, silica core, and polymer layer being npoles = 1,
Nsilica = 1.4607, and niayer = 1.4947 respectively (Fig. b)) The cutback measure-
ments (see Fig. [6.11)) were used together with the fundamental mode calculations
with silica and material wavelength dependent refractive indices (n],) to de-
termine o for 405 nm, 532 nm, 640 nm, 790 nm, 980 nm, 1064 nm, and 1550 nm
wavelengths. The green dots in Fig. plot the results for these seven wavelengths
which show a trend of reducing attenuation with increased wavelength. To investigate

this A\ dependence, o was fitted to the function,

4 .
o = Z & (50)

which revealed the experimental values of o’ could be fitted with either of the following

wim’] x 10

Exposed Hole

[m] x 10°

50 nm polymer layer
(See detail)

£, 50 nm polymer layer detail

L dg Air hole n=1

L 15 Polymer layer n=1.4947

Silica core

(b)

Figure 6.12 — (a) Numerical simulation result for the z-component power flow (S.) distribution at
A = 532 nm of the fundamental mode using full vector EEMl The fibre core profile (shown
by white outline) taken from image. (b) Detail of the of the refractive index profile
used for the simulation.
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two functions,

2049.04 = 413.2
o = ( 0 30 + i’4 Ty 6988.35) [R? = 0.997] (51)
1272.97
and  ab = <A3 + 8001.75) [R* = 0.994] (52)

with A in pm, and o' in dB/m units, shown by the red and blue lines respectively in

Fig. The fit of these functions could not be improved by allowing as # 0.

Equation shows wavelength dependencies of the form known to originate from
intrinsic material light scattering. In general terms, material density changes cause
intrinsic light scattering which is termed as Tyndall, Mie, and Rayleigh scattering
originating from constituents of sizes r > 40\, A/20 < r < 40\, and r < A/20
respectively [241]. On the other hand, Eq. has A~2 dependence which is described
by Roberts et al. [242] as applying to surface roughness at all length scales. For
suspended and free-standing nanowires, increased field strength at the surface leading
to larger roughness scattering type loss [187) 243] has also been shown to have core size

dependence of aocd =3 [124].

The fact that both functions o} and o} fit the experimental data indicates that

any function o/ given by o = pa) + (1 — p)ad, where p € [0, 1] fits the data as well. To
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measurements (Qafter — Qbefore, Fig.[0.11]) for 405 nm, 532 nm, 640 nm, 790 nm, 980 nm,
1064 nm, and 1550 nm wavelengths. Plot of fitted A dependent functions Eq. (0 - red)

and Eq. (N - blue).

Figure 6.13 — (green @) Plot of loss induced from applying the polymer layer, ' in Eq. (49)), using cutback
ﬁ
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determine p, we compare the coefficient of Rayleigh scattering that has been measured
for bulk [PMMA] [244] with the coefficient of A™* in Eq. , which appears to be 5 x 106
times bigger than actual value as reported in [244]. To investigate the possibility that
the added [B-HQ)] is contributing to additional Rayleigh scattering, another length of the
[ECF] was coated with a thin film (~ 50 nm) of un-doped [PMMA] using the same method
as described above. The loss of this coated [ECF] was measured at A = 640 nm
using the cutback method, which was found to be 2.78 dB/m compared to 1.25 dB/m
measured for the shown by the dark-red dot and red line in Fig.
respectively. This reveals that is not the cause of the additional loss from the thin
film layer, instead helping to reduce the overall attenuation. Also, the A~! Mie type
scattering in Eq. cannot be due to intrinsic properties of the thin film, since this
would suggest constituents with sizes orders of magnitude larger than the layer thickness.
This implies that p =~ 0, since Eq. cannot be describing intrinsic material properties
of the thin film layer as being the predominant cause for the additional loss, and so

does not contribute to the loss function o’ in terms of intrinsic material light scattering.

To investigate surface roughness scattering type loss described by Eq. , a [CS]]
was used to measure the roughness of the [ECE] core surface before and after polymer
coating. Before coating the roughness along a 20 pm length of the core was found to be

S, = 0.394 nm, whereas after coating S, = 0.873 nm, where,
5. = Imax 22, )| + Jmjn Z(z )| (53)

The additional measured roughness at the core surface, together with Eq. hav-
ing an o o< A3 dependence [242], indicates that the source of the added attenuation
from the polymer layer is primarily due to surface roughness. Such roughness has been
shown to arise from excited surface capillary waves (SCWK) [242], where small rip-
ples on the surface are frozen in at the time of fibre fabrication. The amplitude of
is dictated by equilibrium thermodynamics with surface tension (7) providing
a restoring force. During material phase transition these freeze [245], leaving a
surface roughness proportional to inverse surface tension (S, oc y7!) [242] 246]. Both
the (y = 0.032 Nm~! [247]) and (y=0.026 Nm~! [248]) used for the
thin film coating have surface tensions an order of magnitude lower than for the sil-

ica (y = 0.31 Nm~! [182]) used to fabricate the[ECE]l This relatively low surface tension
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for the polymer coating gives rise to higher amplitude [SCWE, leading to additional sur-
face roughness and therefore additional loss. Hence, improvements may be possible by
finding ways to increase the surface tension of polymer mixtures used for the thin film

coating.

6.5.2 Air Exposure Induced Deterioration

The impact of deterioration on the transmission properties of the functionalised fibre,
resulting from exposing the functionalised fibre to air, was measured using the same
procedure detailed in Sec. A 4 m long PMMAKE-HQ] functionalised fibre was cou-
pled to a 100 W halogen broadband source with an approximately Gaussian-distributed
intensity profile and peak power at 800 nm. At the other end, the light from the core
was imaged onto the detector of an and the transmitted power spectrum, in dBm,
was recorded from 350-1750 nm every two minutes. This procedure was performed in a
laboratory at room temperature (~21°C), with the fibre in air, where the setup was left
long enough (~6 hours) so that the measured power stabilised to within £0.05 dBm,
then used to take time based measures of the power for 180 hours. Any changes over
time (¢) in the transmission characteristics were then fitted to the equation Eq.
where ¢ is the loss in dB m~'day~!. For comparison the result for the uncoated [ECE]
from Fig. (with 10 pm core diameter), in Sec. is shown by the red line in
Fig. The result of £(\) (Eq. (35)) for the thin-film functionalised fibre, shown by
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Figure 6.14 — Deterioration in the transmission properties of the air exposed uncoated (I — red), from
Sec. with 10 pm core diameter) and thin-film polymer functionalised (I — blue). silica
[ECFl The 95% confidence interval is shown in black. For the thin-film polymer functionalised
fibre result, the confidence interval is approximately the same as the line thickness.
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the blue line in Fig. shows a significant improvement compared to the uncoated
fibre.

This deterioration in the transmission properties is expected to come from changes
in the mechanical and/or compositional characteristics at the core surface, causing light
scattering effects [I86HI88]. When the core diameter is reduced these light scattering
effects are expected to increase, as a greater portion of guided light travels outside the
core. However, this result shows an order of magnitude less deterioration in trans-
mission properties even though the core diameter of this functionalised fibre is smaller
(7.5 um) compared to the uncoated [ECE] from Sec. (10 pm). This shows that the
thin film coating is providing a protective function for the core surface. For example, at
A = 532 nm the air induced deterioration in the transmission properties of the thin-film
functionalised fibre (3 x 1072 dB m~'day~!) is an order of magnitude better than for the
uncoated result. This is significant for optical fibre sensors requiring long term and/or
harsh environmental applications while providing long length light interaction with the

analyte of interest.

6.5.3 Sensing Measurements

To test the ability of the coated fibre to detect EEL an 18 mW laser excitation
light source with a wavelength of 375 nm was coupled into the core of an 80 cm long
[PMMAHR-HQ] functionalised fibre using an aspheric lens (f=2.75 mm, NA=0.55) via a
dichroic mirror. The back reflected light collected from the coated fibre core was imaged
using the same lens, passed through the dichroic mirror, 425 nm long pass filter and x4
objective, and characterised using a Horiba iHR550 Imaging Spectrometer with Synapse
CCD Detector. The exposed-core region of the coupled fibre was then exposed to
by immersing the outside of a 23 cm long central section of the fibre insolution, and
the back reflected spectra were measured immediately after immersion and again after
1 hour of immersion. The setup is shown by the schematic in Fig. m(a). The mea-
sured result before immersion subtracted from the after immersion results is presented
in Fig. b), which shows the fluorescence peak of complexed with [208]
increasing over time. This result demonstrates the ability of a thin polymer film func-
tionalised fibre to detect m with the potential for corrosion detection, and confirms
sufficient mobility of the within the polymer matrix to allow complexation.
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Figure 6.15 — (a) Setup used to test the ability of the coated fibre to detect [AFT] (MMF is multimode fibre).
(b) Background subtracted back reflected spectra of the functionalised fibre directly after

immersion in [A*] solution (M — green) and after 1 hour of immersion in solution (I — blue).

6.6 Functionalisation with Lumogallion Doped Thin Film

It has been shown that lumogallion (Lumo) is an effective chemosensor for [Al°™]
detection. To test a [PMMAH-Lumo functionalised fibre, [PMMA] solution was prepared
to make a concentration of 30(rume) : 100(pprara) by weight. However, because
lumogallion is a mostly polar molecule it was found that it does not dissolve well in the
non-polar solvent. Therefore, to achieve the 30:100 ratio a sonic bath and vortex
mixture were used several times until the participants in the mixture were no longer

visible. A 600 mm long [ECF] was thin film functionalised with this solution.

The functionalised fibre was coupled to a 532 nm (15 mW) laser and the back reflected
spectra of the unexposed fibre recorded, the result of which is shown in Fig.[6.16|a). For
this and subsequent measurements, 10 spectra were recorded using 10 ms exposure in
20 ms intervals, and the average of these ten spectra is shown by the red spectrum. Then
a 100 mm long section along the fibre, was immersed in a solution. Back reflected
spectra from the fibre were measured straight after immersion, shown in Fig. [6.16{(b),
where the spectral intensity was increasing over the course of the 10 measurements show-
ing a fluorescence peak due to the lumogallion complexing with[AI’*] For measurements
recorded after 5 minutes and again after 45 minutes, shown by Figs. [6.16{c) and [6.16{d)

respectively, there was a reduction in the fluorescence peak.
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Figure 6.16 —[PMMA] + Lumo functionalised [ECF] back reflected fluorescence measurements (a) dry, (b)
straight after adding [AT] solution, (c) after 5 minutes, and (d) after 45 minutes.

A 2cm section, 0.6 m along the length of the functionalised fibre, was submersed in
the solution and the fluorescence spectra measured every 30 seconds and normalised
to the silica Raman peak at 548 nm. Figure [6.17] shows the fluorescence peak values,
at 649nm. These results show that the fluorescence signal from the lumogallion is
significantly decreasing over time. Further experiments with doped polymer drops on
glass slides showed that the lumogallion leaches out of the polymer when in aqueous
solution. This shows the importance of using non-polar sensing molecules, which remain

trapped in the polymer layer, as was the case for the
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Figure 6.17 — Fluorescence peak values of back reflected spectra at 532 nm excitation wavelength from
[ECFl with lumogallion doped [PMMA] coating submersed in solution containing

6.7 Comparison of Functionalisation Methods using Spiropyran

A real advantage would be the ability to control the selectivity of ion binding for
a particular ion, without the need to change the chemical structure of the sensor
molecule. This could be achieved by immobilising the sensor molecule onto a suitable
surface and use the local molecular environment (nano-environment) around the sensor
to control the way the molecule interacts with the analyte. This is because the
incorporation of a substance into a nanoscale space can dramatically alter its chemical
properties [249H251], providing a means to control host-guest interactions and similar

molecular recognition events [252-250].

Multiligand chelation of has been found to be highly dependent on the ionophore
that is appended to[SP|and these structures in turn show a degree of molecular flexibility.
Chelation of these sensors can be changed by binding to a surface or by altering solvent
conditions which can affect the behaviour of the ring-opened isomer [257, 258]. This
molecular flexibility makes an ideal system to probe effects of the nano-environment
in which the sensor is embedded. By using a single sensor molecule to measure and
compare binding to each cation when (i) in solution, (ii) covalently bonded to a surface,
or (iii) embedded within a thin film polymer, the effect of the different nano-environments
on molecular recognition can then be characterised. The [SP] sensor molecule used for
surface attachment onto the[ECEF|shown in this section was found to have affinity towards

calcium ions (@) and as single- and multiligand complex respectively.
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6.7.1 Binding and Fluorescence Behaviour in Solution

The solution behaviour of ring-opened form of the [SP] sensor was studied by measuring
fluorescence intensity at 25°C and pH 7.0 using 96 well plates with the excitation wave-

length at 532 nm, after [JV] irradiation (A ~ 365 nm) for 5 min. The [AI’°"] and [Ca™]|

metal ion solutions were prepared by dissolving the respective sulfate or perchlorate
salt in [HPLClgrade acetonitrile. Jobs method [259] was used to establish stoichiometry,
where the relative fluorescence response was plotted (Fig. [6.18((a)) as a function of the
corresponding reagent molar fractions given by x = Cs/(Cy + Cs), with Cy and Cy
being the metal ion and sensor concentrations respectively, and (Cy + Cg) = 100 pM.
This plot depicts the increase in analytical signal with the ligand molar ratio until a
maximum is reached where the signal diminishes. Linear fits to the two parts of the
curve, one with positive slope due to the increase of the complex proportion in solution
and the other with negative slope, are also shown in Fig. a). The stoichiometric

molar fraction (SE]), obtained from the intersection of these linear fits, was found to

be SFA; = 0.68 and SFc, = 0.40 for [AI’"] and [Ca™| respectively. This indicates that

two sensor molecules are used to form the SPHAPF] complex, whereas only one sensor is

needed for the BPHCaZH] complex.
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Figure 6.18 — Solution measurements of [SP]in ring-open form. (a) Job plot of sensor to metal ion
stoichiometry, with relative fluorescence response of (@) SPHCa>"| and (@) GPHAL ] at
various molar fractions. Linear fits of the positive and negative sides for (H) Eﬂm and ()

indicate the [SEk are SFc, = 0.40 and SFa1 = 0.68 respectively. (b) Solution
measurements using 532 nm excitation, where the blue, red, and green spectra are the

fluorescence response from () [SP] without the presence of cations, (1) BPHCa?™] complex,
and () GPHART] complex respectively.
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Fluorescence intensity measurements of ring-opened [SPl in acetonitrile solution

without cations as well as separate solutions containing 10 pM |Ca*™| and [ALI°*] are

shown in Fig. |6.18(b) by the blue, red, and green spectra respectively. These results
show that fluorescence from the SPHAI*H] multiligand complex (green) was an order of
magnitude lower than fluorescence measured from the SPHCaZT single-ligand complex
(red). Compared to these two complexes, no fluorescence was noticeable from [SP| in

solution without the presence of metal ions (blue).

It is generally understood that formation of single-ligand or multiligand crown—metal
complexes depend on the cation size relative to the size of crown ether, where larger
cations tend to form multiligand complexes with two or more sensor molecules [260].
However contrary to that general understanding, the measurements (Fig. [6.18|(a))
show that the smaller [AT**] cation binds toSPlas a multiligand complex (2xSP1: 1x[A1*F])
while only one sensor molecule is needed to form the complex with the larger cation,
which has approximately twice the ionic radii of This suggests that multiligand
chelation may also be related to cation charge. Further work to understand this was
done by theoretical chemist Dr. Adrian Mak at the Agency for Science, Technology and
Research (A*STAR)]) Institute of High Performance Computing (IHPC) in Singapore,

and is shown in the jointly prepared manuscript in Appendix [[}

6.7.2 Fluorescence Behaviour when Covalently Bound

To characterise the effect that attaching the sensor to a substrate has on the ability to
detect ions, the[SP]sensor was covalently bonded to the [ECH surface and the fluorescence
response measured. The silica [ECE surface was cleaned and hydroxylated by immersion
in nitric acid followed by piranha solution. This was followed by covalently bonding
silane to the surface groups, which provided free amine groups at the surface
for subsequent covalent attachment to the carboxylic acid group of SPl Fluorescence

response from the surface of this covalently functionalised fibre was then measured.

Fluorescence from the ring-closed and ring-opened forms of the sensor on the

surface of the fibre core were measured in separate 10 pM [AI°"| and |Ca™]| solutions,

as well as acetonitrile without metal ions as a control. The AT and [Ca®t| solutions

were prepared by dissolving the respective sulfate or perchlorate salt in [HPLClgrade
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acetonitrile, and the measurements were performed at 25°C and pH 7.0. To measure the
fluorescence response from the sensor in ring-closed form on the surface, the fibre
was first exposed to 532 nm light coupled into the core for 15 seconds before performing
the measurements. For the fluorescence response measurements from the sensor in
ring-opened form, the fibre was first exposed to [UV] from the side (Apeak = 365 nm)
for 5 minutes before performing the measurements. A single covalently functionalised
fibre was used for all of these experiments, which preserves the optical fibre coupling
conditions. This is possible due to photochromism of the sensor, enabling reversible
switching between ion-binding and ion-release states [3], and therefore removing the

need to change the fibre between measurements. The functionalised fibre was rinsed

with acetonitrile between the [Ca*'| and |IAI>*] measurements. This rinsing was done
while exposing the fibre to 532 nm light coupled into the core to ensure the Sensors
on the surface were in the ring-closed form to facilitate releasing of any bound metal

ions.

The results of these fluorescence intensity measurements of from the [ECE core
surface are shown in Fig. [6.19] The violet, orange, and brown spectra show the ring-
closed form and the blue, red, and green spectra show the ring-opened form in solutions
of acetonitrile without cations, [Ca®Flin acetonitrile, and [A*Tlin acetonitrile respectively.

These results show that the sensor molecules are at the light guiding core surface
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Figure 6.19 — Fluorescence intensity measurements of [ECF| with the [SPl sensor molecule covalently attached
to the light guiding core. The I — violet, I — orange, and I — brown spectra are fibre in
solutions of acetonitrile without cations, in acetonitrile, and in acetonitrile
respectively, with the [GP]sensor in ring-closed form on the surface. The I — blue, I — red, and
I — green spectra are fibre in solutions of (H) acetonitrile without cations, [Ca®in acetonitrile,
and in acetonitrile respectively, with the [SP] sensor in ring-opened form on the surface.
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of the [ECEl Fluorescence intensity from the ring-opened form of the sensor on the
surface is the same for both the reference solution not containing any cations (blue)
and the solution containing (green). This shows that covalent bonding of the
sensors onto the surface hindered the molecules ability for multiligand binding. For the
experiment with solution containing (red), the fluorescence of the ring-opened
sensor on the surface clearly increased over the ring-closed reference measurments (blue).
This shows that the sensor is able to bind to ions on a single-ligand basis to form the
SPHCa% complex at the surface. Comparing the intensity ratio of SPHCa%] complex
(red) to the uncomplexed [SPlreference (blue) from this result (Fig. and the solution
measurement result shown in the previous section (Fig.|6.18(b)), we see there is a 5x10%

reduction in the SPHCaZT] complex fluorescence intensity for the surface bound case.

6.7.3 Fluorescence Behaviour from Thin Film Polymer

To characterise the effect that placing the sensor in a macromolecular environment
has on molecular recognition, a thin film polymer doped with the sensor was coated
onto the [ECE] surface and the fluorescence response measured. Fluorescence response
from the thin-film functionalised fibres was then measured using the setup described in
Sec. |p|and shown in Fig. [5.24(a). Initial results of fast diminishing fluorescence intensity
when the thin-film functionalised fibre was placed in acetonitrile based analyte solutions
showed again that solvent polarity is an important consideration to avoid leaching of a
doped thin film. Experiments on glass slides confirmed leaching of the sensor, rather
than break down of the polymer, was the most likely cause of the diminishing signal in

the presence of acetonitrile. Hence, the analyte was changed to separate 1 mM Milli-Q

water based [AI°T] and [CaZ| solutions and Milli-Q water without metal ions as a control.

The [AI”T] and [Ca™| solutions were prepared by dissolving the respective sulfate or

perchlorate salt in Milli-Q water, and the measurements were performed at 25°C and

pH 7.0.

To avoid contamination from trapped cations between measurements of each analyte
sample, three separate doped thin-film coated [ECEk were used to measure fluorescence
intensity from the ring-closed and ring-opened forms of the [SP| sensor in the polymer
film. This is because, even though the thin film can be thought of as a highly viscous

fluid subject to molecular diffusion [236], it also creates a nano-environment that can
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trap molecules [261]. To measure the fluorescence response from the [SPl sensor in
ring-closed form within the polymer film, the fibre was first exposed to 532 nm light
for 15 seconds before performing the measurements. For the fluorescence response
measurements from the sensor in ring-opened form, the fibre was first exposed to

[OV] (Apeax = 365 nm) for 5 minutes before performing the measurements.

The results of these fluorescence intensity measurements are shown in Fig. [6.20
where the violet, orange, and brown spectra show the ring-closed form and the blue,
red, and green spectra show the ring-opened form in solutions of water without cations,
in water, and in water respectively. These measurements show there was a
significantly improved signal for all the analytes from the doped thin film polymer
compared to the covalently functionalised results (Fig. . Most significantly the
result demonstrates strong fluorescence from the thin film in response to solution.
This shows the[SP|sensor molecule has increased mobility within this physically absorbed
environment compared to covalent bonding. The macromolecular polymer chains hold
the sensor within the nano-environment while providing the conditions needed for
diffusion, solvation, and therefore complexation. Even though this sensor molecule
is not readily soluble in water, the thin-film polymer provides a nano-environment
where solvation can occur. For the thin-film polymer we also observed an increased

signal from the smaller atom compared to m which is in contrast with the

(o]

Thousands

0 “"“““““\\:T(\Lf\'(—v—‘r—r‘

550 600 650 700 750 800
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Figure 6.20 — Fluorescence intensity measurements of [ECF| with [SP] sensor molecules doped thin film
polymer coated on the light guiding core. The violet, orange, and brown spectra are fibre in
solutions of (W) water without cations, (F) in water, and (N) in water respectively,
with the [SP] sensor in ring-closed form in the thin film. The blue, red, and green spectra are
fibre in solutions of (H) water without cations, (H) in water, and (l) E%]El in water
respectively, with the sensor in ring-opened form in the thin film.
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solution measurements (Fig. [6.18|(b)). Since dispersion interaction (London dispersion
force) between the sensor, cations, and polymer macromolecules is proportional to
intermolecular distance (r~9), the larger atoms are subject to lower London dis-
persion force compared with smaller This shows that the dispersion contribution
to solvation energy [262, 263] can significantly change complexation behaviour, and
suggests that the polymer chains can act as a solvent. The mobility [236] and dispersive
properties of the polymer macromolecules reduce the degree of complexation with

larger cations, while the[SPlmolecule is weakly bound to the polymer nano-environment.

The hindrance of binding within the PMMAllayer is surprising considering that
single-ligand complexation of poses less demands on the mobility of the sensor
molecule compared to multi-molecule complexation with When is embedded
in polymer, the cations have to diffuse from the analyte solution to the surface of the
polymer film and then into the polymer matrix to be bound to If diffusion of
would determine the rate of cation binding then it would be more greatly affected when
binding with EEL as two ligands have a reduced probability of binding compared to
one ligand. However, it is not observed that binding to the sensor molecule
in [PMMA] is hindered in this way, compared to Therefore, this hindrance is
attributed not to a difference in mobility but to a difference in the mobility of
the cations. The larger ionic radius for (114 pm) compared to (68 pm)
is anticipated to relatively decrease the ability of to diffuse within the [PMMAI
matrix, which would diminish the efficiency to form SPHCa"] complexes in [PMMAL

Photoswitching experiments were performed with the thin-film coated fibres to under-
stand if ion binding and release could be optically controlled and fluorescence from the
complexed and uncomplexed states of the molecule remained reliable over respective
cycles. The switching cycle involved measuring the passive [SPlin ring-closed form (‘off”)
after long (15 second) exposure to 532 nm laser light, and then measuring the active
in ring-opened form (‘on’) after exposure to [UV]light for 5 minutes. This was done while
the thin-film coated fibres were coupled to the setup with the 10 cm section immersed
in the analytes. Each measurement consisted of ten 0.1 second exposure to the 532 nm
excitation light source with 0.1 second intervals, the spectra of which were integrated
and summed together then normalised to the average of the seven ‘on’ ring-opened form

of measured while the fibre was in water without cations.
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Figure shows the results of these photoswitching experiments, where the ‘off’
and ‘on’ measurements of the thin film functionalised fibres are shown by the empty
circle (o) and filled circle (@) respectively. The blue, red, and green circles in Fig. |6.21
show results from the fibre when in solutions of water without cations, in water,
and in water respectively. When the fibres were in water (blue) or in water
(green), the ‘on’ and ‘off” fluorescence intensity was approximately the same for each
measurement. However when the fibres were in water with (red), the ‘on’ and
‘off’ fluorescence intensities steadily increased over subsequent measurements. Further
experiments are needed to better understand this increasing fluorescence with the
analyte. The increase may be due to increased concentration over time of these
relatively larger cations in close proximity with the sensor molecules within the polymer

matrix.

After performing the ‘on’ and ‘off’ switching experiments, each of the fibres was
left in dark conditions while in the water, or solutions for 1 hr, 1.5 hrs,
and 17 hrs respectively, and then a final ‘on’ signal measured, shown by the squares
(M) in Fig. These dark conditions results show the fluorescence response of the
sensor in water returning back to the first ‘on’ measurement, and the response to
remaining reasonably constant with the last ‘on’ measurement. For @, there is a

significant increase over the last ‘on’ measurement (~ 25%), which may be due to the

T :

Normalized Integrated Counts

0 2 4 6 8 10 12 14 16
Experiment Number

Figure 6.21 — Photoswitching of the thin-film functionalised [ECEl Each point represents a measurement of
(o) the passive ‘off’ ring-closed form or (@) the active ‘on’ ring-opened form of the [SPl sensor
molecules. The blue, red, and green shows the results from the fibre when in solutions of (@)
water without cations, (@) in water, and (@) in water respectively. The last result
(M) in each case was measured after leaving the fibres in water, or analytes in
dark conditions for 1 hr, 1.5 hrs, and 17 hrs respectively.
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long duration (17 hrs) enabling deeper penetration of the cations, and therefore higher
complexation yield. The results show that the sensor molecules are trapped within nano-
environment of the polymer matrix. The binding process and fluorescence response of

the sensor—polymer layer is maintained over many switching cycles.

6.8 Summary and Conclusions

Sensor molecules that fluoresce when complexed with are available, which can
be used for the detection of as an indicator of corrosion. An advantage of using
a fluorescent indicator is that they can be specific and sensitive to very low (30 nM)
concentrations of To enable direct sensing measurements, it is necessary to
immobilise these sensor molecules on the surface of the exposed core, which is

known as surface functionalisation.

The results of this chapter show that mobility of sensing molecules is an important
consideration when choosing a surface functionalisation method. The fluorescence signal
from covalently attached single-ligand binding sensing molecules, such as lumogallion
with or BP| with [CaZf] was found to be only a few hundred counts above
background. This low signal significantly reduces the [SNR] which impacts on the
distributed sensing range when applied to distributed corrosion sensing, and would
require very sensitive detectors which add to the cost of the system. Covalent bonding
hinders the ability for sensing molecules to form multiligand complexes with lA.—]‘EL as
shown by the covalent bonding experiments using in Sec. To overcome these
problems associated with covalent attachment of sensing molecules, a new one step
functionalisation method was developed, using thin film polymer doped with sensor

molecules.

A doped thin polymer film (~50 nm) eliminates the need for functional groups on
the surface of the silica core for sensor molecule attachment, and offers the prospect of
being applied during the fibre drawing process. This method integrates the polymer,
silica, and sensor molecule properties to create a distributed sensor capable of detecting
an analyte of interest anywhere along the fibre length. The technique was successfully
applied to the detection of in solution by applying a thin film doped with either
or [SPl multiligand binding sensing molecules. These experiments showed sufficient
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mobility in the [PMMA] matrix to allow interaction of the sensing molecules with the
analyte of interest. This functionalisation method for optical fibre sensors has the
potential to be applied not only to detecting corrosion, but also a variety of sensing
applications such as environmental hazard detection or detection of analytes within

biological samples.

The air induced deterioration in transmission properties of the thin film function-
alised [ECF] was shown to be an order of magnitude reduced compared to the un-coated
result shown in the last chapter. The protective function of this coating is a practical
improvement for any use of these fibres, particularly for photonic applications were en-
vironmental protection is needed while maintaining access to the guided light. Cutback
measurements showed a ~10-20 times increase in loss after applying the polymer layer.
Analysing the overall loss of the polymer layer, by calculating the field distribution nor-
malised attenuation of the layer, it was shown that the source of the added attenuation
from the polymer layer is primarily due to surface roughness. Such roughness arises from
excited SCWk, which become frozen in during material phase transition. Further work
is needed to find ways of improving the functionalised surface, and exploit the method

for more complex sensing molecules and applications.
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Corrosion Sensing with Exposed-Core MOF

“Everything must be made as simple as possible. But

not simpler.”

— Albert Einstein

Having established the fabrication and functionalisation of suitable optical fibres for the
detection of the next step was to test the ability of these fibres for sensing actual

corrosion.

7.1 Detecting Corrosion

Measurements were performed to test the ability of the [ECE| coated with the
doped [PMMA] to detect Each measurement was done with 50 ms pulses of light
from 18 mW 375 nm laser. Two separate experiments were performed, the first of
which was to again immerse a section of the [ECH in a solution containing and the
second experiment used a second section of [ECE] in a corroded simulated aluminium
aircraft joint. This was done so the two measurements could be directly compared. For
consistency, one longer length of [ECFE] was coated and then cut, with half used on each

of the experiments.

For the first experiment the exposed-core region of the coupled [ECFE] was exposed
to by immersing a 23 c¢m long central section of the fibre in solution in a
capillary. The back reflected spectra were measured before immersion, immediately
after immersion and periodically over a 2 hour period. The measured result before
immersion subtracted from the after immersion results is presented in Fig. a), which
shows the fluorescence peaks of @—M complex [208] for a series of immersion
times. These solution measurements demonstrate the ability of the thin polymer film

functionalised fibre to detect However, over time the measurement deteriorated
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Figure 7.1 — (a) Periodic measurements of the back reflected spectra of the functionalised fibre immersed
in solution containing [AZ*] and (b) plot of the peak intensities from the measurements shown
in Fig. a) as a function of time.

after peaking around half an hour after immersion, as shown by a plot of the peak

intensities as a function of time in Fig. [7.1{b). The cause of this deterioration is

not known, however it may be that the drying saturated solution causes salt crystal

formation on the core at the air-liquid interface where the fibre enters and exits the

solution.

For the second experiment, a 21 cm long aerospace—grade aluminium plate was
machined with 2 mm slots and covered with a top plate of 1 cm thick perspex to
allow visualisation of the corrosion. The perspex was drilled with 2 mm holes along
the location of the slots so as to allow the ingress of the corrosive atmosphere to the
aluminium. The plate was placed in the highly corrosive atmosphere of a salt spray
chamber for four days to induce accelerated corrosion of the aluminium. The corroded
plate, shown in Fig. a) was allowed to dry and then the functionalised [ECE| was
placed inside one of the corroded slots, as shown in Fig. b). For a background
measurement, the back reflected spectra from the [ECE] were measured while the plate
was dry. The slot of the aluminium plate with the fibre inside was then filled with high

purity Milli-Q water and the back reflected spectra measured immediately and again

periodically over a 2 hour period.

The measured results with background subtracted are presented in Fig.[7.3(a), which



7 CORROSION SENSING WITH EXPOSED-CORE MOF 167

(b)

Figure 7.2 — (a) Aerospace grade aluminium plate after four days in the highly corrosive atmosphere of a
salt spray chamber. (b) The corroded plate with a functionalised [ECFl (B — purple) inside one
of the slots.

shows the fluorescence peaks of m—@ complex [208] for a series of time intervals
after addition of the water. These simulated aluminium aircraft joint measurements
demonstrate the ability of the [ECH functionalised with a thin polymer film to detect
as a byproduct of corrosion. Figure (b) is a plot of the peak intensities of these
in plate measurements as a function of time, which shows that there was an immediate
initial response from the functionalised fibre which then logarithmically increased over

the two hour period.

To make this sensing element useful for detecting corrosion within aircraft, a way to
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Figure 7.3 — (a) Periodic measurements of the back reflected spectra of the functionalised fibre inside a
corroded simulated aluminium aircraft joint, and (b) plot of the peak intensities from the
measurements shown in Fig. a) as a function of time.
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transition from the bulky/flexible equipment typically used for laboratory experiments
to a stand-alone/purpose-built setup was necessary. This required finding ways to move
away from nano-stage coupling arrangements, instead connectorising the sensing fibre

into a small, portable and easy to use system.

7.2 Splicing

One can attempt to solve both the free space optics and coupling problems through the
use of splicing. In addition to increasing the ease of use of the sensing fibre, splicing
also provides stable permanent coupling, virtually eliminating the effects of thermal
expansion. The general idea of splicing is to connect the [ECEk to conventional core-clad
silica fibres. By connectorising these silica fibres direct ‘plug and play’ operation
of the sensor could be obtained. The initial work on splicing an [ECEF| to SMFE] was
achieved by Warren-Smith using an Ericson arc splicer (FSU 975) [5]. The standard
conventional program was used with the exception of a 100 yum offset towards the
and manual alignment. Figure[7.4]shows a image of the [ECH] spliced to
There is core size and numerical aperture (NA]) mismatch between the [SME] and [ECF]
so relatively high splice insertion loss is expected compared with splicing SMTk together.
The insertion loss was measured to be 3 dB for this fibre at a wavelength of 1550 nm,
although modelling results indicated a theoretical insertion loss limit of 0.5 dB [5]. While
Fig. shows that there is some deformation of the [ECE] at the splice, as is generally
expected for splicing to [MOF] the large air holes help to ensure that guidance in

the core was still maintained.

g i
AccY SpotMagn Det WD —| 200 um
10.0kvY 3.0 350x SE 100 fs written Bragg gratings - exp 1

Figure 7.4 —[SEM| image of [ECF spliced to [SMF] from Ref. [5].
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7.2.1 Coupling Losses and Background Signals

While the splice insertion loss of 3 dB is good for coupling the excitation light to
the fibre core, compared with freespace coupling, another factor that needed to be
considered is the coupling of the fluorescence back into the for measurements. On
the one hand, it has been shown that fluorescence in the backward modes of the fibre
have a higher efficiency compared to the forward modes [68], [137]. On the other hand,
when we consider that the [ECF has many hundreds of modes and the only a few
at the wavelengths being considered, it becomes apparent that the coupling efficiency

of the fluorescence back into the [SMF] is limited.

While coupling of the excitation light requires a small core, such as that provided
by the SME], high efficiency capture and detection of the fluorescence requires a larger
area [MMTF] shown in Fig. Nevertheless, to check this hypothesis and check if back
reflected fluorescence could be measured using an [SME] one end of a [ECE] was spliced
to a connectorised To achieve this a commercially available connectorised [SME]
patch fibre was cut in half and spliced to a 150 mm length of [ECEl The [ECF was
then functionalised with the doped thin-film technique discussed in the previous
section. The functionalised fibre was coupled to a 375 nm (18 mW) laser via the
connector of the and the back reflected spectra recorded, shown in Fig. [7.6(a).
For this and subsequent measurements, 10 spectra were recorded using 10 ms exposure
in 20 ms intervals, and the average of these ten spectra is shown. Then a 100 mm
long section along the fibre, was immersed in solution. The back reflected spectra
from the fibre were measured straight after immersion, shown in Fig. b), where no
change was noticed from the sensing molecule complexing with We observe

cladding
.\
core
single mode fibre multi mode fibre

Figure 7.5 — Cross sections of single and multi mode fibres.
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Figure 7.6 — Thin-film functionalised [ECF] spliced to [SMF for coupling. (a) Dry - back reflected
measurement, (b) straight after adding [A*] solution - back reflected measurement.

large background fluorescence peaks coming from the device when measuring the back
reflected signal, which interferes with any possible measurement of the fluorescence

from complexed sensing molecules.

To overcome the back reflected background and limited back reflected fluorescence
coupling efficiency into the [SME], a [MMF] fibre with core diameter of 62.5 ym was spliced
to the other end (transmission end) to collect the fluorescence response from the fibre.
This setup used an to couple the excitation light into the fibre and to collect
the fluorescence produced by the sensing molecules. Initial experiments using this setup
were done to test the ability of a fully connectorised system, with the [ECE] as a sensing

element, to detect the onset of corrosion in a simulated aircraft joint.

7.3 Accelerated Corrosion Experiments

7.3.1 Setup

The next step was to put together a proof of concept setup to determine if the SME
and connectorised [ECEk can be used for fluorescence detection of [AIT] and then
be used for in-situ measurements in the accelerated corrosion tests at This
was done with a photodetector instead of the Horiba imaging spectrometer to make

the setup portable. Several types of silicon (Si) photodetectors were tried, including a
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Figure 7.7 — Setup used to prove demonstrator concept, and intended to be used for salt-spray chamber
experiments.

Thorlabs PDA36A, however it was found that ‘single photon’ sensitivity was needed to

resolve the signal from noise. A schematic diagram of the experimental setup is shown

in Fig.

The best result, when comparing several available photodetectors, was found to be
with the SensL. MiniSM. This detector is capable of single photon detection with a
response of around 170 kA/W at 600 nm. Initial results with Rhodamine B on the
exposed core, using the setup shown in Fig. are shown in Fig. [7.8 The first half

of the result from the oscilloscope shows the detector dark counts, and the last part

CH1 100m¥Y

Figure 7.8 — Result of detection response from Rhodamine B, used to determine effectiveness of setup with
photodetector.
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Figure 7.9 — Result of detection response from functionalised device with PMMA] doped with [SPl

shows the switching experiment where 300 ms pulses were used for the on/off pulses.

The increased signal is due to Rhodamine B fluorescence at the surface of the fibre core.

An [ECE] was functionalised with PMMAHSP] and spliced to the setup shown in
Fig. [7.7] the results for which are shown in Fig. These measurements were obtained
by integrating the result from a 120 ms exposure to the 532 nm excitation light, while
leaving the setup in dark conditions to allow the sensor to open for interaction.
The result shows clear change between the ring-closed and ion bound ring-opened forms

(‘off” and ‘on’ states) of the [SP] sensor molecules.

7.3.2 Experiments

Having determined the feasibility of an all connectorised fibre-optic system, the next
set of experiments were to test the system using a simulated aircraft lap-joint supplied
by A salt spray chamber, shown by Fig. [7.10(a), was used to provide a highly
corrosive environment. Four spliced [ECEk were fitted to narrow slots cut along the
length of the aircraft grade aluminium, and then a perspex cover bolted on top to allow
viewing of corrosion. The cover had holes drilled to allow ingress of the corrosive liquid

to the aluminium. This plate is shown in Fig. [7.10(b).

One of the fibres was left uncoated, while the other three were thin-film functionalised

with PMMAHKSP], PMMAMS-HQ, and un-doped [PMMA] respectively. The excitation

and detection apparatus, shown in Fig. [7.7] was placed beside the salt spray chamber
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Figure 7.10 — (a) Salt spray chamber used to accelerate the rate of corrosion of the aluminium joints; and,
(b) the simulated aircraft joints with four ECEk mounted inside slots of the aluminium plate,
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so that in-situ measurements could be performed over time to measure the response of
each of the fibres as corrosion progressed in the aluminium plate. A 372 nm excitation
light source was used for the thin-film functionalised fibre, while a
532 nm source was used for the other three. Measurements where taken every two hours
during the day for the first three days, left for 10 days and measured again. For each
of the fibres, the excitation light source was used together with a long pass filter at the
transmitted end of the fibre to measure the fluorescence response, shown by the blue
trace in Figs. Any changes in the transmission properties of the fibres was also

characterised by using the 532 nm light source, shown by the red traces.

The transmission properties of the uncoated bare silica [ECE| (red curve in
Fig. [7.11)(d)) showed that the transmission properties of the sensing fibre did not
degrade with time during the experiments (14 days). This showed that the [ECEk are
robust enough to withstand the harsh conditions of the salt spray chamber. For the
three thin-film functionalised fibres Figs. [7.11ja)—(c), both the overall transmission
properties as well as fluorescence decreased over time. This suggested that the harsh
environment might have had an effect on the fibre’s thin-film coating in a way that
caused losses along the length of the exposed core. During the first few hours, the
fibre functionalised with PMMAHR-HQ) increased before the signal started to reduce.
This may have been an indication that corrosion was detected, before the transmission

properties of the fibre diminished.

Figure 7.12 — Visual inspection of fluorescence from [ECF] functionalised with PMMAHSP] in plate.
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The fibres within the plate were visually inspected to see if scattered fluorescence
could be observed from the outside of the fibres through the perspex cover. To achieve
this, the salt spray chamber was opened and the excitation light coupled into each of
the fibres. For the fibre coated with polymer doped with the sensing molecules,
green fluorescence could be observed. Figure shows the fluorescence that was
observed from the This indicated that while the functionalised surfaces
are working, the loss induced by the harsh conditions makes the signal difficult to detect
along the fibre. This means that the percentage of coupled light guided by the core
was being reduced by increasing losses at a faster rate than the increase in fluorescence
coming from the sensing molecules. To detect this signal it was necessary to find ways
to couple the excitation light into the core as well as collect the fluorescence from the

same end of the sensing fibres.

Microscope images of the [ECEk within the slots, after the salt spray chamber ex-
periments and after drying, are shown by Figs. (a) and b). The surface of the
fibre with the thin-film polymer coating (Fig. [7.13|(b)) looks to be much rougher than
the surface of the uncoated fibre (Fig. [7.13|(a)) which further suggests that the harsh
environment might have affected the thin-film, increasing the transmission loss due to
scattering effects. Further experiments, such as imaging of the polymer surface to
determine if the film has fragmented, are needed to determine the actual nature of the

increased loss.

(a) (b)

Figure 7.13 — (a) Uncoated [ECFH in slot after salt spray experiments. (b) Thin-film coated (functionalised)
in slot after salt spray experiments.
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7.4 Proof of Principle Experiments

Establishment of a method to both couple the excitation light and collect the fluo-
rescence from the same end of the micro-structured sensing fibre was needed. While
coupling of the excitation light requires a small core, such as that provided by the SME]
high efficiency capture and detection of the fluorescence requires a larger area [MMTFE] as
was shown in Fig. Experiments to measure the efficiency of backward fluorescence
recapture using [SCE|, which has a core the same size as the [ECE, or a commercially
available double clad fibre (DCEF]) (NUFERN SM-9/105/125-20A) were performed. The
fibre has a small inner core (same size as a[SMFL28), which can be used to couple
the excitation laser light to the sensing fibre, surrounded with an inner clad multi mode
region which could be used to collect and guide fluorescence from the higher order

modes of the [ECEl

Measurements were performed with an [ECE in 10 puM solution of Rhodamine-B,
results for which are shown in Figs. where the blue and red spectra show the
result with and without the Rhodamine-B fluorophore respectively. For comparison,
the results of a [ECE] directly coupled via an objective (free-space), and [SMFEF}28 spliced
to the [ECE], are shown in Figs. (a) and (b) respectively. Another experiment was
performed using the SMFE}28 with the polymer cladding removed, to create a double-clad
structure with the outer cladding being air. The result of this stripped SMFI28 spliced
to the [ECH is shown in Fig. [7.14{c). Results of the and spliced to the [ECF]
are shown in Figs. [7.14d) and (e) respectively. A comparison of each of these results is
shown in Fig. [7.14(f), being the ratio of recaptured fluorescence to background of the
fibre for 560-640 nm wavelength range. Comparing each of the spliced fibres against the
free-space measurement (Fig. [7.14{(b)), the results show nearly no fluorescence signal is
detectable via the SMFL28. When the cladding is stripped or when using a[SCE] the sig-
nal is detectable at a ratio of ~1.5. This is further improved when using the [DCF| where

the ratio is ~2, which is approaching the free-space [ECE|measurement at a ratio of ~2.7.

These initial results show that excitation of, and fluorescence detection from, the
[ECE]is achievable when spliced with the [DCEL It is expected that further improvements
would be achieved by using a fully connectorised system with a double clad fibre coupler

(DCETC]) which would improve the collection optics.
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Figure 7.14 — Characterisation experiments of various excitation and collection fibres spliced to the [ECFl for

fluorescence detection. In each case the @ - blue and @ - red spectra show the back reflected
result with and without Rhodamine-B fluorophore respectively. Results (a)—(e) are freespace
[ECFl SMHF spliced to [ECF] stripped BME] spliced to [ECF| SCFl spliced to DCF spliced

to [ECFl respectively. (f) Shows a comparison of these results.
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7.5 Integrated Detection Instrumentation (Demonstrator) Design

While the project aims to develop a robust optical fibre based sensor capable of detecting
corrosion anywhere along the fibre length was achieved, as shown in Sec. more work
is needed to turn this into a portable unit capable of being imbedded in the structure
of an aircraft. To expand this work to a demonstrator, extended the program to
include transition of this project into an integrated, portable sensor for the detection
of on a representative test article. This requires the design and implementation
of an integrated [ECF| based system that can be used to show potential investors the
detection of corrosion in a simulated aircraft lap-joint. The instrumentation, [ECH
integration and manufacture of the demonstrator is a continuation of the work shown
by this thesis, and will be tested using the salt-spray chamber at to provide an

accelerated corrosive environment.

Design of integrated corrosion detection instrumentation, in the form of a demon-
strator, is shown in Fig. [7.15] This design incorporates two optical fibre sensor arms
(functionalised silica[ECF]), in corroded and not corroded sections of an aluminium plate.
Control of corrosion detection along each arm is done with a NI USB-6000 data acqui-
sition unit via a computer graphical user interface (GUI) which also displays
the results. This switches between each of the arms via a switch, then
pulses the laser (Matchbox 405 nm). The laser pulse is guided along a [SMFEF128 fibre
and transferred to a via a The is spliced to the silica [ECE] which is
functionalised with a thin-film polymer doped with known to fluoresce strongly
in the presence of The pulse of light guided by the core of the is transferred

MEMS

Laser

Figure 7.15 — Design of integrated detection instrumentation as a demonstrator
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to the core of the functionalised [ECE] and any fluorescence recaptured by the [ECH is
transferred back into the inner cladding of the via the splice. This fluorescence
is coupled to a [MMF] (100 pm bifurcated fibre) via the and imaged into the
detector (SensL MiniSM) via an objective (O) and long-pass filter (LP), which are inte-
grated within a lens tube. The signal from the SensL is processed by the [DAQ] and the
result is displayed on the screen of the computer via the [GUIL For the corroded arm,
fluorescence is expected to be higher than for the non-corroded arm. This difference
provides a differential measurement between the two arms, which provides the means of
recognising corrosion within the aluminium plate. This demonstrator is being completed
in 2016, and will be available for potential defence collaborators and investors to see a
working example of a portable optical fibre sensor capable of detecting corrosion within

the inaccessible areas of an aircraft fuselage.
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Conclusion

“If I have seen further it is by standing on the shoulders

of giants.”

— Isaac Newton

The research shown in this thesis advances optical fibre sensing technology with
the objective to develop a fibre optic approach for detecting the initiators and/or
by-products of corrosion within an aluminium structure. This thesis showed that
significant progress in based sensing technologies was necessary to achieve this
objective. Results in Chapter [2] demonstrated that the best practical results for an
optical fibre capable of distributed sensing should be obtained by an [ECE] that has low
loss. The loss of the fibre impacts most on the fibres practical length, and while
[PE] improves light overlap with the sensing environment, that increased overlap can
also increase loss due to increased scattering. Essentially, the core diameter needed to
be small enough so that there is sufficient [PE] to excite sensing molecules at the core

surface but not excessively impact the fibres loss.

In previous research, it was found that [F2] material was not suitable for [ECEFk
requiring long term use in harsh environments. The work in Chapter [3] demonstrated
that polymer also had substantial challenges to overcome in terms of fabrication
and reducing loss. However, the [ECE geometry was successfully transitioned from soft
glass to silica with significantly better mechanical and thermal stability as a result.
Silica also has high transmission in the UV-Vis-NIR spectral range, making it suitable
for a greater range of fluorophores, including [8-HQ] The fibre loss of ~0.1 dB/m at
wavelengths was the lowest achieved to date for [ECE|, which is important to realise long
length distributed sensing. The production of these fibres was achieved by first gaining
a practical understanding of the draw process beyond what was achievable by trial and

error. Chapter [4] described how to use the analytical model provided by Fitt et al. [140]
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to determine the draw conditions needed to produce multi-hole [MOFk. This made it
possible to predict the parameters needed to fabricate the first silica [ECES, thereby
creating the type of desired asymmetric [ECE| geometry targeted towards distributed

corrosion sensing.

For real time analysis along the [ECE length, it was necessary to immobilise the
fluorescent sensor molecules on the glass surface of the exposed core. Many strongly
fluorescent sensing molecules, such as form a multiligand complex with the
cation which required the development of a novel surface immobilisation process. For
this, a new method to functionalise the [ECFk with a thin-film polymer doped with the
sensor molecules was developed. This method, demonstrated in Chapter [6], removed the
need for surface attachment of functional groups, while integrating the polymer, silica
and sensor molecule elements to create a distributed sensor capable of detecting
anywhere along the fibre’s length. This surface immobilisation development, using a
doped thin-film, offers the prospect of being able to be applied after the furnace stage
of the fibre drawing process, for the fabrication of long length functionalised distributed
sensing fibres. It was found that the thin-film coating also served a protective function,
reducing deterioration in the transmission properties of the silica [ECE by a further
order of magnitude. Nevertheless, the thin-film had increased fibre loss, due to increased
surface roughness arising from excited becoming frozen in during material phase

transition.

Using the silica [ECE functionalised with thin-film polymer, Chapter [7] demonstrated
an optical fibre based sensor capable of detecting corrosion anywhere along the fibre
length. This [ECF] was also used to develop a stand-alone/purpose-built setup for the
detection of corrosion in simulated aircraft joints. To achieve this, single mode conven-
tional fibres were spliced to the [ECE] for coupling of the excitation light to the core,
while multi-mode fibre was spliced to the transmission end of the fibre sensing element
to collect fluorescence from the sensing molecules at the functionalised core surface. This
meant that standard optical fibre connectors could be used for direct ‘plug and play’ op-
eration of the sensor. An all fibre-optic system was achieved for in-situ measurements of
corrosion byproducts from a simulated aluminium aircraft lap-joint. These in-situ
measurements were performed over time to monitor the response of the sensing fibres

as corrosion progressed in the aluminium plate, using [DSTGE salt spray chamber. It



8 CONCLUSION 183

was found that the transmission properties of bare silica [ECE] did not degrade, while
the transmission properties of the functionalised fibre decreased over time. While there
was an indication that was detected before the transmission properties of the fi-
bre diminished, the harsh environment effected the transmission, reducing the ability to

detect fluorescence from the surface of the [ECE] sensing element.

8.1 Future Prospects

The work conducted over the past few years, shown in this thesis, has extended the
work on using [MOFk as sensors. Improvements to the robustness of [ECEFk and transition
into an integrated, portable sensor for the fluorometric detection of in corroded
structures has been demonstrated. However, further development of the [ECF| sensing
element is needed to create a stand alone demonstrator that can be used to show the
detection of corrosion in simulated aircraft joints. Double clad type fibres have a small
inner core, which can be used to couple the excitation laser light to the sensing fibre,
surrounded with an inner clad region which could be used to collect fluorescence from
the higher order modes. This should provide the basis for future distributed optical fibre
based corrosion sensors, capable of plug-and-play type operation with a stand-alone
interrogation unit. To do this, further work is needed to integrate functionalised [ECF]

with connectorised double clad fibres, fibre couplers, detectors and light sources.

While several significant challenges have been overcome, another important step is
to combine the sensing element with distributed measurement techniques. This requires
careful balancing to find the optimum core geometry that has the best compromise
between loss, [PE], and fluorescence capture efficiency ratio for distributed measurements.
There are significant opportunities in further development of an easy to use model
for predicting [MOF] draw parameters, as well as finding ways to improve the response
and reduce the loss functional surfaces on the fibre. Ways of improving the thin-film
functionalised surface to reduce loss is needed, such as investigate the use of fluorocarbon
based polymers (such as[PTEFE]) instead of using[PMMAIl Ultimately, low surface tension
leads to higher amplitude and therefore higher loss due to scattering, so further
research on increasing the surface tension of thin film polymers could potentially lead
to low loss thin film functional coatings. Also, future work could assess the sensitivity

of the [ECT sensor to changes in refractive index during accelerated corrosion testing.
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Further investigation is also needed to understand how to reduce the small air bubbles

present in [PMMA]extrusions, which could potentially lead to lower loss polymer [MOFk.

The results shown in this thesis are not limited to just corrosion or just structural
health monitoring. These breakthroughs can be adapted to develop new sensors for
use in environmental hazard detection, such as water safety, or detect analytes within
biological samples. Further work on ensuring biological compatibility can lead to point-

of-care in-vivo sensing devices for human health monitoring.
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Abstract. This paper summarises recent work conducted on the development of exposed core
microstructured optical fibres for distributed corrosion sensing. Most recently, exposed-core fibres
have been fabricated in silica glass, which is known to be reliable under a range of processing and
service environments. We characterise the stability of these new silica fibres when exposed to some
typical sensing and storage environments. We show the background loss to be the best achieved to
date for exposed-core fibres, while the transmission properties are up to ~2 orders of magnitude
better than for the previously reported exposed-core fibres produced in soft glass. This provides a
more robust fibre platform for corrosion sensing conditions and opens up new opportunities for
distributed optical fibre sensors requiring long-term application in harsh environments.

Introduction

The high acquisition costs associated with modern military and civilian aircraft coupled with tighter
budgets has resulted in the need for greater utilisation of existing aircraft fleets. Typically, military
aircraft have a planned life-of-type of 25-30 years. In Australia, in many cases, almost twice this
time is achieved before the aircraft is retired [1]. For civilian aircraft flying today, approximately
20% are considered to be aging, and as that number increases so does the need for heightened fleet
monitoring by airlines and manufacturers [2] and continued intense focus and surveillance of these
activities by regulatory agencies [3].

With advancing aircraft age there is an increased possibility that protective coatings will break
down or be damaged, resulting in exposure of the base material to the environment and an increased
possibility of corrosion [2]. The continual cycling of the structure also increases the possibility of
structural fatigue damage, which constitutes one of the most significant safety concerns due to the
potential for corrosion to combine with structural fatigue [4]. While attempts are made to prevent
and reduce the effect of corrosion, in practice it is impossible to completely avoid. It is therefore
essential that corrosion processes are monitored so that repair time and costs are minimised, and the
structure is maintained in a safe operating condition.

Corrosion is most difficult to detect in the hidden metallic structure of an aircraft, such as lap joints,
stiffeners and under sealant beads, since access to these areas usually requires time consuming and
therefore costly disassembly [1]. Such areas are recognised as being particularly prone to corrosion,
due to the possibility of creating a micro-environment within the crevice between the plates,
accelerating the corrosion process [4]. Current non-destructive inspection methods, typically based
on the use of a hand held ultrasonic probe, require a 5-10% section loss for corrosion to be reliably
detected, at which stage the damage may be too severe to repair, and so the component often needs
to be replaced [1]. Clearly a more proactive approach is needed to detect the initial onset of
corrosion within these difficult to inspect areas.

Detecting corrosion in these areas is a distributed problem, and therefore requires a detection and/or
monitoring system with the potential for distributed measurements, alerting the operator to the onset
of corrosion. To monitor corrosion requires a sensor capable of measuring the changes that occur as

Al rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 129.127.252.5-17/04/13,02:21:22)
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a result of the corrosion process. Many of the aircraft fuselage components are fabricated from
aluminium-based alloys, hence aluminium (Al) ions are of particular interest because they are not
only an indicator of the onset of corrosion [1], but also have the potential to be an environmental
hazard [5].

Optical fibre based sensors are inherently suited to distributed sensing [6] and are typically in the
order of only a few hundred microns in diameter making them very lightweight and suitable for
embedment in inaccessible corrosion-prone areas. In addition they can be functionalised to detect
particular species of interest [1] such as Aluminium.

Principles and Background

The Australian Defence Science and Technology Organisation (DSTO) have been collaborating for
several years with The University of Adelaide towards the development of a distributed fibre optic
detection and monitoring system, capable of identifying corrosion in particularly prone areas of an
aircraft fuselage [6]. The collaboration originated under the Centre of Expertise in Photonics
(CoEP), and is now incorporated within the Institute for Photonics & Advanced Sensing (IPAS).
Ultimately, the optical fibre is intended to be placed in situ and be capable of detecting the onset
and monitor the progress of corrosion anywhere along its length within the aircraft fuselage.

Conventional Optical Fibres. Initial work on the fluorometric detection of Al cations by the
DSTO in conjunction with Monash University focussed on the use of conventional large core
multimode fibres [1]. A range of different permeable polymer systems, doped with a compound that
fluoresces in the presence of Al cations, were evaluated. The most promising of these was a flexible
polyurethane the main constituent of which is a polyether polymer, poly(oxyethylene-co-
oxypropylene), known as 3-PEG. This is a random copolymer of polypropylene oxide and
polyethylene oxide with a mole ratio of 1:3. The average molecular weight is of the order of
5000 g.mol ', and is a cross-linked resin with a stoichiometric amount of 1,6-diisocyanatohexane
(also known as hexamethylene diisocyanate, HDI) to produce a soft rubbery like polyurethane
referred to as 3-PEG/PU. The 3-PEG/PU can be doped with a fluorescent compound,
8-hydroxyquinoline (8-HQ), which reacts with Al cations form a rigid octahedral complex which
fluoresces at 516 nm under UV excitation at 360-390 nm. The reaction chemistry is shown in
Figure 1.

uv
H,O 380 nm
d Green-yellow
+ AI3+ AI/ +3H+ 3 fluorescence
516 nm
8- hydroxyqumollne

Tris{8-hydroxyquinolyl}aluminum

Figure 1. Reaction sequence for 8-hydroxyquinoline with Al cations [1].

The doped 3-PEG/PU was dip-coated onto the distal end of a conventional wide core optical fibre to
create a sensing polymer bead at the fibre tip. This bead was exposed to 8-HQ in solution to allow
the dopant to diffuse into the polymer, and then allowed to dry naturally prior to placement into the
channel of a simulated lap joint in a region where the corrosion protective coating had been
removed. This lap joint was then placed in a salt spray chamber for a period of 14 days to accelerate
the corrosion process, as shown in Figure 2.
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Figure 2. Simulated lap-joint after exposure in salt spray chamber for 2 weeks.

The sensing fibre was excited using an UV LED excitation source and the back-reflected
fluorescence measured via a 3dB coupler using a micro spectrophotometer (Ocean optics). A
schematic diagram of the experimental set-up is shown in Figure 3(a). The measured back
fluorescence as a function of exposure time in the salt-spray chamber is plotted in Figure 3(b).
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Figure 3. (a) Schematic for point detection from a doped polymer bead, and (b) the measured back
reflected fluorescence from the fibre tip as a function of exposure time in the salt spray chamber.

For this case, where the bead is attached to the end of an optical fibre, there are fewer physical
constraints on the properties of the permeable coating used to contain the fluorescent species
compared to a distributed sensor. Ideally, it would be preferable to create sensitivity to Al cations
by coating the fibre along the length, thus creating a distributed sensor rather than a local (point)
sensor. In order to make distributed measurements the fraction of guided light propagating along the
outside of the core needs to be accessed, which requires careful tailoring of the cladding refractive
index to optimise the light/fluorophore interaction.

The concept of distributed detection of fluorescence from 8-HQ complex with Al cations in solution
was demonstrated at Swinburne University in conjunction with the DSTO [7]. By using a large
solid core (200 um) silica fibre with the cladding removed, it was shown that Optical Time Domain
Reflectometry (OTDR) could be used to not only detect the presence of the Al cations but also
locate the position of this fluorescence 80 m along the fibres length. Figure 4(a) shows the setup,
where photon counts were accumulated by the time-gated electronics in bins of 2 ns width, which
corresponds to a length resolution along the fibre of 0.2 m, assuming a propagation velocity of
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2x10* m.s!. An accumulation time of 10 min was used to obtain adequate signal-to-noise
discrimination. These photon bin accumulations corresponded to the return time of flight of the
fluorescence that originate at a distance along the fibre. The signal detected is shown in Figure 4(b),
which represents the time domain response of the detection system when the de-clad fibre section
was immersed in a 5%10~ M solution of the 8-HQ complex.

] oupler
T & 3m
Laser Excitation 10m 80m 0.2im | g~ Connector fiber front)
i o)
diode \ | R
50/50 Sensing ® z ; Fluorescence
PMT / coupler ~ Con llsEr mg}gﬁﬁ,g 25
Background + Fluorescent g4
LP | Fluorescence solution g3
w
Time-gated 2
electronics 1
% 90 20 30 40 50 60 70 8 9085
Distance (m)
(a) (b)

Figure 4. (a) OTDR setup for distributed measurements of Al cations (LP, long pass; Con,
connector) in solution using a silica fibre with 200 um core; with which the (b) time of flight
resolved fluorescence response of the 8-HQ complex within solution corresponds to detection
position along the fibre [7].

This OTDR experiment, conducted at Swinburne University, and described in detail in Ref. [7],
shows that distributed fluorescence detection of the Al cations is possible. The fraction of power
from the guided light propagating along the outside of the core was able to be used to excite the 8-
HQ complex and the fraction of emitted florescence recaptured by the fibre core could be measured
by the time-gated electronics. However, using such a large core diameter (200 pm) less than 0.1%
of the total optical power propagates outside the core, making it impractical for applications
requiring low detection limits [8]. Nevertheless, it is possible to increase this power fraction by
reducing the core diameter.

Figure 5 shows a theoretical estimate [9] of the power fraction propagating outside a circular silica
core, for core diameters from 460 nm to 10 pum. The excitation and fluorescence wavelengths used
for this study were 375 nm and 516 nm respectively, being the excitation and fluorescence
wavelengths of the 8-HQ complex, and for the region surrounding the silica core a refractive index
of n=1.33 was used. As a first approximation, the coupled incident beam waist was set at the same
diameter as the core, which is reasonable for micron scale (> 1 um) core diameters. The total
fraction of guided light power (PF) that propagates outside the core, of all propagating modes
excited by the incident beam as a function of the core diameter, is shown by the red curve in Figure
5(a). This PF curve shows that for core diameters less than 4 um the fraction of power available for
fluorophore excitation starts to significantly increase, being 0.3 and 2.1% at 4 and 2 pm diameters
respectively. For core sizes below 1 um in diameter there is another significant PF increase, where
the calculated values are 2.8 and 17% at 1 um and 460 nm diameters respectively. The
corresponding fluorescence capture fraction (FCF) is shown by the blue curve in Figure 5(a). The
FCF is defined as the fraction of fluorescent photons that are coupled to the guided mode(s) of the
fibre. Although the total PF was used to calculate the FCF, for simplicity only the FCF into the
fundamental mode (HE;;) of the fibre was considered for the special case of an attenuation-free
fibre of infinite length. This FCF curve varies from a minimum of 1.1% to a maximum of 1.7%.
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Figure 5. (a) [Red] Fraction of guided light power propagating outside a silica core as a function of
core diameter assuming Gaussian beam excitation, and [Blue] the corresponding fluorescence
capture fraction into the fundamental mode; and (b) the figure of merit as a combination of both.

The intensity of fluorescence that is measured from the backward propagating modes of the fibre is
the result of both the incident excitation power and the number of fluorescence photons recaptured.
These quantities can be brought together to provide a better understanding of the overall
performance of the sensor as a function of the core diameter by defining a figure of merit,
FOM=(PF)(FCF) [8]. This FOM is shown in Figure 5(b), where we observe an order of magnitude
increase in sensor performance between the peaks at 8 and 2um, and no significant change in
performance from 2 to 1 pm. Another factor, which will influence the FOM, is the fibre loss, which
increases with smaller core diameters (and therefore greater PF) due to the increased scattering
resulting from surface imperfections. Previous work [8] has included the effect of fibre loss on the
total FOM, and the next step is to include this with respect to this work.

Microstructured optical fibres (MOFs). Unlike glass nano-wires [10], a MOF [11] provides a
means for obtaining long lengths of uniform micrometre-nanometre scale suspended and protected
cores. A protected core geometry is necessary for sensing in harsh environments such as the
application under consideration in this paper. In particular, the suspended-core fibre [12] design,
which consists of a small glass core suspended by thin struts inside voids within the fibre, have
found extensive use in chemical sensing applications [8, 13]. For these fibres the PF overlaps with
the voids, and by controlling the size of the core, this overlap between the light and the voids can be
adjusted. If the voids of the fibre are then filled with liquids or gases this controllable interaction
allows sensing measurements to be performed, using methods such as direct absorption [14] or
various fluorescent techniques [8, 15]. These suspended-core fibres dramatically improve
fluorescence-based fibre sensors by making use of the increased PF provided by the micrometre
scale core size and therefore increased sensor performance. Figure 6 shows a suspended-core fibre,
recently fabricated within IPAS at the University of Adelaide, based on undoped high purity fused
silica known as Suprasil F300HQ (Heraeus Quarzglas GmbH & Co0.KG).

Figure 6(a) shows the overall suspended-core structure, with the polymer coating removed, this
example has an outside diameter of 270 pm, although smaller sizes can easily be achieved. An
enlargement of the core and holes region in the centre of the fibre is shown in Figure 6(b), where
the core of the fibre is the small triangular element in the centre of the image (highlighted by the
green box), suspended on three thin struts. The three black voids are the holes within the fibre
cross-section, which form the cladding region used to provide the refractive index contrast needed
for light confinement, and can also be used as sample chambers, with each hole diameter being 12.4
pum, defined as the diameter of a circle whose area is equal to the cross sectional area of the hole.
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The web thicknesses are at least 0.16 pm, while the core has an effective diameter of 1.7 um,
defined as the diameter of a circle whose area is equal to a triangle that fits wholly within the core

area [16].
@ (b.
200 um 10 um
—— P

Figure 6. Scanning electron microscope cross section images of (a) the silica suspended-core fibre
with a outside diameter of 270 um; and, (b) an enlarged image of the core and hole region, where
the core is highlighted by the green box, having an effective diameter of 1.7 um.

While suspended-core fibres have provided a highly sensitive sensing platform [8, 14, 17-20],
exploiting the significant fraction of guided power located within the holes, the closed structure
makes it impossible to use them for distributed sensing applications. To overcome this, fabrication
techniques that expose the core have been demonstrated by micro-machining fluidic side-channels
at several locations along the fibre length [21-24], which results in short exposed regions in the
order of tens of microns. This provides access to the core by the analyte, making it useful for real
time sensing applications, but is still not practical for distributed sensing applications where long
lengths are required. To overcome this problem, it has been demonstrated [25, 26] that effectively
‘opening up’ one of the voids within the fibre during the initial fabrication stages, creating an
exposed-core fibre, can allow the guided light to interact with the surrounding medium anywhere
along its length. This method provides the ability to fabricate exposed-core fibres hundreds of
metres long with a fixed microstructured cross section.

The fabrication of exposed-core fibres is challenging due to their asymmetric cross section, where
the method involved modification of the established cane and sleeve process [16] by introducing a
wedge in the preform fabrication process [26]. These fibres were initially produced in soft glass
(Schott F2) material, which has a glass transition temperature low enough to make it practical for
extruding the structured preform [27]. The process, summarised in Figure 7, involved extruding an
F2 soft glass billet into a wagon-wheel (WW) structured preform at high temperature and pressure.
The WW preform was then drawn to a cane (~1 mm diameter), using a fibre drawing tower, then
inserted into an extruded F2 soft glass wedged jacket (sleeve). The cane-in-jacket preform was then
drawn to fibre with an outer diameter of ~160 pm diameter (top-right of Figure 7) where the ~3 pm
effective diameter core, in the exposed region highlighted by the green box, is suspended by three
thin struts [26]. An enlarged view of the exposed core structured region of the fibre is shown in the
bottom-right view of Figure 7.
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Figure 7. (Left) Schematic diagram of F2 soft glass exposed-core fibre fabrication process, with
scanning electron microscope images of (top-right) the resulting exposed-core fibre with a outside
diameter of ~160 um; with an enlargement of the area highlighted by the green box (bottom-right)
showing the core, hole and strut structured region, where the core has an effective diameter of ~3.0

pm [26].

Fabrication of these exposed small-core fibres was a significant milestone in the development of the
distributed fibre optic corrosion sensor. For the first time, small core distributed fluorescence
measurements became possible [6], where the increased fraction of power from the guided light
propagating outside the small core could be accessed anywhere along its length, whilst still being
protected by the outside sleeve. Since the F2 soft glass is not transparent at UV wavelengths,
another fluorophore (lumogallion) with excitation and fluorescence wavelengths at 502 and 588 nm
respectively, was used for Al cation detection. Unfortunately, it was found that F2 soft glass was
not suitable for long term use and/or harsh environments [26, 28], where the fibre loss increased by
0.4+0.048 dBm™'day™ while in storage. These loss and deterioration issues associated with the soft
glass material from which they were fabricated precluded their long-term practical use under harsh
conditions.

To produce a distributed fibre optic corrosion sensor capable of withstanding the intended harsh
conditions, other fibre materials need to be investigated. Silica is known to be reliable under a range
of processing and use environments, with relatively better mechanical and thermal stability [29].
Highly homogeneous, high purity bulk material is commercially available, which has led to silica
telecommunications fibres regularly being made with low loss (~0.2 dB/km at NIR wavelengths)
[30]. Silica also has high transmission in the UV-Vis-NIR spectral range, making it suitable for a
greater range of fluorophores, including 8-HQ. In the next section we report the first silica exposed-
core fibres produced, and characterise their environmental stability when exposed to typical sensing
and storage environments.

Silica Exposed-Core Fibres

As discussed in the previous section, the rationale behind producing silica exposed-core fibres for
corrosion sensing applications was to make a physically robust sensing element for long length
distributed sensing applications. The fabrication of a microstructured fibre with the core exposed
along the whole length provides near-instantaneous measurements of fluorescence intensity while
additionally allowing the opportunity for spatial measurements along the length of the fibre through
temporal detection methods such as OTDR [26]. High purity fused silica Suprasil F300HQ was
chosen because of its low hydroxide (OH) content and availability with tight geometric tolerances
[32]. This material has high transmission in the UV-Vis-NIR spectral range, making it suitable for a
range of fluorophores, and is known to be reliable under a range of processing and use
environments, with good mechanical and thermal stability [29]. Unlike soft glass, the glass
transition temperature of silica is high making it challenging to extrude, and since the exposed-core
fibres are asymmetric, new fabrication methods needed to be established.
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Fabrication. The silica exposed-core fibre preform, as shown in Figure 8(a), was fabricated by
drilling three holes along the length of the fused silica rod, with centres spaced such that they form
an equilateral triangle, and a slot was cut along the length of one of the holes. These methods
expand on a combination of work previously shown by Webb et al. [14] for fabricating silica
suspended-core fibres by drilling the preform, and Warren-Smith ez al. [26] for cutting a thin slot
into the side of the symmetric preform (soft glass) in order to expose the core region. The preform
was cleaned after drilling using acetone and ultrapure (Milli-Q ™) water, then etched in a buffered
hydrofluoric acid solution (BHF), made using 6 volumes of ammonium fluoride (NH4F, 40%
solution) to 1 volume of hydrofluoric acid (HF, 50% solution), with a known etch rate of 100-250
nm/min [33].

@)

Figure 8. (a) Cross section of the preform fabricated from @12 mm F300HQ silica rod; and,
scanning electron microscope images of (b) the silica exposed-core fibre with (c) the cross section
measured at the maximum to be @202 um; and, (d) an enlarged image of the core having an
effective diameter of 10.0 um [31].

A single long length (> 100 m) of silica exposed-core fibre, as shown in Figure 8(b), was drawn
using a 6 m tower with a graphite furnace, positive pressurisation system and automated diameter
control. The outside diameter and effective core diameter, as shown in the SEM images of Figures
8(c)-8(d), were measured as 202 and 10 pum respectively. The fibre loss measurement results taken
directly after fibre drawing were 1.12+0.15, 1.10+£0.08 and 1.43£0.39 dBm™ at 532, 900 and 1550
nm respectively [31]. This relatively large core silica exposed-core fibre was useful to enable
surface analysis of the core, and for determining the environmental stability when exposed to some
typical sensing and storage environments. For sensing purposes, smaller cores have greater merit, as
discussed in the previous section. To fabricate an exposed small-core fibre, a combination of the
method used above with the caning and sleeving process, shown in Figure 7, was used. A single
long length silica exposed-core fibre, as shown in Figure 9(a), was drawn where the cross section is
shown in Figure 9(b) with an outside diameter of 150 um. Figure 9(c) shows the hole and strut
structure which forms the triangular shaped core exposed to the outside environment on one side.
The core in this case, shown in Figure 8(d), has an effective diameter of 1.7 pm.

\\/

200 pm 100 um 10 um
— P

Figure 9. Scanning electron microscope images of (a) the small core silica exposed-core fibre with
(b) the cross section measured at the maximum to be @150 pum; (c) the structured core, holes and
strut region; and, (d) an enlarged image of the core having an effective diameter of 1.7 pm.
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Environmental Stability. The silica exposed-core fibre, shown in Figure 8, was used for measuring
the deterioration characteristics in transmission properties when exposed to typical sensing and
processing environments, where the structure also provides access to the core for post exposure
surface analysis. In the case of corrosion detection, it is expected that the fibre might be exposed to
the environment, coming in contact with the surrounding air or water.

To measure the exposure induced deterioration in the transmission properties of the silica exposed-
core fibre, any changes over time in the transmission characteristics were fitted to the equation,

Py =Py 10510 (1)

where & is the loss change in dB/day.

The result of the change in fibre loss (§ in Eq. (1)) for a 4.2 m length of the exposed-core fibre
exposed to air for 180 hrs is shown in Figure 10(a), where the 95% confidence interval is also
shown in black. This result shows that there is a sharp loss peak at 515 nm, equivalent to 0.043
dBm 'day ', and a broad loss from 450 to 900 nm with a peak of 0.023 dBm 'day '. At
wavelengths from 900 to 1340 nm the loss is at 0.0043 dBm 'day ', and drops below the detection
limit of the experiment for wavelengths > 1340 nm. This result shows that the air exposure induced
deterioration in the transmission properties of the silica exposed-core fibre is ~2 orders of
magnitude better than for the exposed-core fibres produced in F2 soft glass. This measurement was
repeated for a 1 m length of the silica exposed-core fibre with an 8 cm centrally located section of
the fibre submersed in Milli-Q water. Figure 10(b) shows that the reduction in the transmission
properties of the fibre is 0.067 dBm 'day ' for wavelengths shorter than 1450 nm.

0.05 @) 0.2
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o =" 0.15
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Figure 10. Deterioration in the transmission properties of the silica exposed-core fibre when
exposed to (a) air; and, (b) water. The red line shows the change in fibre loss (& in Eq. (1)) with the
95% confidence interval shown in black.

This deterioration in the transmission properties is expected to come from changes in the
mechanical and/or compositional characteristics at the core surface, causing light scattering effects
[34, 35]. When the core diameter is reduced, these light scattering effects are expected to increase,
as a greater portion of guided light travels outside the core [19]. Further work is required to
quantitatively determine the effect that core size has on the deterioration in the transmission
properties of the silica exposed-core fibre.

In order to determine the differences between the mechanical and compositional characteristics of
the exposed sample surfaces, nanometre-scale topographical and phase mapping of the exposed-
core fibre core surfaces was performed using Tapping Mode Atomic Force Microscopy (AFM).
Figures 11(a)-11(c) and 11(d)-11(f) show the AFM phase and topology results of a 25 pm?” section
across the core for the exposed-core fibre exposed to air for 19 days and Milli-Q water for 3 days
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respectively. For the core area exposed to air, the nanometre scale spikes in the topology and phase
shift suggest small impurities within the surface structure, while the bulk of the material is
homogeneous in composition with nanometre scale roughness. For the core exposed to water, large
peaks measuring > 100 nm in height and several microns across the surface suggest that impurities
from the water have been deposited onto the core. The darkest areas in the phase image show up on
the topology to be slightly lower than the surrounding bulk, which may also be an indication of
surface damage such as micro-fracturing [34].
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Figure 11. Tapping Mode Atomic Force Microscopy images of the exposed-core fibres exposed to (a)—(c) air, and
(d)-(f) water. (a) and (d) show the phase images across the core region indicated by the 12 um area
on the x-axis, with [(b) and (e) respectively] enlarged phase images of the area shown by the green
box; and, (c) and (f) showing their respective topologies.

Conclusion

We have summarised recent work done to develop a distributed fibre optic detection and monitoring
system, capable of identifying corrosion in particularly prone areas of an aircraft fuselage. This
research led to an exposed-core fibre distributed corrosion sensing element produced in lead silicate
soft glass, which was found to deteriorate quickly when exposed to the harsh conditions of a
simulated corrosive environment, making it impractical for long term use on Defence Platforms.
Further work has been presented on newly developed exposed-core fibres fabricated using silica
material, which is known to be reliable under a range of processing and service environments.
These new silica exposed-core fibres show a relatively low loss with deterioration in the
transmission properties being ~2 orders of magnitude better than that for the soft glass version.
Although the silica material shows good stability in air and water, the build-up of contaminates on
the surface and micro-fracturing are the most likely cause for the degree of deterioration measured.
In the future, further practical issues need to be solved, particularly in how to package the exposed-
core fibre such that it is sensitive to Al cations but protected from the harsh environment of an
aircrafts fuselage. Further work is also needed to determine if the degree of deterioration measured
is sufficiently low for practical application to the intended use on Defence platforms.
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Abstract: The efficient and accurate fabrication of Microstructured optical
fibers (MOFs) requires a practical understanding of the ‘draw process’
beyond what is achievable by trial and error, which requires the ability
to predict the experimental drawing parameters needed to produce the
desired final geometry. Our results show that the Fitt ef al. fluid-mechanics
model for describing the draw process of a single axisymmetric capillary
fiber provides practical insights when applied to more complex multi-hole
symmetric and asymmetric MOF geometries. By establishing a method to
relate the multi-hole MOF geometry to a capillary and understanding how
material temperature varies with the draw tower temperature profile, it was
found that analytical equations given by the Fitt model could be used to
predict the parameters necessary for the chosen structure. We show how this
model provides a practical framework that contributes to the efficient and
accurate fabrication of the desired MOF geometries by predicting suitable
fiber draw conditions.

© 2013 Optical Society of America

OCIS codes: (060.2280) Fiber design and fabrication; (060.2290) Fiber materials; (060.2310)
Fiber optics; (060.4005) Microstructured fibers; (080.2720) Mathematical methods (general);
(220.4000) Microstructure fabrication; (350.3850) Materials processing; (350.4600) Optical
engineering.
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1. Introduction

Microstructured optical fibers [1] (MOFs) are an important class of fiber often with longitudinal
air holes that provide a large refractive index contrast used for light confinement [2]. Unlike
conventional optical fibers, MOFs with air holes can be manufactured from a single material,
and with the appropriate cross-sectional design, the structure can provide a broad range of
highly unusual and tailorable optical properties [3]. By the suitable selection of glass or polymer
material and geometry the dispersion, nonlinearity, birefringence, polarization, evanescent field
and mode area of the propagating light can be optimized to specific applications. This has led to
innovations in supercontinuum generation [4], fiber lasers [5], terahertz wave guiding [6], fibers
with high numerical apertures [7,8], sensors [9-12], and makes MOFs an excellent candidate
for new high-capacity transmission multicore and endlessly single mode telecommunications
fibers [13].

All optical fibers are produced by heating and drawing down a preform from an initial
diameter of the order of centimeters to the desired final diameter using a fiber drawing tower.
For MOFs with longitudinal air holes this draw process includes a mechanism by which the
pressure difference of the holes and atmosphere is maintained to ensure the holes collapse or
expand to the desired final geometry. Some common ways to produce MOF preforms include
using extrusion [14,15], sol-gel casting [16,17], ultrasonic drilling [18,19] or stack and draw
methods [2,20,21], which resemble a large-scale form of the final desired fiber geometry. The
fiber drawing tower is then used to feed the preform at a fixed rate into a furnace, which heats
the material to an appropriate viscosity, so it can taper down to the final fiber diameter (usually
of the order of hundreds of micrometers) by drawing the fiber below the furnace at a faster
rate. The extensive range of possibilities means that in order to fabricate MOFs in an efficient
manner, it is essential that these draw conditions can be predicted accurately.

It is not the intention of this paper to describe the draw process of MOFs, as this has already
been done by several studies [22-25]. Instead, we describe how the analytical model provided
by Fitt et al. [26] can be used to predict suitable fiber draw conditions when applied to multi-
hole MOF geometries. This model, describing the process of a single axisymmetric hole fiber,
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was shown to give excellent agreement to a range of capillary drawing experiments, providing
practical guidelines useful in the design and control of capillary fabrication [26]. The results
shown in this paper provide experimental validation of the ability for the Fitt model to predict
the parameters needed for fabrication of symmetric and asymmetric multi-hole fiber structures.
In particular, we show the predictive nature of this model when applied to fabrication of three
hole symmetric suspended-core fiber [18] and two hole asymmetric exposed-core fibers [27].
The advantages of having analytic equations for the fiber draw process are these equations allow
prediction of processing parameters such as temperature and pressure to achieve desired final
MOF geometries. This avoids the need for systematic scanning of drawing parameters such as
temperature and pressure during the fiber draw. Given that each time the drawing conditions are
changed it takes time for the draw process to stabilize, which reduces the fiber yield possible
from the preform. Such equations can also provide insight into the nature of the process.

2. The MOF draw process

In theory, the set of Navier-Stokes coupled differential equations can be used to describe the
neck down region viscous fluid flow of the MOF draw process to model the shape of the final
expected fiber geometry [22,23]. These equations describe how the velocity, pressure, tempera-
ture, and density of a moving fluid are related as well as how these quantities are transferred
inside the physical system due to diffusion and convection. Solving these equations for MOF
production becomes a tedious numerical problem due to the large set of parameters involved
in the fiber draw process. To overcome this, suitable approximations and generalizations have
been studied in order to develop useful draw process predictive models [24].

In 2002, starting from the Navier-Stokes and convection-diffusion equations, Fitt et al. [26]
derived and experimentally validated a general model describing the draw process of a cap-
illary (Fitt model), which is capable of including the effects of internal hole pressurization,
surface tension and all of the other effects useful for predicting the draw process. The Fitt
model assumes that viscosity alone is a function of temperature, ignoring some of the weak
dependance [28] that temperature has on physical quantities such as material density, surface
tension, thermal conductivity and specific heat, since the material viscosity typically varies by
orders of magnitude over a relatively modest temperature range. Also, although the Fitt model
accounts for physical effects such as diffusive and convective heat transfer, some simplifica-
tions are made where the terms in the equations are small, such as ignoring viscous dissipation,
and that the optically thin fiber absorbs radiation directly from the surrounding furnace and re-
radiates heat back to the furnace. With these approximations and appropriate choice of practical
boundary conditions for fiber drawing purposes, a set of analytical equations for the case of a
capillary was developed.

There have been several studies utilizing the methods described by Fitt ef al. [26], such
as models to; determine the drawing domain of internal hole pressurization when applied to a
square lattice geometry [29], include the effects of preform rotation [30-32] and self pressur-
ization [33], and asymptotic analysis of surface tension and internal hole pressurization affects
on the drawing process [34]. In this paper we demonstrate how the Fitt model can be used as a
practical predictive tool to produce multi-hole symmetric and asymmetric fiber structures, and
provides the first experimental validation of these analytical equations when applied to MOFs
rather than simple capillaries.
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2.1. Fitt model

The Fitt model equation describing the internal diameter (/; [m]) of a single axisymmetric hole
fiber, is given by [26],

hi (po) = exp (2[22’ —Pexp (f)) hioexp(P) — Go/z'exp (zﬁL” +Pexp (f”)) du

Y poL Wy
T 2Buwy P n<Wf> o

where, u [Pa.s] denotes the viscosity, po [Pa] denotes internal hole overpressure (above atmo-
spheric pressure), Wy [ms~!] denotes the feeding speed for the preform, W, [ms~!] denotes the
drawing speed for the fiber, z [m] denotes the distance along the axis from the start of the neck
down region, y [Nm~!] denotes surface tension, and the heating zone length L [m] denotes the
neck down region [35,36]. This heating zone length is defined by Eq. (1) as the neck down
region where the changes are integrated over 0 < z < L for the drawn fiber case.

2.2. Materials and equipment

High purity fused silica known as Suprasil F300HQ (Heraeus Quarzglas GmbH & Co.KG) was
chosen for experiments. Silica is known to be reliable under a range of processing and use en-
vironments, with relatively better mechanical and thermal stability [37]. Highly homogeneous,
high purity bulk material is commercially available, which has led to silica telecom fibers reg-
ularly being made with low loss (~0.2 dB/km at NIR wavelengths) [38]. This inherent low
loss and relatively low intrinsic nonlinearity makes silica excellent for low or high power fiber
applications, with a transmission window from UV to NIR (0.19-2.0 um) [39]. Also, silica
has a relatively low refractive index, which can improve the sensitivity of evanescent field sen-
sors, since reducing the index contrast (An) at the core-cladding boundary increases the power
fraction to the analyte or functionalized surface [40].

100 mm long fiber preforms were fabricated from @12 mm and #20 mm F300HQ silica
rod, which were drilled with three #2.9 mm holes, where the centers of the holes form an
equilateral triangle with 3.2 mm sides, and cleaned using the method discussed in Ref. [27].
Drilling was chosen since it has been demonstrated to be a relatively simple method for three
hole structures [18] compared to the more widely used stacking method, and after cleaning the
surface quality is satisfactory to produce fibers with relatively low losses [41]. The only differ-
ence between symmetric suspended-core fiber and asymmetric exposed-core fiber preforms, is
that for the exposed-core fiber case a thin slot was cut into the side of the symmetric preform
in order to expose the core region [27]. To draw the preform to fiber a 6 m tower with graphite
resistance furnace, positive pressurization system and automated diameter control was used.

2.3. Temperature dependence of viscosity and surface tension

Knowing the temperature dependence of material viscosity is a major part of practically
applying a model to the fiber drawing process. For F300 silica in the temperature range
1673 K < T < 2773 K the viscosity, experimentally measured by Urbain et al. [42] and dis-
cussed by Doremus [43] and Voyce et al. [32], is given by,

154
n=>58x10"% exp (5 2T00> [Pa.s] 2)

where R is the gas constant and 7 [K] is the glass temperature. In order to find closed form
solutions of Eq. (1) it is necessary that the temperature of the glass is assumed constant. How-
ever, a drawing tower furnace does not exhibit a constant temperature but an axial temperature
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gradient/profile [32,36]. This means that the glass viscosity varies with the temperature gradi-
ent/profile within the furnace [44]. One should also consider that temperature profiles can vary
between drawing towers and furnace designs.

To determine the temperature profile inside the preform for the conditions prevailing within
our draw tower, a thermocouple was inserted in the center of a drilled F300HQ silica glass rod.
The measurements of the thermocouple temperature were taken for @12 mm and #20 mm rods
at 5 mm intervals along the central axis of the furnace, ensuring thermal equilibrium at each
measured point. For furnace temperature measurements, the draw tower was equipped with a
pyrometer located next to a furnace element and targeted at the inner sleeve of the furnace.
Figure 1(a) shows the results of the thermocouple temperatures measured at 1500 °C, 1600 °C,
and 1700 °C furnace temperatures, shown in blue, green and orange respectively, where the
small and large dots correspond to the measured points for the @12 mm and @20 mm rods
respectively. The three furnace temperatures were chosen so the results could be extrapolated
to typically higher fiber drawing temperatures.
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Fig. 1. (a) Temperature profiles measured inside (small dots) @12 mm and (large dots)
320 mm rods at (blue) 1500 °C, (green) 1600 °C, and (orange) 1700 °C furnace tempera-
tures. (b) Surface of 2x 1 degree polynomial (Eq. (3)) fitted to the @12 mm results shown
by green dots. The distance inside furnace was measured from the top of the furnace outer
casing.

These temperature profile results show that the temperature measured inside the silica glass
rod is lower for smaller diameters. Larger diameter preforms are closer to the surrounding heat-
ing element, placing the outside of the glass in a hotter part of the furnace [44], which results
in a hotter temperature inside the preform and shows the role that glass thermal conductivity
has in the heat transfer process. For the three (12 mm silica rod temperature profiles, the 2x 1
degree polynomial given by,

T = —36344+43.71E +1.073T —0.1416E? —2.404 x 10 2 E Ty 3)

fits the curves with R2 of 0.9899, where T}, is the measured temperature, T; is the furnace
temperature, and & is the distance inside the furnace from top of the outer casing. The surface
given by Eq. (3) is shown in Fig. 1(b) together with the three sets of measured points. Similarly,
for the three @20 mm silica rod temperature profiles, the 2x 1 degree polynomial given by,

Ty = —4704+51.79E +1.537T;—0.1551 > 2201 x 10 3 E T} 4)
fits the curves with R? of 0.9957.
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For calculations shown in this paper, the surface tension of silica is assumed constant at
0.31 Nm~' [45-47], since it varies weakly with temperature within the fiber drawing range.

24. Defining the geometry

The Fitt model describes a capillary draw process for which we define the geometry change
during drawing as the ratio [48],
C— hihao
hahio
where hg and /g are the preform inner and outer diameters. This ratio provides a comparison
of the final fiber geometry ratio (/; /h) to the initial preform geometry ratio (h19/h2o) of the
inner and outer diameters. When C = 1 then the hole geometry is preserved. If C > 1 then the
hole expands from the original geometry, and the hole experiences collapse when C < 1. With
Eq. (1) and the external fiber diameter (i, [m]) given by [26],

h2 = h20 exp (f) ) (6)

&)

Eq. (5) becomes,

Clpo) = exp (—Pexp(—f)) hipexp(P) — Go/zexp (_Z[Zu + Pexp <_Lﬁu>> du @)

hio

for the z = L drawn fiber case. To obtain a closed form Eq. (7), Eq. (6) assumes that the
draw down ratio (f) is independent of inner diameters, which can only be valid for small hole
changes.

Since the geometry change ratio (C) describes a capillary draw process, a method to relate
the geometry of a multi hole MOF to a capillary needed to be established. To measure the
fabricated structures and calculate C according to Eq. (5), we chose to define the ‘hole region
diameter’ of 41 and ;¢ as being the diameter of a circle that has the same circumference as the
total of all the inner hole perimeters. The outside diameters, 2, and /g were measured directly.
This definition for the inner diameter was found to have a better correlation between Eq. (7) and
experimental, compared to other definitions tried such as hydraulic diameter, or the diameter of
a circle that fits tightly around the inner holes, or the diameter of a circle that has the same area
as the total area of the inner holes.

3. Draw process experimental

3.1. Comparing the model with experiment

Two preforms were fabricated as discussed in Sec. 2.2 and shown in Fig. 4(a), and directly
drawn down to fiber at @160 um outside diameter. One of the preforms was used for a series
of pressures and the other for a series of furnace temperatures, allowing enough time for the
fiber structure to stabilize between each change which typically took approximately 5 minutes.
In each case, a preform feed rate of 1.5 mm/min was used, and the draw tower was set to
automatically maintain an appropriate draw speed to maintain the target outside diameter. Inner
and outer diameters of each fiber structure from the series and the preforms were measured
using images from a microscope and applying the definition discussed in Sec. 2.4. The neck
down region length (L) was measured from the preforms after fiber drawing as being 0.039 m.
Equation (5) was then used to calculate the value for the geometry change ratio (C), which are
shown as the dots in Fig. 2. The temperature shown in Fig. 2(b) are the furnace temperatures,
and the furnace temperature used for the pressure series (Fig. 2(a)) was 2000 °C.
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As discussed in Sec. 2.3, although furnace temperature is known, it is not the actual glass
temperature. We expected that the actual temperature of the glass in the neck down region to
be less than the furnace temperature, due to axial and radial temperature gradients. Also, as
discussed in Sec. 2 several assumptions were made in order to arrive at Eq. (1). It was therefore
expected that not all of the contracting effects due to surface tension are completely accounted
for in the Fitt model described in Sec. 2.1, which would lead to the actual internal hole over-
pressure (po) being different to the pressure measured by the draw tower control system (ps).
Because of these uncertainties, pressure (pe) and temperature (7¢) offsets were included such
that po = pr+ pe and T = Ty 4+ 273.15 4+ T¢, and fitted to the experimental data.
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Fig. 2. Experimental (red dots) and model (blue line) for a series of pressures (a) and a
series of furnace temperatures (b). For the pressure series (a) the furnace temperature used
was 2000 °C at pressures of 200, 400, 800, 1200, 1600, and 2000 Pa. For the temperature
series (b), furnace temperatures of 1920, 1960, 2000, 2040, and 2080 °C were used with a
fixed pressure of 1200 Pa. The temperature series (b) also includes the 1200 Pa result from
the pressure series.

It was found that by using fixed pressure and temperature offsets (£ 95% confidence inter-
val) of pe = —375.8£80.4 Paand 7 = —141.1 7.6 K, Eq. (7) fits well with experiment with
R? =0.9905, as shown by the blue lines in Fig. 2. The peak temperature offset calculated from
Eq. (3) at a furnace temperature of 2000 °C gives an offset of —123 °C, which is remarkably
close to the value obtained for 7, considering that only a step temperature profile is assumed in
the model.

In Sec. 2.4, Eq. (6) assumes that the outside diameter (/) is independent of pressure, which
leads to the geometry change ratio (Eq. (7)) being independent of outside diameter. It is inter-
esting to compare this with the experimental results to verify if the assumptions are valid in
this respect. The draw tower pressure and draw speed data obtained during the pressure series
discussed above are shown in Fig. 3, where the blue line shows the pressure applied to the holes
of the preform and the red line shows the draw speed. At the start of the experiment, where the
automatic diameter control was switched off, a constant draw speed of 4 m/min was used while
the pressure was switched on and allowed to stabilize to 200 Pa. The automatic diameter control
was then switched on with a target outside diameter of 160 um and the draw increased in speed
until the target diameter was reached, at 8 m/min. As the pressure was increased to 400, 800
and 1200 Pa the draw speed did not increase, showing that within this range of hole expansion
the outside diameter (/) of the final fiber is indeed independent of pressure. When the pressure
was increased to 1.6 kPa the draw speed started to increase, as the automatic diameter con-
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trol measured an increase in fiber diameter and increased the draw speed to compensate. After
this initial increase, the draw speed reduced back towards the 8 m/min draw speed, showing
that although the system experienced some instability there was tendency for the draw speed
to remain constant. At the end of the fiber draw experiment the draw speed started to increase
quickly, where the fiber draw is no longer in a steady state regime at the end of the preform.
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Fig. 3. Draw tower data, showing (blue) the pressure applied to the holes of the preform,
and (red) the draw speed which was set to automatically maintain a constant outside fiber
diameter.

These experimental results provide evidence that the assumptions made to arrive at Eq. (1)
and Eq. (6) are within the range of pressures we used and for moderate geometry change ratios
(up to C ~ 2), giving greater confidence in the Fitt model to predict the parameters which
need to be considered for practical fiber drawing. The validation that the geometry change ratio
(Eq. (7)) is independent of the MOFs outside diameter for moderate geometry change ratios
leads to the proposition that it should be possible to create asymmetric structures where the
cross sectional wall thickness surrounding the holes could be made non-axisymmetric.

3.2. Predicting fiber draw parameters
3.2.1. Suspended-core fibers: symmetric structures

The predictive nature of Eq. (7) is most useful for fabrication of MOFs. Equipped with the
temperature and pressure offsets, our aim was to produce a fiber with a similar structure but
smaller scale and core size, for which the cane and sleeve method [49] was required. The
process is to first cane the preform to the order of millimeters, insert this cane into a rod (sleeve),
and then draw down the cane and sleeve to fiber, which requires the successful application of
the right combination of parameters in order to achieve the desired final fiber structure. Another
preform was fabricated, as discussed in Sec. 2.2 and shown by Fig. 4(a), and drawn down to
fiber using the cane and sleeve method.

For the cane, the feed rate needs to be greatly increased and the draw speed greatly reduced
to achieve the lower draw down ratio. For this we chose a feed rate of 6.4 mm/min with the tar-
geted outside diameter for the cane being ¥0.95 mm maximum. The aim was to pre-expand the
holes during the caning process, for which we chose a geometry change ratio of C = 1.55. Using
Eq. (7) the predicted pressure (pr) needed to achieve this was 3.5 kPa at a furnace temperature
of 1980 °C. A microscope image of the resulting cane structure is shown in Fig. 4(b), from
which the outer diameter was measured as ¥90.91 mm with the hole region diameter J0.87 mm.
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Applying the definition discussed in Sec. 2.4, the geometry change ratio (Eq. (5)) obtained for

this cane was C = 1.50, which agrees well with the target C = 1.55.
d)'
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—

(

Fig. 4. (a) Cross section of the preform fabricated from @12 mm F300HQ silica rod; and,
microscope image of (b) the cane; and, scanning electron microscope images of (c) the
silica suspended-core fiber cross section measured to be #3270 um with (d) and enlarged
image of the holes and core having effective diameters of 40.5 umand 1.7 pm respectively.

A sleeve was made by drilling a @1 mm hole centrally located in @12 mm F300HQ silica
rod into which the cane was placed. The setup of the cane and sleeve arrangement was made
to ensure pressure was only applied to the three holes of the cane. The aim was to draw down
the cane and sleeve to a suspended-core fiber with core size of @1.5-2.0 um and target outside
diameter of @270 pum. We chose a geometry change ratio of C = 1.8 to further expand the
cane holes, for which Eq. (7) predicted the pressure (pr) needed to achieve this was 2.7 kPa at
a furnace temperature of 2000 °C and feed rate of 1.5 mm/min. A single 80 m long length of
suspended-core fiber was fabricated using those parameters, as shown by the scanning electron
microscope (SEM) images in Figs. 4(c)-4(d) from which the outer diameter was measured as
being #3270 um with the hole region diameter #40.5 um. Applying the definition discussed
in Sec. 2.4, the geometry change ratio (Eq. (5)) obtained for this fiber was C = 1.97, which is
~10% deviation from what was calculated by the model. The core, shown by the green box in
Fig. 4(d), was measured as having a effective diameter of @1.7 yum, defined as the diameter of
a circle whose area is equal to a triangle that fits wholly within the core area [49].

3.2.2. Exposed-core fibers: asymmetric structures

A preform was fabricated, as discussed in Sec. 2.2, with a 1.8 mm wide slot cut along the
length of one hole in order to fabricate a fiber with the core exposed along the length. These
types of exposed-core fibers are useful in sensing applications where real time measurements
and/or emptying and re-filling is required, or long lengths are needed for distributed sensing
applications [27]. The aim was to produce this type of asymmetric structure to a final maxi-
mum outside diameter of 200 um, by directly drawing down the preform to fiber. Looking at
the series of fibers discussed in Sec. 3.1, we chose to use a furnace temperature of 2000 °C
and aimed to expand the holes in order to achieve a geometry change ratio of C = 1.4. Using
Eq. (7) the predicted pressure (pr) needed to achieve this was 1.40 kPa, at a preform feed rate of
1.5 mm/min. A single 127 m long uncoated exposed-core fiber (Fig. 5(a)) was fabricated using
a pressure of 1.40 kPa and the outside was measured from SEM images as being (202 yum
(measured at the maximum) with the hole region diameter of the two holes being @#143.1 um.

As shown in Fig. 5(a), the outside of this asymmetric structure no longer resembles the
preform from which it was made (Fig. 4(a) with 1.8 mm slot). This is caused by surface tension
increasing the initial gap provided by the 1.8 mm slot in the preform and significantly chang-
ing the geometry, adding a degree of complexity not accounted for in the Fitt model or in the
way the geometry is defined (Sec. 2.4). Therefore, C was not calculated from measurements
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Fig. 5. Scanning electron microscope (SEM) image of (a) a asymmetric silica exposed-core
fiber; and a microscope image of (b) the cross section of a cane which was used in a two
step (cane and sleeve) process to produce a asymmetric silica exposed-core fiber shown by
SEM images (c); and, (d) an enlarged image of the core having an effective diameter of
1.7 um.

(Eq. (5)) and compared to the model, since a consistent method for such a measurement could
not be found and further work is needed to understood, account for, and predict such geome-
try changes in the draw process. Nevertheless, since the outside diameter does not contribute
in the calculation of C given by the Fitt model (Eq. (7)), it was still possible to predict the
pressure needed, fabricate this asymmetric structure, and create a fiber useful for the intend
application [50].

The above experiment used a one step drawing process from preform to fiber. It is also
common to use two steps in the drawing of fibers, in order to achieve small core sizes [49,51],
which requires the successful application of the right combination of parameters in order to
achieve the desired final fiber structure. For this another preform was fabricated, as discussed
above for the exposed-core fiber, and drawn down to fiber using the cane and sleeve method
discussed in Sec. 3.2.1.

For the cane, we chose a feed rate of 7.5 mm/min with the targeted outside diameter for the
cane being ¥2.9 mm maximum. The aim was to expand the holes slightly during the caning
process, for which we chose a geometry change ratio of C = 1.25. Using Eq. (7) the predicted
pressure (pr) needed to achieve this was 1.64 kPa at a furnace temperature of 2000 °C. A
microscope image of the resulting cane structure is shown in Fig. 5(b), which was measured as
being ¥2.8 mm (measured at the maximum) with the hole region diameter @1.48 mm.

A sleeve was made by drilling a 2.9 mm hole centrally located in a @12 mm F300HQ
silica rod and cutting a 1.8 mm wide slot along the length of the hole, into which the cane was
placed ensuring that the sleeve slot lined up with the cane slot. The setup of the cane and sleeve
arrangement was made to ensure that the cane would remain orientated correctly with the slot
of the sleeve during drawing, as well as ensuring that pressure was only applied to the two holes
of the cane. The aim was to draw down the cane and sleeve to a exposed-core fiber with a core
size of @1.5-2.0 um and target outside diameter of @150 um. We chose a geometry change
ratio of C = 1.3, since the holes of the cane were already expanded, for which Eq. (7) predicted
the pressure (pr) needed to achieve this was 1.80 kPa at a furnace temperature of 2000 °C and
feed rate of 1.5 mm/min. A single 80 m long length of exposed-core fiber was fabricated using
those parameters, as shown by the SEM images in Figs. 5(c)-5(d). This fiber outer diameter
was measured using SEM images as being @152 um (measured at the maximum) with the hole
region diameter ?¥19.1 um. The core of this fiber, shown by the green box in Fig. 5(d), was
measured as having a effective diameter of @1.7 um. As discussed above, C was not calculated
from measurements (Eq. (5)) and compared to the model, since this asymmetric structure no
longer resembles the preform due to surface tension effects on the outside geometry.

These fabricated asymmetric exposed-core fiber structures have extremely non-
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axisymmetric cross sectional wall thicknesses about the hole structure for which we use Eq. (7)
to calculate the parameters. Since the Fitt model is independent of the outside diameter the pa-
rameters needed to make these structures could be predicted, within the geometry change ratio
(C) limits of the types of asymmetric and symmetric multi-hole fiber structures we have shown.

4. Conclusion

The ability to predict the experimental drawing parameters needed to produce desired final
MOF geometries requires a practical understanding of the draw process beyond what is achiev-
able by trial and error. For the first time, we have described using the analytical model provided
by Fitt et al. [26] to determine the draw conditions needed to produce multi-hole MOFs. Our
results have shown that although the Fitt model describes a capillary draw process, it pro-
vides powerful and practical insights when applied to more complex multi-hole symmetric and
asymmetric structures. By understanding the draw process, both in terms of the draw tower
temperature profile and establishing a method to relate the geometry of a multi hole MOF to
a capillary, it was found that analytical equations given by the Fitt model could predict the
drawing conditions needed to produce the chosen structures.

For asymmetric structures it was found that the outside no longer resembles the preform
from which it was made, due to surface tension effects. These effects add a degree of complexity
not accounted for in the Fitt model or in the way the geometry is defined and further work is
needed to understand and account for such geometry changes in the draw process.
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Introduction

With the advent of advanced medicine, early disease diagnosis
often translates into better prognosis and treatment plans.'™
Given the intricate relationship between metal ions and
human health,>® there is a real need to develop new metal
ion sensors that are user friendly, easily deployed, give rapid
response and are affordable.” One important advance in this
context would be to develop sensors that are reusable and/or
capable of continuous or repeated measurements. Such a
reusable sensor would maintain the sensing surface in a
passive state, in-between measurements and switch to an
active state under an external stimulus only when a measure-
ment is required. When the measurement is completed, the
target species would be expelled by a selected external
stimulus, with the surface once again returning to its inactive
form. This ‘switchable’ property makes it possible to return the
sensing surface to its original state after a measurement is
made, thereby potentially extending the sensor’s useful
lifetime.® Such sensors would allow for multiple measure-
ments to be made on a single sample without the need to
change the sensor. This may offer some advantage in remote
applications and also in biochemical studies. Despite these
needs and associated opportunities, little work has been done
in this area.

The most basic switchable metal ion sensor of this type
would consist of a molecular switch combined with a sensing
platform that would ideally allow detection within nanoliter-
samples. A suitable external stimulus (e.g. light) would change
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of an ionophore into the sensor paves the way for the development of highly specific light-based sensing
platforms that are readily adaptable to sense a particular ion simply by altering the ionophore design.

or switch the structure and properties of the sensing platform
in a non-invasive and reversible manner.

The use of an optical fibre as the sensing platform in this
context offers attractive characteristics, such as low loss, high
bandwidth, immunity to electromagnetic interference, small
size, light weight, safety, relatively low cost, low maintenance,
that make them very suitable and, in some cases, the only
viable sensing solution.’ Microstructured optical fibres (MOFs)
offer the potential to improve performance relative to more
traditional spectroscopic and fluorescence-based fibre sen-
sors.'” MOFs have air holes incorporated within their cross-
section and these holes can be used to control the interactions
between guided light and matter located within the holes
while simultaneously acting as tiny sample chambers.'"'> The
amount of guided light that is available to interact with the
material located within the holes of MOFs can be increased by
manipulating the geometry of the fibre cross-section.'™"> With
an appropriate design, the cross-sectional structure of a MOF
provides the broad range of optical properties demanded by
different sensors. These characteristics have allowed MOFs to
be used as sensing platforms for a variety of chemical and
biological substrates.”*** In addition, integrating a photo-
switchable molecule with MOFs as the sensor surface also
means that light can be used to quantify the binding of
analytes via absorption, fluorescence or label-free techniques.

From the plethora of photoswitchable molecules that are
known, spiropyrans stand out as attractive candidates for
sensor development for several reasons. Spiropyrans are
characterized by two spectrally well-separated states that are
thermally stable, with a high switching reliability, low fatigue
to maximize the number of switching cycles the molecules can
survive, and tunable switching rates.'®'” Importantly, spir-
opyran undergoes a reversible structural isomerization
between a colorless spiro (SP) form and a colored open form

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Structures of spiropyran (SP, closed) and merocyanine (MC, opened).

(merocyanine or MC) upon irradiation with UV light and vice
versa with visible light or heat (Fig. 1).'®'® This substantial
change in color between the two forms is due to the
unavailability of the electron lone pair of the phenolate oxygen
in MC, which contributes to the charge delocalization in the
zwitterionic MC species.

A basic spiropyran structure can be readily functionalized
with a suitable metal-binding site to provide an opportunity to
affect the light-induced release of the metal ion to generate a
re-generable sensing system. Indeed, spiropyran-based che-
mosensory systems for the detection of alkali and alkaline
earth, lanthanides, transition and non-transition metals have
been reported.”>*" In particular, crowned spiropyrans have
been developed as chemosensors for alkali metal ions, in
which the metal ion binding in the crown ether moiety
induces a large spectral change accompanied by isomerization
to the merocyanine form.>*?*

In this work we report the design, synthesis and operation of a
novel photo-responsive, regenerable ion sensor for the detection
of lithium ions (Sensor-1). Here, we chemically modified a known
monoazacrown bearing spiropyran (SP1, Scheme 1) to enable it
to be attached covalently to the glass surfaces inside the air holes
of MOFs. When the optical fibres have been surface functiona-
lized with SP1, the operation of the sensor was investigated
through several key characteristics such as the minimum
concentration of lithium ions detectable, photoswitching and
sensor re-use. While various surface functionalized spiropyrans
have been reported,*~” this study is the first demonstration of a
surface functionalized spiropyran derivative with an ionophore
attached to the molecular switch. Prior to this work, the ion
sensing ability of surface functionalized spiropyran mainly relied
on the metal chelating ability of the molecular switch during the
SP to MC transition.”***?® The integration of an ionophore to the
sensor paves the way for the development of highly specific light-
based sensing platforms that can be readily adapted to sense
specific ions just by altering the ionophore design. In addition,
this also represents the first reversible molecular switch that is
functionalized within an optical fibre system. This integration of
SP1 and MOF results in a nanoliter-scale, light-driven ion sensor
that can be turned on and off on demand in order to overcome
the problem of a one-time use sensor.

Results and discussion

Synthesis of SP1

The synthesis of SP1 with a monoazacrown moiety in the
8-position is based on the condensation of compounds 3 and

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Reagents and conditions: i, 2-methyl-2-butanone, conc. H,SO,, EtOH,
reflux, 12 h; ii, methyl iodide, toluene : acetonitrile 2 : 1, reflux, 14 h; iii,
chloromethyl methyl ether, aluminium chloride, rt., 1 h then reflux, 2 h; iv, 1-aza-
15-crown-5, EtsN, THF, 0 °C-rt., 14 h then reflux 3 h; v, EtOH, reflux, 3 h.

6, as shown in Scheme 1. The key indole 3 was synthesized in
two steps according to the literature.”® In particular, the
reaction of 4-hydrazinobenzoic acid (1) with isopropylmethylk-
etone, followed by methylation with methyl iodide, gave the
desired product. The crowned nitrosalicylaldehyde (6) was
obtained in two steps by the chloromethylation of 5-nitrosa-
licyladehyde (4) in the presence of aluminum chloride
followed by the reaction with 1-aza-15-crown-5. The subse-
quent condensation of (3) with (6) in ethanol under reflux gave
SP1.

Solution studies

The photoswitchable ion sensor molecule (SP1) used for
surface attachment and sensor development is based on a
spiropyran system bearing a monoazacrown moiety at the
8-poisiton. Like most crown ethers, the rings of aza-crown
ethers are rather flexible and provide some degree of structural
freedom during complexation with metal ions. 1-Aza-15-crown-
5 is known to have affinity towards alkali metal ions such as
Li*, Na" and K*.*° Although it is generally known that 1-aza-15-
crown-5 prefers Na” to Li", the solution studies here seem to
indicate that SP1 does not strongly discriminate between Li"
and Na® (Fig. 2a). This aberration from the norm can be
explained by the additional interaction that the metal ion
makes with the phenolic oxygen from the spiropyran molecule.
It has been proposed that for this type of system, the metal ion
sits approximately mid-way between the crown and the
phenolic spiropyran oxygen.*! This change in binding mode
could explain why SP1 does not strongly discriminate between
Li* and Na'. In fact, Kimura et al.” previously reported that
with the 1-aza-15-crown-5 spiropyran analog, Li" gave a higher
absorbance value when compared to Na“ under the same
condition. It is important to note that the objective of this
study was not to develop a sensor for specific metal ions,
rather it was directed at providing a first demonstration of an

RSC Adv., 2013, 3, 8308-8317 | 8309
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Fig. 2 (a) Cuvette fluorescence measurements for SP1 (10 uM) in the presence
of Li (1 uM, —) and Na (1 pM, —) ions respectively. (b) SP1 (10 uM) with
increasing Li* concentrations in acetonitrile (cuvette). Li concentrations were 0,
0.05, 0.2, 0.3, 0.4, 0.5, 0.8 and 1 uM respectively (from bottom to top). Each
sample was exposed to UV light for 7 min before the fluorescence readings
were obtained.

on/off sensor based on a photoswitch immobilized onto a
MOF platform. As such we focused on understanding the
operation of this new sensor without targeting a specific ion.
For this reason, Li* was used in subsequent experiments to
examine the operation of the sensor, as LiClO, is slightly more
soluble in acetonitrile compared to the solubility of NaClO, in
the same solvent. Fig. 2b shows the increase in fluorescence
intensity with increasing Li" concentrations. From these
experiments, two important observations can be made. The
first is that the relationship between the closed (Fig. 3,
compound 7) and opened (Fig. 3, compound 8) forms of SP1,
in the presence of Li', is consistent with the model proposed
by Kimura et al,” where the ion would interact with
compounds like SP1 according to Fig. 3. Unlike the interaction
of spiropyran with polar solvents (Fig. 3), the interaction of SP1
with metal ions in an aprotic solvent does not result in the SP
<> MC transformation in the presence of white light (Fig. 1).
Therefore, changes in fluorescence intensity were not observed
upon adding more Li' to solutions of SP1. An increase in
fluorescence intensity, corresponding to an increase in Li"
concentrations was observed only when the respective SP1-Li
solutions were exposed to UV light (4 = 365 nm) for at least 5
min (Fig. 2). The second characteristic is that the fluorescence
of the ring-opened, complexed form (8) is more intense

8310 | RSC Adv,, 2013, 3, 8308-8317
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Fig. 3 Li" interaction with SP1 according to the model proposed by Kimura

et al.” Compound 7 represents the closed form of the SP-Li complex prior to
irradiation with UV light (1 = 365 nm). Compound 8 represents the opened and
fluorescent form of the SP-Li complex after irradiation with UV light for at least
5 min.

compared to the free MC form, which fluoresces only weakly at
these wavelengths (1ex = 532 nm, Aey, ~ 630 nm).

Microstructured optical fibre experiments

The MOF used for this study was fabricated in-house from
undoped high purity fused silica, using the cane and jacket
method® in combination with the process described by
Kostecki et al.* Silica is ideal for this work as it has high
transmission properties in the UV-vis-NIR spectral range.****

A single 80 m length of polymer coated (n = 1.54) fibre was
fabricated and the dimensions of this fibre were measured
using cross-sectional images from a scanning electron micro-
scope (SEM). Fig. 4a shows the overall MOF structure with the
coating removed, having an outside diameter of 270 pm. An
enlargement of the core and holes region in the center of the
fibre (structure known as a wagon wheel fibre) is shown in
Fig. 4b, where the core of the fibre is the small triangular
element in the center of the image (highlighted by the green
box) suspended on three thin struts. The 3 black voids are the
holes within the fibre cross-section, which form the cladding
region used to provide the refractive index contrast needed for
light confinement, and are used for this study as sample
chambers, with each hole diameter being 12.4 pm, defined as
the diameter of a circle whose area is equal to the cross

This journal is © The Royal Society of Chemistry 2013
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200 um

Fig. 4 Scanning electron microscopy images of (a) the silica microstructured
optical fibre with an outside diameter of 270 pm and of (b) an enlarged image
of the core and hole region, where the core is highlighted by the green box,
having an effective diameter of 1.7 pm.

sectional area of the hole. The web thicknesses are a minimum
of 0.16 um, while the core has an effective diameter of 1.7 pm,
defined as the diameter of a circle whose area is equal to a
triangle that fits wholly within the core area.*>

The power fraction of guided light protruding into the holes
of this silica fibre was theoretically investigated,*® using an air
suspended rod approximation with a circular 1.7 pm core
diameter. For the cladding region, the refractive index used
was n = 1.34, being the refractive index of the analyte used in
this study. It was found that at the excitation wavelength of 532
nm, this fibre can support 12 propagating modes, and with a
coupled Gaussian beam waist of 1.7 um, 2.1% of the total
optical power of all 12 modes is located outside of the core,
which is available to interact with a fluorophore functionalized
on the surface.

Photostability studies on unfunctionalized MOFs

SP1 must possess high chemical stability and photostability
under the conditions of the experiments if the sensor is to be
useful. Any photochemical destruction of SP1 can potentially
impair the function of the sensor; therefore experiments were
carried out to determine the intensity or time-span of light
exposure that would cause a significant photobleaching of
SP1.

The experimental set-up used for the in-fibre fluorescence
measurements is shown in Fig. 5. The MOF was filled by
immersing the left-hand tip into the solutions that were then

—r— Shutter

Illumination —— Attenuator

e —— M4
1
a . (\ (\ a Spectrometer
mor 1 |J /4 U MMF
""" - 60x Dichroic 20x

mirror

Fig. 5 Optical setup used to measure the fluorescence from a MOF. MMF is a
multimode fibre.

This journal is © The Royal Society of Chemistry 2013

View Article Online

2000+
(@)

ity

1500+

10004

500+

o
L

Fluroescence Intens

) 1 1
600 700 800
-500- Wavelength (nm)

4000+
(b)
3000+
2000+

10004

0=

Fluorescence Intensity

7(I)0 800
Wavelength (nm)

-1000-

600001

ity

40000+

20000+

Fluorescence Intensi

0 T T —
600 700 800
Wavelength (nm)

Fig. 6 Photobleaching experiments with SP1 (1 uM in acetonitrile) absorbed
onto a MOF using capillary action where (a) 10 x 16 ms, (b) 10 x 32 ms and (c)
10 x 1 s of exposure to the 532 nm laser, respectively.

left to fill via capillary forces. A UV lamp and a halogen light
source were used to switch the molecules and were placed over
the MOF. The area of illumination is shown by the dotted
rectangle (Fig. 5). An empty fibre was thus filled with a
solution of SP1 (1 uM) in acetonitrile by capillary action. Once
filled, the fibre was exposed to UV light for 7 min to convert all
the absorbed SP1 from its closed, non-fluorescent form to the
opened, fluorescent MC form.

Photobleaching experiments were carried out by subjecting
the SP1 absorbed within the holes of the MOF to multiple
exposures of the 532 nm laser (10 x 16 ms, 10 x 32 ms and 10
x 1 s, Fig. 6a, b, c respectively). As apparent in Fig. 6a,
photobleaching was not observed for 10 x 16 ms of exposure,
however photobleaching to approximately 60% fluorescence
intensity was observed after 10 cycles of exposure to the laser
at 1 s per exposure (Fig. 6¢). Given that SP1 was found to be

RSC Adv., 2013, 3, 8308-8317 | 8311
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Fig. 7 Reaction scheme used to covalently attach SP1 to the internal surface of
the MOF. 9 represents the functionally inert silanols that line the surface of the
silica glass. 10 represents a covalently attached APTES molecule with its amine
group extending away from the surface. Sensor-1 represents the completed
sensor with molecules of SP1 attached onto the internal surface (holes) of the
MOF.

robust and less prone to bleaching under these conditions, the
time span of light-exposure to the 532 nm laser for all
subsequent experiments were maintained at 10 x 16 ms.

Surface functionalization of a MOF with SP1

As mentioned previously, for the sensor to function as a
regenerable ion sensor the molecular switch (SP1) must be
covalently attached to the internal surface of the MOF. This
then renders the sensing surface photo-responsive.

The procedure used to attach SP1 onto the internal surface
of the MOF is illustrated in Fig. 7. It is important that this
methodology is reliable, repeatable, and capable of with-
standing the conditions employed during ion binding and
photoswitching. To do this, fibres were sealed into a metal
chamber and the solutions were forced through the fibre via
positive pressure using nitrogen gas. The fibres were coated
with 5% APTES in toluene (w/w) for 2 h at 100 psi.*”*® The next
step usually involves pre-mixing the COOH-bearing molecule
with excess coupling reagents (EDC/NHS) before applying the
entire mixture to the amine-terminated silane surface (Fig. 7,
10). However, this approach is problematic in that it is hard to
quantify the number of molecules that have been activated
and are available to react with the surface. Secondly, long
washing times are usually required to ensure that excess
coupling reagents and by-products are completely flushed
from the fibre. To eliminate having to perform the coupling
reaction on the surface, SP1 bearing a reactive succinimidyl
ester moiety, for subsequent surface attachment, was first
synthesized according to Scheme 2. SP1 was reacted with
N-hydroxysuccinimide ~ (NHS)** in the presence of
N,N’-diisopropylcarbodiimide (DIC) at room temperature to
give SP1-NHS in 70% yield.

The fibres were then rinsed in preparation for coating with
synthetic SP1-NHS. The fibres were prepared for coating by

8312 | RSC Adv., 2013, 3, 8308-8317
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Scheme 2 Reagents and conditions: i, N-hydroxysuccinimide, N,N’-Diisopropyl-
carbodiimide, THF, rt., 18 h.

initially flushing with toluene for 20 min, followed by drying
with nitrogen for 20 min, a further flush with millipore water
for 20 min and a final flush with nitrogen for 30 min. The
fibres were then coated with a solution of SP1-NHS in
acetonitrile (2 mM) for 2 h, and were flushed with acetonitrile,
air and water for 20 min, respectively. In all of the above steps,
100 psi of pressure were used and the ends of the fibres were
visually checked to ensure that the liquid/gas was flowing
through.

The results in Fig. 8 reveal that, unlike an unfunctionalized
fibre, the SP1 functionalized fibre (Sensor-1, Fig. 7) has an
inherent background fluorescence (en, ~ 640 nm). This is
consistent with SP1 having been successfully immobilized
within the fibre’s internal surface. Next, using only capillary
forces, sections of Sensor-1 were filled with lithium perchlo-
rate solutions with concentrations ranging from 50 nM to 10
UM respectively. The respective sections were first exposed to
white light for 2 min to ensure that all the fluorescent SP1-MC
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7(')0 800
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l
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Fig. 8 (@) Empty fibre and (@) functionalized fibre (FF), not filled with Li*
solution after photo-irradiation with UV for 7 min and exposed to white light 2
min respectively. (@) FF, filled with 100 nM and 1 uM Li* in ACN respectively,
exposed to white light for 2 min. (@) FF, filled with 100 nM Li* in ACN, exposed
to UV (Z =360 nm) for 7 min. (@) FF, filled with 1 pM Li* in ACN, exposed to UV
(4 =360 nm) for 7 min.
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forms was converted to the non-fluorescent SP1-SP forms.
This was followed by exposure to UV light for 7 min with
fluorescence measurements taken at regular intervals. This
revealed that the maximum fluorescence was achieved after 7
min of UV exposure. Fig. 8 shows an increase in fluorescence
intensity when the fibre was filled with solutions of 100 nM
and 1 uM of Li', respectively. The signal-to-background ratio
obtained for the 50 nM sample was approximately 1 (not
shown in Fig. 8). This compared to the values of 1.9 and 2.5
signal-to-background ratios for the exposure to 100 nM and 1
uM of Li', respectively. The relatively poor signal-to-back-
ground ratio for concentrations lower than 100 nM is likely
attributable to the high surface density of SP1 on the fibre,
which is common in surface-attachment experiments. This is
not associated with the glass itself, as recently demonstrated
by us in the sensing of CdSe quantum dots down to 10 pM in
soft-glass microstructured optical fibres.*® This was achieved
using the same fibre concept. Thus, further optimization of
the coating procedure can be done to reduce this background
signal, but was beyond the scope of the proof-of-concept work
presented in this paper.

MC <> SP transition in the presence of Li"

It has been previously reported that the rate by which MC
isomerizes back to SP is greatly influenced by exposure to
metal ions.” In order to investigate light-induced reversion of
the metal-complexed MC form to SP, a section of Sensor-1,
filled with acetonitrile only, was exposed to white light and the
emission spectra were recorded at regular intervals. The same
piece of fibre was then irradiated with UV light to regenerate
the fluorescent SP1-Li complex and this was again exposed to
white light. Fig. 9b reveals that fluorescence decreased much
more rapidly when Sensor-1 is not chelated to Li ions, with the
intensity falling below 50% in less than 2 min. In contrast,
Sensor 1 chelated to Li* demonstrated much slower photo-
decolouration (Fig. 9a). There was little change in fluorescence
intensity after 8 min of white light exposure. Once again this
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Fig. 9 Photo-decolouration of Sensor-1 in the absence and presence of Li ions.
The points on the graphs are fitted using non-linear regression in GraphPad
Prism version 5 (http://graphpad.com/help/prism5/prism5help.html). (a) (@)
Cycle1. Sensor 1 filled with 1 uM of Li* in acetonitrile, irradiated with UV for 7
min, followed by exposure to white light for 12 min. Pseudo R? = 0.9943. (a)
Cycle 2, second exposure to UV for 7 min, followed by second round of exposure
to white light for 12 min. Pseudo R? = 0.9839. (b) (O) Sensor 1 filled with
acetonitrile only, exposed to white light. Pseudo R? = 0.9913.
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result is consistent with the binding mode illustrated in Fig. 3,
where the thermal stability of the crowned merocyanines is
influenced by both the cation-complexing ability of the crown
moiety and the strength of the intramolecular interaction
between the crown-complexed metal ion and the phenolate
anion. Although pseudo first order decolouration can be
obtained for Sensor 1 in the absence of any ions, we were
unable to observe first-order decolouration for the metal
bound complex. This observation is consistent with the work
of Kimura et al.” where the authors were able to obtained the
first order decolouration rates in THF at 40 °C but not in
acetonitrile where the decolouration of the aza-crown spir-
opyran analogs was too slow to follow. It has been proposed
that these anomalies in the decolouration kinetics could be
due complexing between the opened, metal-bound MC forms
and the closed SP forms of the spiropyran fragments in the
different solvents. However this interaction between solvent
and photodecolouration of the metal-bound MC species is still
far from a complete understanding' and is beyond the scope
of this work.

It is well documented that the isomerization of spiropyrans
is known to be highly dependent on solvent effects, with polar
solvents stabilizing the opened MC form.*' To investigate
whether sensing can be performed in the presence of aqueous
media, fluorescence data for SP1 in varying percentages of
water in acetonitrile was obtained (cuvette experiment). Fig. 10
shows the effect of 5% H,O on fluorescence intensity. In the
absence of any Li", a slight increase in fluorescence intensity
for SP1 in Solution 1 (5 : 95 H,O:acetonitrile) () relative to
that of SP1 in acetonitrile alone (-) was observed. This increase
in fluorescence agrees with the general observation that water
stabilizes the open MC form. However, when Solution 1 was
exposed to white light, the MC — SP conversion occurred
almost instantly, which is consistent with the data in Fig. 9b
and the fluorescence intensity for both solutions are now
similar.

Li" was then added to Solutions 1 and 2, respectively, and
both solutions were exposed to UV light for 7 min. Fig. 10
shows that the fluorescence intensity for the Li* bound SP1 in
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Fig. 10 Comparison of the fluorescence intensity of SP1in 5 : 95

H,0 : acetonitrile (Solution 1) and in acetonitrile (Solution 2) with and without
Li*. (-) Solution 1 prior to exposure to white light, (-) Solution 1 exposed to
white light for 2 min, (=) Solution 2 exposed to white light for 2 min, (=)
Solution 1 with 1 pM Li* exposed to UV for 7 min, (-) Solution 2 with 1 pM Li*
exposed to UV for 7 min, () Solution 1 with 1 uM Li* exposed to white light for
2 min, (-) Solution 2 with 1 pM Li* exposed to white light for 2 min.
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Solutions 1 and 2 is identical. Both also demonstrated a much
slower rate of photodiscolouration that is consistent with the
model proposed for a metal bound complex (Fig. 9a). Finally,
there is a subtle shift in A, from approximately 619 nm (SP1)
to 625 nm for the SP1-Li complex. This wavelength shift is not
observed for Solution 1 in the absence of Li". These
experimental results are reproducible up to solutions contain-
ing 30% water, above which SP1 becomes non-dissolvable.
Although acetonitrile was used in all fluorescence experiments
in this work to minimize solvent related background fluores-
cence, it is clear that ion sensing experiments can still be
performed in the presence of aqueous media. While polar
solvents do produce the opened MC form, these studies
demonstrate that the compound can be readily converted to
the closed SP form by exposure to white light prior to the
addition of any Li".

Photoswitching

The photoswitching process was next measured in the
presence of 1 pM of Li" to show that ion binding and release
could be optically controlled and measured by state-dependent
fluorescence. Each “on-cycle” involved switching to the active
merocyanine surface (fluorescent) upon exposure to UV light
to allow the formation of the SP1-Li complex. Each “off-cycle”
was generated upon exposure to white light to expel the Li ions
back into solution to regenerate the passive spiropyran surface
(non-fluorescent). The entire process occurred within the
micron-scale holes of the MOFs. The resulting fluorescence
spectra show that the binding process with Sensor 1 can be
repeated at least five times without problems (Fig. 11).

Sensor re-use

The potential reusability of the sensor after each measurement
was investigated. A section of Sensor 1 already filled with a 1
uM of Li" solution was removed from the optical set-up and
placed back onto the fibre-filling chamber. The solution 1 uM
of Li" was then expelled by successive flushing with air,
acetonitrile and air. The fluorescence of the now ‘empty’
Sensor 1 was then obtained as shown in Fig. 12. The emission
spectrum obtained from this ‘empty’ Sensor 1 is identical to

100 °
2 ° o
G 8o+
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8:60-
TN Y

404 'OFF"
§§ ) [ ]
S 204
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No. of on/off Cycles

Fig. 11 Photoswitching of the surface functionalized MOF. Cycle 0 represents
the state before Sensor 1 was filled with a 1 pM Li* solution. Cycles 1, 3 and 5
represent each ‘on-cycle’ where Sensor 1 was exposed to UV light (2 = 365 nm)
for 7 min respectively. Cycles 2 and 4 represent each ‘off-cycle’ where Sensor 1
was exposed to white light for 12 min respectively.
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Fig. 12 Fluorescence emission to demonstrate sensor re-use. (—) Empty fibre.
(—) First round of filling with 1 uM Li* in acetonitrile. (—) First round, after
irradiation with UV light for 7 min. (—) After removing Li ions from Sensor 1.
(—) Second round of filling with 1 uM Li*, after irradiation with UV light for 7
min.

that of the fibre, which has not been surface functionalized
with SP1 (empty fibre, Fig. 12). This strongly indicated that Li
ions were completely removed from the sensor during
flushing. Sensor 1 was then refilled with a fresh solution of
1 pM Li" ions, exposed to UV light (7 min) and the fluorescence
spectra obtained. The resultant emission spectrum (Fig. 12,
blue) is comparable to that obtained in the initial experiment
(Fig. 12, red). This clearly shows that it is possible to empty the
fibre of the ion solution and re-fill it with a fresh solution with
negligible effect on the function of the sensor or the surface
attached SP1 molecules. Future work will involve constructing
a more sophisticated process that would include the likes of a
syringe pump to the optical set-up shown in Fig. 5 so that the
fibre remains undisturbed. Importantly in practical devices,
the interaction between ion binding and light can be further
improved by guiding white light through the fibre instead.
This will enable the sensor system to be kept in a light-tight
enclosure to avoid unintended light-molecular switch interac-
tions.

Conclusion

The ubiquitous nature of metal ions in the environment and
biology presents a real need to develop new methodologies for
their rapid and efficient detection. Such sensors would have
applications in disease diagnosis and study, as well as
environmental sensing. In an effort to meet this need, we
have developed the first nanoliter-scale, regenerable ion
sensor based on a microstructured optical fibre (MOF). The
air holes of the MOF were functionalized with a monoaza-
crown bearing spiropyran (SP1) to give a photo-switchable
sensor that detects lithium ions down to 100 nM in nanoliter-
scale volumes. The original compound reported by Kimura
et al.” was not functionalized for surface attachment although
the authors have recently reported the functionalization of
silica with a similar crowned spirobenzopyran.** Using the
original compound as a model, we thus designed and
prepared a modified compound containing a carboxyl group

This journal is © The Royal Society of Chemistry 2013
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to allow attachment to the MOF and hence surface-based
sensing. This enables the MOF’s capacity to sense within small
sample volumes (<10 nL) to be exploited.

The integration of a photoswitchable molecule bearing an
ionophore within the MOF is new and we wished to under-
stand the outcome of this integration and to then examine the
operation of this novel sensing platform. We have demon-
strated that ion binding is turned on and off upon irradiation
with light, with the sensor being unaffected by multiple
rounds of photoswitching. More importantly, we have showed
that unbound ions are flushed from the fibre in the ‘off’ state
to allow the sensor to be reused. The integration of an
ionophore into the sensor paves the way for the development
of highly specific light-based sensing platforms that are readily
adaptable to sense a particular ion simply by altering the
ionophore design. This work presents advances in both fibre
sensing technology and in developing fast, sensitive “point of
care” jon sensing methods that can be easily deployed, are
disposable and affordable, particularly in the areas of disease
diagnosis. Ongoing work is concerned with designing novel
ionophores for binding specific ions and decreasing the
detection limit of the sensor, with the aim of sensing down
to the pM levels as recently demonstrated by our group where
the detection of CdSe quantum dots down to 10 pM levels has
been demonstrated.*’

Experimental section

General Methods for Synthesis. All *>*C NMR spectra (75 MHz)
and "H NMR spectra (300 MHz) were recorded on a Varian
Gemini 2000 spectrometer in CDCl; or DMSO-ds. Chemical
shifts (J) are reported in ppm. Chemical shifts of CDCl; (d¢ =
77.1 ppm), DMSO-d; (d¢ = 39.52 ppm) or TMS (d = 0.0 ppm)
were used as internal standards in all ">*C NMR and 'H NMR
experiments, respectively. HPLC grade acetonitrile (Scharlau)
was used in all related experiments. Anhydrous THF was
distilled in the presence of benzophenone and sodium. All
lithium and sodium ions used in this work were in the form of
perchlorate salt. All other reagents were purchased from
Sigma-Aldrich and used without further purification.

3,3-Dimethyl-2-methyleneindoline-5-carboxylic acid (2)

A solution of 4-hydrazino benzoic acid (5.0 g, 33 mmol) and
2-methyl-2-butanone (3.9 mL, 36 mmol) in ethanol (15 mL)
and conc. H,SO, (1 mL) were heated under reflux for 18 h.
After cooling to room temperature, the resultant precipitate
was separated from the reaction mixture using vacuum
filtration and saturated NaHCO; (30 mL). The resulting
solution was extracted with CH,Cl, (3 x 30 mL). The pH of
the aqueous layer was adjusted to approximately 4 using 1 M
HCI and the resultant aqueous layer was again extracted with
CH,Cl,. Both organic layers were combined and excess solvent
was removed under vacuum to yield 2 (6.5 g, 97%) as a
brownish solid. "H NMR (CDCl,, 300 MHz) § 8.17 (d, ] = 7.8 Hz,
1H), 8.09 (s, 1H), 7.73 (d, J = 7.8 Hz, 1H), 2.42 (s, 3H), 1.26 (s,
6H); °C NMR (75 MHz) 6 193.0, 171.1, 156.9, 145.7, 131.1,
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127.8, 123.5, 119.8, 54.2, 23.1 (2C), 15.7; MS (m/z) for
C1,H,3NO, + H ((M+H]") caled 204.2; found 204.2.

1,3,3-Trimethyl-2-methyleneindoline-5-carboxylic acid (3)

Compound 2 (1.2 g, 5.9 mmol) and methyl iodide (368 uL, 5.9
mmol) were dissolved in a mixture of anhydrous toluene and
acetonitrile (2 : 1, 30 mL) and were heated under reflux for 18
h. The reaction mixture was cooled to rt. and the dark red
precipitate that formed was isolated using vacuum filtration.
The solid was washed with minimal ethanol (approximately 5
mL) and hexane (30 mL) to yield 3 (900 mg, 70%) as a pale
brown solid. "H NMR (DMSO-dg, 300 MHz) § 8.38 (s, 1H), 8.19
(d, ] = 8.7 Hz, 1H), 8.02 (d,J = 8.7 Hz, 1H), 3.99 (s, 3H), 2.80 (s,
3H), 1.56 (s, 6H); °C NMR (75 MHz) J 198.9, 166.4, 145.2,
141.9, 130.3, 129.8, 122.8, 115.3, 53.6, 35.0, 21.5 (2C), 14.5; MS
(m/z) for Cy3H;5NO, + H (M + H]') caled 218.2; found 218.2.

3-(Chloromethyl)-2-hydroxy-5-nitrobenzaldehyde (5)

2-Hydroxy-5-nitrobenzaldehyde (1.0 g, 6 mmol) was dissolved
in dry chloromethyl methyl ether (10 mL). Sublimed alumi-
num chloride (4 g, 30 mmol) was added under nitrogen. The
reaction mixture was stirred at rt. for 1 h then set to reflux for 2
h. Ice water was slowly added to the reaction mixture and the
resultant light brown precipitate that formed was collected
under vacuum filtration and purified via recrystallization
using hot hexane to yield 5 (1.0 g, 77%) as a white solid. 'H
NMR (CDCl;, 300 MHz) 6 12.08 (s, 1H), 10.02 (s, 1H), 8.58 (s,
1H), 8.56 (s, 1H), 4.72 (s, 2H); *C NMR (75 MHz) § 195.4,
163.7, 140.4, 131.7, 129.4, 128.2, 119.4, 38.6. MS (m/z) for
CgHeCINO, + H ([M + H]") caled 216.6; found 216.6.

8-((1,4,7,10-Tetraoxa-13-azacyclopentadecan-13-yl)methyl)-
1',3',3'-trimethyl-6-nitrospiro [chromene-2,2’-indoline]-
5'-carboxylic acid (SP1)

A solution of compound 5 (500 mg, 2.3 mmol) in anhydrous
THF (15 mL) was added drop wise to a solution of 1-aza-15-
crown-5 (489 mg, 2.3 mmol) and Et;N (648 uL, 4.6 mmol) in
anhydrous THF (10 mL) at 0 °C. The reaction mixture was
allowed to warm to rt. gradually and was stirred at rt. for 18 h
and finally set to reflux for 3 h. After removing the Et;N.Cl salt
that formed using filtration, excess solvent was removed under
reduced pressure and the crude product (3-((1,4,7,10-tetraoxa-13-
azacyclopentadecan-13-yl)methyl)-2-hydroxy-5-nitrobenz aldehyde
(6)) was used in the next step without further purification. "H
NMR (CDCl;, 300 MHz) 6 10.18 (s, 1H), 8.27 (d, 1H, J = 3.3 Hz),
8.17 (d, 1H,J = 3.3 Hz), 3.63-3.60 (m, 2H), 3.58-3.54 (m, 7H), 3.25~
3.16 (m, 9H), 2.93-2.90 (m, 4H); "*C NMR (75 MHz) 0 189.4, 166.4,
138.3, 129.1, 126.3, 126.2, 125.0, 124.3, 70.8 (4C), 70.7 (2C), 67.5
(2C), 56.0 (2C). M (m/z) for C15H,6N,04 + H ([M + HJ") caled 399.2;
found 399.2. After which, compounds 3 (196 mg, 0.9 mmol) and 6
(355 mg, 0.9 mmol) were dissolved in anhydrous ethanol (15 mL)
and set to reflux for 3 h. Excess solvent was removed under
vacuum and the crude mixture was purified using C-18 reverse
phase silica gel (30% acetonitrile in H,O) to yield SP1 (450 mg,
85%) as a purple solid. "H NMR (DMSO-dg, 300 MHz) J 8.14 (s,
2H), 7.81 (d, ] = 8.4 Hz, 1H), 7.69 (s, 1H), 7.25 (d, ] = 10.5 Hz, 1H),
6.70 (d, J = 8.4 Hz, 1H), 6.01 (d, J = 10.2 Hz, 1H), 3.48-3.35 (m,
20H), 2.72 (s, 3H), 1.26 (s, 3H), 1.14 (s, 3H); "*C NMR (75 MHz) &
167.4, 156.6, 151.2, 140.2, 135.9, 130.8, 128.7, 127.0, 125.7, 122.9,
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121.6, 121.4, 120.3, 118.4, 106.3, 105.8, 70.2, 69.7, 69.5, 69.4, 69.3,
69.2,69.0, 53.8, 52.3, 51.2, 45.7, 28.3, 25.5, 19.4 (2C). MS (m/2) for +
H (M + H]") caled C;,H30N;0, 598.3; found 598.0; (M + Na]")
caled 620.3; found 620.3. HRMS (ESI, m/z) for (M + HJ) caled
598.2765 found 598.2757. HPLC (20-100% acetonitrile over 20
min) retention time: 4.243 min.

To synthesize SP1-NHS, SP1 (120 mg, 0.20 mmol) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (39 upL, 0.25
mmol) were suspended in anhydrous THF (10 mL) rt.
N-hydoxysuccinimide (28 mg, 0.25 mmol) was added after 5
min and the reaction mixture was stirred at rt. for 18 h. Excess
solvent was removed under vacuum and the crude reaction
mixture was washed with minimal amount of water (approxi-
mately 5 mL) to remove any unreacted starting material and
by-products to yield SP1-NHS (50 mg, 36%) as a pale yellow
solid which was used in surface functionalization of the MOF
without further purification. "H NMR (DMSO-dg, 300 MHz) &
8.03-8.0 (m, 2H), 7.87 (d, J = 2.4 Hz, 1H), 7.74 (s, 1H), 6.92 (d, J
=10.5 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 5.77 (d, ] = 9.9 Hz, 1H),
3.69-3.42 (m, 14H), 2.84 (s, 2H), 2.76 (s, 2H), 2.57 (s, 4H), 1.25
(s, 3H), 1.14 (s, 3H). MS (m/z) for C35H4,N,04; + H (M + H]')
caled 695.3; found 695.3; (M + Na]") caled 717.3; found 717.2.

Cuvette Measurements of SP1. SP1 and lithium perchlorate
were dissolved in HPLC grade acetonitrile respectively. A
solution of the appropriate solvent containing similar con-
centrations of SP1 and metal ion was prepared and exposed to
UV light (8 W, 365 nm filtered) for 7 min. Fluorescence spectra
were recorded on a Varian Cary Eclipse spectrofluorometer.
The excitation and emission slit width were set at 5 mm. All
measurements were recorded at 25 °C using 700 pL quartz
cuvettes with an excitation path length of 10 mm.
Photodecolouration experiments were performed by exposing
the respective samples to white light (8 W, cool white).

Fibre fabrication. Undoped high purity fused silica is also
known as Suprasil F300HQ (Heraeus Quarzglas GmbH &
Co0.KG). To draw the cane into microstructured optical fibre, a
6 m tower with graphite resistance furnace, a positive
pressurization system and automated diameter control was
used.
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Abstract: We report the fabrication of silica microstructured optical fibers
with the core exposed along the whole length, and characterize the stability
of these new fibers when exposed to some typical sensing and storage
environments. We show the fiber loss to be the best achieved to date for
exposed-core fibers, while the deterioration in the transmission properties
is up to ~2 orders of magnitude better than for the previously reported
exposed-core fibers produced in soft glass. This opens up new opportunities
for optical fiber sensors requiring long term and/or harsh environmental
applications while providing real time analysis anywhere along the fibers
length.
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1. Introduction

Microstructured optical fibers [1] (MOFs) are well-suited for sensing, as characteristic longi-
tudinal air holes used to provide the effective refractive index needed for light confinement [2]
can also act as tiny sample chambers [3]. The portion of guided light located within these holes
can be used to provide the light-matter overlap needed for many fiber optic sensing applica-
tions [4,5]. Unlike conventional optical fibers, MOFs can be manufactured from a single ma-
terial [6], and with the appropriate cross-sectional design, the structure can provide the broad
range of optical properties demanded by sensors [7].

For MOFs, the portion of guided light (often described as “evanescent field”) protruding
into the holes of the structure is affected by the characteristics of the medium within these
holes [4]. This light-matter overlap provides opportunities for exploiting the interaction of
light with gases and liquids, where the absorption and fluorescence characteristics can be used
to determine the composition and concentration of the analyte [5]. In this regard, the fiber
geometry can provide extremely long interaction lengths without the need for large volumes.
Of particular interest is the suspended-core fiber [8], which can have a significant fraction of
the guided power located within the holes [9], since the geometry has a high air filling fraction
with a small core suspended on a number of thin struts. Unlike glass nano-wires [10], this
design provides a means for obtaining uniform micrometer-nanometer scale suspended ‘wires’
while protecting the highly sensitive core, and long lengths can be fabricated by drawing a
structured preform.

The suspended-core fiber has been demonstrated in soft glasses [11-13], polymer [14] and
silica [15] materials. Chemical [15,16] and biological [17] suspended-core fiber absorption
spectroscopy sensors, which exploit the absorbance characteristics of the light-matter over-
lap, provide opportunities for both environmental sensing and quantitative chemical analy-
sis. Suspended-core fiber sensors using in-fiber excitation and recapturing [18] of fluorescent
dyes [19] or quantum dots [20], as well as surface-enhanced Raman spectroscopy using nano-
particles [21], have also been shown to provide highly sensitive specificity of the analyte of
interest.

In principle, the suspended-core fiber also offers the potential for easier filling compared
to MOFs with hexagonally arranged cladding holes that provide a small air filling fraction
when the core is small [22]. In practice, the time needed to fill suspended-core fibers depends
on the required interaction length and size of the holes, such as ~7 hrs for gas diffusion [15]
or ~100 min for water at standard temperature and pressure [23], along a 1 m length of fiber
with @8 ym holes. This makes their use impossible for real time or distributed sensing applica-
tions and difficulty still exists when attempting to ensure stable optical coupling while filling.
To overcome these problems, fabrication techniques which expose the core [24] have been
demonstrated by micro-machining fluidic side-channels at several locations along the fiber
length [25-28], which results in short exposed regions in the order of tens of microns. This
provides access to the core by the analyte, making it useful for real time sensing applications.
However, in applications where kinetic changes of the analyte need to be measured, where emp-
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tying and re-filling is required, or long lengths are needed for distributed sensing applications,
post processing methods to the fiber still remain impractical. Another technique to expose the
core is by creating an opening at the preform stage of fiber fabrication. This provides a means
to fabricate long lengths of exposed-core fiber, and has been demonstrated in polymer [29]
(polymethylmethacrylate) and soft glass [30] (Schott F2) materials, where the geometry was
shown to be practical for real time evanescent field and distributed sensing [31] applications,
with the capacity for fast filling and quick response to kinetic changes of the analyte.

Both polymer and soft glasses have properties which makes them useful for particular
applications [9,32,33], and their glass transition temperatures (7;) are low enough to make
them practical for extruding the structured preform [34]. Nevertheless, these materials are not
transparent at UV wavelengths, where many biological molecules can absorb the light, and
the soft glass exposed-core fiber deteriorated quickly [30,35], making it impractical for long
term and/or harsh environmental applications. On the other hand, silica is known to be reliable
under a range of processing and use environments, with relatively better mechanical and ther-
mal stability [36]. Highly homogeneous, high purity bulk material is commercially available,
which has led to silica telecom fibers regularly being made with low loss (~0.2 dB/km at NIR
wavelengths) [37]. Also, silica has a relatively low refractive index, which can improve the sen-
sitivity of evanescent field sensors, since reducing the index contrast (An) at the core-cladding
boundary increases the power fraction to the analyte or functionalized surface [19].

In this paper we demonstrate an alternative fabrication technique for glass exposed-core
fibers, where the fabricated geometry is a useful platform for surface analysis of the core. We
report, for the first time to the best of our knowledge, the fabrication of a silica microstructured
fiber with the core exposed along the whole length, and characterize the stability of this new
fiber when exposed to some typical sensing and storage environments.

2. Silica exposed-core fiber fabrication
2.1. Introduction to silica exposed-core fiber fabrication

The aim of this work was to develop silica exposed-core fibers (Fig. 1), which are asymmetric
and therefore needed new fabrication methods to be established. These methods expand on a
combination of work previously shown by Webb er al. [15] for fabricating silica suspended-
core fibers (wagon wheel structure) by machining the preform, and Warren-Smith ez al. [30]
for cutting a thin slot into the side of the symmetric preform (soft glass) in order to expose the
core region. High purity fused silica known as Suprasil F300HQ (Heraeus Quarzglas GmbH &
Co.KG) was chosen because it is produced to be free from bubbles and made to tight geometric
tolerances [38]. This material has high transmission in the UV-Vis-NIR spectral range making
it suitable for (bio)chemical sensing applications since it allows for the efficient excitation of a
range of fluorophores; for example quantum dot labeled proteins excited in the visible [20] and
fluorogenic peptide substrates excited in the UV [39].

2.2. The preform

The exposed-core fiber preform was fabricated from @12 mm F300HQ silica rod, which was
drilled with three holes, where the centers of the holes form an equilateral triangle. The preform
was sonic cleaned in methanol and Milli-Q water, then etched for 30 minutes in a buffered
hydrofluoric acid solution (BHF), made using 6 volumes of ammonium fluoride (NH4F, 40%
solution) to 1 volume of hydrofluoric acid (HF, 50% solution), which has a well known etch
rate of 100-250 nm/min [40]. After etching, the preform was rinsed with de-ionized water and
then sonic cleaned in methanol and Milli-Q water, after which it was dried with nitrogen. The
only difference between suspended-core fiber and exposed-core fiber preforms, is that for the
exposed-core fiber case a slot was cut along the length of one of the holes, as shown in Fig. 1(a).
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Fig. 1. (a) Cross section of the preform fabricated from @12 mm F300HQ silica rod; and,
scanning electron microscope images of (b) the silica exposed-core fiber with (c) the cross
section measured at the maximum to be 3202 ym; and, (d) an enlarged image of the core
having an effective diameter of 10.0xm.

2.3. Fiber drawing

To draw the preform to fiber a 6m tower with graphite resistance furnace, positive pressur-
ization system and automated diameter control was used. By systematically using a series of
temperatures and pressures, hole expansion and draw characteristics were investigated for the
process of producing suspended-core fibers using the preform described in the previous section.
These investigations showed that the exposed-core fiber could be produced using a temperature
of 2000°C with pressure at 1.4 kPa, although one should consider that temperature and pressure
profiles can vary between drawing towers and furnace designs [41].

A single 127 m long uncoated exposed-core fiber (Fig. 1(b)) was fabricated and the dimen-
sions of this fiber were measured using cross-sectional images from a scanning electron mi-
croscope (SEM), shown in Figs. 1(b)-1(d), being #202 ym (measured at the maximum) with
each hole being @¥66.0 yum, defined as the diameter of a circle whose area is equal to the cross
sectional area of the hole. The central web thickness (between the holes) is 0.85 ygm minimum,
while the webs each side of the core are 1.10 ym minimum thickness. The core, shown by the
green box in Fig. 1(c) and enlarged in Fig. 1(d), has an effective diameter of 10.0 ym, defined as
the diameter of a circle whose area is equal to a triangle that fits wholly within the core area [9].

3. Silica exposed-core fiber characterization

3.1. Fiber loss & fluorescence

After fabrication, the exposed-core fiber was stored in the laboratory, exposed to air, on a high
density Polyurethane foam drum with 1 m circumference. While the fiber was on the drum,
cutback fiber loss measurements were performed by coupling the light from a 100 W halogen
light bulb source with power curve of approximately Gaussian distribution and peak power
at 800 nm, into one end of the exposed-core fiber. At the other end, the light from the core
was imaged onto the grating of a Ando AQ6315E Optical Spectrum Analyzer (OSA) such
that the power was maximized before each measurement. The fiber loss measurement results
taken directly after fiber draw, shown by the red spectrum in Fig.2(a), were 1.1240.15 dB/m,
1.10£0.08 dB/m and 1.434+0.39 dB/m at 532nm, 900 nm and 1550 nm respectively. Further
work is required to determine the cause of the increased loss at longer wavelengths. For another
fiber loss measurement taken 26 days after fiber draw, shown by the blue spectrum in Fig.2(a),
the results were observed to be the same within a 95% confidence interval. As a comparison,
the fiber loss measurement results for a suspended-core fiber produced in the same way, with
material from the same bulk stock, and with similar core, web and hole sizes as for the exposed-
core fiber, is shown by the black spectrum in Fig.2(a). This suspended-core fiber result, being
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Fig. 2. (a) Loss of silica exposed-core fiber, broadband cutback measurements taken 26
days apart (red and blue) compared to silica suspended-core fiber with similar core size
(black); and, (b) fiber Raman peaks at 532 nm.

~2 orders of magnitude lower compared to the exposed-core fiber, shows that confinement
loss is negligible in the total loss of the exposed-core fiber, and therefore additional surface
scattering loss, either from the process of cutting the slot or airborne particulates depositing
on the surface of the core [42] before or after fiber drawing, is the most likely cause of the
additional loss. For exposed-core fibers previously produced in Schott F2 lead silicate soft glass
[30] (n ~1.62) with a core size of ~ @3 um, the fiber loss measurements taken directly after
fiber draw were 5.54+0.20 dB/m, 2.254+0.26 dB/m and 2.50+0.34 dB/m at 532 nm, 900 nm and
1550 nm respectively. Further work is required to determine the effect that core size has on the
fiber loss of the silica exposed-core fiber.

Another factor which can restrict the detection limit of a fiber optic sensor is the amount
of Raman and fluorescence peaks generated within the glass [19] which depends on the wave-
length and power of the light source. Given enough power and with a sensitive enough detector,
the Raman spectrum corresponding to the energy of the probed vibrational modes of the sil-
ica is expected, whereas fluorescence is an indication of impurities and/or structural defects
within the silica material. In order to detect the Raman and any potential fluorescence peaks,
a 25 mW laser excitation light source at commonly used 532 nm was coupled into a 1 m long
exposed-core fiber using a 60x objective via a dichroic mirror. The signal collected from the
fiber was imaged using the same objective, passed through the dichroic mirror and filtered
using a 532 nm long pass filter, and measured using a Horiba iHR550 Imaging Spectrometer
with Synapse CCD Detector. The peaks observed at 545 nm, 550 nm, 555 nm, 562 nm, 566 nm
and 580 nm, shown in Fig.2(b), correspond to well known Raman peaks of silica at 490 em !,
605cm~1,800cm™!, 1050cm™, 1190 cm~! and 1600 cm™! respectively, previously used for
sensing applications [43]. The absence of any fluorescence peaks shows that the silica material
has negligible fluorescence at 532 nm for the excitation power and detector sensitivity used.
For fluorescence or Raman spectroscopy sensing applications these peaks generated within the
glass might affect the detection limit, depending on the excitation and emission wavelengths of
interest.
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3.2. Environmental stability
3.2.1. Introduction to environmental stability

Numerous sensing applications in health, the environment, agriculture and national security in-
volve the detection of analyte typically suspended in a bulk liquid or gas; such as water or air.
When preparing the fiber for these applications, solvents such as acetone, isopropanol, methanol
and water are sometimes also used [44] to clean the core of dust or other particulates deposited
on the surface. The silica exposed-core fiber serves as a unique platform for measuring any de-
terioration in the transmission properties when exposed to these typical sensing and processing
environments, providing access to the core for post exposure surface analysis.

In previous studies, for the exposed-core fibers produced in F2 soft glass [30,35] with a
~ @3 yum core, it was found that the fiber loss increased by 0.4+0.048 dBm~'day~!, even when
stored in a dry nitrogen filled environment. It is thought that this deterioration in the transmis-
sion properties of the fiber occurs due to changes in the properties at the core surface, such as
particulate deposits [42], micro-fracturing [44] and/or increased roughness [45] induced by
exposure to the environment. Since the deterioration found in the F2 soft glass exposed-core
fibers was rapid, it could easily be measured by comparing standard cutback loss measurements
over time. However, as shown in the previous section no loss was observed after 26 days for
the silica exposed-core fiber.

3.2.2. Exposure to air, water & methanol

To measure the exposure induced deterioration in the transmission properties of the silica
exposed-core fiber, a length of fiber was setup as previously described for cutback loss measure-
ments. Instead of performing cutbacks, the transmitted power spectrum, in dBm, was recorded
from 350—1750 nm every two minutes. With the fiber in air, this setup was left long enough so
that the measured power stabilized to within +0.05 dBm, then used to take time based measures
of the power. Then any changes over time in the transmission characteristics can be fitted to the
equation,

Pyy=Pyl0 =710 (1

where & is the loss in dB/day. An assumption for these measurements is that the deterioration
measured comes from changes along the exposed fiber length, not just the cleaved ends of
the fiber, as the area exposed along the length is much greater than the area at the ends. As a
sanity check, a laboratory-grade patch cord optical fiber assembly was setup in the same way,
to ensure that the measured losses were not coming from the light source or other parts of the
setup; where no deterioration was detected.

The result of &, (Eq.(1)) for a 4.2m length of the exposed-core fiber exposed to air for
180hrs is shown in Fig. 3(a), where the 95% confidence interval is also shown in black. This
result shows that there is a sharp loss peak at 515 nm, equivalent to 0.043 dBm~'day~', and
a broad loss from ~450 nm to ~900 nm with a peak of 0.023 dBm~'day~!. At wavelengths
~900 nm to ~1340 nm the loss is at ~0.0043 dBm~'day~', and drops below the detection limit
of the experiment for wavelengths > ~1340 nm. The air exposure induced deterioration in the
transmission properties of the silica exposed-core fiber is lower than the confidence intervals
for cutback measurements, as shown in Fig.2(a), and ~2 orders of magnitude better than for
the previously reported exposed-core fibers produced in F2 soft glass.

This measurement was repeated for a 1m length of the silica exposed-core fiber with a 8cm
centrally located section of the fiber submersed in Milli-Q water, shown in Fig.3(b), where
we observe that the transmission properties of the fiber is reduced by ~0.067 dBm~'day~! for
wavelengths shorter than 1450 nm. When this was repeated with methanol, it was observed that
the transmission properties of the silica exposed-core fiber was significantly affected across all
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Fig. 3. Deterioration in the transmission properties of the silica exposed-core fiber when
exposed to (a) air; and, (b) water.

the measured wavelengths (350—1750 nm), at a rate of 12.8—-16.8 dBm'hr!.

This deterioration in the transmission properties is expected to come from changes in the
mechanical and/or compositional characteristics at the core surface, causing light scattering ef-
fects. When the core diameter is reduced, these light scattering effects are expected to increase,
as a greater portion of guided light travels outside the core. Further work is required to quantita-
tively determine the effect that core size has on the deterioration in the transmission properties
of the silica exposed-core fiber.

3.2.3. Surface mechanical and compositional characteristics

In order to determine the differences between the mechanical and compositional characteris-
tics of the exposed sample surfaces, nanometer-scale topographical and phase mapping of the
exposed-core fiber core surfaces was performed using a NT-MDT Ntegra Solaris AFM with
Smena head for Tapping Mode Atomic Force Microscopy (AFM).

Figures 4(a)-4(c), 4(d)—4(f) and 4(g)—4(i) show the AFM phase and topology results of a
25 um? section across the core for the exposed-core fiber exposed to air for 19 days, Milli-Q wa-
ter for 72 hrs and methanol for 2 hrs respectively. For the core area exposed to air, the nanometer
scale spikes in the topology and phase shift suggest small hardened impurities within the sur-
face structure, while the bulk of the material is homogeneous in composition with nanometer
scale roughness. For the core exposed to water, large peaks measuring > 100 nm in height and
several microns across the surface suggest that impurities from the water have been deposited
onto the core. The darkest areas in the phase image show up on the topology to be slightly
lower than the surrounding bulk, which may also be an indication of surface damage such as
micro-fracturing [44]. The results for the core exposed to methanol shows micron scale areas
with large phase shifts where the topology image indicates a increase in height. The methanol
exposed-core area was further investigated using a ContourGT-K1 coherence scanning inter-
ferometer (CSI), shown in Fig.4(j), which indicates micrometer scale pitted sections along the
core instead of the increase in height observed by the AFM. It is known that topology height
reversal can occur for AFM images when the tip is strongly affected by the capillary forces and
also by the tip-sample van der Waals attraction [46]. In this interaction regime, the phase shift
shows to be more negative on more hydrophilic regions, and suggests pitting or micro-fracturing
of the methanol exposed sample, which is confirmed by the CSI results. Nevertheless, further
experimental evidence would be needed to confirm these hypothesis.
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Fig. 4. Tapping Mode Atomic Force Microscopy images of the exposed-core fibers exposed
to (a)—(c) air, (d)—(f) water and (g)—(i) methanol with (j) a coherence scanning interferom-
eter image along the methanol exposed core region. (a), (d) and (g) show the phase images
across the core region indicated by the 12 um area on the x-axis, with [(b), (e) and (h) re-
spectively] enlarged phase images of the area shown by the green box; and, (c), (f) and (i)
showing their respective topologies.

4. Conclusion

A silica exposed-core fiber has been fabricated, for the first time to the best of our knowledge.
We have demonstrated preform drilling as an alternative for fabricating glass exposed-core
fibers, and shown the unique ability to perform surface analysis of the core with the silica
exposed-core fiber geometry produced. We explored and characterized the new silica exposed-
core fiber, showing it to have relatively low loss with deterioration in the transmission proper-
ties being ~2 orders of magnitude better than for the previously reported exposed-core fibers
produced in soft glass. Although the silica material shows good stability in air and water, the
buildup of contaminates on the surface and micro-fracturing deteriorates the transmission prop-
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erties, while significant degradation occurs with the use of methanol.

With high transmission properties in the UV-Vis-NIR spectral range, the silica material is
suitable for (bio)chemical sensing applications. The exposed-core geometry serves as a versatile
platform for real time evanescent field absorption or fluorescence spectroscopy, with capacity
for fast filling and quick response to kinetic changes of the analyte. This opens up new oppor-
tunities for optical fiber sensors requiring long term and/or harsh environmental applications
while providing long length light interaction with the analyte of interest.

In the future, further practical issues need to be solved, particularly in how to package
the fiber such that it is sensitive to the chosen analyte but protected from the applied sensing
environment.
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fiber sensing applications in which a thin film (~50 nm) polymer doped
with sensor molecules is applied to a silica exposed-core fiber. The method
removes the need for surface attachment of functional groups, while
integrating the polymer, silica and sensor molecule elements to create a
distributed sensor capable of detecting an analyte of interest anywhere
along the fiber’s length. We also show that the thin film coating serves a
protective function, reducing deterioration in the transmission properties of
the silica exposed-core fiber, but increasing loss.
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1. Introduction

Exposed-core microstructured optical fibers (MOFs) made from silica open up new opportuni-
ties for creating sensors capable of withstanding long term use in harsh environments and for
providing real time analysis anywhere along the fiber length [1]. The portion of guided light
extending from the glass core, often described as ‘evanescent field’, is affected by the refractive
index and absorption characteristics of the medium surrounding it [2,3]. This light-matter over-
lap provides opportunities for exploiting the interaction of light with gases and liquids, where
absorption and/or fluorescence can be used to determine the composition and concentration of
the analyte [4,5].

Although sensor molecules provide a method for fluorescence based analyte detection [6],
existing staining and/or specimen sampling based methodology is not well suited for real-time,
in situ, and/or remote sensing applications. For such applications it is necessary to immobi-
lize sensor molecules on the glass surface of the MOF exposed core, which can then be used
directly within the medium as a sensor without requiring prior pre-mixing of analyte with sen-
sor molecules. Functionalization methods traditionally used include silanes [7,8] or polyelec-
trolytes [9,10], which provide a functional group on the surface to which the sensor molecules
can be covalently attached. These processes require several steps that typically take many hours
to perform, due to the incubation times needed to achieve consistent maximized binding effi-
ciency [8, 10]. Some important factors to consider when choosing a functionalization method
are the conditions in which the sensor is to be used (for example polyelectrolytes have been
found to wash off in acidic conditions [11]),and any additional optical losses that might occur as
aresult. Also, achieving uniform covalent binding of the sensor molecules along the constrained
surface of MOFs in a consistent manner is challenging using silanes or polyelectrolytes [5,8],
since results are highly dependent on experimental conditions (temperature, concentration, sol-
vents, hydration and reaction time) as well as pre- and post-treatment processes [5, 10—12].
These factors can diminish sensor performance, reducing the achievable light-matter interac-
tions, which in turn decreases sensitivity.

Both polymer and silica have properties that make them attractive for optical fiber sensing
applications [13, 14]. Poly(methyl methacrylate) (PMMA) polymer optical fibers (POFs) have
high elastic strain limits, high fracture toughness, and high flexibility in bending, however high
attenuation properties and difficulties with splicing, cleaving and coupling makes small core
size POF sensors challenging [14—17]. On the other hand, silica is known to be reliable under
a range of processing and use environments, with relatively better mechanical and thermal
stability [13]. Highly homogeneous, high purity bulk material is commercially available, which
has led to the development of low loss silica telecom fibers [18]. Silica has a relatively low
refractive index, which can improve the sensitivity of evanescent field sensors, since reducing
the index contrast (An) at the core-cladding boundary increases the power fraction to the analyte
or functionalized surface [19]. Also, silica exposed-core MOF fibers can be spliced to single
mode fiber for improved handling and integration with commercial interrogation units [20].

In this paper we demonstrate a one step functionalization process for optical fiber sensing
applications, by applying thin film (~50 nm) PMMA doped with sensor molecules to a silica
exposed-core MOF. This integrates the polymer, silica and sensor molecule elements to create a
distributed sensor capable of detecting an analyte of interest anywhere along the fiber’s length,
while removing the need for surface attachment of functional groups. We show that the thin film
coating also serves a protective function, which has the potential to solve some of the practical
issues involved in functionalizing exposed-core MOFs where sensitivity to the chosen analyte
as well as environmental protection is required. We also characterize the attenuation properties
of the thin film functionalized fiber, and analyze the overall loss of the polymer layer. By nor-
malizing the fiber loss before and after adding the polymer layer to the field distribution, we are
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able to determine the source of added attenuation to be primarily due to surface roughness.

2. One step functionalization process

The method used to coat silica exposed-core MOFs with PMMA is an extension of the method
used for micron scale polymer coating in glass capillaries [21]. A clear cast acrylic rod (PMMA)
with a density of 1.18 g/cm?, also known as a ‘plexiglass rod’ (Professional Plastics Pte.
Ltd. [Singapore]), was dissolved in dichloromethane (DCM) at a concentration of 12.3 g/L.
8-hydroxyquinoline (8-HQ), which is known to complex with aluminum ions (Al cations) and
then fluoresce strongly with UV excitation [22], was dissolved in DCM and added to the dis-
solved PMMA solution making a concentration of 30g-Hg) : 100(pmma) by weight. The detec-
tion of Al cations is of particular interest as it provides a marker of aluminum corrosion [23]
and is also an environmental hazard [24]. One end of the fabricated [25] silica exposed-core
MOF (Fig. 1(a)), with an effective core diameter of 7.5 um (defined as the diameter of a circle
whose area is equal to a triangle that fits wholly within the core area [26]), was fed through
a silicon septa fitted to the bottom of an open-end vial. This setup, shown by the schematic
in Fig. 1(b), was then used to coat the outside of the MOF including the exposed core region.
The PMMA+8-HQ DCM solution was placed into the vial (~5 mm depth), and the fiber was
pulled through the solution and silicon septa by hand (at ~8 m/min) to leave behind a ~50 nm
coating of the doped PMMA on the core surface (Fig. 1(c)). Uniformity of the polymer layer
is critically important for optical performance of the device. Measured results from scanning
electron microscope (SEM) images of six samples, from the center and 10 cm in from the ends
of two individually coated 1 m lengths of fiber, showed the coating thickness on the outside
edge of the exposed-core to be in the range 43—46 nm with measurement uncertainty of 9 nm.
The coating procedure was performed in a laboratory chemical fume hood at room temperature
(~21°C), without additional curing.

3. Characterization of thin film polymer layer

3.1. Sensing measurements

To test the ability of the coated fiber to detect Al cations, an 18 mW laser excitation light source
with a wavelength of 375 nm was coupled into the core of an 80 cm long PMMA+8-HQ func-
tionalized fiber using an aspheric lens (f=2.75 mm, NA=0.55) via a dichroic mirror. The back

(b)
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— 100 pm —| F— 100 nm —

Fig. 1. (a) Contrast enhanced SEM image of (silica material shown in black) exposed-
core MOF cross section, having an effective core diameter of 7.5 um (core location shown
by green box). (b) A schematic of the thin-film polymer coating method used to coat the
outside of the MOF including the exposed core region. (c) Close-up SEM of the outside
edge of the exposed core (red arrow in Fig. 1(a)) with 50 nm polymer coating (light grey).
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reflected light collected from the coated fiber core was imaged using the same lens, passed
through the dichroic mirror, 425 nm long pass filter and x4 objective, and characterized using
a Horiba iHR550 Imaging Spectrometer with Synapse CCD Detector. The exposed-core region
of the coupled fiber was then exposed to Al cations by immersing the outside of a 23 cm long
central section of the fiber in a saturated solution of potassium aluminum sulfate (potassium
alum, KAI(SO4),-12H,0), and the back reflected spectra were measured immediately after im-
mersion and again after 1 hour of immersion. The setup is shown by the schematic in Fig. 2(a).
The measured result before immersion subtracted from the after immersion results is presented
in Fig. 2(b), which shows the fluorescence peak of 8-HQ complexed with Al cations [22] in-
creasing over time. This result demonstrates the ability of a thin polymer film functionalized
fiber to detect Al cations, with the potential for corrosion detection, and confirms sufficient
mobility of the 8-HQ within the polymer matrix to allow complexation with the Al cations.

3.2. Air exposure induced deterioration

The impact of deterioration on the transmission properties of the functionalized fiber, resulting
from exposing the functionalized fiber to air, was measured using the same procedure detailed
in [1] which is briefly outlined here. A 4 m long PMMA+8-HQ functionalized fiber was coupled
to a 100 W halogen broadband source with an approximately Gaussian-distributed intensity
profile and peak power at 800 nm. At the other end, the light from the core was imaged onto the
detector of an Ando AQ6315E Optical Spectrum Analyzer (OSA) and the transmitted power
spectrum, in dBm, was recorded from 350—-1750 nm every two minutes. This procedure was
performed in a laboratory at room temperature (~21°C), with the fiber in air, where the setup
was left long enough (~6 hours) so that the measured power stabilized to within £0.05 dBm,
then used to take time based measures of the power for 180 hours. Any changes over time (¢)

(a) (b)
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Fig. 2. (a) Setup used to test the ability of the coated fiber to detect Al cations (MMF
is multimode fiber). (b) Back reflected spectra of the functionalized fiber directly after
immersion in Al cations solution (green — @) and after 1 hour of immersion in solution
(blue - @).

#212363 - $15.00 USD Received 20 May 2014; revised 26 Jun 2014; accepted 28 Jun 2014; published 3 Jul 2014
(C) 2014 OSA 1 August 2014 | Vol. 4, No. 8 | DOI:10.1364/OME.4.001515 | OPTICAL MATERIALS EXPRESS 1519



234 E PAPER 5.

in the transmission characteristics were then fitted to the equation,

P(,t) = P(A,0)10~5/%/10 (1)
where & is the loss in dB m~!day~! and z is the fiber length in meters. For comparison the
result in [1] for an uncoated exposed-core MOF, with 10 um core diameter, is shown by the red
line in Fig. 3. The result of §(A) (Eq. (1)) for the thin-film functionalized fiber, shown by the
blue line in Fig. 3, shows a significant improvement compared to the uncoated fiber.

This deterioration in the transmission properties is expected to come from changes in the
mechanical and/or compositional characteristics at the core surface, causing light scattering
effects [27-29]. When the core diameter is reduced these light scattering effects are expected to
increase, as a greater portion of guided light travels outside the core. However, this result shows
less deterioration in transmission properties even though the core diameter of this functionalized
fiber is smaller (7.5 um) compared to the uncoated exposed-core MOF from [1] (10 um). This
shows that the thin film coating is providing a protective function for the core surface. For
example, at A =532 nm the air induced deterioration in the transmission properties of the
thin-film functionalized fiber (3 x 103 dB m_lday_l) is an order of magnitude better than for
the previously reported uncoated result [1]. This is significant for optical fiber sensors requiring
long term and/or harsh environmental applications while providing long length light interaction
with the analyte of interest.

3.3. Functionalized fiber loss

To determine the impact of polymer coating on propagation loss, cutback fiber loss measure-
ments were performed using a 100 W halogen broadband source with an approximately
Gaussian-distributed intensity profile and peak power at 800 nm. The before and after poly-
mer coating loss measurements are shown by the blue and red lines in Fig. 4 respectively, and

0.05 7
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S
L

o
o
@©

/uncoated

©
o
]

Loss [dB.m1.day]

functionalized/
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450 850 1250 1650
Wavelength (nm)

Fig. 3. Deterioration in the transmission properties of the air exposed uncoated (red — @,
from [1] with 10 um core diameter) and thin-film polymer functionalized (blue — @) sil-
ica exposed-core MOF. The 95% confidence interval is shown in black. For the thin-film
polymer functionalized fiber result, the confidence interval is approximately the same as
the line thickness.
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summarized in Table 1 for 532 nm, 1064 nm, and 1550 nm wavelengths. These results show
an increase of ~10-20 times after applying the polymer layer. The difference between these
coated and uncoated fiber loss measurements (CQafier — Otbhefore) 1S shown by the green line in
Fig. 4.

Understanding the reasons the polymer layer adds to the overall loss, and finding ways to
reduce these losses, can significantly improve the distributed sensor practical range [30]. The
loss of a fiber is given by,

1
g \2 [, n"a|E|>dA
)\, = _— —_— 2
aﬁber( ) ( > meXH*iH ()

where n'(x,y) and a(x,y) are the refractive index and material loss distribution, E(x,y) and
H(x,y) are the electric and magnetic field distributions, and z is along the optical axis of the
fiber. This guided mode loss includes all loss mechanisms, such as absorption and scattering.
The change in loss of the guided mode due to the addition of the polymer layer can be written

4

e o
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g : coated\

3

R

3 N

Rafter — Olbefore

=
n

uncoated \L

0 L T T rr 1 rrrr
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Fig. 4. Broadband cutback loss measurements of silica exposed-core MOF, before
(blue — @) and after polymer (PMMA+8HQ) coating (red — @). The difference be-
tween the coated and uncoated fiber 10SS tyfier — Opefore 1S Shown in green (— @). Cut-
back loss measurement at A = 640 nm for un-doped PMMA coated exposed-core MOF
(dark-red dot @).

Table 1. Loss measurements for silica exposed-core MOF (Fig. 1(a))
Wavelength (nm) Uncoated (dB/m) Coated (dB/m)

532 0.178 1.04
1064 0.092 1.82
1550 0.141 2.94
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as,

1
£_0>2 fager Mt |E2dA )

w) [,ExH*zdA

where we have assumed the mode distribution has not changed due to addition of the layer, since
it is very thin (~ 50 nm). In Eq. (3), a(x,y) includes loss of polymer material, o, and any loss
due to scattering or inhomogeneity added during fabrication, o, hence o (x,y) = om + og(x,y).
As aresult, Eq. (3) can be rewritten as,

Qafter — Obefore = <

1
() (T fa EPOA fr tey)BR0)
after before — 1o waXH*-idA waXH*-idA
or alternatively,
l ‘ A
<@>2 (aafter - abefore) waXH*' 2dA
€ iy jiayer |E|2 dA
B Jrayer 1 (%, ¥) 0 (x, y) [EJ* dA
" Ny flayer‘E‘sz
=d (5)

where o is the overall layer loss. Equation (5) can be used to determine the loss induced from
applying the polymer layer, as a function of the guided mode field distribution fraction, by
measuring Oafier — Clhefore and calculating electric and magnetic fields of the fiber propagation
mode. To calculate the electric and magnetic fields, numerical simulation was performed on
the fiber core profile taken from an SEM image, with a 50 nm polymer layer added to the

wim® x 107
Exposed Hole W]

50 nm polymer layer detail

50 nm polymer layer
/ (See detail) 9 e
] . )

I & Silica core

-

[m] x10°

Fig. 5. (a) Numerical simulation result for the z-component power flow (S;) distribution at
A = 532 nm of the fundamental mode using full vector FEM. The fiber core profile (shown
by white outline) taken from SEM image. (b) Detail of the of the refractive index profile
used for the simulation.
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exposed hole side of the core, using full vector finite element method (FEM) in the commer-
cial package COMSOL 3 4. For example, Fig. 5(a) shows the FEM result for the z-component
power flow (S, = ExH" 2) distribution at A = 532 nm of the fundamental mode, with refrac-
tive indices of the air holes, silica core, and polymer layer being npges = 1, #sitica = 1.4607,
and njayer = 1.4947 respectively (Fig. 5(b)). The cutback measurements (see Fig. 4) were used
together with the fundamental mode FEM calculations with silica and PMMA material wave-
length dependent refractive indices (n},) to determine ¢’ for 405 nm, 532 nm, 640 nm, 790 nm,
980 nm, 1064 nm, and 1550 nm wavelengths. The green dots in Fig. 6 plot the results for these
seven wavelengths which show a trend of reducing attenuation with increased wavelength. To
investigate this A dependence, o’ was fitted to the function,

’ & ai
=0
which revealed the experimental values of o’ could be fitted with either of the following two
functions,
2049.04 413.27
of = (T +—+ 6988.35) [R* =0.997] (7
1272.97
and = (T + 8001.75) [R* =0.994] (®)

with A in um, and ’ in dB/m units, shown by the red and blue lines respectively in Fig. 6. The
fit of these functions could not be improved by allowing a, # 0.

Equation (7) shows wavelength dependencies of the form known to originate from intrinsic
material light scattering. In general terms, material density changes cause intrinsic light scat-
tering which is termed as Tyndall, Mie, and Rayleigh scattering originating from constituents

Thousands
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Fig. 6. (green @) Plot of loss induced from applying the polymer layer, o’ in Eq. (5), using
cutback measurements (Otafier — Opefore» Fig. 4) for 405 nm, 532 nm, 640 nm, 790 nm,
980 nm, 1064 nm, and 1550 nm wavelengths. Plot of fitted A dependent functions Eq. (7)
(red - - W) and Eq. (8) (blue - - ).
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of sizes r > 404, A /20 < r < 40\, and r < A /20 respectively [31]. On the other hand, Eq. (8)
has A3 dependence which is described by Roberts ez al. [32] as applying to surface roughness
at all length scales. For suspended and free-standing nanowires, increased field strength at the
surface leading to larger roughness scattering type loss [28,33] has also been shown to have
core size dependence of o xd =3 [26].

The fact that both functions «f and ¢} fit the experimental data indicates that any function o’
given by o’ = paj+ (1 —p)aj where p € [0,1] fits the data as well. In order to determine p,
we compare the coefficient of Rayleigh scattering that has been measured for bulk PMMA [34]
with the coefficient of A~* in Eq. (7), which appears to be 5 x 10° times bigger than actual
value as reported in [34]. To investigate the possibility that the added 8-HQ is contributing
to additional Rayleigh scattering, another length of the exposed-core MOF was coated with
a thin film (~ 50 nm) of un-doped PMMA using the same method as described above. The
loss of this PMMA coated exposed-core MOF was measured at A = 640 nm using the cutback
method, which was found to be 2.78 dB/m compared to 1.25 dB/m measured for the PMMA+8-
HQ, shown by the dark-red dot and red line in Fig. 4 respectively. This reveals that 8-HQ is not
the cause of the additional loss from the thin film layer, instead helping to reduce the overall
attenuation. Also, the A ~! Mie type scattering in Eq. (7) cannot be due to intrinsic properties of
the thin film, since this would suggest constituents with sizes orders of magnitude larger then
the layer thickness. This implies that p ~ 0, since Eq. (7) cannot be describing intrinsic material
properties of the thin film layer as being the predominant cause for the additional loss, and so
does not contribute to the loss function &’ in terms of intrinsic material light scattering.

To investigate surface roughness scattering type loss described by Eq. (8), a ContourGT-K 1
coherence scanning interferometer was used to measure the roughness of the exposed-core
MOF core surface before and after polymer coating. Before coating the roughness along a
20 um length of the core was found to be S; = 0.394 nm, whereas after coating S; = 0.873 nm.
The additional measured roughness at the core surface, together with Eq. (8) having an o o< 3
dependence [32], indicates that the source of the added attenuation from the polymer layer
is primarily due to surface roughness. Such roughness has been shown to arise from excited
surface capillary waves (SCWs) [32], where small ripples on the surface are frozen in at
the time of fiber fabrication. The amplitude of SCWs is dictated by equilibrium thermody-
namics with surface tension (y) providing a restoring force. During material phase transition
these SCWs freeze [35], leaving a surface roughness proportional to inverse surface tension
(S, o« y~1)[32,36]. Both the PMMA (y = 0.032 Nm~! [37]) and DCM (y = 0.026 Nm~! [38])
used for the thin film coating have surface tensions an order of magnitude lower than for the sil-
ica (y =0.31 Nm~! [39]) used to fabricate the exposed-core MOF. This relatively low surface
tension for the polymer coating gives rise to higher amplitude SCWs, leading to additional sur-
face roughness and therefore additional loss. Hence, improvements may be possible by finding
ways to increase the surface tension of polymer mixtures used for the thin film coating.

4. Conclusion

By applying a thin polymer film (~50 nm) doped with sensor molecules to a silica exposed-
core MOF, a one step functionalizing process for optical fiber sensing applications has been
demonstrated, which eliminates the need for functional groups on the core surface for sensor
molecule attachment and offers the prospect of being applied during the fiber drawing process.
This method integrates the polymer, silica, and sensor molecule properties to create a distrib-
uted sensor capable of detecting an analyte of interest anywhere along the fiber length. The
technique was successfully applied to the detection of Al cations in solution by doping the
PMMA film with 8-HQ sensing molecules showing sufficient mobility in the PMMA matrix to
allow interaction of the sensing molecules with the analyte of interest. This sensing reaction has
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the potential to be applied to corrosion and environmental hazard detection where the benefits
of a distributed sensor are significant.

The air induced deterioration in transmission properties of the coated exposed-core MOF
was shown to be an order of magnitude reduced compared to the previously reported un-coated
result. The protective function of this coating is a practical improvement for any use of these
fibers, particularly for photonic applications were environmental protection is needed while
maintaining access to the guided light. This improvement is attributed to the polymer matrix,
however further work is needed to understand if the sensor molecules influence the protective
function.

Cutback loss measurements showed an increase in the attenuation of ~10-20 times after
applying the polymer layer. Analyzing the overall loss of the polymer layer, by calculating the
field distribution normalized attenuation of the layer, we were able to determine that the source
of the added attenuation from the polymer layer is primarily due to surface roughness. Such
roughness arises from excited SCWs, which become frozen in during material phase transition.
Further work is needed to find ways of improving the functionalized surface, compare other
surface coating methods, and exploit the method for more complex sensing molecules and
applications.
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Introduction

Optical detection of chemical or biological species
relies on the interaction between a rtarget species and
light, either to change the properties of the excitation
light in a manner corresponding to the properties of the
species or to generate a separate, measurable light signal
that can be used as the detection mechanism."* Optical
fibers are one platform which can exploit this mechanism
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to create a sensor. These structures have well-defined
optical guiding properties, an ability to guide light to
areas of interest, and are compatible with an array of
established excitation sources and detection devices.'

Conventional optical fibers, such as those used tradi-
tionally for optical communication, consist of two con-
centric solid glass materials forming the core and the
cladding. Such fibers are exceptionally good at carrying
light from one end of the fiber to the other and back with
very low loss and have therefore been successful for appli-
cations where sensing is performed at the distal end of
the fiber, known as extrinsic sensing.z’3 However, solid
core optical fibers do present some limitations in sensing
applications, as the interaction area is limited to the fiber
tip’s cross section, with a diameter in the order of up to a
few hundred micrometers.>

Many optical fiber designs have been proposed and
demonstrated to achieve intrinsic sensing, where the
optical fiber is not simply a light pipe but plays a sig-
nificant role in the sensing. For chemical and biological
sensing, this usually refers to accessing a portion of the
optical field that propagates along the fiber, such as
through tapering4 or the use of D-shaped fibres.” This
approach is attractive as it allows the integration of
light—matter interactions along the fiber length. How-
ever, modification of the fiber geometry in this way
leads to either fragile structures or very low sensitivity,
depending on the amount of tapering or portion of the
fiber cladding removed.

Microstructured optical fibers (MOFs) offer the
advantage that the interaction between the light and
chemical species can be extended along the entire
length of the fiber, while maintaining the integrity of
the device. In suspended-core MOFs (SCMOFs), the
glass core is suspended in air by thin struts, allowing a
portion of the guided light to extend outside the fiber
core into the surrounding holes which serve as low-vol-
ume sample chambers.>”  For exposed-core  MOFs
(ECMOFs), the suspended core is partly open to the
environment, enabling easy access to the fiber core and
removing the need for sample ﬁlling.s‘9 Hollow-core
MOFs (HCMOFs) have also been used for sensing,
where the air core not only guides light but also serves
as the sample chamber, allowing large overlap of the
guided light with the sample.10

The overlap of the guided light means that proper-
ties such as the refractive index and the absorption
characteristics of the medium can alter the properties of
the guided light."""'* These fibers are an attractive plat-
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form for liquid sensing as they can enable strong light—
matter interactions, long interaction lengths, and the
use of small sample volumes.°

In this study, we review our recent progress exploit-
ing the use of MOFs for optical sensing. Methods for
the attachment of functional species to the surfaces of
MOFs are discussed in the scope of describing how
MOFs can function as active sensing elements. We focus
on the different modalities of deploying MOFs in sens-
ing applications, using both label-based fluorescence and
label-free detection techniques. For label-based fluores-
cence sensing, we discuss the different chemical and
physical mechanisms used for surface attachment of
suitable marker molecules, the fiber geometries, and the
varied target species which can be detected using MOEF-
based sensors. For label-free sensing, we explore
whispering gallery modes, surface plasmon resonance
detection of biological species, Bragg grating-based sens-
ing, and Raman spectroscopy in MOFs, highlighting an
additional toolset of sensing mechanisms for MOF-
based chemical and biological sensing.

Surface Functionalization

One solution to adding chemical or biological
specificity and selectivity using an optical fiber is to
premix reagents with a sample containing the analyte
of interest, a small volume of which is then interro-
gated by the fiber. A different approach is to bind reac-
tive molecules or antibodies to the glass surface before
the fiber interacts with the analyte. As most analytes of
interest do not typically bind directly with the glass, it
is first necessary to create a scaffold onto which the
molecules can be bound, through either a grafting or
physical functionalization procedure.

Grafting

Grafting, or linking, the sensing molecule of
interest to the sensor surface is commonly achieved
via covalent bonding to oxide surfaces, > 1> poly-
mers,'® or metals.'” A number of different attachment
chemistries are available, including phosphonates, car-
boxylates, catechols, alkenes, alkynes, and amines, with
a large body of work looking at attachment via
silanization.'®

For silanization, hydrolysis of the silane forms sila-
nols, which attach to hydroxyl groups on the surface
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via a condensation reaction. This allows for diverse
functional groups to be utilized, including perfluo-
roalkyl, amino, and sulthydryl for surface passivation or
further sensing molecule immobilization.

The surface density of hydroxyl groups on the sen-
sor surface has a large influence on the layer density,
with techniques such as plasma activation'® or treat-
ment of the surface with acids used to increase the sur-
face density.”® A low surface density typically results in
low reproducibility in the deposition process.”*>'

Silanes can be deposited either in solution®® or in
vapor phase®” with previous work in MOF functional-
ization focused on solution deposition. The solution
deposition process typically involves dipping the freshly
prepared sensor into the silane solution, yielding a full
silane coating in minutes to hours.*’

Physical Functionalization

Physical functionalization is a collective term for
any approach by which the sensor molecules are
attached to the surface by forces that are not chemical
bonds, such as electrostatic forces. These methods have
less dependence on the chemistry of the surface and
can therefore be exploited on a wide variety of sub-
strates including metals, polymers,24 glass,25 and
carbon nanotubes.?’

One particular approach is to deposit layers of
charged polymers, such as polyelectrolytes (PE) from
solution. This involves a layer-by-layer process, wherein
the PE is attached through electrostatic interaction. The
first PE layer, with a charge opposite to the intrinsic
surface charge of the substrate is deposited, rinsed, and
a subsequent PE layer of the opposite charge depos-
ited.?® The process can be repeated multiple times to
stack layers onto any substrate, resulting in an increased
PE functional group density on the sensor surface.

(b)
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Alternatively, a volume-doped polymer layer can
be deposited, as shown in Fig. 1b.2” This process can
combine both the formation of a protective coating,
along with functionalization of the fiber to the target
species.”” The thin polymer film functionalized fiber,
shown in Figs. 1a and c, has been shown to be suitable
for the detection of aluminum cations. This result also
shows that the fluorophore (8-hydroxyquiniline) is not
held too tightly within the polymer, allowing for multi-
ligand binding so that three molecules can still complex
with the aluminium.

Fluorescence-Based Sensing Methods

Once a method for attaching molecules to the sur-
face of the MOF is established, functionality needs to
be added to allow for specific detection of the target
molecules, that either utilizes these surface attached
methods, or involves premixing of chemicals and the
subsequent use of the MOF for sample interrogation.

One of the primary ways that specificity can be
achieved is through fluorescence-based sensing tech-
niques. These typically excite fluorescent molecules or
nanoparticles with light guided along the fiber, and
analyze the emitted light captured using the same fiber.
The captured light can be analyzed at either end of the
fiber, with the back-captured emission both improving
the practicality of the probe as well as potentially
increasing the sensitivity of the device.”® Examples of
SCMOFs used for sensing are shown in Fig. 2.

Changing the geometry and material of the MOF
allows the desired fiber parameters to be tailored to the
specific application. Decreasing the core diameter
increases the overlap of the optical field with the med-
ium, which increases sensitivity.31 Meanwhile, the hole
size can either be made smaller to reduce the required

PMMA
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Silicone
Septum

Fig. 1. (a) Contrast enhanced scanning electron microscope image of ECMOF cross section, with core region highlighted in green. (b)
Thin film polymer deposition method on ECMOFs. (c) Scanning electron microscope image of the outside edge of the exposed core, with a

50-nm polymer coating™”
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Fig. 2. Scanning electron microscope images of SCMOFs used for sensing applications made from (a) F2 Glass®® and (b, ¢) Silica.”

sample volume, or larger to reduce filling time.® The
fiber material can be selected to optimize the sensor,
for example, increasing the glass refractive index (e.g.,
F2 glass [Fig. 2a] has a higher index than silica
[Fig. 2b]) increases the numerical aperture of the fiber
and thus the proportion of the fluorescence that can be
re-captured.”!

For SCMOFs, the fibers are filled using capillary
action, which is approximately 5 min for a 20-cm
length of fiber with an internal volume of 60 nL.*?

Two primary fluorescence sensing avenues have
been explored using MOFs. The first seeks to use fluo-
rophores as labels for biomolecules, while the second
looks at the emission from fluorophores and attempts
to correlate the observed signals with concentrations of
chemical species within the solution.

Fluorescence-Based Sensing of Biomolecules

By labeling target biomolecules with fluorescent
markers, the detection of the biomolecule itself can be
inferred from the detection of the fluorophore to which
it is attached. The sensitivity of fluorescence-based
MOF-biosensing is typically limited by either back-
ground fluorescence emissions, or photobleaching.

Previous work by Jensen er 4l utilizing Cy5
labelled DNA, looking at the absorption rather than
the emission of the fluorophores restricting the detec-
tion limit to 0.1 pM. Smolka e al'® were able to
observe concentrations as low as 1 nM by measuring
the fluorescence emission of Rhodamine 6G using an
HCMOF with a large light—matter overlap.

The use of alternative labels, such as semiconduc-
tor-based quantum dots (Qdots), allows for detection

of biomolecules to be performed at much lower con-
centrations. Filling near infrared emitting Qdots within
the holes of an SCMOF allowed for detection down to
1 nM of quantum dot labelled proteins,3 4 which was
further improved to 10 pM after modifications to the
glass composition and fiber design.”” This result was
limited primarily by background fluorescence emissions
from the glass.

Lanthanide-doped  upconversion  nanoparticles
provide a significant advantage over alternative labels, as
they emit at a shorter wavelength compared to the excita-
tion source. The high brightness of these particles,
combined with a significant reduction in competing
background signals allows for an improvement in detec-
660 fM  using  erbium-/ytterbium-doped
nanoparticles.”” Using optimized ~thulium-ytterbium-

tion to

doped nanoparticles allows further sensitivity improve-
ments. These high brightness, highly doped nanoparticles
along with the lack of competing background signals
allows detection of single nanoparticles from one end of
the fiber as they enter into the vicinity of the evanescent
field inside a SCMOF from the fiber’s other end.*®
Another application where SCMOFs have also
found use in is enzyme activity assays, where they have
been shown to be able to detection of PC6 down to
50 U/mL using a sample size of 210 nL.>* This is par-
ticularly important for potential 7z wvivo applications,
where difficulty removing larger samples restricts the
total available volume leading to a particular advantage
in using MOFs for these particular applications.
Further work has explored the use of these fibers for
specific DNA detection® and genotyping, where molec-
ular beacons have been multiplexed to differentiate
between wild- and mutant-type sequences in MOFs.?”
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Fluorescence-Based Chemical Sensing

In addition to their use as biosensors, MOFs can
also be applied to chemical sensing applications. These
sensors typically function by detecting and amplifying
the interaction of the desired substrate with a receptor,
where the receptor is usually a small-molecule respon-
sive fluorophore.

By choosing the appropriate fluorophore to react
with the target species, these MOF-based sensors have
been used to detect metal ions such as aluminum®®
through the use of a surface attached fluorophore layer,
sodium ions,®” or hydrogen peroxide.*’

A recent advance in sensing technology involves
the use of photoswitchable molecules and MOFs to
create light-driven sensors that are capable of targeting
the desired substrates selectively and reversibly among
other unique characteristics. The photoswitchable com-
ponent provides an ability to modulate reversible bind-
ing and release of the desired ion from the binding
domain. Such a sensor would allow for multiple mea-
surements to be made on a single sample without the
need to change the sensor. This would then permit
continual and noninvasive study of biological systems,
with an associated increase in the sensors’ useful life-
time. In this respect, the first nanoliter-scale regenerable
ion sensor based on MOFs was recently reported,*!
where the air holes of the MOF are functionalized with
a monoazacrown bearing spiropyran to give a switch-
able sensor that reversibly detects lithium ions down to
100 nM in nanoliter-scale volumes. Similar sensors for
probing zinc*? as well as multiple ions have also been
demonstrated using MOFs, with a dual sensor for cal-
cium and cadmium capable of detecting ion concentra-
tions as low as 100 pM.*?

The deposition of thin layers of reactive polymer
layers gives an alternative to standard organic fluo-
rophores, as the polymer layer itself can be used for
detection. This has been demonstrated using poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] for
explosives detection, showing a detection limit of
6.3 ppm using only 27 nL of sample volume.**

Label-Free Sensing Methods

Methods which do not require prior attachment of
fluorescent molecules to perform detection are commonly
referred to as label-free techniques. These encompass
methods which either look at a refractive index change on
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a surface to correlate binding, typically of biomolecules,
or methods such as Raman spectroscopy which look at
vibrational modes of the molecules themselves.

In the optical domain, we have successfully
exploited four different physical phenomena in con-
junction with MOFs to create new sensing modalities.

Whispering Gallery Modes

Whispering Gallery Modes (WGMs) refer to a res-
onance mechanism that occurs when light is trapped
within a microresonator by total internal reflection, and
returns in phase after one or multple roundtrip(s).45
Multiple geometries of optical resonators have been
investigated, including microspheres,z's’46 capillaries,47
micro disks, and toroids.*® WGMSs have been widely
used for refractive index sensing and biological sensing
applications in particular via surface functionalization.*
The amount of time the light remains circulating
within the resonator determines the quality (Q) factor
(i.e., the linewidth of the resonance features), with a
higher Q-factor resulting in longer interaction lengths
with the molecules as they bind to the surface.>

WGMs can be excited and interrogated through two
different mechanisms. The first approach involves using
a phase matched fiber taper or prism to couple light to
the microresonator at one of the resonance wave-
lengths.48 This approach runs the risk that a small devia-
tion in the optimum position of the gap separating the
resonator and the taper will not only affect the coupling
conditions, but also be seen by the resonator as a change
of local refractive index, yielding measurement error.” !

The second approach relies on using microres-
onators which contain a gain medium such as a fluores-
cent dye, and through remote excitation of the dye the
re-emitted light can be coupled back into the resonant
modes. This allows for remote excitation and collection
of the WGM-modulated spectra as seen in Fig. 3a, alle-
viating the limitation of the taper coupling require-
ments but at the cost of lower Q-factors.

We have initiated the use of SCMOFs for both
the excitation and collection of the WGM signal emit-
ted by a dye-doped polymer microsphere positioned
onto the tip of the fiber, as shown in Fig. 3b.>? Further
work on this platform has shown a strong coupling
mechanism between the microsphere and the SCMOF
as a function of the diameter mismatch between the
microsphere and the hole into which the microsphere is
positioned, resulting in preferential enhancement of the
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Fig. 3. (a) Optical setup used for the excitation and interrogation of a dye-doped microsphere on an SCMOF tip, (b) WGM spectra of

a 15-um diameter dye-doped polystyrene microsphere, (¢, d) Bright field and fluorescence images of a microsphere positioned onto the tip
of a silica SCMOF.*®

WGM depending on their polarization. This effect, technique for silver deposition based on the Tollens
combined with the operation of the dye-doped micro- reaction has been developed.®® Initial work showed that
spheres above their lasing threshold allowed to increase scattering of the plasmonic wave induced by the higher
the stored energy within the resonator, increasing the surface roughness of silver thin film can be exploited
Q-factor® by almost 6x, allowing for improved detec- on bare core optical fibers. This process essentially
tion limits and the potential for #n-vivo biosensing turns an intrinsically nonradiative process into a radia-
applications.24 tive one, with significant advantages compared with the

standard transmission measurements in terms of signal-

to-noise ratio, the potential for multiplexed and self-ref-
. . 23,5758

erencing sensing.

Surface Plasmon Resonance

Surface plasmon resonance (SPR), which refers to Recently, we showed that a silver layer could be
the oscillation of free electrons in thin metallic coat- deposited on the core of an ECMOF (similar to that
ings, is another refractive index sensing method that shown in Fig. 4a) by thermal evaporation. This fiber
has been widely exploited for biosensing applications. possessed a  significantly smaller core diameter
The resonance wavelength depends on the different (Deore~10 um) compared to the bare core fibers previ-
dielectric functions of the metallic coating and dielec- ously used (D ore~140 Um) and resulted in a reduction
tric substrate, as well as the surrounding refractive of the resonance linewidth by a factor 3, while the
index adjacent to the metallic coating.>* refractive index sensitivity (81/8n) remained constant,’”

Although SPR methods initially used a prism to improving the refractive index detection limit by the
match the propagation constant of the monochromatic same factor.

radiation with the propagation constant of the plas-
mons, a similar mechanism has as been demonstrated

with optical fibers.”> Hassani and Skorobogatiy” Bragg Gratings

started investigating the use of SPR in a MOF, with Fiber Bragg gratings (FBGs) are formed by creat-
theoretical work showing the potential for improved ing a small periodic modulation of the optical fiber’s
performance. refractive index along its length, which results in a nar-

To circumvent observed issues with physical depo- row band reflection at a particular Bragg wavelength.

sition methods inside MOFs, an electroless plating FBGs are well known within the optical fiber sensing
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(¢

Fig. 4. Scanning electron images of fabricated silica ECMOFs.® The fibers have core diameters of (a) 12.5 um, (b) 9.3 um, ()
7.5 um, and (d) 2.7 pm. The outer diameters of the fibers at the maximum point are (a) 200 pum, (b) 200 um, (c) 160 pm, and (d)

200 pm.

community for their role in temperature and strain
sensing, as the pitch is highly dependent on strain,
while the effective refractive index of the fiber is depen-
dent on temperature via the thermo-optic effect.”

In the case of refractive index sensing, the position
of the Bragg wavelength depends on the fiber’s effective
index, which in-turn depends on the refractive index
experienced by the evanescent field. For FBGs written
on conventional optical fibers, the analyte is well iso-
lated from the light guided within the fiber, and as
such the fiber cladding needs to be thinned down to
improve the refractive index sensitivity.*>®!

There is particular advantage in using MOFs
which can be tailored to enhance this light—matter
overlap without weakening the fiber structure. For
example, an ultra-violet written FBG in an SCMOF
was shown to detect a refractive index variation of
3 x 107 refractive index units (RIU).%

Two challenges arise using SCMOFs for FBG-
based biosensing. Firstly, they must be filled from the
distal end to interact with analytes, and secondly, com-
plexity can arise due to inscription methods being sus-
ceptible to scattering by the MOF geometry.®

To address these issues, ECMOFs have been devel-
oped where the core is accessible from one side along
the length of the fiber. These have been fabricated from
a diverse range of materials including polymer,64
chalcogenide,65 lead-silicate,® and silica.”®*®® Silica
ECMOFs show good stability” and can be readily
spliced to conventional single mode fiber for easy inte-
gration with commercial interrogation eC{uipment.67’68
ECMOFs have been fabricated with core diameters
ranging from 2.7 to 12 pm, as seen in Fig. 4,68

Fiber Bragg gratings have been written onto the core
of these ECMOFs using a femtosecond laser technique:

using sufficiently short duration pulses multiphoton
absorption can lead to ionization of electrons and the
physical removal of material, a process known as laser
ablation.®> An example of such gratings is shown in
Figs. 5a and b for the 7.5 pm core diameter ECMOF
from Fig. 4c. The Bragg reflection shift with respect to
external refractive index is shown in Fig. 5c, and the shift
with polyelectrolyte layer deposition shown in Fig. 5d.

While FBGs on ECMOFs are less sensitive than
techniques based on surface plasmon resonance, with
shifts reported in the range of 1.1 to 101 nm/RIU
depending on core diameter, the capability to be multi-
plexed and operate in reflection mode makes them a
particularly attractive research direction for label-free
assays in in-vivo biosensing applications.

Raman Spectroscopy

Raman spectroscopy is a form of vibrational spec-
troscopy in which each Raman-active chemical bond
vibrational mode changes the energy of incident pho-
tons from a laser source by a fraction equal to that
mode’s vibrational energy.”” Raman spectroscopy has
the great advantage of being a label-free technique that
can uniquely identify chemical species in a sample
without the need for target-specific chemistry or surface
modification.”® Optical fibers have been deployed for
Raman-based optical sensing as, besides their advan-
tages in terms of delivering and collecting light,2 in the
case of MOFs they can enhance the Raman signature
from target molecules.”"”*

We have shown that Raman spectroscopy in
SCMOFs can be used as a method for detecting explo-
sives in liquid samples.”® We were able to detect explo-
sive quantities as small as 1 pg (Fig. 6a) in a small
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Fig. 6. (a) Experimental data showing the Raman signal intensity for hydrogen peroxide and water for an aqueous solution of hydrogen
peroxide (b) correlation between the hydrogen peroxide concentration in water and the ratio between the Raman signal intensities.

sample volume (60 nL). The sensor was tested using
hydrogen peroxide (H,0,), a key ingredient in making
triacetone triperoxide (TATP), a difficult to detect
home-made explosive, as well as using 1,4-dinitroben-
zene (DNB), a member of the nitroaromatic family of
explosives and a substitute molecule for 2,4,6-trinitro-
toluene (TNT). In addition, using the solvent’s Raman
signature as a calibration standard in the same measure-
ment, we were able to quantify the amount of explosive
in the sample (Fig. 6b).

Background Raman signal from the solid core of
SCMOFs can, however, hamper the detection limit of
these optical fiber sensors. HCMOFs can overcome this
issue, as the light is guided within the sample region
itself, therefore maximizing the Raman signal.'/3 These
HCMOFs are time consuming to fabricate, as they rely
on capillary stacking.”*”> Our work concentrated on
single ring hollow core antiresonance reflection optical
waveguiding fibers’®”” fabricated using the extrusion
technique.78 This simple fabrication process was used
to fabricate a lead-silicate glass (Schott F2HT) preform

that was directly drawn to a single ring HCMOF (loss
spectrum shown in Fig. 7a) with a core diameter of
47 um, and a central ring diameter of 1.5 pum (Fig. 7a
inset).

After filling with ethanol, spectra showed a 4 times
increase in the intensity of the ethanol Raman spectrum
when coupled into the core compared to the signal
from the bulk ethanol (Fig. 7b). The combination of
case-of-fabrication and enhanced Raman sensing perfor-
mance highlights the potential of extruded single ring
HCMOFs as Raman sensors.”’

Conclusion

Optical fiber sensors have emerged as a very promis-
ing category of devices due to the combination of attrac-
tive physical properties, ease of integration with existing
optical sources and detectors and the large number of
compatible sensing modalities. Lowering the detection
limits for analytes of interest and increasing the selectivity
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Fig. 7. (a) Optical loss from an extruded single ring HCMOF, highlighting the excitation wavelength used for Raman experiments. The
inset shows a scanning electron microscope image of a cross section of the fiber.”” (b) Raman signal of ethanol collected with the excitation

light coupled in a bulk quantity of solution, on the fiber cladding and finally in the core of the optical fiber.

of optical fiber sensors are the main challenges for
deploying these sensors in real-world applications.

In this work, we have demonstrated the use of
MOFs in a diverse range of sensing applications to
answer these challenges. MOFs have unique optical and
physical properties that can be tailored by controlling the
fiber geometry during fabrication, allowing for control
over the light—matter interaction. The structural geome-
tries of SCMOFs or HCMOFs enable interaction
between light and analyte along the entire length of the
fiber, allowing for measurements to be performed on
small sample volumes with lower detection limits.

The use of label-free techniques such as WGM/
SPR, Bragg gratings or Raman, as well as surface
attachment methods for fluorescence-based sensing
enables these sensors to be used without perturbing the
sample. Lower detection limits can be aided by self-ref-
erencing methods that reduce the effect of fluctuations
in the performance of the sensors at small signal levels
and offer the potential for quantification of analytes in
a sample. This makes MOF-based sensors particularly
useful for measurements of low concentrations of ana-
lytes in small volumes of sensitive biological samples
and has the potential to enable nondestructive 7 vivo
or in vitro measurements in real time.
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Abstract: Femtosecond laser written Bragg gratings have been written in
exposed-core microstructured optical fibers with core diameters ranging
from 2.7 um to 12.5 um and can be spliced to conventional single mode
fiber. Writing a Bragg grating on an open core fiber allows for real-time
refractive index based sensing, with a view to multiplexed biosensing.
Smaller core fibers are shown both experimentally and theoretically to
provide a higher sensitivity. A 7.5 pm core diameter fiber is shown to
provide a good compromise between sensitivity and practicality and was
used for monitoring the deposition of polyelectrolyte layers, an important
first step in developing a biosensor.
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1. Introduction

The advent of microstructured optical fibers (MOFs) has provided significant freedom in
designing the optical and physical properties of optical fibers. Fibers can now be fabricated
with features such as endlessly single mode guidance [1], air-guiding via the photonic
bandgap effect [2], and high numerical aperture double clad structures for fiber lasers [3-5].
To achieve such structures numerous techniques have been developed such as capillary
stacking [6], drilling [7, 8], and extrusion [9, 10]. Each technique has its own advantages, for
example, capillary stacking can be used to create highly regular periodic structures, drilling
can be used to form arbitrarily located circular features, while extrusion has the capacity to
form non-circular features [11, 12]. Of particular interest here is the sensing ability of MOFs.
It is well known that a portion of the guided modes can propagate within the holes of the
fiber. This can be a significant fraction of the guided modes in the case of index-guiding
solid-core structures, if the core diameter is sufficiently small [13—18]. Alternatively, close to
100% of the light can propagate within the air-core of photonic bandgap structures [19-21].

MOF sensors have gained particular attention in the literature for absorption and
fluorescence based chemical and biological sensing. For example, gas sensing can be
achieved by directly measuring the spectral features of an analyte that has been loaded into
the MOF holes. For the measurement of chemical species without strong or distinguishable
spectral features in the transmission window of silica glass it is common to make use of
transduction molecules that provide a fluorescence enhancement (or quenching) upon binding
with the target analyte. This has been demonstrated for species including aluminum ions [22],
and cadmium and calcium ions [23]. Similarly, MOF biosensors can make use of either
absorption [17, 24], fluorescence-based labelling techniques [25-27], or surface plasmon
resonance for refractive-index based label free detection [28-31]. Unfortunately, the above
methods of biosensing all suffer from negating one of the greatest strengths of the optical
fiber sensing, which is the ability to perform significant wavelength division multiplexed
measurements. While there are occasional examples of measuring two biomolecules [32], the
broadband nature of fluorescence and surface plasmon resonance makes it prohibitive to
perform the type of multiplexed assays routinely required in the life sciences.

Fiber Bragg gratings (FBGs) offer a straightforward approach to multiplexed sensing, and
they are now used routinely to provide multiplexed temperature and strain measurements
[33]. Due to their narrow bandwidth it is possible to perform significantly greater
multiplexing than can be achieved on a single fiber with either surface plasmon resonance or
fluorescence based biosensing. Refractive-index based sensing using Bragg gratings has
focused on the use of micro/nano-fibers (e.g. tapered or etched optical fibers) [34—37] and, to
a lesser extent, microstructured optical fiber Bragg gratings [38, 39]. Part of the challenge in
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such work is to create a Bragg grating that is highly sensitive to changes outside the fiber
core, which generally involves reducing the core diameter, while also allowing for: easy
interaction with a liquid analyte, access to the core for Bragg grating inscription, integration
with commercial interrogation equipment, and physical robustness for real-world
applications.

In this work we advance the ability to use a new class of optical fiber, termed the exposed-
core microstructured optical fiber (EC-MOF), by demonstrating how they can be inscribed
with Bragg gratings for biosensing applications. Compared to an unclad micro/nano-fiber,
this class of fiber provides the physical robustness of a standard fiber, while allowing a
portion of the small, sensitive core to be externally accessible along its length for both Bragg
grating inscription and ease of interacting with external analytes. Previously, we have
reported the fabrication of Bragg gratings in a large core (12.5 um) EC-MOF, which yielded a
modest sensitivity averaging 1.7 nm/RIU over the refractive index range of 1.333 (water) to
1.377 (isopropanol) [40].

Here we investigate the fabrication, splicing, and Bragg grating inscription of smaller core
EC-MOFs and demonstrate both experimentally and theoretically that smaller core fibers
yield significantly higher sensitivity to changes in refractive index. In particular, we
demonstrate experimentally a four-fold increase in sensitivity by using a 7.5 um core
diameter EC-MOF and a sixty-fold increase for a 2.7 pum core diameter fiber. The
intermediate core size provides a good compromise between sensitivity and ease of use (e.g.
splicing), and is demonstrated to be sufficiently sensitive to measure polyelectrolyte
deposition, an important first step in developing a label-free biosensor.

2. Cross-sectional structure: fiber fabrication

The fabrication of microstructured optical fibers is generally a two-step technique [6]. First a
preform is fabricated that has a macroscopic structure that closely resembles the desired fiber
geometry. Some deformation of the structure will occur during fiber drawing depending on
the draw parameters and effects related to surface tension and material viscosity. Secondly,
the preform is drawn into fiber using a draw tower, where control of parameters such as
temperature, internal pressurization, and feed and draw speeds allow some degree of fine-
tuning of the final geometry. In some cases it is necessary to introduce an additional step
where the preform is canned and then sleeved before finally drawing into fiber. This can
allow for a reduction in size of the final features of the fiber, such as enabling the production
of sub-micron core sizes [10].

2.1 Fiber preform

In this work we have used ultrasonic drilling and milling or cutting to prepare the preform.
While the details of this fabrication process have been detailed elsewhere [41, 42], here we
show the versatility of this technique to develop a range of different structures. The preforms
were fabricated by first ultrasonic drilling three holes (2.8 mm in this work) into either 12 mm
or 20 mm F300HQ (Heraeus) silica rods in an equilateral triangle pattern [Fig. 1]. This can
either be done centrally in the preform [Figs. 1(a) and 1(c)] or offset from the center [Fig.
1(b)]. To create an exposed-core, the preform can either be milled [Fig. 1(b)] or cut with a
diamond blade [Fig. 1(c)].
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Fig. 1. Preforms demonstrating the various structures that can be utilized for exposed-core
fiber fabrication. (a) Drilling, (b) milling, and (c) cutting. The diameter of the preforms are (a)
12 mm, (b) 12 mm, and (c) 20 mm.

2.2 Fiber drawing

The preforms were drawn into fiber using a 6 m tall drawing tower with a graphite resistance
furnace and positive internal pressure. Detailed drawing conditions for the fibers in Figs. 2(a)
and 2(d) can be found in [42] and [41], respectively. For both fibers in Figs. 2(b) and 2(c) the
conditions used were: a draw temperature of 1976°C, a preform feed rate of 1.0 mm/min, and
an internal pressure of 1100 Pa. Four different designs of EC-MOF were fabricated [Fig. 2]
with different core diameters (12.5 um, 7.5 um, 9.3 pum, and 2.7 pum) and varying core
accessibility. That is, the open wedge that exposes the core varies from open [Figs. 2(a) and
2(b)] to a more closed form [Figs. 2(c) and 2(d)].

Fig. 2. Scanning electron images (SEMs) of the EC-MOFs that have been fabricated. The
fibers have effective core diameters of (a) 12.5 pm [42], (b) 9.3 pm, (c) 7.5 um [43], and (d)
2.7 um [41]. The outer diameters at the maximum point of the fibers are (a) 200 pm, (b) 200
um, (¢) 160 um, and (d) 200 pm.

2.3 Splicing to conventional single mode fiber: theory

One of the most important practical considerations when using EC-MOFs is the ability to
splice such fibers to conventional single mode fiber (SMF). This both improves the coupling
stability into the EC-MOF and allows for easier integration with commercial interrogation
equipment.

One of the first considerations is matching the mode size (e.g. mode field diameter) of the
single mode fiber with the EC-MOF. Thus, we have calculated the splice loss when coupling
from the SMF into the fundamental mode of the EC-MOFs. Note that the EC-MOFs are
multimode and thus the total coupling efficiency can be greater than that calculated here.
Depending on the application, coupling into higher order modes may, or may not, be
desirable and could be considered in future work. For the purposes of Bragg grating based
sensing, we have observed experimentally that coupling into the fundamental mode provides
the most stable signal as the Bragg grating peak associated with the fundamental mode is
spectrally isolated from reflections associated with higher order modes, which tend to overlap
each other.

The splice loss has been calculated using Eq. (1) [44].
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In Eq. (1), € and h are the electric and magnetic fields of the fundamental modes of the
single-mode (S) and exposed-core (E) fibers, respectively, ¢, is the splice loss (in dB), and

Z is a unit vector along the fiber axis.

The electric and magnetic modes have been calculated using an analytic model for the
step-index fiber [45] and the modes of the EC-MOFs where calculated by importing SEM
images into COMSOL v3.4, as has been done previously for the EC-MOF in Fig. 2(a) [40].
The splice losses for the fibers shown in Fig. 2 are shown in Table 1, along with a summary
of the fiber properties. Four commercially available types of single mode fiber are shown and
include SMF28, 980HP, UHNA1, UHNA4 (Nufern), the core diameter (CD) and mode field
diameter (MFD) are also shown. All calculations were performed at a wavelength of 1550
nm. Note that random polarization in the single mode fiber has been assumed and thus the
values in Table 1 assume the total coupling from unpolarized light in the single mode fiber
into both polarizations of the fundamental mode of the EC-MOF.

Table 1. Splice loss from SMF into EC-MOF

EC-MOF Description D-shaped Offset Wedged Small-core
Figure 2(a) 2(b) 2(c) 2(d)
Exposed-core fiber characteristics (um)

Outer diameter 200 200 160 200

Core diameter 12.5 9.3 7.5 2.7

Wedge angle (°) 113 158 50 33

MFD* (polarization 1) 8.62 6.75 5.18 2.19

MFD* (polarization 2) 8.26 6.56 5.07 2.72
Calculated splice loss for SMF to EC-MOF (dB)

SMF28°

(MFD = 10.3 pum)

(CD=9.2 um) 0.49 1.22 248 8.28

980HP"

(MFD = 6.19 um)

(CD =3.6 um) 0.55 0.44 0.70 4.07

UHNAI®

(MFD =4.51 um)

(CD =2.5 um) 1.18 0.66 0.45 2.33

UHNA4°

(MFD = 3.48 um)

(CD=2.2 um) 2.27 1.32 0.65 1.27

“Numerically calculated value.
"Mode field diameter, core diameter, and refractive index data from: http://www.nufern.com/

It can be seen from Table 1 that the choice of single mode fiber can be used to optimize
the splice loss, with values below 0.5 dB being possible for all fiber designs, except for the
smallest core (2.7 um) fiber considered here, where the minimum splice loss is 1.27 dB. If
smaller splice losses are required in practice, then intermediate fibers or tapers would need to
be introduced. These results serve as a useful guide for single mode fiber selection, noting
that experimentally other factors become significant, most notably structural deformation of
the EC-MOF upon heating, and alignment tolerances of the splicer.

2.4 Splicing to conventional single mode fiber: experimental

It was previously shown that the 12.5 um exposed-core fiber can be spliced to conventional
single mode fiber (SMF28e), with a loss as low as 3 dB [40]. In this work we have
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concentrated our efforts on splicing to the wedged (7.5 pm core) EC-MOF using an arc
splicer (Fujikura FSM-100P), motivated by the success in writing Bragg gratings into this
fiber (see Sec. 3).

A number of techniques have been presented for optimizing splicing to MOFs, including
reducing arc current, offsetting the arc position, and using a tack-sweep-pulse technique [46—
48]. In this work we have spliced EC-MOF to SMF with only a small deviation from standard
SMF splicing by optimizing the arc current, arc time, and overlap (the distance the two fibers
are pushed together). The transmitted power obtained from the EC-MOF after splicing is
shown in Fig. 3 relative to the transmitted power when butt-coupling at a gap of 5 um. The
results show that the splice can be optimized by decreasing the arc current while increasing
the arc time. Transmission consistently better than the butt-coupled power was found for a
current of 4.0 mA below the standard SMF setting, for a duration of 3.0 s (standard is 2.0 s).
The results of Fig. 3 also show that an overlap of 2 um below the standard overlap (10 pm)
provides optimal splicing. These results are consistent with trying to minimize damage to the
structured fiber. In future, further refinements could be made by further decreasing arc current
and increasing arc discharge time. However, the optimized settings found here have proven to
provide sufficient coupling for Bragg grating sensor measurements while still being
physically robust enough for handling within a laboratory setting.
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Fig. 3. Transmitted power through 7.5 pm core diameter EC-MOF spliced to 980HP single
mode fiber. Power is relative to butt-coupled transmission with a 5 um offset. L is the standard
current used by the arc splicer after calibration, approximately 16.5 mA.

The splicing parameters determined in Fig. 3 are quite specific for the particular geometry
of the microstructured fiber, the wedged (7.5 pm core) fiber in this case. For example, when
splicing to the small-core (2.7 pm) EC-MOF is it much more likely that the fiber structure is
damaged, particularly the fine struts. The best splice loss achieved for the small-core EC-
MOF was approximately 16.5 dB (settings were: [ = [, — 3.0 mA, t =2.0 s, overlap = 5 pm).
For the offset (9.3 pum) core it was found to be difficult to produce a flat cleave using
traditional crack cleaving approaches, particularly near the core region. In future this might be
solved by utilizing laser cleaving techniques [49], but is beyond the scope of this study.

3. Longitudinal structure: fiber Bragg gratings

In previous work Bragg gratings were written into the D-shaped (12.5 pm core) EC-MOF
[Fig. 1(a)] [40]. Briefly, the gratings were written by focusing a 200 nJ, 200 Hz, 800 nm
femtosecond laser (Hurricane Ti:sapphire) pulses using a 50X long working distance

#223987 - $15.00 USD Received 29 Sep 2014; revised 11 Nov 2014; accepted 12 Nov 2014; published 18 Nov 2014
(C)2014 OSA 1 December 2014 | Vol. 22, No. 24 | DOI:10.1364/0E.22.029493 | OPTICS EXPRESS 29499



260 G PAPER 7.

microscope objective while translating the fiber along its axis to yield 20 mm long, 1060 nm
pitch second order Bragg gratings at 1550 nm.

Writing such structures into EC-MOFs that have an open and accessible core, such as the
D-shaped and Offset geometries [Figs. 2(a) and 2(b)], is readily achieved as the focused beam
is not obstructed by material. Of particular interest here is the ability to write gratings into
exposed-core fiber structures that pose obstructions to the focused femto-second laser beam.
For the wedged (7.5 pm core) fiber, which has a wedge angle of 50°, it was found that a
femto-second laser pulse energy of 250 nJ was required in order to produce damage spots on
the core. This level of obstruction from the fiber geometry does not have a significant impact
on the focal point of the femtosecond laser, as shown by the grating produced in Figs. 4(a)
and 4(b). Note that the settings used for this grating writing were the same as used for the D-
shaped fiber, except that the pulse frequency was reduced from 200 Hz to 100 Hz in order to
reduce the speed of the translation stage and improve stability. The length of the Bragg
gratings were also varied, between 1 to 20 mm, with longer lengths being required for larger
core diameter fibers due to the reduced overlap between the femtosecond laser ablation
features and the propagating mode.

The small-core (2.7 um) fiber with a wedge angle of 33° required a pulse energy of 440 nJ
before any ablation occurred. Unfortunately, the ablation occurred at the thin struts holding
the core (approximately 1 pm thick) rather than on the surface of the core, as shown in Fig.
4(c). Thus, laser ablation gratings could not be formed on this fiber without significant
damage to the fiber structure. For this reason the sensing results that follow have primarily
utilized the 7.5 um core fiber. Gratings were also written into the offset (9.2 um core) fiber.
However, the difficulty found in cleaving and splicing the fiber meant that it could not be
used for liquid-based experiments.

(b) % BE
p—— 5pum 100‘p

Fig. 4. (a) Femtosecond laser written Bragg gratings in the wedged (7.5 um core) fiber, written
directly on its core. (b) Magnified image of (a). Damage caused on the core of the small core
(2.7 pm core) fiber, which results from aberrations to the femtosecond laser beam due to the
narrow fiber geometry in combination with the thin struts that support the fiber core.

4. Sensitivity of FBGs to bulk refractive index

The fibers in Figs. 2(a), 2(c), and 2(d) have been characterized for their refractive index
sensing performance. These fibers were first spliced to conventional single mode fiber (see
Sec. 2.4 and [40]) and the Bragg reflections measured using an Optical Sensor Interrogator
(OSI, National Instruments PXIe-4844). In all measurements where liquids were measured,
the far end of the fiber was sealed using the arc splicer to prevent liquid ingress into the MOF
holes. The spliced EC-MOF fibers were immersed into refractive index solutions by vertically
holding the fibers and inserting into sealed Pasteur pipettes containing isopropanol in water
solutions, with the refractive index calculated based on measurements performed by Chu et
al. [50]. The reflection spectra contains multiple peaks due to higher order modes, however,
the narrowest and strongest peak is generally the longest wavelength peak, which corresponds
to coupling from the forward to the backward propagating fundamental mode. The spectra
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obtained for the fundamental mode reflection of the wedged (7.5 um core) fiber are shown in
Fig. 5. As expected, the Bragg wavelength increases as the external refractive index is
increased.
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Fig. 5. The reflected Bragg grating spectra when the EC-MOF with a core diameter of 7.5 pm
[Fig. 2(c)] was immersed in different refractive index liquids. The refractive index was varied
by dissolving isopropanol in water. Only the longest wavelength is shown, which corresponds
to the fundamental mode.

To compare the sensitivity of the various core diameters, both theoretically and
experimentally, the fundamental mode Bragg wavelengths for refractive index solutions
ranging from 1.0 (air) to 1.4 are shown in Fig. 6. The theoretical curves were generated by
importing SEM images into COMSOL v3.4, as was done for the coupling efficiency, and
varying the refractive index of the exposed region of the fiber. The Bragg grating pitch (A)
was varied slightly in order to achieve the best fit with experiment (A = 1080 nm + (a) 1.03
nm, (b) 1.22 nm, (c¢) 1.00 nm). The experimental points for Fig. 6(a) were from [40] and those
for Fig. 6(b) were obtained from Fig. 5. For the small-core (2.7 um) EC-MOF a 2 mm long
grating was used. In this case a particularly weak grating (< 1 dB) formed, due to a
combination of the damage during the grating writing, high splice loss, and a high
background reflection that resulted from the splice. Thus, the experimental results in Fig. 6(c)
consist of only two data points, which were in air (n = 1.0) and water (n = 1.33). Attempts to
measure the grating position for higher index solutions were unsuccessful, indicating a
substantial challenge in using such small core fibers for measuring refractive index solutions
using a Bragg grating approach.

The wedged (7.5 um core) fiber grating shifted by approximately 0.28 nm over the
refractive index range from 1.333 (water) to 1.377 (isopropanol). This corresponds to an
average sensitivity over this range of 6.4 nm/RIU. This is a significant improvement
compared to a shift of only 0.076 nm (1.7 nm/RIU) that was measured over the same range
for the D-shaped (12.5 um core) fiber [40]. Despite difficulties in coupling, the sensitivity of
the small-core (2.7 um) fiber, as shown by the numerically calculated curve and two closely
fitting experimental points in Fig. 6(c), is much higher at 101 nm/RIU over the same range.
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Fig. 6. Refractive index sensitivity curves for the (a) D-shaped (12.5 pm core), (b) wedged (7.5
um core), and (c) small-core (2.7 um) EC-MOFs, both theoretical (lines) and experimental
(circles). The grating lengths used were (a) 20 mm, (b) 10 mm, and (c) 2 mm.

5. Characterizing the polyelectrolyte layer deposition

For biological sensing with silica fibers it is often desirable to modify the functional groups
present on the glass surface in order to optimize binding of specific biological material. One
versatile technique is to coat the surface with polyelectrolytes [13, 22, 51, 52]. These coatings
are formed by stacking alternating charged layers of electrostatic polymers and can provide a
host of functional groups on the surface such as amine or carboxylic acid groups. By using a
technique that is capable of measuring refractive index on the surface it is possible not only to
measure the layers being deposited but to also use this as a calibration curve for subsequent
biological binding. Thus, measuring polyelectrolyte layer deposition is an important first step
in developing this class of biosensor. Here we have coated the wedged (7.5 um) core EC-
MOF with two bi-layers of polyelectrolytes to demonstrate the potential use of the FBG
written on EC-MOF for biosensing applications.

In this experiment the optical sensor interrogator was connected to an in-line polarizer and
then polarization maintaining fiber (Nufern, PM980-XP). The polarization maintaining fiber
was then spliced to the EC-MOF using the optimized conditions from Sec. 2.4. Fixing the
polarization in this manner prevents the reflected spectra from being modified if the single
mode fiber cable is moved during the course of the experiment. The Bragg grating used was
10 mm long with a second order reflection at approximately 1550 nm while the total length of
the EC-MOF was 100 mm long with the grating in the center. The entire length of the EC-
MOF was then inserted into a flow cell, which consisted of a silica capillary (approx. 1 mm
inner diameter (ID)) with an inlet capillary (150 um ID) that was connected to a syringe
pump (Nanojet) and another outlet capillary (150 pm ID). In this experiment the syringe
pump was set at 0.1 mL/min for all steps. Prior to polyelectrolyte deposition the flow cell,
containing the EC-MOF, was rinsed with water (Millipore) for 50 minutes. Solutions of 2
mg/ml Poly(sodium styrene sulphonate) (PSS) and poly(allylamine hydrochloride) (PAH) in
1 M NaCl were then passed through the flow cell for 20 minutes alternatively, with a 30
minute minimum water rinsing time between each step.

The shift in the Bragg grating reflection associated with each polyelectrolyte layer is
shown in Fig. 7(a). These values correspond to the measurements recorded once per minute
during the last 10 minutes of the rinsing phase, after the signal had reached equilibrium. The
shift was recorded in the rinsing phase rather than the coating phase as it is important to
measure in the same refractive index solution (water in this case). The error bars in Fig. 7(a)
refer to the standard deviation of the 10 spectra recorded over the 10 minutes of measurement.
The shift in Bragg reflection was determined by calculating the weighted mean of the longest
reflection peak (the fundamental mode reflection) as indicated in Fig. 7(b). The weighted
mean of the Bragg reflection, 1,,, was calculated using Eq. (2).
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In Eq. (2), the integrals were calculated over the wavelength range from A = 1551.4 nm to
A =1552.0 nm and /3 is the linear intensity of the Bragg reflection.

This allows the wavelength resolution to be improved over the 4 pm values provided by
the instrumentation. The positive shift observed in Fig. 7(a) is consistent with polyelectrolyte
layer deposition, which increases the refractive index on the surface of glass. Thus, we have
demonstrated that the Bragg grating sensor formed from the 7.5 pm core EC-MOF is
sufficiently sensitive to characterize the growth of polyelectrolyte layer deposition. This
serves as a useful step towards turning an EC-MOF into a biological sensor as it is both
sensitive and has the functional groups required (in this case amine groups) to allow for
biological binding.
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Fig. 7. (a) Shift in the Bragg wavelength as each polyelectrolyte coating is added. (b) Example
spectra indicating the position of the weighted mean (4,), which was used to determine the
values in (a).

6. Discussion and conclusions

We have demonstrated experimentally that reducing the core diameter of exposed-core
microstructured optical fibers can improve the sensitivity for refractive index sensing using
Bragg gratings, which is due to an increase in the portion of the guided mode that propagates
externally to the optical fiber glass. By reducing the core diameter to 7.5 um the
experimentally measured sensitivity is increased to 6.4 nm/RIU over the refractive index
range of 1.333 to 1.377, compared to the previously demonstrated result of 1.7 nm/RIU using
a 12.5 um core fiber. Theoretical modelling based on SEM images of fabricated fibers predict
that sensitivities as high as 101 nm/RIU should be achievable using a 2.7 um core fiber.
While the sensitivity is unlikely to outperform techniques such as surface plasmon resonance,
the capability of Bragg grating sensors to be multiplexed and operate in reflection mode
makes them particularly attractive for performing label-free immunoassays in in-vivo
biosensing applications.

The increase in sensitivity of smaller core fibers must then be traded against the
practicality of these fibers. In particular, the ability to cleave and splice the fibers to
conventional single mode fiber is critical in accessing the viability of the fiber to be used for
sensing. The wedged (7.5 um core) fiber was found to splice readily to SMF, and optimized
settings have allowed for high transmission efficiencies. On the other hand, fibers that have
an offset, or non-central, core or fibers with small cores were found to be challenging to
splice with high efficiency or repeatability, despite low theoretical losses. This is likely
attributed to the difficulty in obtaining a flat cleave at the core and struts, and thus advanced
techniques such as laser cleaving may be required.

The next critical factor to consider is the ability to write gratings onto the core of these
fibers. Open structures with unimpeded access to the core have been found to be well suited
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to writing femtosecond laser ablated gratings. It is also possible to write gratings if the
exposed section of the fiber is formed from a narrower slot, up to a point where the wedge is
significantly obstructing the beam. In future, alternative techniques such as oil immersion or
choice of a different focusing lens could be used to write gratings into narrower features.

Of the fibers considered here, the 7.5 um exposed-core microstructured optical fiber has
been found to be the best compromise between practicality and sensitivity when fabricating a
refractive index sensor. In future it would be ideal to fabricate fibers with a similar geometry
but with core diameters in the range of 4-5 um that sit in the region between single-step and
two-step preform fabrication using currently available facilities. Such fibers should exhibit
improved sensitivity, while still being practical to handle, and thus allow for the direct
measurement of biomolecule binding.
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ABSTRACT

Corrosion is a multi-billion dollar problem faced by industry. The ability to monitor the hidden metallic struc-
ture of an aircraft for corrosion could result in greater availability of existing aircraft fleets. Silica exposed-
core microstructured optical fiber sensors are inherently suited towards this application, as they are extremely
lightweight, robust, and suitable both for distributed measurements and for embedding in otherwise inaccessible
corrosion-prone areas. By functionalizing the fiber with chemosensors sensitive to corrosion by-products, we
demonstrate in-situ kinetic measurements of accelerated corrosion in simulated aluminum aircraft joints.

Keywords: Corrosion, Sensors, Smart structures, Nondestructive evaluation, Structural health monitoring,
Fiber optic sensors, Microstructured fibers, Nanostructure fabrication, Optical sensing and sensors, Thin film
devices and applications.

1. INTRODUCTION

Corrosion remains a multi-billion dollar problem in industry.!»? An increasing recognition of the potential cost
savings derived from early warning of corrosion problems has led to an increasing focus on corrosion monitoring
as part of a preventive and predictive maintenance regime. The high acquisition costs associated with modern
military and civilian aircraft coupled with tighter budgets has resulted in the need for greater utilization of
existing aircraft fleets. Typically, military aircraft have a planned life-of-type of 25-30 years. In Australia,
in many cases, almost twice this time has been achieved before the aircraft is retired.> For civilian aircraft
flying today, approximately 20% are considered to be aging, and as that number increases so does the need for
heightened fleet monitoring by airlines and manufacturers® combined with intense focus and surveillance of these
activities by regulatory agencies.%

Send correspondence to Roman Kostecki: roman.kostecki@adelaide.edu.au

Figure 1: The concept of aircraft fitted with a distributed optical fiber sensor in B — red, from Ref. 4.
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With advancing aircraft age there is an increased possibility that protective coatings will break down or be
damaged, resulting in exposure of the base material to the environment and an increased possibility of corrosion.®
The operational loads on the structure also increase the possibility of structural fatigue damage, which constitutes
one of the most significant safety concerns due to the potential for corrosion to reduce the fatigue life of the
aircraft.” While attempts are made to prevent and reduce the effects of corrosion, in practice it is impossible to
completely avoid. It is therefore essential that corrosion processes are monitored so that the inspection intervals
are optimized and repair time and costs are minimized.

The detection of corrosion is particularly challenging in the sub-structure of an aircraft, such as lap joints,
stiffeners and under sealant beads, since access to these areas usually requires time consuming and therefore
costly disassembly.? Such areas are recognized as being particularly prone to corrosion, due to the possibility of
creating a micro-environment within the crevices between the plates, accelerating the corrosion process.” Current
non-destructive inspection methods, typically based on the use of a hand held ultrasonic probe, require a 5-10%
section loss for corrosion to be reliably detected, at which stage the damage may be too severe to repair, and so
the component often needs to be replaced.® Clearly a more proactive approach is needed to detect the initial
onset of corrosion within these difficult to inspect areas.

Because corrosion can be very localized but can occur anywhere across a large structure, it is a broad area
problem which requires a detection and/or monitoring system with the potential for distributed measurements,
alerting the operator to the onset and location of corrosion. Optical fiber based sensors offer several inherent
advantages when applied to structural platforms; they are immune to electro magnetic interference, easily net-
worked, inherently suited to distributed sensing, and are typically in the order of only a few hundred microns
in diameter making them very lightweight and suitable for embedment in inaccessible corrosion-prone areas.
A number of fiber optic systems have been developed for single point corrosion monitoring, but only a few of
these systems have exploited the capability of optical fibers for distributed measurements. Many of the aircraft
fuselage components are fabricated from aluminum-based alloys, hence aluminium ions (A13+) are of particular
interest because they are not only an indicator of the onset of corrosion,® but also have the potential to be an
environmental hazard.® The concept of an aircraft fitted with a distributed optical fiber sensor is shown in Fig. 1.

2. PRINCIPLES AND BACKGROUND

Initial work on the fluorometric detection of Al1*T as an indicator of aluminum corrosion was conducted by
the Australian Defence Science and Technology Group (DSTG), part of Australia’s Department of Defence, in
conjunction with Monash University in the early 2000s. These experiments focussed on the use of conventional
large core multi-mode fibers (MMFSs). As part of this research a range of different permeable polymer systems,
doped with a compound that fluoresces in the presence of Al®" were evaluated. The most promising of these,
a flexible polyurethane the main constituent of which is a polyether,> was shown by McAdam et al. in 2005.
The polymer was doped with a fluorescent compound, 8-HQ, which reacts with A1®*. 8-HQ is an aromatic
nitrogen compound characterized by a double-ring structure, containing a benzene fused to pyridine at two
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Figure 2: Reaction sequence for 8-HQ with A1*T from Ref. 3.
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adjacent carbon atoms, with the formula CoH,NO (Fig. 2(left)). This compound has a hydrogen atom that
is replaceable by a metal, and gains its fluorescent nature by forming a dative bond between the metal and
hetrocyclic nitrogen atom, enabling formation of a five-membered chelate ring with A13T. It is a bidentate
ligand which forms a stable multi-ligand complex with A1®T.9 A 3% charge metal ion, as for the Al1*T case,
forms a tris[8-hydroxyquinolinelmetal(III), as shown in Fig. 2. The rigid octahedral complex that forms between
three 8-HQ molecules and A1*" fluoresces strongly at 516 nm (max) when excited by ultraviolet (UV) light in
the range 360 to 390 nm,'® although it has also been shown to work effectively when using a 405 nm excitation
light source.!

The doped polymer was dip-coated onto the distal end of a MMF to create a sensing polymer bead at the
fiber tip and placed into the channel of a simulated lap joint which was subjected to accelerated corrosion using
a salt spray chamber. The measured back fluorescence from this optical fiber tip sensor increased as a function
time, indicating an increasing presence of A3 due to progressing aluminum corrosion.? For this case, where
the bead is attached to the end of an optical fiber, there are fewer physical constraints on the properties of the
permeable coating used to contain the fluorescent species compared to a distributed sensor. Ideally, it would
be preferable to create sensitivity to Al1®T by coating the fiber along the length, thus creating a distributed
sensor rather than a local (point) sensor. In order to make distributed measurements the fraction of guided light
propagating along the outside of the core needs to be accessed, which requires careful tailoring of the cladding
refractive index and thickness to optimize the light/fluorophore interaction.

The concept of distributed detection of fluorescence from 8-HQ complex with Al*" in solution was demon-
strated by Sinchenko et al.'' By using a large solid core (200 pm) MMF made from silica with the cladding
removed, it was shown that optical time-domain reflectometry (OTDR) could be used to not only detect the pres-
ence of A1*" in solution but also locate the position of this fluorescence 80 m along the fibers length. Figure 3(a)
shows the setup, where photon counts were accumulated by time-gated electronics with a length resolution along
the fiber of ~0.2 m. The signal detected is shown in Fig. 3(b), which represents the time domain response of the
detection system when the de-clad fiber section was immersed in a 5 x 10~ M solution of the 8-HQ-AI** com-
plex. This experiment, described in detail in Ref. 11, demonstrated the that distributed fluorescence detection
of cations, and in particular A13+, is possible. The power fraction (PF) of guided light propagating along the
outside of the glass core was able to be used to excite the 8-HQ complex and the fraction of emitted florescence
recaptured by the fiber core could be measured by time-gated electronics. However, using such a large core
MMF meant that less than 0.1% of the total optical power propagates outside the core, making it impractical
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Figure 3: (a) OTDR setup for distributed measurements of AP (LP, long pass; Con, connector) in solution
using a MMF silica fiber with 200 pm core; with which the (b) time of flight resolved fluorescence response of
the 8-HQ complex within solution corresponds to detection position along the fiber.!!
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for applications requiring low detection limits.'> Nevertheless, it is possible to increase this power fraction by
reducing the core diameter.

Figure 4 shows a theoretical estimate'® of the PF outside a circular silica core, for core diameters from 460 nm
to 10 pm. The excitation and fluorescence wavelengths used for this study were 375 nm and 516 nm respectively,
being the excitation and fluorescence wavelengths of the 8-HQ-A1*T complex, and for the region surrounding the
silica core a refractive index of water (n = 1.33) was used. As a first approximation, the coupled incident beam
waist was set at the same diameter as the core, which is reasonable for micron scale (> 1 pm) core diameters.
The total PF of all propagating modes excited by the incident beam as a function of the core diameter is shown
by the red curve in Fig. 4(a). This PF curve shows that for core diameters less than 4 um the fraction of power
available for fluorophore excitation starts to significantly increase, being 0.3 and 2.1% at 4 and 2 um diameters
respectively. For core sizes below 1 pm in diameter there is another significant PF increase, where the calculated
values are 2.8 and 17% at 1 pum and 460 nm diameters respectively. The corresponding fluorescence capture
fraction (FCF) is shown by the blue curve in Fig. 4(a). The FCF is defined as the fraction of fluorescent photons
that are coupled to the guided mode(s) of the fiber. Although the total PF was used to calculate the FCF, for
simplicity only the FCF into the fundamental mode (HE11) of the fiber was considered for the special case of an
attenuation-free fiber of infinite length. This FCF curve varies from a minimum of 1.1% to a maximum of 1.7%.

The intensity of fluorescence that is measured from the backward propagating modes of the fiber is the result
of both the incident excitation power and the number of fluorescence photons recaptured. These quantities can
be brought together to provide a better understanding of the overall performance of the sensor as a function of
the core diameter by defining a figure of merit (FOM), FOM=(PF)-(FCF).!2 This FOM is shown in Fig. 4(b),
where we observe an order of magnitude increase in sensor performance between the peaks at 8 and 2 pm, and
no significant change in performance from 2 to 1 gum. Another factor, which will influence the FOM, is the
fiber loss, which increases with smaller core diameters (and therefore greater PF) due to the increased scattering
resulting from surface imperfections. Hence, the goal was to create a robust small core fiber which can be placed
in situ and be capable of detecting the onset and monitor the progress of corrosion anywhere along its length
within the aircraft fuselage.

While glass nano-wires,'* as shown in Fig. 5(a), provide a way of producing centimeter scale lengths of small

cores from conventional fibers, they are fragile and not practical for a distributed sensor needing lengths in the
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Figure 4: (a) [0 - Red solid line] Fraction of guided light power propagating outside a silica core as a function
of core diameter assuming Gaussian beam excitation, and [l - Blue dashed line] the corresponding fluorescence
capture fraction into the fundamental mode; and (b) the figure of merit as a combination of both.
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order of hundreds of meters. On the other hand, a microstructured optical fiber (MOF)!® provides a means for
obtaining long lengths of uniform micrometre-nanometre scale suspended and protected cores. In particular, the
suspended-core MOF (SC-MOF)!6 design, which consists of a small glass core suspended by thin struts inside
voids within the fiber, have dramatically improved fluorescence-based fiber sensors by making use of the increased
PF provided by the micrometer scale core size and therefore increased sensor performance.!? 7 Figure 5(b) shows
a SC-MOF based on undoped high purity fused silica known as Heraeus Suprasil F300HQ silica (F300HQ), and
Fig. 5(c) shows an enlargement of the core and holes region in the centre of the fiber, where the core of the fiber
is the small triangular element in the centre of the image (highlighted by the green box), suspended on three
thin struts.

While SC-MOFs have provided a highly sensitive sensing platform exploiting the significant fraction of guided
power located within the holes,'? 19724 the closed structure makes it impossible to use them for distributed sensing
applications. To overcome this an exposed-core MOF (EC-MOF) geometry was developed to allow interaction
of guided light with the surrounding medium along its length.2% 26 This was done by effectively opening up one
of the voids within the preform before drawing to fiber. This method provides the ability to fabricate EC-MOF's
hundreds of meters long with a fixed microstructured cross section. Warren-Smith showed that the EC-MOF has
fast response and is capable of real-time sensing anywhere along the fiber length, making this type of fiber ideal
for distributed sensing.? It was demonstrated that fluorescence emission coupled into the backward modes of a
MOF core has higher efficiency compared to the forward modes.*® 27 This means that fluorescence measurements
are enhanced when evaluating the back reflected signal, as shown by the schematic in Fig. 6. Warren-Smith also
demonstrated fluorescence based distributed sensing by performing OTDR measurements using EC-MOF's.?8

Fabrication of these small-core EC-MOFs was a significant milestone in the development of a distributed fiber
optic corrosion sensor. For the first time, small core distributed fluorescence measurements became possible,?®
where the increased PF from the guided light propagating outside the small core could be accessed anywhere
along its length whilst still being supported by the outside structure. Unfortunately, it was found that the
Schott F2 soft glass (F2) material was not suitable for long term use and/or harsh environments,?%2? where
the loss and deterioration issues associated with the soft glass material precluded their long-term practical use
under harsh conditions.* To produce a distributed fiber optic corrosion sensor capable of withstanding the
intended harsh conditions, fiber materials other then soft glass were investigated. Both polymer and silica
have material properties that made them attractive for optical fiber sensing applications.?*:3! Poly(methyl
methacrylate) (PMMA) polymer optical fibers (POFs) have high elastic strain limits, high fracture toughness,
and high flexibility in bending, and so initial work was performed to establish the suitability of polymer to create
a robust optical fiber based distributed corrosion sensor. It was found that the high attenuation properties and
difficulties with splicing, cleaving and coupling made small core size exposed-core POFs sensors challenging.3!~34

———
(b) (c)

10 um
A
Figure 5: Scanning electron microscope (SEM) cross section images of (a) glass nano-wire from Ref. 14; (b) the
silica SC-MOF (polymer coating removed) with an OD of 270 pum; and, (c) an enlarged image of the core and
hole region, where the core is highlighted by the I — green box, having an effective diameter of 1.7 pm.!®

Proc. of SPIE Vol. 9803 98031I-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'Ter msOfUse.aspx



270 H PAPER 8.

On the other hand, silica is known to be reliable under a range of processing conditions and applications, with
relatively better mechanical and thermal stability compared to polymer or soft glass.>’ Highly homogeneous,
high purity bulk material is commercially available, which has led to the development of low loss silica telecom
fibers.3® Silica has a relatively low refractive index, which can improve the sensitivity of evanescent field sensors,
since reducing the index contrast (An) at the core-cladding boundary increases the PF.!2

3. SILICA EXPOSED-CORE MICROSTRUCTURED OPTICAL FIBERS

As discussed in the previous section, the rationale behind producing silica EC-MOF's for long length distributed
sensing of corrosion was to make a physically robust sensing element. The fabrication of a microstructured
fiber with the core exposed along the whole length provides near-instantaneous measurements of fluorescence
intensity while additionally allowing the opportunity for spatially distributed measurements along the length of
the fiber through temporal detection methods such as OTDR.?6 High purity F300HQ fused silica was chosen
because of its low hydroxide (OH ™) content and availability with tight geometric tolerances.?® This material has
high transmission in the UV—visible-near-infrared spectral range, making it suitable for a range of fluorophores.
Unlike soft glass, the glass transition temperature of silica is high making it challenging to extrude, and since
the EC-MOF are asymmetric, new fabrication methods needed to be established.

When fabricating structured optical fibers it is important to control the size and shape of the hole structure
in a finished MOF. This is because when the MOF is drawn down to the typical 100-250 um diameter from the
typically 10-25 mm diameter preform, the structure experiences substantial external deformation under draw
tension. Systematic experiments were performed and analytical equations worked out in order to understand
how to reliably draw the EC-MOF geometry to optical fiber using silica.?”

Figure 7(a) shows the geometry of an EC-MOF which was produced by drilling three holes in an equilateral
triangle pattern and machining a slot along the length of one of the holes in an initial 20 mm diameter F300HQ
silica rod.®® This preform was then cleaned using acetone and water (ultra pure Milli-Q), then submersed in
70% nitric acid for 12 hours followed by a rinse with water and dried at 80°C. These methods expanded on a
combination of work previously shown by Webb et al.2 for fabricating a silica SC-MOF by drilling the preform,
and Warren-Smith et al.26 for cutting a thin slot into the side of the symmetric preform (soft glass) in order to
expose the core region. The loss of this EC-MOF is shown in Fig. 7(b), with more then an order of magnitude
less loss then the first silica EC-MOF we showed in Ref. 38. This relatively low loss has the potential to increase
the OTDR distributed sensing range, where at 0.1-0.15 dB/m loss level the achievable distributed sensing range
would be about 80—100 m at signal-to-noise ratio of 30.

The next step was to functionalize this silica EC-MOF into a sensing element for the detection of corrosion.
Although the 8-HQ sensor molecules provide a method for fluorescence based A3 detection,?” existing methods

Interface loss at excitation frequency

—
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fluorescence
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Input
excitation
light
—l
M—
Backward
fluorescence
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.
>

Interface loss at fluorescence frequency

Figure 6: Schematic from Ref. 13 of an EC-MOF with a section immersed in a liquid. Liquid interface losses
exist for the excitation light entering the liquid filled section and for the fluorescence exiting the liquid filled
section.

Proc. of SPIE Vol. 9803 98031I-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'Ter msOfUse.aspx



H PAPER 8. 271

o
%

o
~
L

o
o
L

o
w
L

I
S
|

Loss (a[dB/m])

©
w
L

©
N}
.

0 b :
— 100 le—l 400 600 800 1000 1200 1400 1600
Wavelength (nm)

(a) (b)

Figure 7: (a) Contrast enhanced SEM image of (silica material shown in black) EC-MOF cross section, having
an effective core diameter of 7.5 pum (core location shown by B — green box) and 160 pm outside diameter; and
(b) loss (cutback) measurement of this fiber.

for premixing 8-HQ with the sample are not well suited for real-time, in situ, and/or remote sensing within a
fuselage. For such applications it is necessary to immobilize sensor molecules on the glass surface of the EC-
MOF exposed core, which can then be used directly as a sensing element without requiring prior pre-mixing
of a sample with the sensor molecules. Functionalization methods traditionally used include silanes'® 4% or
polyelectrolytes,*1:42 which provide a functional group on the surface to which the sensor molecules can be
covalently attached. These processes require several steps that typically take many hours to perform, due to
the incubation times needed to achieve consistent maximized binding efficiency.*®4? Also, results are highly
dependent on experimental conditions (temperature, concentration, solvents, hydration and reaction time) as
well as pre- and post-treatment processes.'6 194243 These factors can diminish sensor performance, reducing the
achievable light-matter interactions, which in turn decreases sensitivity. Apart from these potential difficulties, it

Exposed-
Core Fiber
f =4
52
§‘5’, -
= PMMA
[a) Solution
ggi';:&n Silica Core

(a)

Figure 8: (a) A schematic of the thin-film polymer coating method used to coat the outside of the MOF including
the exposed core region. (b) Close-up SEM of the outside edge of the exposed core (I —red arrow in Fig. 7(a))
with 50 nm polymer coating (light grey).
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was found that when sensing molecules were covalently attached to the exposed core of a EC-MOF the ability for
multiligand binding was negated, although single-ligand binding was still achievable.** As an alternative method
where the sensing molecule is not covalently bound to the surface, a method of functionalizing EC-MOF's was
developed by the authors using a thin film (~50 nm) PMMA doped with 8-HQ in free form for A1** detection.*®
This also has the potential to solve some of the practical issues®® involved in packaging an exposed-core MOF so
that it is sensitive to the chosen analyte but protected from the applied sensing environment without the need
for surface attachment functional groups.

The method used to functionalize the silica EC-MOFs with thin film PMMA is an extension of the method
used for micron scale polymer coating in glass capillaries.*® A clear cast acrylic rod (PMMA) with a density
of 1.18 g/cm?®, also known as a ‘plexiglass rod’ (Professional Plastics Pte. Ltd. [Singapore]), was dissolved in
dichloromethane (DCM) at a concentration of 12.3 g/L. 8-HQ was dissolved in DCM and added to the dissolved
PMMA solution making a concentration of 30(s-nq) : 100(pmma) by weight. One end of the fabricated37 silica
EC-MOF (Fig. 7(a)), with an effective core diameter of 7.5 um (defined as the diameter of a circle whose area is
equal to a triangle that fits wholly within the core area”), was fed through a silicon septa fitted to the bottom
of an open-end vial. This setup, shown by the schematic in Fig. 8(a), was then used to coat the outside of the
EC-MOF including the exposed core region. The PMMA+8-HQ DCM solution was placed into the vial (~5 mm
depth), and the fiber was pulled through the solution and silicon septa by hand (at ~8 m/min) to leave behind a
~50 nm coating of the doped PMMA on the core surface (Fig. 8(b)). Uniformity of the polymer layer is critically
important for optical performance of the device. Measured results from SEM images of six samples, from the
center and 10 cm in from the ends of two individually coated 1 m lengths of fiber, showed the coating thickness on
the outside edge of the exposed-core to be in the range 43-46 nm with measurement uncertainty of +9 nm. The
coating procedure was performed in a laboratory chemical fume hood at room temperature (~21°C), without
additional curing.

The impact of deterioration on the transmission properties of the functionalized fiber, resulting from exposing
the functionalized fiber to air, was measured using the same procedure detailed in Ref. 38, and briefly described
here. A 4 m long PMMA+8-HQ functionalized fiber was coupled to a 100 W halogen broadband source with
an approximately Gaussian-distributed intensity profile and peak power at 800 nm. At the other end, the light
from the core was imaged onto the detector of an Ando AQ6315E optical spectrum analyzer and the transmitted
power spectrum, in dBm, was recorded from 350-1750 nm every two minutes. This procedure was performed in a
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Figure 9: Deterioration in the transmission properties of the air exposed uncoated (I —red), from Ref. 38 with
10 pm core diameter) and thin-film polymer functionalized (N — blue) silica EC-MOFs. The 95% confidence
interval is shown in black. For the thin-film polymer functionalized fiber result, the confidence interval is
approximately the same as the line thickness.
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laboratory at room temperature (~21°C), with the fiber in air. This setup was first left long enough (~6 hours)
so that the measured power stabilized to within +0.05 dBm, then used to take time based measurements of
the power for 180 hours. Any changes over time (¢) in the transmission characteristics were then fitted to the
equation,

P(\t) = P(),0)107¢#/10 (1)

where € is the loss in dB m~'day~! and z is the fiber length in meters. For comparison the result in Ref. 38 for

an uncoated EC-MOF, with 10 pm core diameter, is shown by the red line in Fig. 9. The result of £(A\) (Eq. (1))
for the thin-film functionalized fiber, shown by the blue line in Fig. 9, shows a significant improvement compared
to the uncoated fiber.

The deterioration in the transmission properties is expected to come from changes in the mechanical and/or
compositional characteristics at the core surface, causing light scattering effects.*®>® When the core diameter
is reduced these light scattering effects are expected to increase, as a greater portion of guided light travels
outside the core (increased PF). However, this result shows less deterioration in transmission properties even
though the core diameter of this functionalized fiber is smaller (7.5 pm) compared to the uncoated EC-MOF
from Ref. 38 (10 pm). This shows that the thin film coating is providing a protective function for the core
surface. For example, at A = 532 nm the air induced deterioration in the transmission properties of the thin-film
functionalized fiber (3 x 1073 dB m~!day~!) is an order of magnitude better than for the uncoated result and
~3 orders of magnitude better than for the previously reported EC-MOFs produced in F2 soft glass.>® This
is significant for optical fiber sensors requiring long term exposure to harsh environmental conditions, such as
structural corrosion detection. Further details and results showing the characterization of thin film polymer
functionalization layer can be found in Ref. 45.

4. SENSING CORROSION

Measurements were performed to test the ability of the EC-MOF coated with the doped PMMA to detect Al1%T.
The experimental setup of these measurements is shown in Fig. 10, which consisted of a 405 nm wavelength
laser excitation light source coupled to the functionalized EC-MOF. The back reflected light collected from the
core of the coated fiber was imaged using a 60x objective, passing through the dichroic mirror and 405 nm
Raman long pass filter and 10x objective, and characterized using a Horiba iHR320 Imaging Spectrometer with
Synapse CCD Detector. Each measurement was done with a 50 ms pulse of light from the laser. Two separate
experiments were performed using this setup, the first of which was to immerse a section of the EC-MOF in a
solution containing A1®" and the second experiment used a second section of EC-MOF in a corroded simulated
aluminum aircraft joint. For consistency, one longer length of EC-MOF was coated and then cut, with half used
on each of the experiments.

For the first experiment the exposed-core region of the coupled EC-MOF was exposed to A3 by immersing
a 23 cm long central section of the fiber in a saturated solution of potassium aluminum sulfate in a capillary.
The back reflected spectra were measured before immersion, immediately after immersion and periodically over
a 2 hour period. The measured result before immersion subtracted from the after immersion results is presented

TTL circuit
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Figure 10: Setup used to test the ability of the coated EC-MOF to detect Al1*T.
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Figure 11: (a) Periodic measurements of the back reflected spectra of the functionalized fiber immersed in
solution containing A1>T, and (b) plot of the peak intensities from the measurements shown in Fig. 11(a) as a

function of time.

in Fig. 11(a), which shows the fluorescence peaks of 8-HQ-A1** complex!? for a series of immersion times. These
in solution measurements demonstrates the ability of the thin polymer film functionalized fiber to detect Al%F.

However, over time the measurement deteriorated after peaking around half an hour after immersion, as shown
. The cause of this deterioration was not

by a plot of the peak intensities as a function of time in Fig. 11(b)
known, however it may be that the drying saturated solution causes salt crystal formation on the core at the
air-liquid interface where the fiber enters and exits the solution.

For the second experiment, a 21 c¢cm long aerospace grade aluminum plate was machined with 2 mm slots
and covered with a top plate of 1 cm thick perspex to allow visualization of the corrosion. The perspex was
drilled with 2 mm holes along the location of the slots so as to allow the ingress of the corrosive atmosphere to
the aluminum. The plate was placed in the highly corrosive atmosphere of a salt spray chamber for four days
to induce accelerated corrosion of the aluminum. The corroded plate, shown in Fig. 12(a) was allowed to dry
and then the functionalized EC-MOF was placed inside one of the corroded slots, as shown in Fig. 12(b). For a

(a)
Figure 12: (a) Aerospace grade aluminum plate after four days in the highly corrosive atmosphere of a salt spray
chamber. (b) The corroded plate with a functionalized EC-MOF (I — purple) inside one of the slots.
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Figure 13: (a) Periodic measurements of the back reflected spectra of the functionalized fiber inside a corroded
simulated aluminum aircraft joint, and (b) plot of the peak intensities from the measurements shown in Fig. 13(a)
as a function of time.

background measurement, the back reflected spectra from the EC-MOF was measured while the plate was dry.
The slot of the aluminum plate with the fiber inside was then filled with high purity MilliQ water and the back
reflected spectra measured immediately and again periodically over a 2 hour period.

The measured results with background subtracted are presented in Fig. 13(a), which shows the fluorescence
peaks of 8HQ-A1*" complex!? for a series of time intervals after addition of the water. These simulated
aluminum aircraft joint measurements demonstrate the ability of the EC-MOF functionalized with a thin polymer
film to detect Al®* as a byproduct of corrosion. Figure 13(b) is a plot of the peak intensities of these in
plate measurements as a function of time, which shows that there was an immediate initial response from the
functionalized fiber which then logarithmically increased over the two hour period.

5. CONCLUSION AND FUTURE WORK

We have summarized progress in the development of a fiber optic detection and monitoring system for corrosion,
and have shown that functionalized EC-MOFs can detect A1®" in a simulated aircraft joint. It has been shown in
Ref. 51 that the silica EC-MOF fibers can be spliced to single mode fiber for improved handling and integration
with commercial interrogation units. Methods are under development to fully connectorize the EC-MOF into
a system which incorporates the interrogation and detection instrumentation for use as a field-portable demon-
strator. Further work is also required to incorporate a distributed sensing capability so that the position where
corrosion is occurring along the length of fiber can be located.
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Control of Molecular Recognition with Nano-Environment Effects
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Abstract: Here we report the design of a photo-switchable
spiropyran-ionophore molecule and its use in defining the effect of
the nano-environment on molecular recognition. The effects of
solvation, conformational mobility and diffusion on the binding of
cations to the molecule are compared. When the molecule is
chemisorbed to a surface interface, conformational mobility of the
molecule is restricted, and hence the ability to complex to cations.
The mobility and dispersive properties of polymer restricts the ability
of the sensing molecule to complex to relatively larger cations. This
shows the potential for using nano-environments to control how
cations interact with molecules, with practical implications for the
development of highly selective and biologically or environmentally
compatible interfaces.

The ability of small molecule ligands (host) to bind specifically to
a related set of species (guest) is fundamental to molecular
recognition chemistry and biology," and the local molecular
environment (nano-environment) is known to influence a
molecule’s binding property.? However, development of synthetic
systems that control molecular recognition by varying the nano-
environment remains a significant challenge. Therefore, the
chemical structure of a host molecule instead of the nano-
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Figure 1. Cation interaction with spiropyran based molecule according to the
model proposed by Kimura et al® Spiropyran-ionophore molecule (S-1) (a)
represents the SP ring-closed, non fluorescent form. S-l in (b) and (c)
represent the ring-opened, fluorescent forms of MC-cation single- and multi-
liganded complexes.

To measure the impact of three significantly different nano-
environments on binding affinities of the MC isomer to AI** and
Ca®", the fluorescence intensity of 2MC-AP* and MC-Ca®' in
acetonitrile (solution measurements) was compared with the
chemisorbed and physisorbed arrangements of the MC isomer.
In solution, the MC isomer and cation interaction equilibrium
occurs in an environment of mobile molecules, which are free to
displace when forming the complex' (Fig. 6(a)). When
chemisorbed on a solid surface, the MC isomer has restricted
mobility, and relies on cation and solvent displacement at the
surface for complexation™ (Fig. 6(b)). In between these highly
mobile (in solution) and mobility restricted (on a solid surface)
extremes is physical absorption of S-I into a polymer. Polymers
can be thought of as a highly viscous fluid subject to molecular
diffusion, so that within a thin-film polymer the mobility of the MC
isomer and cation can be restricted by the polymer matrix'® (Fig.

6(c)).



280

I PAPER 9. (PREPARED FOR SUBMISSION)

Silica exposed-core microstructured optical fibre (ECF) (cross
section shown in Fig. 5(a)) was chosen as the platform for S-I to
be chemisorbed onto a surface and physisorbed into polymer
nano-environments. A portion of light guided by the ECF core
(red square in Fig. 5(b)) is guided a few hundred nanometers
outside of the glass surface'’ and interacts with whatever is put
on the surface. When a fluorescent molecule, such as MC-cation
complex, is excited by this guided light, some of the resulting
emission is captured and guided by the same ECF core which
can be collected and measured from either end of the fiber."®
This principle improves the signal-to-noise ratio (SNR)
compared to other techniques such as microscopy and thus was
used to determine the impact of these significantly different
nano-environments on binding affinities of the MC isomer to AI**
and Ca®’. The measurement setup is shown in Fig. 5 and
detailed in the supporting information.

As the ECF provides direct access to the light guiding core, it is
well suited for covalent bonding (chemisorption) or thin-film (~50
nm thickness) polymer (physisorption) application of S-I onto the
core surface.” Silane, which covalently bonds to hydroxyl
groups on the silica core surface, was used to provide free
amine groups for covalent bonding with the carboxylic acid
group of S-1. For the thin-film polymer method, S-I was added to
poly(methyl methacrylate) (PMMA) dissolved in dichloromethane
(DCM) which was then applied to the ECF to form a ~50 nm

thick coating of doped PMMA on the core surface. It has been
reported that macromolecular polymer chains can hold relatively
hydrophobic molecules®™™* %! sych as S-l. These differgnt
application methods yield the different nano-environments w
molecular recognition between the MC isomer and cation o
(Figs. 6(b) and 6(c)). The covalent bonding and thin film polymer
procedures are detailed in the supporting information.
solution based measurements, the experiments were
using a 96 well plate via a plate reader and is det
supporting information. The plate reader was used i
ECF to avoid anomalous results due to any physj
the ECF core surface.™
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ed to measure the fluorescence from MC-
silica ECF core, including a scanning
electron microscope (S lon (a) of the ECF, and enlarged view
(b) of the core (7.5 um effective diameter) indicated by the red square. MMF is
multimode fiber.
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The solution measurement results revealed that the MC isomer
strongly fluoresced when single-ligand complexed with Ca?*. In
addition, the MC isomer had modgst fluorescence when dual-
ligand complexed with AP, aximum fluorescence
intensity obtained for AI** binding w: der of magnitude
lower than that obtained with Ca®". shows the
fluorescence intensity results of the M ut cations,
MC-Ca®" complex, and 2M "
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mer when immersed in
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s subsequently immersed in acetonitrile
cations (10 uM), the response showed
ence compared to the SP isomer,
cations (Fig. 6(e)). This significant
increase in fluorescenc ensity indicates binding of Ca®" to
MC isomer and is consistent with the results obtained in the
periments!h MC isomer and Ca' in acetonitrile solution,

bound MC isome!
solution containing

ich showgl strong fluorescence (Fig. 6(d)). The same fiber
was imMersed in the Ca®* solution was then used to
ine the affinity of the covalently bound MC isomer towards
he Ca®" cations were first rinsed from the ECF and
d with AI**, as detailed in the supporting information. The
ed that covalently bound MC in the presence of AI**
ot result in an increase in fluorescence intensity,
red to the cation-free MC isomer (Fig. 6(e)),
indicating that AP** did not bind to the covalently bound MC
isomer on the surface. This is significantly different from the
experiments with MC isomer dissolved in acetonitrile (Fig. 6(d)),

g to significant fluorescence increases relative to the
Ived MC isomer without cations.

hese results indicate that when S-l is covalently bound
(chemisorbed) to the surface it is unable to bind to AI**. As 2MC-
AP** was found to bind at the 2:1 ratio, this implies dual-ligand
binding is prevented when MC isomer is chemisorbed on a solid
surface. We hypothesize that there is such a steric hindrance
when MC isomer is chemisorbed on a solid surface that two MC
molecules could not undergo conformational changes necessary
to bind simultaneously to one AI** cation. This is an important
observation for applications where control of host-guest
interactions is needed, as it allows the selectivity to a single
cation to be modulated without the need to alter the chemical
structure of the host molecule itself.

To explore the relative binding affinities of Ca?* and AI** with MC
isomer physisorbed within a thin polymer film, water was used
as solvent for the cations instead of acetonitrile to prevent the
PMMA layer from dissolving and/or the S-1 from leaching when
exposed to acetonitrile solutions. To avoid contamination from
the cations that may be trapped within the polymer matrix, a new
ECF was used for each of the water only, Ca®" and APP*
experiments. As was observed with SP isomer covalently
attached to the ECF core, the SP isomer physisorbed within the
polymer only showed weak fluorescence, which was not affected
by the presence of cations. In the absence of cations, the MC
isomer also showed only weak fluorescence intensity (Fig. 6(f)).
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In the presence of Ca®* (10 mM), the fluorescence intensity of
the MC isomer increased 4-fold compared to the SP isomer (Fig.
6(f)). In the presence of AI** (10 mM) the fluorescence intensity
of the MC isomer increased 8-fold compared to the SP isomer
(Fig. 6(f)), demonstrating that AI** cations resulted in a 2-fold
increase in fluorescence intensity compared to Ca®". This is
significantly different from the results obtained when S-I was
dissolved in solution or chemisorbed. In solution, Ca?* resulted
in 10-fold increased fluorescence intensity compared to Al** (Fig.
6(d)), and when chemisorbed only Ca?* yielded change in
fluorescence by the MC isomer, compared to A** or without
cation.

The observation of high fluorescence intensity in the presence of
Ca®™ and A’ suggests that PMMA allows sufficient
conformational mobility of MC to form complexes with cations.
High degree of conformational mobility is in particular important
to form the dual-ligand 2MC-AI** complex. The significantly
higher fluorescence intensity for the MC isomer when embedded
in PMMA and in the presence of A”** that have diffused into the
PMMA, indicates that within PMMA the MC isomer can more
easily bind to AI** compared to Ca®*, indicating that binding to
Ca”®" is hindered compared to AI**. The binding of two MC
ligands simultaneously to one AI** cation within the polymer
matrix implies that S-I has high conformational mobility within
PMMA, whereas when covalently binding it to a surface the
conformational mobility of the MC isomer decreases to such an
extent that dual-ligand complexation with AI** becomes
impossible. For MC isomer in solution, the higher fluorescence
intensity for Ca®* compared to AI3+ is consistent with the the:
that the single-ligand MC-Ca®" complex can form more e
compared to the dual-ligand 2MC-AI** complex. This is be
the host-guest interaction for dual-ligand binding reqwres two
MC isomers to diffuse to and complex simultaneously
cation, which has a lower probability compare
complexation of a cation with only one MC isomer.
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The hindrance of Ca®* binding to MC isomer in PMMA is
surprising considering that single-ligand complexation of Ca?*
poses less demands on the mobilit fthe MC isomer compared
to multi-molecule complexation as described above.
When S-I is embedded in polymer, t s have to diffuse
from the analyte solution to the surface
then into the polymer matrix to be bo,
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by the Polymer matrix, and therefore solvation is occurring
the polymer matrix, seventeen photoswitching cycles
n the MC and SP isomers was explored with and without
d AI3+ The thin-film polymer coated ECF was also left for
immersed in the solution of water dissolved Al**.
included in the supporting information and show
escence intensity from the MC-cation complexes
does not diminish over time between measurements which
indicates that the spiropyran based molecules are trapped within
the_nano-environment of the polymer matrix. The fluorescence
resfiose from these complexes is maintained over many
swillhing cycles in the polymer matrix, as is expected for
syfthing experiments with spiropyrans in solution.
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polymer doped (physisorbed) SP and MC isomers with cations in water.
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In conclusion, we investigated a spiropyran ligand in three
different nano-environments, namely in solution, covalently
bound to a surface and embedded within polymer. The S-I
molecule used here enabled different binding modes to Ca** and
AP in that it is single-liganded to Ca?* and dual-liganded to AI**.
We found that the different nano-environments have differing
affects on the affinity for single-ligand and dual-ligand binding.
Dual-ligand binding required high conformational mobility of S-I.
Covalent binding onto a surface (chemisorption) restricts
conformational mobility, preventing dual-ligand binding while still g
enabling single-ligand binding. Embedding S-I in polymer 2
(physisorption) preserves conformational mobility so that dual-
ligand binding is observed. In addition to the conformational
mobility of the S-I ligand, host-guest interaction within a polymer
matrix is affected by the mobility (diffusion) of the cation. While
both Ca®* and AI** appear to have high mobility when dissolved
in an analyte solution, within the PMMA matrix the larger sized
Ca*" has as hindered diffusion compared with smaller AI**. 131
[4]

The results here show that impact of the nano-environment on [5]
diffusion and conformational mobility can be used to control  [6]
host-guest interaction. For example, if Ca®* selectivity is

preferred, then S-1 would be attached to a surface. However, if (7]
A** selectivity is preferred, then embedding S-I into PMMA  [g]
would be better. Adjustment of the PMMA film thickness might
be able to further enhance selectivity to AP due to enhanced
hindrance of Ca®" diffusion. The impact of the nano-environment
can also be used to modulate which analyte solvent can be used.
For organic solvents such as acetonitrile, MC can be dissolved
or attached to a surface. However, for aqueous solution thege
methods cannot be used since MC is not water-sol
However, by embedding the molecule in PMMA, an aq
solution based analyte can be readily used since the SP and MC
isomers are stable and solvated within the PMMA matrij
also preserves the conformational mobility re
photoswitching and binding to cations.

[13]
[14]
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Experimental

Analyte

Separate solutions of Al and Ca metal ions were prepared
by dissolving potassium alum (KA1(SO,),) and calcium per-
chlorate (Ca(ClO,),) respectively.

General Methods for Synthesis

All *C NMR spectra (75 and 125 MHz) and 'H NMR spec-
tra (300 and 500 MHz) were recorded on a Varian Gemini
spectrometers in CDCl;, CD;OD or DMSO—dy. Chemical
shifts (6) are reported in ppm. Chemical shifts of CDCl,
(6C = 77.1 ppm), DMSO—dy (6C = 39.52 ppm) or TMS
(0H = 0.0 ppm) were used as internal standards in all '*C
NMR and 'H NMR experiments, respectively. Signals are
reported as s (singlet), d (doublet), t (triplet) or m (multi-
plet). Low resolution mass spectral data were analyzed using
a Finnigan MAT LCQ spectrometer with MS/MS and ESI
probe, utilizing XCalibur software. High-resolution mass
spectral data were analyzed using an Ultimate 3000 RSL
HPLC (Thermo Fisher Scientific Inc., MA) and an LTQ Or-
bitrap XL ETD using a flow injection method, with a flow
rate of 5 uL/min. The HPLC flow is interfaced with the
mass spectrometer using the Electrospray source (Thermo
Fisher Scientific Inc., MA). Mass spectra were obtained over
a range of 100 < m/z < 1000. Data were analyzed using
XCalibur software (Version 2.0.7, Thermo Fisher Scientific).
The compounds were analyzed and purified by reverse phase
HPLC, using an HP 1100 LC system equipped with a Phe-
nomenex C18 column (250 x 4.6 mm) for analytical traces
and a Phenomenex C18 column (250 x 21.2 mm) for purifica-
tion, a photodiode array detector, and a Sedex evaporative
light scattering detector. Water/TFA (100/0.1 by v/v) and
ACN/TFA (100/0.08 by v/v) solutions were used as aqueous
and organic buffers. HPLC grade acetonitrile (Scharlau) was
used in all related experiments. All ions used in this work
were in the form of perchlorate salt. All other reagents were
purchased from Sigma-Aldrich and used without further pu-
rification.

Scheme 1. (1) 2,3,3-Trimethylindlenine N (2) 1-(4-ethoxy-4-
oxobutyl)-2,3,3-trimethyl-3H-indol-1-ium bromide

(2) 1-(4-ethoxy-4-oxobutyl)-2,3,3-trimethyl-3H-
indol-1-ium bromide

(Scheme 1) 2,3,3-Trimethylindlenine (1, 1.36 mL, 8.5 mmol)
and Ethyl 4-bromobutyrate (3.6 mL, 17 mmol) were dis-
solved in anhydrous chloroform (20 mL) and stirred under
reflux for 48 h. The reaction was cooled to room tempera-
ture and excess solvent was removed under vacuo. The re-
sultant pink solid was redissolved in a solution of methanol
(1 mL) and diethyl ether (20 mL). The bright pink crystals
that formed were collected and dried under vacuum to yield
1-(4-ethoxy-4-oxobutyl)-2,3,3-trimethyl-3H-indol-1-ium bro-
mide (2, 800 mg, 35%). "H NMR (CDCl,, 300 MHz) § 7.99
(d, J = 7.2 Hz, 1H), 7.61 - 7.54 (m, 3H), 4.91 (¢, J = 8.1 Hz,
2H), 4.11 (q, J = 7.2 Hz, 2H), 3.20 (s, 3H), 2.73 (app t,
J = 6.45, 2H), 22.28 2.23 (m, 2H), 1.65 (s, 6H), 1.24 (t,
J = 7.2 Hz, 3H); *C NMR (75 MHz) § 196.9. 173.8, 141.9,
141.2, 129.4, 128.9, 123.6, 115.4, 56.0, 54.2, 47.1, 30.4, 22.5,
22.0 (3H), 14.2. MS (m/z) for C;,H,,NOS caled 274.38
found 274.40.

(4) 3-((1,4,7,10,13-pentaoxa-16-azacyclooctadecan-
16-yl)methyl)-2-hydroxy-5-nitro benzaldehyde

(Scheme  2)  3-(chloromethyl)-2-hydroxy-5-nitrobenzal-
dehyde* (3, 250 mg, 1.16 mmol), EtN, (324 pL, 2.32 mmol)
and 1-aza-18-crown-6 were dissolved in anhydrous THF and
set to reflux for 18 h. The reaction mixture was allowed
to cool to room temperature and excess solvent was re-
moved under vacuo. The crude mixture (4) was used in the
next step without further purification. 'H NMR (CDCl,,
500 MHz) 6 10.35 (s, 1H), 8.49 (s, 1H), 8.03 (s, 1H), 4.18

TARC Centre of Excellence for Nanoscale BioPhotonics, and Insti-
tute for Photonics and Advanced Sensing, and the School of Chem-
istry and Physics, The University of Adelaide, Adelaide, South Aus-
tralia, 5005, Australia
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Scheme 2. (3) 3-(chloromethyl)-2-hydroxy-5-nitrobenzaldehyde*

i> (4) 3-((1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-
yl)methyl)-2-hydroxy-5-nitro benzaldehyde
OH OH /ro\/\o
OHC i
al ii OHC N K‘
—
\ o
NO, NO, O\/\.O/r
3 4

(s, 2H), 3.78 — 3.58 (m, 24H); **C NMR (125 MHz) § 189.5,
172.4, 136.6, 129.4, 125.4, 123.5, 123.0, 70.8 (8C), 67.1 (2C),
57.5, 52.8 (2C). MS (m/z) [CyoHzoN,Og + H]T calc 443.4;
found 443.6.

(SP) 4-(8-((1,4,7,10,13-pentaoxa-16-azacyclo-
octadecan-16-yl)methyl)-3’,3’-dimethyl-6-nitrospiro
[chromene-2,2’-indolin]-1’-yl)butanoic acid

Scheme 3. (2+4) - (5) Ethyl 4-(8-((1,47,10,13
pentaoxa-16-azacyclooctadecan-16-yl)methyl)-3',3'-dimethyl-
6-nitrospiro[chromene-2,2"-indolin]-1'-yl)butanoate ~ ——  (SP)
4-(8-((1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)methyl)-
3",3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)butanoic
acid

O, ¢
D:I/ J ¥ N \—\b
oel y £ oH S {
o'\ 3 G D.)
s g -
% Ny
5 SP

(Scheme 3) Compound 4 (181 mg, 0.41 mmol) and
compound 2 (112 mg, 0.41 mmol) were dissolved in
anhydrous ethanol (10 mL) and the reaction was set
to reflux for 18 h. FExcess solvent was removed un-
der vacuum. The reaction was monitored via TLC
and upon consumption of starting material, excess sol-
vent was removed under vacuo and the crude product
5 Ethyl 4-(8-((1,4,7,10,13-pentaoxa-16-azacyclooctadecan-
16-yl)methyl)-3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-
indolin]-1’-yl)butanoate was used in the next step without
further purification. The presence of the desired product
was confirmed via mass spectrometry where MS (m/z)
[C37Hg1 N3O0 + H]' caled 698.8; found 698.1. Compound
5 was added to a solution of 2 M NaOH and methanol
(5:10 mL) and set to stir at 50°C for 5 h. The reaction
mixture was cooled to room temperature and excess solvent
was removed under vacuo. The crude mixture was puri-
fied using C18 reverse phase silica gel beginning with 100%
H,O and gradually increasing the ratio of acetonitrile from
0 — 40%. The desired product eluded at 40:60 acetroni-
trile:water (purple solid, 40 mg, 42%). *H NMR, (CD,0D,
500 MHz) § 8.18 (d, J = 2.0 Hz, 1H), 8.07 (d, J = 3.0 Hz,
1H), 7.17 - 7.08 (m, 3H), 6.84 (t, J = 7.5 Hz, 1H), 6.74 (d,
J = 8.0 Hz, 1H), 6.06 (d, J = 10.5 Hz, 1H), 3.87 — 3.46 (m,
22H), 3.28 — 3.14 (m, 2H), 2.79 — 2.64 (m, 4H), 2.33 — 2.21
(m, 2H), 1.93 — 1.90 (app t, J = 7.0 Hz, 2H), 1.34 (s, 3H),
1.31 (s, 3H); 13C (CD,OD 125 MHz) § 181.1, 161.5, 147.1,

135.9, 128.3, 127.6, 127.4, 122.4, 122.0, 121.3, 119.2, 114.2
(2C), 106.6, 103.8, 69.9 (2C), 69.7 (2C), 69.6 (2C), 69.3
(2C), 56.4, 52.3 (2C), 47.8 (2C), 26.1, 25.1, 25.0, 18.8 (2C).
HRMS (m/z) [C35H,7N;0,0 + H]T cale 670.3334, found
670.3340.

il

| If

| I Ml

JL AL UM AN

Figure 1. SP NMR spectra

Surface Measurements Setup

The optical fiber used was an exposed-core silica MOF, a
cross section of which is shown by the scanning electron
microscope (SEM) image in Fig. 2(a). This fiber was de-
signed and fabricated in-house! (120 m) with an effective
core diameter of 7.5 um (defined as the diameter of a cir-
cle whose area is equal to a triangle that fits wholly within
the core area?) shown by the red highlighted area of the
enlargement in Fig. 2(b). A 15 mW laser excitation light
source with wavelength at 532 nm is coupled into the core of
the functionalized fibers using a 60x microscope objective
(NA = 0.85) via a dichroic mirror. The back reflected light
collected from the functionalized fiber core was imaged us-
ing the same objective, passed through the dichroic mirror
and 550 nm long pass filter, and focused into a multimode
patch fiber (MMF) with 200 um diameter core using a 10x
microscope objective (NA = 0.25). This signal being fo-
cused into the MMF was then characterized using a Horiba
iHR550 Imaging Spectrometer with Synapse CCD Detector.
Additional optics used, such as mirrors for beam alignment,
have been omitted in Fig. 2 for clarity. In each case (F1
and F2) a 60 cm coupled length of functionalized fiber was
characterized with ~ 10 cm long central section immersed
in the analytes.

(F1) Covalent Functionalization of Exposed-Core
MOF with SP

In order to couple the SP molecules to the exposed core
surface, 3-aminopropyltriethoxysilane (APTES) was used
which covalently bonds to hydroxyl groups on the silica core
surface to provide free amine groups for covalent bonding
with the SP carboxylic acid group.® A 80 cm length of fiber
was prepared for APTES functionalization by flame sealing
the holes at each end, then clean and hydroxylate the outer
surface by immersion in 70% nitric acid for 16 hrs followed
by 2 hrs in 70/30 piranha solution (concentrated sulfuric
acid and hydrogen peroxide). After rinsing and drying, the
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Figure 2. Sensing platform setup used to compare functionaliza-
tion methods (MMF is multimode fiber), including a SEM cross
section (a) of the silica exposed-core MOF, and enlarged view (b)
of the core (@7.5 pm) indicated by the red square.

prepared fiber was immersed in 5% APTES-toluene solu-
tion for 2 hrs then rinsed with toluene and acetonitrile. This
silane functionalized fiber was then immersed in a solution of
SP + acetonitrile + 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b|pyridinium 3-oxid hexafluorophosphate
(HATU) for 20 hrs and rinsed with acetonitrile, which gave
the functionalized exposed-core fiber with SP covalently
bound to the core (F1).

(F2) Thin Film Polymer
Exposed-Core MOF with SP

Functionalization of

Functionalization of the exposed-core MOF with thin film
polymer followed the same procedure as detailed in Ref. 4
and briefly outlined here. Clear cast acrylic rod PMMA
(1.18 g/cm?, pleriglass rod - Professional Plastics Pte. Ltd.
[Singapore]), dissolved in dichloromethane (DCM) at a con-
centration of 12.3 g/L, was added to SP and DCM to make
a concentration of 30(sp) : 100(pama) by weight. One end
of a 1 m long exposed-core MOF was fed through a sili-
con septa fitted to the bottom of a open-end vial. With a
few millimeters of PMMA+SP+DCM solution in the vial,
the fiber was pulled through the solution and silica septa by
hand at ~ 8 m/min to leave behind a thin film coating of
the SP doped PMMA on the outside of the fiber structure
(F2). The thickness of the coating left behind for this par-
ticular mixture was not measured, however previous results
show that this method typically applies a ~ 50 nm layer
to the surface of the MOF exposed core.* This procedure
was performed in a laboratory chemical fume hood at room
temperature, without additional curing.

Computational data — PBE/LANL2DZ
optimized 3D xyz coordinates

SP-AIPt

N 0.41194 -0.19058 0.07445, C 0.12945 0.09108 1.52275,
1.83552 -0.57596 -0.14707, C 0.06164 1.01038 -0.73625,
1.98335 -1.16657 -1.55812, H 2.11061 -1.31017 0.62023,
2.50715 0.29510 -0.03253, C -1.45344 1.16968 -0.74265,
0.43730 0.86340 -1.76016, H 0.54106 1.92471 -0.33805,
2.69667 -2.00359 -1.59809, H 2.28287 -0.40113 -2.29229,
0.66800 -1.66914 -1.97483, O -2.01448 -0.17892 -0.78126,
-1.80878 1.73245 -1.62202, H -1.82513 1.67527 0.16493,
-0.94171 0.35307 1.59601, H 0.69447 0.99265 1.82904,
0.44327 -1.04066 2.47140, C -3.34874 -0.22378 -0.20037,
0.46298 -1.72835 -3.42434, C -1.00643 -1.40876 -3.62883,
0.79463 -2.72027 -3.76758, H 1.09440 -0.95987 -3.90205, O
-1.78764 -2.13662 -2.64416, H -1.34634 -1.65055 -4.64935, H
-1.21887 -0.34528 -3.43634, C -3.79986 -1.66077 -0.29052, H
-4.02748 0.43768 -0.76502, H -3.28791 0.12249 0.84755, H -
4.11566 -1.93247 -1.31221, H -4.62295 -1.85634 0.41645, O
-2.64296 -2.47342 0.07719, C -3.00092 -3.88965 0.18791, C
-2.16422 -3.48855 -3.04386, C -1.73657 -4.70885 -0.03956, H
-3.77855 -4.10023 -0.56613, H -3.42229 -4.06979 1.19112, H
-1.99209 -5.73793 -0.34199, H -1.10619 -4.73476 0.85638, C
-1.18165 -4.47879 -2.43609, H -2.19412 -3.56071 -4.14358, H
-3.18974 -3.63740 -2.67099, H -0.20023 -4.47150 -2.93609, H
-1.58171 -5.50638 -2.46536, O -0.91050 -4.08509 -1.06509,
C 0.72373 -0.70563 3.80379, C 0.95389 -1.71833 4.73449,
C 0.99296 -3.05049 4.34953, C 0.78602 -3.42218 2.99785,
C 0.40826 -2.39601 2.05919, H 0.75065 0.33452 4.14474,
1.19427 -1.35958 6.15827, H 1.23077 -3.80245 5.10787,
1.05684 -4.81816 2.70317, O 0.05174 -2.74347 0.80541,
1.37315 -5.43292 1.51100, C 1.77910 -6.80387 1.42353,
1.11530 -5.42944 3.60791, H 1.37462 -4.83589 0.59402,
2.16941 -7.36373 0.26015, C 1.87807 -7.85339 2.54205,
2.54257 -8.72656 0.42420, C 2.30631 -6.69690 -1.04605,
2.96156 -7.46598 3.59068, C 2.35851 -9.07041 1.77263,
0.51027 -8.14267 3.21511, C 3.01477 -9.62685 -0.54002,
2.64042 -10.36910 2.19553, C 3.10924 -11.29472 1.24617,
3.29692 -10.92744 -0.10036, H 0.14108 -7.28387 3.79818,
0.62832 -8.99030 3.90891, H -0.25283 -8.41957 2.46976,
3.93094 -7.25514 3.11136, H 3.10121 -8.31323 4.28057,
2.67087 -6.59026 4.19059, H 3.16835 -9.35087 -1.58690,
2.50614 -10.67363 3.23842, H 3.33585 -12.31765 1.56006,
3.66893 -11.66597 -0.81564, C 3.72031 -6.11275 -1.24041,
1.53475 -5.92098 -1.14135, H 2.09232 -7.46506 -1.80718,
3.81228 -5.17079 -0.67100, C 4.09972 -5.89289 -2.70815,
4.45529 -6.81540 -0.81066, H 4.05608 -6.84205 -3.27562,
5.15789 -5.58106 -2.77481, C 3.27503 -4.86616 -3.46792,
3.74682 -4.73711 -4.70884, O 2.30801 -4.23835 -3.00612,
3.10563 -3.78524 -5.61832, C 3.87428 -3.81190 -6.92391,
3.13064 -2.78989 -5.13888, H 2.05156 -4.09234 -5.74330,
4.92349 -3.51387 -6.77224, H 3.41650 -3.10577 -7.63614,
3.85445 -4.81547 -7.37670, O 1.39234 -2.29689 6.93822,
1.16980 -0.15507 6.43401, Al -0.76459 -1.91490 -0.59451

ToQETmOEETmOQQ

omEpEKQoEEEmEEERTmEHIEQQQQQZEZQQZ

SP-Ca’*

N 0.96713 -1.64402 0.13772, C 0.91994 -0.24561 0.66178, C
2.22537 -1.93878 -0.58853, C -0.21906 -1.90138 -0.71354, C
2.31418 -3.41523 -0.98955, H 3.05775 -1.68155 0.08679, H
2.34258 -1.31619 -1.50145, C -1.52099 -1.83065 0.07120, H
-0.12344 -2.91101 -1.14231, H -0.27785 -1.18123 -1.55859,
H 3.37121 -3.70836 -1.11442, H 1.77740 -3.62609 -1.93489,
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O 1.71270 -4.20163 0.06546, O -1.39136 -2.66592 1.24673,
H -2.35778 -2.19394 -0.55415, H -1.76071 -0.79858 0.38960,
H 0.06209 -0.20002 1.36219, H 0.68327 0.45325 -0.16829,
C 2.14358 0.27660 1.38100, C -2.48359 -2.45275 2.16309,
C 1.88977 -5.62232 -0.10710, C 0.99357 -6.30309 0.91083,
H 2.95437 -5.87027 0.04894, H 1.58598 -5.92583 -1.12763,

O 1.27629 -5.68157 2.18400,
H -0.07958 -6.17346 0.66370,
H -3.45095 -2.66486 1.66916,
H -2.44099 -4.43874 3.05880,
O -0.95488 -3.18741 3.83695,
C 0.70650 -6.33704 3.32842,
H -1.15018 -4.71390 5.25441,
H 0.93605 -4.00898 6.47817,
C 1.42763 -5.76220 4.54167,
H -0.38779 -6.16001 3.36690,

H 1.21956 -7.38500 0.95171,
C -2.29778 -3.37736 3.34482,
H -2.47833 -1.39580 2.49495,
H -3.03574 -3.12189 4.12720,
C -0.76793 -3.67628 5.17849,
C 0.72247 -3.61122 5.46870,
H -1.32936 -3.04772 5.89630,
H 1.08256 -2.57051 5.41291,
H 0.87688 -7.42963 3.27524,
H 2.47232 -6.11754 4.54977,

H 0.93873 -6.09499 5.47474, O 1.48207 -4.31858 4.46678,
C 2.61903 1.53237 1.01074, C 3.63971 2.15960 1.74491, C
4.20578 1.53953 2.84312, C 3.79514 0.23767 3.23253,
2.71712 -0.42330 2.50534, H 2.19717 2.07257 0.15754,
4.10797 3.49725 1.33596, H 4.99969 2.05838 3.38907,
4.53834 -0.34263 4.31465, O 2.27394 -1.60033 2.86329,
4.58501 -1.66151 4.73200, C 5.46458 -2.14710 5.73492,
5.21843 0.36493 4.80003, H 3.94679 -2.37565 4.20630,
5.66619 -3.47526 5.91227, C 6.28558 -1.37464 6.77790,
6.52982 -3.73904 7.01073, C 5.15146 -4.52416 5.02281,
7.43132 -0.55104 6.12013, C 6.89778 -2.51106 7.58185,
5.38717 -0.47284 7.65980, C 6.97298 -4.97066 7.50371,
7.73357 -2.49325 8.69799, C 8.18381 -3.71869 9.22103,
7.81154 -4.93773 8.62855, H 4.92872 0.33693 7.06974,
5.99983 -0.01400 8.45279, H 4.58456 -1.05439 8.14163,
8.02041 -1.16538 5.42029, H 8.11060 -0.19027 6.90924,
7.05251 0.33152 5.58140, H 6.69480 -5.92597 7.04966,
8.03582 -1.55023 9.16468, H 8.83529 -3.72334 10.09947,
8.17973 -5.87840 9.04750, C 5.89787 -4.56017 3.67904,
4.07405 -4.34255 4.86448, H 5.24604 -5.48241 5.55732,
5.81622 -3.56543 3.20487, C 5.30724 -5.63055 2.73817,
6.97108 -4.75295 3.84419, H 4.20503 -5.57954 2.73401,
5.61255 -6.63915 3.06898, C 5.75943 -5.40020 1.30165,
7.05837 -5.69413 1.14980, O 5.02917 -4.96110 0.41288,
7.62639 -5.47341 -0.18878, C 9.07978 -5.89817 -0.14196,
7.50144 -4.40616 -0.43764, H 7.03492 -6.06298 -0.90876,
9.64843 -5.30299 0.59057, H 9.53638 -5.74660 -1.13389,
9.17522 -6.96439 0.11872, O 5.00186 4.01691 2.01879,
3.57101 3.99909 0.33681, Ca 0.91516 -3.18536 2.12912

oOmpIZaoaoEIZHmEEIHEIZQQQQQZEOQZA

SP

N 0.22137 0.27286 -0.11759, C 0.27538 0.28158 1.33438,
1.28213 0.89148 -0.89386, C -1.07043 0.36045 -0.78201,
2.68821 0.69909 -0.33795, H 1.15143 1.99317 -1.05007,
1.25270 0.43953 -1.90649, C -2.22959 -0.25938 -0.01241,
-0.98213 -0.15340 -1.76124, H -1.38068 1.41112 -1.01261,
2.80167 1.20093 0.64934, H 3.40427 1.19408 -1.03271,
2.96717 -0.68828 -0.22788, O -1.98435 -1.64168 0.20521,
-3.16206 -0.11112 -0.60277, H -2.37447 0.26681 0.95643,
1.28958 -0.03095 1.64374, H -0.35404 -0.54988 1.70352,
-0.12082 1.55184 2.07281, C -2.93739 -2.22355 1.07687,
4.28359 -0.94202 0.22632, C 4.45890 -2.44088 0.39659,
4.47850 -0.43030 1.19512, H 5.03832 -0.56914 -0.50465,
3.70328 -2.87157 1.51974, H 5.54061 -2.67404 0.52924,
4.11375 -2.95378 -0.52648, C -2.53945 -3.66201 1.35259,
-3.95736 -2.20790 0.62778, H -2.98506 -1.66633 2.03858,
-2.37841 -4.19307 0.38921, H -3.37695 -4.17264 1.88273,

omEpEomacammoZmTmEQQ

-1.35867 -3.67528 2.13765, C -0.94346 -4.99363 2.44649, C
3.72106 -4.28401 1.67664, C 0.41033 -4.95400 3.13386, H -
0.86020 -5.61336 1.52668, H -1.68008 -5.49221 3.11945,
0.59740 -5.94659 3.60728, H 0.39393 -4.19305 3.94547,
2.71325 -4.68751 2.74025, H 4.73597 -4.63444 1.97502,
3.45781 -4.78894 0.72269, H 2.79159 -3.99797 3.60732,
2.95913 -5.71450 3.09990, O 1.41136 -4.65723 2.17682,
-0.39538 2.73966 1.43804, C -0.81095 3.89222 2.17555,
-0.96659 3.85935 3.54504, C -0.69738 2.66646 4.27407,
-0.23125 1.44934 3.53925, H -0.30819 2.83942 0.35483,
-1.08555 5.13284 1.45804, H -1.29699 4.76529 4.06263,
-0.89443 2.69677 5.67314, O 0.05745 0.36503 4.11275, C -
0.65524 1.62181 6.54084, C -0.81579 1.58543 7.92484, H -

N -

C -

QazZzaoaocaom=zZad

1.25850 3.65218 6.07478, H -0.28658 0.72893 6.02760,
0.51814 0.44849 8.63644, C -1.30259 2.66488 8.90310,
0.71830 0.63326 10.01846, C 0.01934 -0.77013 8.02490, C
-0.37205 3.90335 8.89051, C -1.20157 1.93704 10.23653, C
-2.76694 3.07070 8.60252, C -0.50232 -0.26665 11.06814, C
-1.49128 2.36115 11.53149, C -1.28809 1.47028 12.60284, C
-0.79791 0.17620 12.36815, H -2.84789 3.57404 7.62546, H
-3.12885 3.76478 9.38000, H -3.42752 2.18862 8.59435, H
0.67522 3.61518 9.07766, H -0.68079 4.60853 9.68111, H -
0.41766 4.43013 7.92373, H -0.11342 -1.27488 10.89794, H
-1.86830 3.37275 11.71873, H -1.51041 1.79061 13.62505,
-0.63780 -0.50426 13.21030, C 1.51751 -0.64514 7.68907,
-0.56696 -0.96994 7.11109, H -0.17505 -1.60559 8.71654,
1.71777 0.37355 7.31593, C 1.94561 -1.64428 6.61109,
2.12857 -0.76649 8.59930, H 1.36269 -1.49195 5.68346,
1.76806 -2.69180 6.92408, C 3.41970 -1.49001 6.26733,
3.71835 -2.20844 5.15353, O 4.21976 -0.80290 6.88752,
5.07944 -2.08311 4.64782, C 5.98993 -3.13533 5.26482,
5.43853 -1.06546 4.87089, H 4.96041 -2.21367 3.56095,
6.10384 -2.96615 6.34787, H 6.99041 -3.08503 4.80103,
5.58711 -4.14979 5.10402, O -1.45436 6.12636 2.11632,
-0.93531 5.13076 0.21916
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We demonstrate a promising fiber architecture for generating strong photon-photon interactions.
Exposed-core silica optical fibers possess low-loss guidance between 400 and 1700 nm crucial for
quantum-logic applications. The potential of this fiber is demonstrated by exciting a two-photon transition
within a rubidium vapor using an exposed-core silica optical fiber. Transit-time broadened spectral features
enable measurement of the evanescent-field scale length of (120 4 20) nm which shows excellent
agreement with the characteristics of the modeled fiber mode (118 £ 2) nm. We observe a two-photon
absorption coefficient of 8.3 cm™' for one optical mode in response to a transmitted power of 1.3 mW in the
second mode. A clear pathway to an exposed-core fiber exhibiting substantial absorption mediated by a

single photon is identified.

DOI: 10.1103/PhysRevApplied.4.014013

L. INTRODUCTION

Strong photon-photon interactions are a key ingredient to
produce the on-demand and deterministic entanglement
necessary for a scalable, universal set of quantum-photonic-
logic devices [1,2]. The most promising results to date are
generated from resonantly enhanced systems [3-5], which
recently demonstrated a near-ideal two-photon z phase
shift [6]. The resonant nature of these platforms places tight
constraints on the interacting photon’s frequency and
bandwidth. Nonresonant (traveling-wave) systems avoid
such restrictions and demonstrate all-optical switching with
a few hundred photons [7] and broadband single-photon
memories [8,9]. One promising path to creating nonreso-
nant strong photon-photon interactions is the use of two-
photon transitions within atomic vapors [10-14]. The
efficiency of these higher-order atom-light interactions is
directly proportional to optical intensity; thus, an optical
arrangement capable of generating high optical intensities
at the single-photon level is required.

Two main approaches are used to generate these high-
intensity traveling optical fields within atomic vapors.
Solid-core optical waveguides [14-20] with core areas of
approximately 0.1 ym? produce optical fields outside their
core with peak intensities in the range of approximately
6 GW m~2 per milliwatt of guided power [21]. Such devices
are capable of atom trapping [16,17] and driving two-photon
transitions [14]. These nanoscale cores offer large optical
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intensities but only short interaction lengths [20], can be
fragile, and potentially suffer failure after prolonged oper-
ation [19]. A second approach confines a vapor within
hollow-core optical waveguides [10-13,22-24]. The mini-
mum core area demonstrated for hollow-core waveguides to
date is approximately 16 ym? [25], leading to a maximum
peak intensity in the range of approximately 125 MW m~—2
per milliwatt of guided power, capable of driving two- and
three-photon transitions [10-14,23]. Hollow-core wave-
guides offer long interaction lengths, although this comes
at the cost of long vapor-loading times [12,23].

II. EXPOSED-CORE FIBER

Here we present an exposed-core fiber (ECF) architecture
that exhibits many of the best features of the aforementioned
approaches. Light is guided within the ECF’s core, shown in
Fig. 1(a), which is suspended from the outer jacket by three
struts. An opening through the jacket (which extends along
the length of the fiber) allows the surrounding medium
access to the optical field that propagates outside the silica
core. The peak intensity of the optical field in the surround-
ing medium is 0.25 MW m~2 per milliwatt of guided power
for the fiber used here. While currently not demonstrating the
same strong evanescent fields of a tapered fiber, the ECF’s
suspended core architecture offers superior mechanical
strength, enabling long fiber lengths to be used which
compensate for their lower intensity. In this paper, a 30-
cm length of fiber is used, which is 60 times longer than
typical tapered-fiber approaches [14]. The exposed-core

© 2015 American Physical Society
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architecture alleviates the months required to load hollow-
core waveguides [12,23,25], with absorption or fluorescence
signatures observed within minutes to hours of exposure to
atomic vapor. These attributes make the ECF architecture
promising for use in quantum-photonic-logic devices which
is demonstrated here via production of photon-photon
interactions.

The ECF is manufactured via ultrasonic milling of an
F300HQ silica rod to form a preform, which is drawn down
into the final fiber diameter on a 6-m fiber tower [26,27].
The resulting ECF has an effective core diameter of 7.5 ym
and demonstrates low-loss guidance between 400 and
1700 nm, measured by using a cutback technique over a
length of 6.7 m; see Fig. 1(b). The fiber presents a low
(0.12 £ 0.02) dBm™! loss at the wavelengths used in this
experiment, which is crucial for single-photon quantum
applications. Finite element modeling of the ECF shows the
electric field of the fundamental guided mode decays
exponentially outside the silica core with a 1/¢? intensity
scale length of d = (118 & 2) nm and 1/ intensity area
of A = (0.77 4+ 0.05) um? for the wavelengths used here;
see Fig. 1(c). Experimental near-field mode images
observed from this fiber matched numerical modeling well
[see Fig. 1(e)], and power outside the core is due to imaging
artifacts. The integrated power in the evanescent field on
the exposed side of the core is 7 x 107> of the fundamental
mode’s power.

08 Lol A‘] I I I N P

= (b) L
—~ -50 &
g s
5 e g
(%) o
= A
2 %0 o

E=l + L

100 = 0.0 +
-100 0 100 06 08 1.0 12 14 16
x disp. (pm) Wavelength (um)
— 1 1 1

[ s ,

£ i ]

£ ] 3

= E E E

2

N E /E 3 E

1 @y AL

-8 -4 0 -10 0 10

x disp. (um) Log(Rel. Int.) x disp. (pm)
FIG. 1. (a) A scanning electron microscope image of the

exposed-core fiber. (b) Cutback loss measurement of ECF
showing < 0.2 dBm~' loss from 450 to 1650 nm. An OH~
absorption is visible at 1360 nm. Dashed lines indicate the
operating wavelength and loss. (c) Finite element model of the
power distribution of the fundamental mode. (d) Cross section
through the optical mode at x = 0, indicated by the dashed line in
(c). The horizontal line indicates the edge of the silica core. The
scale bar shows color scaling for (c)—(e). (e) Experimental near-
field mode image observed from the ECF.

III. EXPERIMENTAL SETUP

To mediate photon-photon interactions, the fiber is
surrounded by a rubidium (Rb) vapor which possesses a
strong two-photon transition; see Fig. 2(a). The 58;,, —
5Ds 5 two-photon transition of Rb is enhanced via stepwise
excitation through the intermediate 5P5, state of linewidth
I'sp = 6.1 MHz. Lasers at 780 and 776 nm, frequencies
@750 and w76, respectively, are tuned to the 58/, — 5P3),
and 5P3, — 5Ds, transitions, frequencies wgp and wpp,
respectively. The 5Ds, excited state has a lifetime of
238 ns (linewidth of I'sp = 666 kHz) with a 7.5% prob-
ability of decay via the 6P3/, — 55, transition to produce
420-nm fluorescence [28]. The 420-nm fluorescence pro-
vides a measure of the transition rate into the excited state
and thus enables inference of the 780-nm absorption caused
by the two-photon transition. Direct observation of the
780-nm absorption is masked by backscattered infrared
light from the ECF faces and vacuum windows.

Figure 2(b) shows the optical setup. The 780-nm laser
is an extended cavity diode laser, and the 776-nm laser
is a titanium:sapphire laser. The 776-nm laser is typically
held at a fixed frequency, while the 780-nm is scanned
over 10 GHz.

The chamber, containing a / = 30 cm length of the ECF,
is heated to a temperature of 7' = (85 4 5) °C to increase
the Rb vapor density to N = (2.24+0.8) x 10'® atomsm~.
The two lasers are launched into either end of the ECF to
produce counterpropagating fields enabling Doppler-free
spectroscopy of the two-photon transition. The beams are
coupled through windows at either end of the chamber
using 20-mm aspheric lenses. Initially, the transmission
through the ECF is (12.5 4 2.5)%. The ECF’s low loss
implies that this is due to poor coupling efficiency from
optical-mode mismatch. Exposure to the Rb vapor over a
period of 2 months degraded the transmission to
(1.0 £ 0.2)%, associated with a Rb metallic layer on the
surface of the fiber’s exposed core generating an additional
loss of 0.37 dB cm™!. Similar effects are observed with a

(a) (b)
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Reference Beam
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FIG. 2. (a) Energy-level diagram of the two-photon transition
used. Excitation lasers (solid lines) and relevant decay paths
(dashed) are indicated. (b) Experimental setup: PBS, polarization
beam splitter; HWP, half-wave plate; ECF, exposed-core fiber;
PMT, photomultiplier tube.
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tapered optical fiber [19]. A second pair of laser beams
(reference beams) passes through the vacuum chamber to
measure the two-photon transition in a free-space vapor.

Two-photon fluorescence from either the ECF or the
reference beams is detected by using a photomultiplier
tube (PMT) positioned above a vacuum window. A
dichroic filter prevents detection of scattered infrared
light. During measurements of the fiber, the reference
beams are blocked to eliminate background fluorescence.
Synchronous detection is used to improve rejection of
unwanted backgrounds and increase sensitivity. The 780-
nm laser is amplitude modulated with a mechanical beam
chopper at 3 kHz which is detected by the PMT as an
amplitude modulation imprinted on the two-photon fluo-
rescence. A lock-in amplifier demodulates the PMT
output to measure the amplitude of the two-photon
fluorescence.

IV. MODELING

The two-photon fluorescence is modeled by using a
five-level atomic model, consisting of the intermediate
and excited states |SP) and |5D), a decay path |6P), and the
two ground states arising from hyperfine splitting, |5S;)
and |55,); see Fig. 2(a). In the atomic frame, detuning
from the intermediate and two-photon state is expressed
as A; = wsp — wyg(l —v./c) and A, = (wsp + wpp)—
w130(1 —v./¢) —w6(1 +v./c),  respectively;  see
Fig. 2(a). States |5S;) and [5P) are coupled by a laser
with Rabi frequency Qg (1), while a laser of strength Q4(7)
couples the states |5P) and |5D). The |5P), |5D), and |6P)
states decay into the ground-state manifold with known
branching ratios [28,29]. The evolution of a particular atom
crossing an optical mode is governed by the optical Bloch
master equations [30]:

/) = _i{va}

+ (T35 DIISP)(5Si{lp + <5 DII6P)(55;]]p)

+T32D(ISD)(5P(lp + T3pD(|SD) (6Pp (1)

with interaction Hamiltonian

H = A,|5D)(5D| + A;|5P){(5P|
de(l)
2
+ @6p|6P) (6P| + wss,|552) (55|

n (ng(t) |SP)(58,] + ISD) (5P| + H-°‘>

2

The two-photon scattering rate at a given time ¢ is propor-
tional to S(r) = NAI['sp(5D|p(1)|5D), where N is the
number density of the Rb vapor, A is the optical-mode
area, | is the interaction length, I'sp = I'32 4+ I3 is the
excited-state decay rate, and the excited-state population
is (5D|p(1)|5D).

For conditions where the light-field crossing time is
much shorter than the excited-state lifetime, the thermal
motion of the atoms cannot be ignored [31,32]. Atoms with
different speeds and trajectories will experience different
time-dependent Rabi frequencies Q,(#) and (7). We
average the absorption over the Maxwell-Boltzmann dis-
tribution similar to that presented in Ref. [32] by using

F=FIw)FY(v,), where FY(v,) is the atoms’ axial
Maxwell-Boltzmann velocity distribution and F %)(v,) is
the atoms’ transverse Maxwell-Boltzmann speed distribu-
tion with vy = (2kzT/m)"/?. For a Gaussian beam, the
final scattering-rate expression, averaging over axial veloc-
ity v, and transverse speed v,, takes the form

r 2 S 0 _
S(ALA,) = [ /0 /0 /7 FS(v,)dv,dv.dodx,  (3)

where r is the Gaussian mode’s electric field 1/e
half-width. The averaged scattering rate S is evaluated
by transformation of its parameter space to that of the
atomic transit time using the relationship v, = d/r, where d
is the length of the chord through the Gaussian mode’s
electric field that the atom passes through, such
that S(z) = [¢ S(r)dt.

In contrast, the elongated aspect ratio of the evanescent
field allows us to treat all atoms as if they are leaving the
fiber traveling parallel to the y axis of Fig. 1 from x = 0.
The final scattering rate, averaging over axial velocity v,
and transverse speed v,, takes the form

S(ALA,) = /) ” l :}'S(v,)dvtdvz. (4)

We calculate the expected line shape from Egs. (3) and
(4) for the two situations, free-space excitation and ECF
excitation:

(A A,) o< NAlLgoIysge™ B/ L(A,), (5)
where I;5) and I;7¢ are the intensities of the 780- and
776-nm laser, respectively, and op = wspvy/c is the
Doppler broadening of the intermediate state. The line-
shape function takes the form

enla [5p7 < 1,

L) = { ©)

V(A,.T'sp+Tsp,opr) Tspz>> 1,

where the average transit time is 7, V(A,,Tsp + Usp, o1p)
is a Voigt profile with detuning A,, the Lorentzian
component full width at half maximum of I'sp + I'sp,
and o1p = vg(wpp — wsp)/c is the Doppler broadening
Gaussian 1/e half-width. For atoms that experience a
decaying exponential evanescent-field profile, such as
the mode profile of the ECF, n = 2, whereas n = 1 for a
Gaussian optical-mode profile [31].

014013-3



290

J PAPER 10.

C. PERRELLA et al.

PHYS. REV. APPLIED 4, 014013 (2015)

1.04 1 1 1 1

— 1.0
—— ECF Fluorescence bl
. —— Reference Beams o
= 0.8 |--- ECF Fluorescence - Fitting Function 08 @
Q o3
2 E
@ 3
g 06 06 T
3 5
@ o
4 o
S 0.4 04 &
[ ]
w 8
2 o2 Lo2 5
2
0.0 =~ 0.0
-3 -2 -1 0 1 2
Frequency Detuning (GHz)
FIG. 3. Fluorescence spectra from the ECF (red line) with fit

of the form in Eq. (5) (dashed blue line), the reference beam
(green line) as a function of 780-nm detuning from the %Rb
F,=3— F' =4 D, transition. The ECF spectra show transit-
time broadening, whereas the reference is a Voigt profile, both
expected from Eq. (6). A frequency shift between the two spectra
is subtracted, a result of spectra acquired at different times.

V. RESULTS
A. Spectral line shape

Figure 3 presents experimental measurements of the
fluorescence resulting from excitation via free-space refer-
ence beams (green line) and with beams guided by the ECF
(red line). The spectral line shapes are seen to be consistent
with Egs. (5) and (6): The ECF excitation shows a
broadened line shape characteristic of transit-time-limited
light-atom interactions, while the free-space excitation
shows a more conventional Voigt profile. The free-space
vapor fluorescence line shape shows a Voigt profile, with a
full width at half maximum of (135 £ 15) MHz produced
through strong power broadening of the intermediate 5P/,
state, producing an effective broadening of I'sp [33-35].
Equations (3) and (4) are evaluated in the low-
optical-power limit, where Qg (), Q,4(t) <T'sp and
Qg (1), (1) <T3¢. Extending this theory to higher
powers produces power broadening on the |5S;) — |5P)
transition with a similar dependence reported within
Refs. [33-35]:

Crwim = Usp + sTspy /1 + Qg / Qy, (7)

where s = (wsp — wpp)/wsp, for this configuration is
s~ 0.005, the intermediate, |5P), state decay rate is
[sp =T3% +13, and Qg is the transition’s effective
saturation Rabi frequency. Power broadening of this two-
photon transition has previously been experimentally
investigated within a hollow-core fiber geometry [12]
showing agreement with Eq. (7).

The main feature in Fig. 3 is fluorescence from the
Doppler-free two-photon transition excited from the coun-
terpropagating beams. Weaker features are evident when
detuning from double resonance (A; =0, A, = 0), indi-
cated by arrows in Fig. 4. These features originate from the

— A=-10 MHz
—— A;=-200 MHz
08 —— A;=-400 MHz

ECF Fluorescence (pW)

Frequency Detuning (GHz)

FIG. 4. Fluorescence from the ECF detected at the PMT
showing the presence of copropagating fluorescence (indicated
by arrows) alongside counterpropagating fluorescence for differ-
ence intermediate-state detunings. The frequency axis is relative
to the 3Rb D, F, =3 — F' =4 transition.

two-photon transition being excited from copropagating
beams originating from backreflections off the fiber end
faces. When on resonance with the excited state, the
copropagating fluorescence occurs when

v,
A, = 6sp +pp + ? (w780 + @776) = 0, (8)

where 5SP = Wsp — W73 and 51)]) = Wpp — W776. The
780-nm laser is on resonance with the velocity class v,
for the intermediate transition dgp = —w7gov,/c. As a
result, Eq. (8) shows that the only atoms that can be
excited to the two-photon state are the atoms with a velocity
of v_: 8pp = —wr5v./c. This tight constraint placed on the
atom’s velocity due to the copropagating two-photon
transition produces narrow velocity-selective spectra.

The co- and counterpropagating contributions tune
differently with the driving laser frequencies due to the
different laser configurations, seen in Fig. 4. The copro-
pagating fluorescence satisfies Eq. (8), whereas the coun-
terpropagating excitation satisfies the equation

v
A, = dsp + Spp + TZ (@180 — w776) = 0. )

The result is that the ratio of detunings for the cop-
ropagating case follows &gp/Spp = 1, whereas the coun-
terpropagating case follows 8sp/Jpp = —1 due to energy
conservation.

When doubly resonant, the copropagating and counter-
propagating contributions lie at the same frequency, dis-
torting the line shape. This leads to a distortion of the
observed transition strength and spectral linewidth which is
highlighted in Fig. 5 and discussed below.

B. Transit-time broadening

The Doppler-free counterpropagating two-photon fluo-
rescence signals, shown in Fig. 3, are fitted with Eq. (5),
giving an estimate for the average transit time as
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FIG. 5. Transit-time measurements for ®Rb (green) and ’Rb

(red) for different intermediate-state detunings A;. Fluorescence
amplitude detected at the PMT for the 35Rb F, =3 — F'
transition manifold as a function of intermediate-state detuning
A,;, for fixed laser intensities /75 and /776 and A, = 0. High-
lighted points are excluded from the Gaussian fit; see the text.

7 = (470 £ 80) ps. We obtain the same value of 7 for both
Rb isotopes, and little statistically significant variation is
seen as a function of intermediate-state detuning; see Fig. 5.
Spectra near resonance with the intermediate transition are
not shown, as the results are skewed by the presence of
copropagating features overlapping the counterpropagating
spectra; see Fig. 4. Combining the measured transit time
with the mean thermal velocity vy = (262 +2) ms™' at
T = (85 +5)°C predicts an evanescent-field scale length
of d = (1204 20) nm, in excellent agreement with the
modeled field extent of d = (118 £ 2) nm.

C. Transition strength

The transition strength is investigated as a function of
intermediate-state detuning A; for fixed laser intensities
1730 and 1776 and A, = 0; see Fig. 5. It is evident that the
transition strength has a predominately Gaussian profile in
accord with Eq. (5) associated with inhomogeneous
Doppler broadening of the intermediate transition. The
three measurements that are doubly resonant (A; =0,
A, = 0, shown lighter in Fig. 5) show additional fluores-
cence. This effect is due to multiple excitation paths into the
excited state that are opened through weak backreflections
in the apparatus, seen in Fig. 4. By excluding these points,
we find a Gaussian 1/e half-width of (360 £ 17) MHz.
This behavior is expected from the thermal distribution of
Rb atoms in combination with the intermediate-state
hyperfine structure, which predicts an intermediate 1/e
Gaussian half-width of (350 & 2) MHz.

Figure 6 shows the dependence of the fluorescence on
the transmitted powers when driving the 35Rb F, = 3 and
87Rb F ; = 2 transitions in double resonance, A; = 0 and
A, = 0. The fluorescence shows proportionality to the
product of the laser intensities, as expected from Eq. (5).
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FIG. 6. Fluorescence power detected at the PMT as a function
of the product of transmitted laser beam powers.

D. Fiber absorption strength

The key figure of merit for this highly nonlinear platform
is the cross sensitivity of the absorption coefficient in one
mode to power in the second mode. We need estimates of
the fraction of power from each mode that are coupled to
the Rb vapor as well as the effective absorption coefficient
for the 780-nm beam from the observed fluorescence.

We calculate the absorbed power for the highest powers
used in the experiment, which is 12 uW and 1.3 mW of
transmitted power for the 780- and 776-nm beam, respec-
tively. At these powers, the PMT measures (750 & 50) fW
of 420-nm fluorescence (see Fig. 6), corresponding to
14 nW of fluorescence emitted along the ECF length,
accounting for the PMT collection efficiency of 5.4 x 107,
The two-photon transition rate is calculated from this by
allowing for various decay branches from the excited state:
a nonradiative decay branch of 50% due to collision with
the silica fiber structure; and only 7.5% of the radiative
decays result in 420-nm fluorescence [28]. This yields an
absorbed power of 0.2 uW corresponding to a fractional
absorption of A = 1.7% relative to the transmitted 780-nm
beam. This corresponds to each atom within the evanescent
field scattering an average of 0.4 photons per excited-state
lifetime [sp.

The absorption coefficient of the two-photon transition,
atp, is related to the fiber’s transmission 7, which is
expressed in a modified Beer-Lambert law:

T =Tr/To(1 — A) = e llawtart), (10)
where 7 = (1.0 £ 0.2)% is the transmission of the fiber
when detuned from both the two-photon and intermediate
transitions, A = 1.7% is the two-photon fractional absorp-
tion, 7 = (12.5 & 2.5)% is the original transmission prior
to ECF exposure to Rb, / = 0.3 m is the fiber length, ag, =
0.084 cm™! (corresponding to 0.37 dBcm™') is the fiber
loss due to Rb degradation, and F =7 Xx 1075 s
the fraction of the guided mode on the exposed side of
the core. Equation (10) suggests that the two-photon
absorption coefficient within the evanescent field is

014013-5
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arp = 8.3 cm™! for the 780-nm beam at the largest powers
shown in Fig. 6.

We find that this agrees with that reported in a tapered-
fiber experiment [14]. Taking into account a different
fraction of power within the evanescent field, interaction
length, rubidium vapor temperature, evanescent-field
area, and probing power, we find agreement between the
two experiments within the knowledge of experimental

parameters to show a ratio of 1.0f8§ .

VI. DISCUSSION

A clear pathway towards a platform of high utility to the
quantum information community can be seen. The next
generation of ECF to be manufactured with an effective
core size of 1 um would generate intensities outside the
silica core of 500 MW m~2 per milliwatt of guided power
[36,37]. These ECFs would deliver a substantial improve-
ment when compared to the 7.5-um fiber described here: A
1-pm ECF has a smaller evanescent-field area A = (0.11 £
0.02) um? and a fraction of the guided mode on the
exposed side of the core, F =2 x 1072, resulting in
approximately 2240 times stronger interaction with the
Rb vapor. An additional increase in absorption strength can
be gained by elevating the operating temperature to 7' =
200 °C to increase the Rb density. Under these conditions, a
single photon in the 776-nm guided mode per atomic transit
time will deliver an absorption coefficient of arrp &~ 1 cm™!
in the 780-nm mode resulting in near 50% absorption
over the same length fiber. Implementing techniques
such as light-induced atomic desorption and fiber heating
are shown to eject Rb off fiber surfaces, thus potentially
decreasing the fiber loss due to Rb deposition [19,25,38].
Furthermore, separate work shows low-loss splicing
of ECF to a conventional solid-core single-mode fiber
[39], opening the way to a convenient architecture for
generating a strong light atom and, thus, photon-photon
interactions via two-photon interactions. A demonstration
of this nature would be highly significant for quantum
photonics.

VII. CONCLUSION

In conclusion, we demonstrate that ECFs possess
low-loss guidance between 400 and 1700 nm, crucial
for quantum-logic applications. The potential of this
fiber for use in quantum-logic applications is further
demonstrated through generating strong photon-photon
interactions utilizing the Rb two-photon transition
581/ = 5Ds;. A two-photon absorption coefficient of
8.3 cm™!, corresponding to a total absorption of 1.7%, is
observed in one laser mode when the second mode is
driven with 1.3 mW. Two-photon spectra enable meas-
urement of the evanescent-field scale length to be
(120 £ 20) nm, in excellent agreement with the modeled
fiber mode (118 4 2) nm. Projection to a 1-um core fiber

shows that a single 776-nm photon per atomic transit
time would result in approximately 50% absorption of a
780-nm photon. This architecture offers great promise in
the field of all-optical switching or for quantum-logic
gates where two-photon absorption at low power levels is
required.
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ABSTRACT: Sensing platforms that allow rapid and efficient detection of metal ions would have applications in
disease diagnosis and study, as well as environmental sensing. Here, we report the first microstructured optical
fiber-based biosensor for the reversible and nanoliter-scale measurement of metal ions. Specifically, a
photoswitchable spiropyran Zn** sensor is incorporated within the microenvironment of a liposome attached to

e

microstructured optical fibers (exposed-core and suspended-core microstructured optical fibers). Both fiber-based

platforms retains high selectivity of ion binding associated with a small molecule sensor, while also allowing nanoliter volume
sampling and on/off switching. We have demonstrated that multiple measurements can be made on a single sample without the
need to change the sensor. The ability of the new sensing platform to sense Zn*" in pleural lavage and nasopharynx of mice was
compared to that of established ion sensing methodologies such as inductively coupled plasma mass spectrometry (ICP-MS) and
a commercially available fluorophore (Fluozin-3), where the optical-fiber-based sensor provides a significant advantage in that it
allows the use of nanoliter (nL) sampling when compared to ICP-MS (mL) and FluoZin-3 (uL). This work paves the way to a
generic approach for developing surface-based ion sensors using a range of sensor molecules, which can be attached to a surface
without the need for its chemical modification and presents an opportunity for the development of new and highly specific ion

sensors for real time sensing applications.

KEYWORDS: biosensor, microstructured optical fiber, photoswitch, liposome, zinc, nanoscale

Bl INTRODUCTION

The ability to detect the on/off binding of a metal ion to a
complementary surface-bound receptor provides a basis for
real-time sensing applications in fields such as environmental
monitoring and in clinical diagnostics. Small-molecule “on/off”
sensors for metal ions, such as those based on rhodamine' ™ or
other fluorophores,”® can exhibit high selectivity for a given ion
and as a result have found wide use in this context. However,
chemically modifying these small molecules to allow surface
attachment, while retaining efficient sensing capability, can be
problematic from both a synthesis viewpoint and an operational
viewpoint as the immobilized molecule may lose functicmality.6
Sensing can also be achieved using a larger biological receptor
such as a protein or nucleic acid capable of binding an ion of
interest.” While these systems allow for better surface
attachment through standard coupling with a component
amino acid or another biomolecule within, these biological
receptors are typically only weakly selective for a given ion.
Although this can be improved somewhat by genetic
modification, this approach is time-consuming and lacks
broad generality.”® A generic and biocompatible approach to
attach highly selective small molecule sensors to surfaces,
without the need for chemical modification, would offer
significant advantages over these methods.

< ACS Publications — © 2016 American Chemical Society

Here, we report such an approach where the phospholipids
and a photochromic sensor molecule are assembled to form a
novel liposome-based sensing material and attached this to the
surfaces of microstructured optical fibers. This new sensing
platform retains high selectivity of ion binding associated with a
small molecule sensor, while also allowing sampling of small
volumes and an opportunity for on/off switching. Liposomes
were chosen because they can be readily made from a range of
natural lipids and are nontoxic and biodegradable.9 Detection of
Zn** was incorporated into the design of this new sensing
platform because of the essential role of Zn** in a range of
cellular processes10 such as antioxidant enzyme activity,11 DNA
structural integrity, oocytes maturation, and fertilization, >
while disruption of its homeostasis is associated with numerous
disease states including Alzheimer’s," diabetes,'* and cancer.

A photoswitchable spiropyran-based ion chelator (SP2) was
chosen for embedding within the surface of the microstructured
optical fiber-bound liposome as shown in Figure 1. SP2
contains an aryl carboxylate group for improved aqueous
solubility and the bis(2-pyridylmethyl)amine functionality was
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Closed, low fluorescent

Zn2+/UV
Pa—

NO, white light

SP2-Zn?* complex
Opened, highly fluorescent

Figure 1. Schematic of the optical fiber-based sensing architecture, where a photoswitchable spiropyran (SP2, red) is embedded within a liposome
(gray). This structure (SP2-liposome) is covalently attached to the surface of an ECF or SCF (blue). The inset shows the isomeric structures of
spiropyran SP2 (closed, nonfluorescent spiropyran isomer), and the metal-induced ring-opened Zn** complex (opened, fluorescent merocyanine
isomer). The spiropyran-Zn®* sensing mechanism depicted here was modeled by Rivera-Fuentes et al.”* on a similar analog using density functional
theory calculations.”* The ring-opened isomer is induced by binding to Zn** or by exposure to UV light (4., = 320—350 nm), while the ring-closed

isomer is induced by exposure to white light (broad spectrum).

chosen as the ionophore in this work as it is known to
selectively form a complex with Zn>* over other biologically
relevant jons in solutions (Supporting Information Figure
S1)."* The photoswitching of spiropyran on surfaces'® and
semicondensed phase”*19 are well-characterized and in this
context, exposure of this compound to Zn** (by sampling
through the optical fiber) gives rise to a ring-opened and
fluorescent merocyanine isomer that is stabilized by specific
binding through the appended phenoxide and bis-pyridyl
functionalities.”” This switching can also be induced on
illumination with UV through the fiber. Irradiation with white
light regenerates the ring closed spiropyran isomer with release
of Zn*, resulting in a switchable sensing platform. In all cases,
fluorescence is both induced and measured through the
microstructured optical fibers, which are exposed to the 532
nm excitation light 10 times for 10 ms. The long interaction
length between the evanescent tails of the guided light and the
material attached to the surface of the optical fiber maximizes
the fluorescence signal to give improved sensitivity of detection
relative to more traditional spectroscopic and fluorescence-
based fiber sensors.”’ Two different types of microstructured
optical fibers were used in these experiments. The first is an
exposed-core microstructured optical fibers (ECF) that has a
suspended micron-scale core partially exposed to the external
environment™"”” (Figure 2 left), which allows consistent
washing, drying and refilling of the biosensor during its use.
The second type of fiber has air holes within its cross section
and is known as a suspended-core microstructured optical fibers

—50 um —|

Figure 2. Scanning electron microscopy images of the microstructured
optical fibers used in this work. (Left) The silica ECF and (right) the
silica SCF with effective core diameters of 7.5 and 1.5 ym, respectively.
The green box highlights the core of each fiber.

(SCF;> Figure 2 right). These air holes confine light to the
solid core and allow it to be guided along the length of the
fiber. The holes also act as micro sample chamber to allow
nanoscale sa.mpling,20 a real advance in biological sensing.

B RESULTS AND DISCUSSION

Optimum conditions for the generation of a functional and
stable integrated spiropyran-liposome system (SP2-liposome)
were initially investigated, where liposome-based materials are
known to be unstable when dehydrated. Liposomal stability is
especially important for reusable sensors of the type developed
here since measurement would require cycles of washing and
air-drying between readings. Dehydration of the liposome could
also occur during long-term storage of the sensor. Such factors
have limited the development of liposome-based sensors to
date.””® With this in mind, a solution of SP2 in DMSO was
mixed with a solution of total Escherichia coli lipids extracts in
buffer containing various amounts of maltose or trehalose (0, 5,
10 or 20%, weight/vol) and 20 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) at pH 7.2. The formation of
hydrogen bonds between the sugar and surrounding polar
residues of liposomes was expected to help prevent collapse and
loss of function under the dehydrating conditions.

Samples of the above solutions were then placed on a glass
microscope slide, initial fluorescence was measured by
irradiating with the 532 nm laser using a Typhoon imager,
and aqueous zinc chloride (100 ¢M) was added to each, the
droplets were again irradiated (532 nm), and the resulting
fluorescence of the complexed ring opened merocynine isomer
measured, see Figure 3 and Supporting Information for detail.
Each droplet was then irradiated with white light to expel Zn**
jons and regenerate the passive spiropyran (nonfluorescent)
isomer. The samples were then left to air-dry for 18 h,
rehydrated with further aqueous zinc chloride, and a
subsequent off/on cycle was performed as above.

Samples prepared with 20% of maltose and 10% and 20% of
trehalose precipitated upon addition of Zn>* and as such these
conditions were deemed unsuitable for subsequent experi-
ments. Importantly, the results shown in Figure 4 demonstrate
that SP2-liposomes constituted with maltose 5% and 10%
remained functional and underwent a second round of
photoswitching after air-drying for 18 h and rehydration. In
contrast, fluorescence emission of SP2-liposome prepared with
5% trehalose did not return to intensity levels reflective of the

DOI: 10.1021/acsami.6b03565
ACS Appl. Mater. Interfaces 2016, 8, 12727—12732
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Figure 3. Initial studies were carried out on readily available silicate glass slides as a simple model for the microstructured optical fibers (F300 silica
glass), where both are silicate glasses with wettable (hydrophilic) surfaces. Images were taken using a Typhoon Imager (4g, = 532 nm, Ag, ~ 640
nm). On each slide: 5 uL droplets constituted with (a) 10% maltose, (b) 20% trehalose, (c) 5% trehalose, (d) 10% trehalose, (e) 5% maltose, (f)
20% maltose, and (g) 0% disaccharide. The glass slide on the left and right represent the droplets before and after the addition of 100 4M Zn,

respectively.

(a) SP2-Maltose-Liposome

(b) SP2-Trehalose-Liposome
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Figure 4. Photoswitching of the SP2-liposome on glass slide reconstituted with (red @) 0%, (M) $% and (X) 10% maltose (panel a) and (fx2) 0%,
(M) S% trehalose (panel b), respectively. The experiments were performed on glass slides and resultant fluorescence was recorded using the
Typhoon Imager (4., = 532 nm). Each “off-cycle” represents the fluorescence emission (4, approximately = 640 nm) of the ring-closed spiropyran
without Zn?* chelated and after the droplets were irradiated with white light for 10 min. Each “on-cycle” represents the resultant fluorescence
emission (4, approximately = 640 nm) of ring-opened merocyanine isomer in the presence of 100 M Zn>* (SP2-Zn>"). The fluorescence emission
of the second “off/on cycle” was obtained after the droplets had been air-dried for 18 h.
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Figure S. Setup used for fluorescence measurements using (top) suspended-core fiber and (bottom) exposed-core fibers.

ring-closed spiropyran when exposed to white light. The SP2-
liposome samples lacking disaccharide were unable to photo-
switch and functionality was not restored after rehydration, i.e.
no modulation of fluorescence emission was observed (Figure
4, red). Based on these results samples for subsequent
experiments were prepared using the minimum amount of

maltose (5%) that provided protection against drying (SP2-
maltose-liposome).

SP2-maltose-liposomes were next prepared with added
succinyl PE lipid (as detailed in the Supporting Information),
where the component carboxylic acid would be expected to be
exposed in the liposome structure to allow attachment to both
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Figure 6. (a) Fluorescence emission spectra of exposed-core fiber functionalized with SP2-maltose-liposome after excitation with 532 nm laser;
(green) Empty fiber, unfunctionalized, (black) exposed core based sensor in flow cell filled only with acetonitrile and no Zn?*, (red) sensor filled 10
#M Zn** in acetonitrile and exposed to UV for 1 h, (blue) sensor, exposed to white light and rinsed with acetonitrile, to release Zn?* from the sensor.
(b) Photoswitching of functionalized exposed core-based sensor. Each cycle consist of filling the sensor with Zn*" in acetonitrile (10 #M, “On”)
followed by irradiating the sensor with white light for 30 min (“Off’). Fluorescence emission for each cycle was obtained by irradiation with the 532

nm laser.

exposed and suspended core microstructured fibers. Each fiber
was precleaned and hydroxylated by immersion in nitric acid
followed by piranha solution and then functionalized with
alternating layers of poly(allylamine hydrochloride) (PAH),
poly(acrylic acid) (PAA) and further PAH?® for the exposed
core fiber and APTES for the suspended core fiber.”” The SP2-
maltose-liposomes were then coupled onto to the surface-
bound free amines using standard coupling conditions”’
(HATU/DIPEA; Supporting Information) to give the function-
alized exposed core and suspended core sensors.

The ability of the exposed core fiber-based sensor to bind
and detect Zn** was studied using the optical set up depicted in
Figure S. A S mW laser excitation light source with a
wavelength of 532 nm was coupled into the core of the
functionalized fibers lengths using a 60X objective via a
diachroic mirror to excite the sensing molecules and induce
fluorescence at the surface of the core. The sensor was placed in
a flow-cell filled with acetonitrile (Figure S, exposed-core fiber,
bottom) and then excited using a $32 nm laser (10 X 10 ms
pulses), and the resulting fluorescence was measured. Figure 6a
shows that the functionalized fiber (Figure 6a, black) possessed
significant background fluorescence (4., = 640 nm) relative to
the unfunctionalized fiber (Figure 6a, green), as would be
expected for spiropyran immobilized within the fiber’s internal
surface. Next, the flow cell was drained of acetonitrile and then
air-dried and refilled with a solution of Zn*" in acetonitrile (10
uM). The fluorescence was again measured by excitation with
the 532 nm laser (10 X 10 ms), and the resulting fluorescence
emission intensity increased 2.5 fold (Figure 6a, red), which is
consistent with the formation of the highly fluorescent SP2-
Zn** complex (Figure 1)."* Next, the sensor was irradiated with
white light in order to release the bound Zn?* and reform the
ring-closed spiropyran isomer.”® As expected, subsequent
excitation of the sensor with the 532 nm laser showed the
intensity of resultant fluorescence emission (Figure 6a, blue)
returned to that of the sensor before Zn>* was added (Figure
6a, black). After washing with acetonitrile to remove all Zn>*
the flow cell was again filled with solution of Zn>* in acetonitrile
(10 uM) and fluorescence measured as before in order to
determine the reusability of the sensor. Again, fluorescence

emission increased approximately 2.5 fold in the presence of
Zn**. Trradiating the sensor with white-light, and subsequently,
excitation with the 532 nm laser once again returned the
fluorescence emission of the sensor to the level similar to that
before the addition of Zn** (Figure 6a, black). The procedure
was repeated for a third time, and the results are summarized in
Figure 6b. Importantly, attempted photoswitching of the
microstructured optical fibers functionalized with SP2-lip-
osomes, lacking disaccharide, failed to regenerate once the
fibers had been drained of solution and left to air-dry.

Finally, the ability of the new sensing platform to sense Zn**
in pleural lavage and nasopharynx of mice was compared to that
of established ion sensing methodologies such as inductively
coupled plasma mass spectrometry (ICP-MS) and solution
fluorescence based (Fluozin-3) in order to validate its use in a
biological setting. These two biological systems contain low
endogenous Zn>* concentrations, which results in poor signal-
to-background ratios and a necessity to use of large sample
volumes when using traditional ion-sensing techniques. Here
we assessed the Zn** abundance in 8 separate murine samples
using ICP-MS, Fluozin-3** and SCF sensor. Again the micron-
sized air holes within the cross-section of the SCF allow control
of the interactions between light guided within the fiber core
and sensor located within the holes, while simultaneously acting
as micro sample chambers. The experiments for ICP-MS and
Fluozin-3 used established techniques® and are described in
detail in the Supporting Information. The functionalized
suspended core-based sensor experiments were performed as
follows; one end of the SCF was dipped into the biological
sample and this mixture (20 nL) was drawn into the fiber air
holes by capillary action (Figure S, suspended core fiber, top).
The fluorescence was measured by excitation with a 532 nm
laser (10 X 10 ms pulses) in each case and the resultant
emission was recorded and shown in Figure 7. An approximate
3.5- and 4-fold increase in fluorescence intensities was observed
for the nasopharyngeal (Figure 7, red) and pleural lavages
(Figure 7, blue) samples, respectively. The sensing experiment
was repeated using water in place of the biological samples as a
negative control. No significant change in fluorescence was
apparent in this case (Figure 7, black), which confirms that the
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Figure 7. Representative fluorescence emission results from SCF
sensor with biological samples. The emission data in the graph were
obtained from (black) water only, (blue) filled with solution from the
pleural lavages, and (red) filled with solution from the nasopharyngeal
wash. Emission data for all samples can be found in the Supporting
Information, Figure S2.

earlier changes in fluorescence were due to the formation of the
highly fluorescent SP2-Zn** species. An analysis of the pleural
lavage across eight murine samples showed that the optical fiber
method was capable of detecting Zn>* ions (uM levels, Figure
8a). Zn?* concentrations were also quantified by Fluozin-3
(0.8—1.3 uM; Figure 8b) and ICP-MS (1.8—2.1 uM; Figure
8c). The results show that the narrow range of variation across
the samples observed for the fiber-based approach (1.5-3.5
REUs) correlates closely with the results for Fluozin-3. Minor
differences in the absolute concentrations determined between
ICP-MS and the fluorophore-based methods (Fluozin-3 and
SCF-based sensor) were not unexpected as ICP-MS is based on
a denaturing approach that releases ions from the biological
material, while Fluozin-3 and the fiber-based approach use
nondenaturing fluorophores that interact with the labile Zn>*
content in the biological samples. Importantly, the optical fiber
based sensor provides a significant advantage in that it allows
the use of nL sampling, which compares to ICP-MS (mL) and
FluoZin-3 (uL).

H CONCLUSION

Metal ions are ubiquitous in the environment and in biology,
and as such, there is a real need to develop new sensing
platforms for their rapid and efficient detection. Such sensors
would have applications in disease diagnosis and study, as well
as environmental sensing. Here, we report the first instance
where phospholipids and a photochromic sensor molecule are
assembled to form a novel liposome-based sensing material.
This was then coupled to microstructured optical fibers to
create nanoscale biosensors that are capable of sensing Zn>*

ions in biological samples. These new sensing platforms retain
high selectivity of ion binding associated with a small molecule
sensor, while also allowing sampling of small volumes and on/
off switching. We have demonstrated that multiple measure-
ments can be made on a single sample without the need to
change the sensor. This is particularly attractive for biological
experiments, where sample availability and volumes often limit
the number of experiments that can be performed. More
significantly, this work paves the way to a generic approach for
developing surface-based ion sensors using a range of sensor
molecules, which can be attached to a surface without the need
for its chemical modification. This presents an opportunity for
the development of new and highly specific ion sensors for real-
time sensing applications.
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General Methods and Materials. HPLC grade Acetonitrile was used in all related experiments. All zinc ions
used in this work were in the form of perchlorate, sulphate and chloride salts."
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Figure S1. Selectivity of SP2-liposome against biologically relevant ions (100 pM).

SP2-liposome Generation

SP2-liposome was then generated by dissolving SP2 (Figure S.1) in DMSO (40 mg.ml-1) and mixing it with a
solution containing 0.04 mg of total Escherichia coli total lipids extracts in 20 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), pH 7.2, supplemented to a final concentration of 0%, 5%, 10% or
20% (weight/vol) maltose or trehalose. Liposomes were generated by successive rounds of sonication and
vortexing. The unreconstituted SP2 was removed by a low-speed centrifugation step (18,000 x g, 35 min, 25°C)
and the liposomes isolated by ultracentrifugation (200,000 x g, 60 min, 25°C). The liposomal pellet was
resuspended in in 20 mM MOPS, pH 7.2, and unilamellar SP2 liposomes were generated by extruding the
mixture through a 0.1 pm membrane to generate SP2-liposome.

Glass slide experiment

A 5 pL sample of each glycosylated SP-liposome (Figure 3, 7 samples in total) was place on a slide and the
droplets were subsequently mixed with an aqueous solution of Zn** (100 puM). The resulting ring opened
merocyanine isomer was irradiated at 532 nm, using the Typhoon Imager (GE Healthcare), and Zn** induced
fluorescence was recorded.
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Preparation of SP2-maltose-liposomes

SP2-maltose-liposome  was  prepared as described above with 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(succinyl) (Figure S2) used instead of E.coli total lipids. The buffer used was 20 mM
MOPS pH 7.2, 5 % Maltose, filtered using 0.45 u filter.

0 I 0
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Figure S2. 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(succinyl).

Attachment of biosensor material to surface of suspended-core fiber

To attach SP2-maltose-liposomes to the core surface of the suspended-core fiber, a pressurized filling station
with sealed nitrogen chamber was used with procedures modified from previous work. Specifically, (3-
aminopropyl)triethoxysilane (APTES) was used which covalently bonds to hydroxyl groups on the silica core
surface to provide free amine groups for covalent bonding with the biosensor carboxylic acid group. One-meter
lengths of fiber were prepared for APTES functionalization by cleaning and hydroxylation of the inner surface
with 70% nitric acid for 16 h followed by 2 h in 70/30 piranha solution (concentrated sulfuric acid and hydrogen
peroxide). After water and acetone rinsing then drying under nitrogen flow for 16 h, the prepared fiber was filled
with 5% w/w APTES in anhydrous toluene for 2 h then rinsed with toluene and acetonitrile. This silane
functionalized fiber was then filled with a mixture of acetonitrile, modified lipids, and coupling reagent for 20 h
and rinsed with 25% w/w acetonitrile in water, which gave the functionalized suspended-core fiber with SP2-
maltose-liposomes covalently bound to the core surface. The air-holes of the functionalized fiber was then dried
under nitrogen flow for 1 day before experiments with biological samples. The coupling reagent used to form
amide bonds was 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium

3-oxid hexafluorophosphate (HATU) with 100 pM N,N-diisopropylethylamine (DIPEA).

Murine serum and pleural lavage
230utbred 5- to 6-week old female CD1 (Swiss) mice were used in all animal experiments. Mice were

anaesthetized by intraperitoneal injection of pentobarbital sodium (Nembutal; Rhone- Merieux) at a dose of 66
ng per g of body weight. Blood was collected by syringe from the posterior vena cava. The pleural cavity was
lavaged with 1 ml sterile PBS containing 2 mM EDTA introduced through the diaphragm.”* All procedures
performed in this study were conducted with a view to minimizing the discomfort of the animals, and used the
minimum numbers to generate reproducible and statistically significant data. All experiments were approved by
the University of Adelaide Animal Ethics Committee (Animal Welfare Assurance number A5491-01; project
approval number S-2013-053) and were performed in strict adherence to guidelines dictated by the Australian
Code of Practice for the Care and Use of Animals for Scientific Purpose
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Metal ion analyses using ICP-MS and Fluozin-3

Murine samples were prepared essentially as described in previous work.2 Briefly, murine samples were
supplemented with 3.5% HNO; (final concentration) and boiled for 60 min at 370 K. Samples were then cooled
and centrifuged for 20 min at 14,000 g. The supernatant was analysed by inductively coupled plasma mass
spectrometry (ICP-MS) on an Agilent 7500cx ICP- MS (Adelaide Microscopy, University of Adelaide), and the
metal concentration determined.*” The fluorescence data were collected by on a PHERAStar Omega (BMG
Labtech) at 301 K using black half-volume 384-well microtitre plates (Greiner Bio One). All experiments were
performed in 20 mM MOPS (pH 6.7), 50 mM NaCl with Fluozin-3 (Thermo Fisher Scientific) at a concentration
of 50 nM. Deionized water and buffers were prepared and treated with Chelex- 100 (Sigma-Aldrich) to avoid
metal contamination. Filters used for Fluozin-3 were excitation (485 + 10 nm) and emission (520 + 5 nm). After
subtraction of the background fluorescence from the buffer, the fluorescence intensity of the murine samples

were determined and the concentration derived by comparison with a standard curve using known concentrations
of ZnS0,.°

Results from suspended core based-sensor experiments with pleural lavage and nasopharynx.
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Figure S3. Fluorescence emission results from suspended core fiber sensor with biological
samples. NW represents nasopharynx samples, PL represents pleural lavage samples. BB
represents emission data obtained when the samples were exposed to white light. UV represents

emission data obtained after the samples were exposed to UV (320 — 350 nm).
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Abstract: Inter-modal phase-matched third harmonic generation has been demonstrated in an
exposed-core microstructured optical fiber. Our fiber, with a partially open core having a
diameter of just 1.85 pm, shows efficient multi-peak third-harmonic generation between 500
nm and 530 nm, with a maximum visible-wavelength output of 0.96 yW. Mode images and
simulations show strong agreement, confirming the phase-matching process and polarization
dependence. We anticipate this work will lead to tailorable and tunable visible light sources
by exploiting the open access to the optical fiber core, such as depositing thin-film coatings in
order to shift the phase matching conditions.
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generation and mixing.
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Introduction

Microstructured optical fibers (MOFs) are a class of optical fiber that is constructed of micro-
or even nanometer-size longitudinal air holes that run along the entire fiber length [1-3].
Perhaps the simplest MOF design is the suspended-core fiber where a central glass core is
surrounded by a small number of air holes, typically three, which is a close approximation to
a glass rod suspended in air [4-6] and allows guidance in very small cores due to the high
index contrast between glass and air. Core diameters as small as 800 nm have been achieved
by using fused silica glass [7]. Even smaller diameters have been achieved using soft glasses
with higher refractive indices, such as 420 nm in lead-silicate glass [8], 480 nm in tellurite
glass [9], and 450 nm in bismuth glass [10]. These extreme dimensions provide new
opportunities for nonlinear interactions, such as supercontinuum generation [11-13], given
that the nonlinear parameter is inversely proportional to the effective area of the propagating
mode [14].

Third harmonic generation (THG) is a phase matched nonlinear process that is typically
achieved in crystalline structures by controlling polarization within a birefringent material in
order to compensate the material dispersion [15]. In optical fibers this is not possible and thus
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inter-modal phase matching, typically of the fundamental mode to modes of higher order, is
usually required in order to counter the material and waveguide dispersion. THG was first
demonstrated in step-index fibers by Gabriagues in 1983, though the phase matching
conditions were not specifically engineered or analyzed [16]. Inter-modal phase matched
THG has since been demonstrated in configurations such as highly germanium doped fibers
[17-19], tapered silica microfibers [20,21], silica suspended-core fiber [22-24], and argon-
filled hollow-core photonic crystal fiber [25]. Furthermore, broadband THG has been
demonstrated in tapered silica fibers [26]. Alternatively, weak third harmonics can be
generated outside of phase matching conditions directly into the fundamental mode by using
highly nonlinear material such as tellurite glass, which has been demonstrated for both solid
step-index fibers [27] and suspended-core fibers [9].

In this paper we demonstrate inter-modal phase-matched THG in a new class of suspended
core fiber referred to as an exposed-core fiber (ECF), where part of the cladding has been
removed in order to provide direct access to the evanescent field of the core [28,29]. Such
fibers have recently been demonstrated in a host of sensing related experiments such as
fluorescence sensing [30], fiber Bragg grating refractometry [31], rubidium spectroscopy [32],
and multimode [33] and Fabry-Perot [34] interferometry. Nonlinear light generation in these
fibers, in particular THG, will open up new opportunities for tuning and tailoring modal and
pulse dispersion and thus the nonlinear interaction, as the open core can easily be modified
via post-processing (e.g. coating) with a wide range of materials.

2. Third harmonic generation experiment

Fused silica glass exposed-core fibers, with a continuous length of 80 meters, was fabricated
using a ultrasonic drilled preform as detailed in a previous publication (cross-sectional
scanning electron microscope (SEM) image shown in Fig. 1) [28]. The fiber has an outer
diameter of 145 pm [Fig. 1(a)] and an effective core diameter of 1.85 um [Fig. 1(b)], using
the definition of core diameter in [8].

access to core

Fig. 1. Scanning electron microscope images of the silica glass exposed-core fiber. (a) The full
cross-sectional geometry is shown. (b) The core region from within the yellow dashed line in
(a). The yellow dashed square indicates the portion of the SEM that was used for numerical
modelling (see Sec. 3). The arrows indicate the definition for horizontal (h) and vertical (v)
polarization direction described in the following experimental and numerical work. The dashed
yellow circle indicates the core diameter of 1.85 pm.

To demonstrate THG in the ECF we used a 1560 nm femtosecond laser (Toptica,
FemtoFiber pro IRS, 80 MHz, <40 fs pulses, average power 220 mW) as the pump source.
We controlled both the input pump power and polarization using a combination of a rotating
half wave plate and a polarizer. The pump beam was then focused into the exposed-core fiber
using an aspheric lens (Thorlabs, C230TM-C). A short length of fiber was used (3.3 mm) in
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order to reduce the probability of contamination of the exposed-core (e.g. dust) leading to
increased fiber loss. However, no increase in fiber loss was measured during the course of the
experiment. The output was imaged using a 40X microscope objective and a camera in order
to confirm coupling into the fiber core. Coupling efficiencies into the ECF core were in the
range of 15-20%. The variation was primarily due to adjustment of the half-wave plate during
the experiment, which slightly alters the pump beam path, and the consequent impact on
coupling into the small 1.85 pum core. Once optimal coupling was achieved the output was
coupled into a graded-index multi-mode fiber using a 4X microscope objective and connected
to an optical spectrum analyzer (ANDO 6315A). The output spectra of the third harmonic
(TH) signals for vertical input polarization are shown in Fig. 2, while the inset shows the
corresponding transmitted input infra-red (IR) spectra.
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Fig. 2. Spectral distribution of the output power (generated third harmonic wavelengths) for
various input power for vertical input polarization [defined in Fig. 1(b)] in the green part of the
visible spectrum. The average transmitted infra-red pump power, as measured on a power
meter, is indicated in the legend (mW). Inset: Spectral domain of the laser pump wavelength
(near IR domain). The yellow column indicates the wavelength range that is relevant for the
observed THG-process.

We observe a series of well-separated peaks in the spectral distribution of the output
power between 500 nm and 530 nm with a power maximum power at 509 nm. The spectral
shape is preserved for different input powers for the THG wavelengths, indicating the absence
of other nonlinear effects influencing the phase matching process. Even though ultra-short
optical pulses are used here, no nonlinear effects are observed in the domain of the IR pump
wavelength (i.e. shape of the spectral power distribution remains constant), indicating
separation between the zero-dispersion wavelength of the group velocity dispersion, and the
pump and TH wavelengths. In particular, no other generated wavelengths were measured
above the detection noise limit (—80 dBm) for the range 350-1750 nm.
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Fig. 3. Measured average third harmonic generated power for different coupled pump powers.

A cubic polynomial fit of the form P, = A+ BPI3V is shown (R = 0.98), where P, is

the third harmonic generated power and P, is the input power from the femtosecond laser.

The integration (total power) of the spectra in Fig. 2 is shown in Fig. 3 against the
femtosecond laser power that was coupled into the fiber core. In particular, the experimentally
measured power displays a cubic relationship with input power, adding evidence that the
visible spectra in Fig. 2 results from third harmonic generation. From Fig. 3, the maximum
efficiency of converting coupled power into THG was 3.1x107° (0.96 uW generated from 30.5
mW coupled power) while the maximum overall system efficiency was 4.5x107° (210 mW
total fs laser power). This compares well with previously reported values of overall system
THG conversion efficiency, such as in silica microfibers (e.g. 2.5x107 [20] and 2x107® [21])
and highly germanium-doped step-index fibers (3x107 [17]).

The exposed-core fiber structure is highly asymmetric (Fig. 1) and thus it is expected that
polarization of the input beam should have a significant impact on the phase-matching
conditions and thus the resulting TH-signal. Figure 4 shows the TH-spectra for two
orthogonal input polarizations, corresponding to the orientations shown in Fig. 1(b). It can be
seen that the TH-signal for vertically orientated polarization is over one order of magnitude
stronger than for the horizontal polarization (coupled power v- and h-pol.: 29.0mW and
30.8mW). As will be explained in the following section, this can be a result of both phase
matching conditions and modal overlap. Note also that for the horizontal polarization there
are two distinct peaks rather than a series of peaks seen in the vertical case, which correspond
to two phase matched visible modes.
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Fig. 4. Spectral distribution of the generated third harmonics for two orthogonal input
polarizations (green: vertical polarization, purple: horizontal polarization). The polarization
orientation corresponds to that shown in Fig. 1(b).

3. Numerical modeling

We simulated the different propagating modes using finite element modeling (COMSOL v5)
on the structure indicated by the white dashed box of Fig. 1(b) in order to understand the
phase matching conditions responsible for the measured TH-signals. A rectangular perfectly
matched layer (PML) boundary condition was applied to prevent spurious modes from
forming at the termination of the ECF struts. The dispersion values for the relevant
eigenmodes were calculated in the range of the THG [450-550 nm, Fig. 5(a)] and the IR
pumping range [1500-1600 nm, Fig. 5(b)]. As a result of the PML boundary conditions the
calculated effective indices include an imaginary component, indicating how well confined
the mode is to the fiber core. In the visible (THG) wavelength region only modes for which
the imaginary part was less than 10 (approx. 100 dB/mm) are shown in Fig. 5(a). Also note
that four other modes exist for the IR wavelengths, below neg = 1.25.

Figure 5(a) shows that there is a high density of modes that exist at the TH-wavelengths,
providing high probability for inter-modal phase matching. This is expected given the high
numerical aperture of the air-clad fiber geometry. In addition to phase matching, THG also
requires polarization and modal overlap between the modes at the pump and generated
wavelengths. To a first approximation, the THG modes should exhibit peak intensities at the
center of the fiber core with a polarization matching that of the mode at the fundamental
wavelength. All such modes that are close in effective index (< 1.0%) to the fundamental
mode are highlighted in Fig. 5(a) (purple: horizontal modes, green: vertical modes). There are
two such TH-modes that have predominantly vertically orientated polarization at the center
[Figs. 6(b) and 6(c)] and two that are predominantly horizontally polarized at the center [Figs.
6(f) and 6(g)], which matches the polarization of the corresponding mode at the fundamental
wavelength [v: Fig. 6(a), h: Fig. 6(e)].
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Fig. 5. (a) Effective index dispersions of the various modes in the exposed core fiber in the
visible part of the spectrum. The modes with a strong horizontal (vertical) polarization
components in the center of the fiber are shown in purple (green). Modes outside of 1% phase
matching conditions and with no local intensity peak at the center, which are not relevant for
the discussion here, are shown in light gray. The vertical dashed gray line indicates the
wavelength at which the mode patterns in Fig. 6 are calculated. (b) Effective index dispersions
of the two orthogonal fundamental eigenmodes in the spectral domain of the pump laser.

The experimentally recorded mode images of the TH-signal, after filtering of the IR pump
wavelengths, are shown in Figs. 6(d) and 6(h). Comparison between the simulated vertically
polarized mode images and the measured THG mode shows that the mode labeled by v2 in
Fig. 5(a) is responsible for the inter-modal phase matching. The difference in effective index
between the IR and THG wavelengths is An ;= 0.0023 (0.17%), which is likely attributed to
errors associated with recording the SEM image and importing it into COMSOL, rather than
an actual significant phase difference. A potential contribution of a pump induced nonlinear
phase shift has been calculated to be less than 0.7% and thus can be neglected here.

Fig. 6. Comparison of simulated mode patterns with the intensity distributions obtained in the
experiment (top (bottom) row: refers to vertical (horizontal) input polarization, arrows in the
lower-left corners indicate polarization as shown in Fig. 1). The fundamental and higher-order
TH-modes have been calculated at 1527 nm (IR) and 509 nm (VIS), respectively. (a)
Fundamental vertically-polarized mode. (b-c) Higher-order TH-modes with preferential
vertical polarization in the center of the mode [(b) and (c) refer to modes labeled by v2 and v1
in Fig. 5(a)]. (d) Experimental measured image of the corresponding output mode. (e)
Horizontal-polarized fundamental mode. (f-g) Higher-order horizontal TH-modes [(f) and (g)
refer to modes labeled by h2 and hl in Fig. 5(a)]. (h) Corresponding measured near-field
pattern.
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Understanding the THG-process in the horizontal polarization is more complex
considering there are two peaks present in the TH-spectrum (Fig. 4). The measured mode
image [Fig. 6(h)] exhibits features from both of the two modes shown in Figs. 6(f) and 6(g).
In any case, the multi-lobed structure of the measured mode images in Figs. 6(d) and 6(h), and
the strong agreement with simulations particularly for the vertical polarization, provides
strong evidence that the visible emission observed in Fig. 2 is indeed inter-modal phase-
matched third harmonic generation.

4. Discussion and conclusions

We have demonstrated inter-modal phase-matched third harmonic generation in an exposed-
core microstructured optical fiber. Our fiber has a core diameter of only 1.85 um leading to a
strong field confinement for both the fundamental and third harmonic waves. We observe
efficient multi-peak third-harmonic generation between 500 nm and 530 nm with a maximum
generated average power at visible wavelengths of 0.96 pW. This corresponds to a total
system efficiency of 4.5x10°°, comparable to previous reports of THG in microfibers. The
experimental results agree well with modal simulations, including the mode patterns, effect of
polarization, and phase difference between the IR and THG wavelengths.

The use of an exposed-core structure will open up opportunities in tuning and tailoring
nonlinear light generation in fibers using post-processing steps that would otherwise be
difficult to achieve in conventional enclosed microstructured optical fiber geometries. In
future, thin-film coatings can be deposited along the entire exposed core of the fiber in order
to tailor the modal and pulse dispersion and hence the phase-matching conditions.
Alternatively, the open channel can be filled with liquids in order to enhance the nonlinearity,
though care would need to be taken to ensure guidance is still achieved. Such techniques may
be used for improving the THG efficiency or to allow the generation of light at specific
wavelengths and within specific spatial modes that otherwise could not be achieved by
controlling only the fiber fabrication (i.e. preform geometry and fiber drawing conditions),
thus balancing out production inaccuracies via post-fabrication processing. The open channel
also allows for accessing ultrafast excitations propagating in the core (e.g. solitons and
dispersive waves) via the evanescent field, which can be useful for investigating the spatial
dependence of nonlinear processes and might enable new schemes for pump-probe
spectroscopy.

This work may provide a path for the reverse process of triple photon generation (TPG)
for quantum optics applications in a fiber integrated device. The challenge of inter-modal
phase-matching for TPG is to efficiently launch light into the higher order modes of an optical
fiber. The exposed-core fiber offers a potential solution by advancing recently demonstrated
surface relief fibre Bragg gratings (FBGs) [31]. By adapting such FBGs as grating-couplers,
side launching with an appropriate angle could be used to satisfy the phase-matching
condition for launching directly into specific higher order modes. The ability to tailor the
dispersion as described above may also be critical as the inter-modal phase matching
condition may be adjusted for optimal operation at wavelengths available from commercial
high peak power sources (e.g. 532 nm).
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