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ABSTRACT

The development of fibre optic ammonia and pH sensors using analyte-sensitive reagents
entrapped in a sol-gel-derived silica film is presented. These sensors are based on
evanescent wave absorption using unclad fibres dipcoated with the chemically-sensitive
coating. A detailed characterisation of film properties was carried out. Film properties
were monitored as a function of various processing parameters, and the results are
interpreted in terms of the chemical reactions involved in the sol-gel process. A pH
sensor was constructed using sulfonephthalein dyes immobilised in sol-gel-derived
coalings. Its range was extended by co-immobilisation of two indicators. A detailed
study of the parameters affecting the leaching of reagents from sol-gel films is presented.
Ammonia sensing using pH and ammonia-specific reagents, immobilised in sol-gel silica
and polymer coatings is detailed. The issues involved in choosing a pH indicator for
ammonia sensing is discussed. Issues affecting the response time and sensitivity of these
ammonia sensors are highlighted. These include the choice of sol-gel film, dye
concentration and humidity dependence. Ammonia sensing using novel near-infrared
absorbing reagents is discussed. In addition the issues affecting the diffusion of metal
ions into sol-gel films is discussed. The reaction of xylenol orange with Pb;" in solution
is used as an example. A number of characterisation systems have been employed, and
these are described in detail.



Chapter 1 Introduction

1.1 Introduction

A sensor is a device capable of continuously and reversibly recording a physical
parameter or the concentration of a chemical or biochemical species. Typical examples
of a mechanical, electrochemical, and optical sensor, respectively, are the mercury
thermometer, the pH glass electrode and the pH indicator strip. Ideally, such a sensor
can be brought directly into contact with the sample, and the result of the measurement
is displayed within a few seconds. No sampling, addition of reagent, or dilution is
required.

Industry has always been dependent on measuring instruments for the
registration of physical parameters. For this reason, the technology of sensors and
transducers has a long tradition. Today, the continuous sensing of chemical analytes is a
matter of growing interest by virtue of the real-time nature of most sensors.
Tremendous effort has been devoted to the development of various sensing devices for
use in product and food control, in environmental monitoring, and in many other fields
of routine analysis. The history of optical sensors can be traced back to when pH
indicator strips were developed by immobilising pH-sensitive indicators on cellulose.
Optical sensor methodologies are based on the change of optical properties through
measurement of reflection, scattering, interference, fluorescence, absorption and
refraction. When one or more of these phenomena takes place, the change in the optical
properties will be reflected in the modulation of either one or more of the following
properties: wavelength (colour), amplitude, phase or polarization. Amplitude and

colour modulation are the most widely used phenomena.

1.2 Optical fibre sensors

Over the past 20 years major developments have taken place in the
optoelectronics and fibre-optic communications industries. The fibre-optic
communication industry has revolutionised the telecommunications industry by
providing higher performance, more reliable telecommunications links with ever

decreasing bandwidth costs. In parallel with these developments, fibre-optic sensor



technology has been a major user of technology associated with the optoelectronic and
fibre-optic communications industry. Fibre-optic sensor technology has often been
driven by the development and subsequent mass production of components in these
industries. As component prices have fallen and quality improvements have been made,
the ability of fibre-optic sensors to displace traditional sensors for temperature, pressure,
rotation, humidity, chemical measurements, and a host of other sensor applications has
been enhanced. Optical fibre sensors measure the modulation, caused by a parameter to
be measured, which is impressed on the optical signal transmitted by the fibre.

Optical fibre chemical sensors, in which a chemical variable causes a change in
the optical properties of the sensor, combine the advantages of optical fibres with, in
many cases, specificity due to the chemical reaction of the analyte under test with a
reagent. In general, optical fibre sensors can be divided into two main categories
[1,2,3], i.e. intrinsic sensors where the measurand directly interacts with the light in the
optical fibre, and extrinsic sensors where the measurand affects the light properties
through a medium external to the fibre while the fibre acts only as a waveguide to
transmit light to and from the sensing device. Figure 1.1 illustrates these two classes of
sensor. In a typical extrinsic optical fibre sensor the sensing head or probe is attached to
the end of the fibre tip. Extrinsic sensors have been used to measure pH [4] and
temperature [5]. In an intrinsic optical fibre sensor the light is modulated within the
fibre by the parameter to be measured. Examples of intrinsic optical fibre sensors
include evanescent wave sensors [3,6,7], the method used in the work described in this

thesis, and core-based sensing [8],
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Figure 1.1 Optical fibre sensor types (a) extrinsic (b) intrinsic



Depending on the field of application, optical fibre sensing can offer one or more
of the following advantages over other sensing types [3]:

(1) Because the primary signal is optical, it is not subject to strong magnetic
fields, surface potentials of the sensor head, or electrical interference by static electricity.

(2) Low-loss optical fibres allow transmission of optical signals over long
distances, making remote sensing possible.

(3) The ease of miniaturisation allows the development of very small, light, and
flexible fibre sensors.

(4) Optical sensors do not present a significant risk of sparking, and are therefore
suitable for use in potentially explosive areas e.g. mining and petroleum industries.

(5) Optical fibre sensing is a non-destructive analytical method.

(6) Optical sensors have been developed which respond to chemical analytes or

physical parameters for which electrodes are not available.

There is however a number of potential disadvantages associated with optical
fibre sensors [3]:

(1) Ambientlight can interfere. Therefore, optical sensors must either be used in
dim or dark surroundings, or the optical signal must be encoded so that it can be
resolved from ambient background light.

(2) There is a lack of suitable LED and laser sources, especially in the blue
spectrum range, and the expense of certain optical components prevents the
commercialisation of some sensor designs.

(3) Sensors with indicator phases may have limited long-term stability because of
photobleaching or washout.

(4) More selective indicators have to be found for various important analytes,
and the immobilisation chemistry has to be improved so as to achieve both better
selectivity and sensitivity.

(5) There is a need for referencing to compensate for fibre disturbances in the
system.

Despite the above limitations, optical sensors are an attractive alternative to other

sensing methods.



1.3 Evanescent wave sensing

When light propagates in an optical fibre or waveguide, a fraction of the
radiation extends a short distance from the guiding region into the medium of low
refractive index which surrounds it [6]. This evanescent field, which decays
exponentially with distance from the waveguide interface, has been used in two distinct
approaches in optical fibre sensor design. First, the evanescent wave can interact
direcdy with the analyte if the interrogating wavelength coincides with an absorption
band of the species. Such direct spectroscopic evanescent wave sensors are of particular
interest in the infrared spectral region, where many species absorb strongly [9].
Alternatively, an intermediate reagent, which responds optically, e.g. by fluorescence or
absorption change, to the analyte, may be attached to the waveguide. Often reagent
mediated evanescent wave sensors provide greater sensitivity than direct spectroscopic
devices. The work described in this thesis uses a reagent-mediated evanescent wave
sensor for ammonia and pH sensing using coated optical fibres. The reagent is attached
to the fibre core using either sol-gel-derived silica coatings or polymer coatings.

The evanescent wave is not unique to optical fibres. It is a consequence of total
internal reflection and can be generated at the interface between any two dielectric
materials. The phenomenon, under the name ‘total internal reflection’ (TIR) or
‘attenuated total reflection” (ATR) spectroscopy has been used as a spectroscopic tool
to investigate the optical spectra of thin films and highly absorbing materials [10,11].
Chapter 2 outlines the theory of evanescent wave sensing using multimode fibres.

The motivation of using the evanescent wave approach in fibre-optic sensing, is
derived from a number of advantages offered by the technique in particular applications
[6]:

(1) No coupling optics is required in the sensing region, because the
interrogating light remains guided.

(2) It is possible, by varying the launch optics, to confine the evanescent field to
a short distance from the guiding interface and thereby discriminate to a large extent
between surface and bulk effects.

(3) The technique can provide enhanced sensitivity over conventional bulk-optic

approaches. For example, fibre based evanescent wave absorption devices are more



sensitive than bulk-optic ATR crystals by virtue of the greater number of reflections per
unit length.

(4) By coating discrete areas of the optical fibre, there is the possibility of
carrying out fully-or quasi-distributed sensing.

(5) Greater control over interaction parameters such as interaction length,

sensing volume and response time is possible than with distal-face fibre sensors.

A number of disadvantages of evanescent field sensors exist and these include
the following:

(1) Careful control of launch is required to ensure repeatable behaviour.

(2) In coated optical fibre sensors fouling of the sensor may be a problem if the
evanescent field is not fully contained within the coating.

(3) The relative sensitivity compared to bulk absorption is lower due to the small

fraction of power typically carried in the evanescent field.

1.4 The sol-gel process

The sol-gel process is a method of preparing glasses and ceramics at low
temperatures by hydrolysis and polymerisation of organic precursors [12], The process
is adaptable to producing bulk pieces as well as films and fibres [13]. The preparation of
materials generally involve the use of metal alkoxides which undergo hydrolysis and
polymerisation reactions to give gels. Chapter 3 describes in detail these reactions and
how they are influenced by different processing parameters.

In the area of optical sensors the primary use of sol-gel materials is as a method
of immobilisation of reagents for reagent-mediated sensing. When appropriate process
parameters are employed the reagent cannot be leached out, but smaller analyte
molecules can still permeate the interconnected microporous structure of the sol-gel
material. ~ Sol-gel materials used as sensing substrates can take many forms e.g.
monoliths or thin films. For instance, the sol-gel process provides a means of coating an
unclad optical fibre with a porous cladding within which the analyte-sensitive reagent is
entrapped [14]. A wide range of chemical sensing materials using the sol-gel process

has been reported. These include sensors for metal ions [18,19] and biomolecules



[20,21]. The sol-gel process has also been used to enhance the sensitivity of direct
spectroscopic evanescent wave sensors [6,15] and to fabricate planar waveguide
substrates for chemical sensing [16,17],

The sol-gel technique offers many advantages over other immobilisation
techniques for the fabrication of chemically sensitive supports [6,18]:

(1) The glasses are chemically inert, photostable and thermally stable, compared
with a plastic matrix, making then highly suitable for applications in harsh environments.

(2) The preparation of doped glass is technically simple. The trapping procedure
is straightforward and non-specific as compared with, for example, covalent binding of a
reagent to a solid support.

(3) Glass blocks of various shapes, as well as thin films, are easily prepared.

(4) Sensor fabrication using optical fibres is simple, involving straight-forward
dip-coating of the unclad fibre followed by curing at low temperature.

(5) The flexibility of the process enables a range of critical sensor parameters to
be optimised. For example, film thickness, which has a large effect on sensor response
time, can be controlled by varying the coating rate [12,22],

(6) The technique is particularly suited to indicator based gas sensing because
the high specific area (e.g. 100 m2g) of the microporous structure enhances the

sensitivity considerably.

The applications of the sol-gel process to optical fibre chemical sensing was first
proposed by Badini et al. in 1989 [23]. In their work, silica gels incorporating
fluorescein isothiocyanate were prepared and coated on a glass slide. Cracks developed
for most of the coatings and difficulties in the detection of spectral changes were also
reported in their work due to very low sensitivity. In 1991, MacCraith et al. [24]
developed a fibre optic pH sensor which was the first fibre optic chemical sensor
prepared by sol-gel thin film coating. This was followed shortly afterwards by another
fibre optic pH sensor by Ding et al. [25]. In each case, pH indicators were immobilised
in a silica gel matrix before they were coated onto optical fibres. The pH sensor
reported by MacCraith et al. was prepared by coating an unclad silica fibre with a thin

layer of porous silica cladding within which a pH-sensitive fluorescence dye, fluorescein,



was entrapped. In the approach reported by Ding et al., a pH sensor was prepared by
co-immobilising absorption-type pH indicators, bromocresol green and bromocresol
purple, into sol-gel which was coated as a thin film onto a porous core silica glass fibre.
Since these first reports, optical fibre sensing using sol-gel films has been reported by
many groups for the sensing of a wide range of analytes [26,27,28]. The work in this
thesis uses the sol-gel process to produce pH and ammonia-sensitive films for use in

evanescent wave absorption-based sensors.

1.5 Objectives and structure of thesis

The primary objectives of this project were as follows:

* Investigation of the sol-gel process for the fabrication of porous silica films.

» Development of an evanescent-wave absorption-based characterisation system
for coated optical fibres.

* Optimisation of doped sol-gel coated fibres for optical chemical sensing

applications (pH, ammonia).
The investigation of the sol-gel process envisaged a detailed characterisation of the
parameters affecting the thickness and refractive index of sol-gel-derived silica films.
This was later expanded to include issues of film stability, dye leachabilily, analyte-
diffusion in the sol-gel film and sensor response. In order to investigate doped sol-gel
films in sensor applications, a characterisation system would be required. The use of
evanescent wave absorption on coated optical fibres was proposed for this function.
The initial objective was the use of doped sol-gel films for pH sensing. This was
expanded to include ammonia sensing. For any sensor, the issues affecting its response
time and sensitivity would need to be investigated in detail. The work on ammonia
sensing was part of a European COPERNICUS project, whose aim is the construction
of an optical fibre sensor for the rapid detection and location of ammonia leaks.

Chapter 2 of this thesis deals with evanescent wave sensing, with an outline of
the theory for multimode fibres. The sol-gel process and the factors affecting the
different chemical reactions are outlined in Chapter 3, while Chapter 5 outlines the
results of the characterisation of sol-gel films. The factors affecting the sol-gel

hydrolysis and condensation reactions include pH, water / alkoxide ratio, type of catalyst



and type of silicon alkoxide precursor and these are investigated in detail. A number of
different film parameters (thickness, refractive index, temporal stability and film quality)
were monitored as a function of dip-speed, water : silicon alkoxide ratio (R), sol aging
time and time after drying. The effects of sol aging time, R value and dip-speed on film
thickness are presented. A number of characterisation systems have been employed in
this work and these are described in detail in Chapter 4. Three systems were used for
characterisation, based on either broad-band white light sources or LED sources. A
method for enhancement of the sensitivity of these evanescent wave sensors by the use
of an annular beam mask to block low order modes in the fibre is demonstrated.
Chapters 6 and 7 deal with the application of doped sol-gel films to pH and
ammonia gas sensing, respectively. The difference between the properties of the
immobilised indicators and those in solution are illustrated, with a shift in pK and a
broadening of the pH range the most distinct features. Methods for extending the
operational range of a pH sensor by this broadening or by co-immobilisation of
indicators are examined. The problem of leaching is the most important consideration in
determining the suitability of sol-gel films for pH sensing applications and this was
studied in detail. The influence of RH on ammonia sensing is investigated and in
particular the contrasting behaviour of ormosil films are illustrated. In Chapter 8 the
issues affecting the diffusion of metal ions into sol-gel films are discussed. The nature of
the sol-gel surface is shown to be of critical importance. This is demonstrated here for

the reaction of lead ions (Pb2H with xylenol orange in different sol-gel films.
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Chapter 2 Evanescent Wave Sensing

2.1 Introduction

The evanescent wave is a consequence of total internal reflection and can be
generated at the interface between any two dielectric materials. The sensing method
investigated in this thesis involves the interaction of the evanescent wave in an optical
fibre with an absorbing medium (analyte) in contact with the core of the optical fibre. In
an optical waveguide, light is totally reflected at the interface between an optically dense
medium of refractive index m and an optically rare one of refractive index n2, when the
angle of refraction is larger than a critical angle OC The relationship between the two
refractive indices and OCis given by:

Sin0c=n2/ni (2.1)
Light is not instantaneously reflected when it reaches the interface. Rather, light
penetrates to some extent into the optically rare phase. More precisely, the amplitude of
the electric field does not drop abruptly to zero at the boundary but has a tail that
decreases exponentially in the direction of an outward normal to the boundary. This
phenomenon is referred to as an evanescent wave.

Newton [5] was one of the first to note the existence of the evanescent field. He
observed that total internal reflection in a prism could be frustrated by bringing a second
prism close to the point of total reflection. The properties of the evanescent wave were
not discussed in detail until 1933, when Taylor [6] outlined the potential of the
evanescent wave for spectroscopic and refractive index measurements.  Taylor
differentiated between the frustrated total reflection (FTR) observed by Newton and
attenuated total reflection (ATR) which is the reduction of the reflected light intensity as
a result of absorption in the rarer medium. However, it was not until the early 1960’s
that the publications of Fahrenfort [7] and Harrick [8] sparked off a flurry of research
into ATR spectroscopy. These authors reported the practical use of the evanescent
wave as a spectroscopic tool.

The sensitivity of ATR is normally much less than conventional direct absorption
spectroscopy because the interaction occurs at the point of total internal reflection over

a relatively short path length. Increasing the number of interaction points increases the



sensitivity of ATR in an analogous way to increasing the path length in direct
absorption. Optical fibres and waveguides are ideal for ATR spectroscopy because light,
propagates by means of total internal reflection with a high number of reflections per
unit length. Two distinct approaches can be applied in evanescent wave sensing, as
discussed in section 1.3, namely direct spectroscopy and reagent-mediated sensing. The
work described in this thesis is based on the latter approach and uses absorption-based
dyes and multimode optical fibres.

This chapter outlines the theory of evanescent wave sensing using multimode
fibres. It begins by showing how the evanescent wave can be generated in the case of
refraction and reflection at a dielectric interface. The two distinct ways in which
perturbation of the evanescent field can result in a reduction of the reflected optical
power are outlined. These are FTR and ATR. The specific case of evanescent wave
spectroscopy using multimode fibres is covered in section 2.4 Particular attention is

paid to issues affecting the sensitivity of the evanescent wave.

2.2 The evanescent field

ni >n2

Mediu

Medii

Figure 2.1 Refraction and reflection at a dielectric interface

The simplest case to consider is the reflection and refraction of plane waves at
the interface between dielectric media of different refractive indices m and n2 where m

> n2 When an electromagnetic wave strikes the interface, the wavefront is both



reflected and transmitted across the interface. This is illustrated in Figure 2.1. In order
to obtain a mathematical description of what occurs at the interface, it is convenient to
take the simple case of linear, isotropic, homogeneous and non-magnetic dielectric
media. Using Maxwell’s equations to consider the boundary conditions between two
dielectric interfaces, it can be shown that the tangential components of the electric field
E and magnetic field H must be continuous across the dielectric interface [1,2].

The incident, reflected and transmitted waves may be represented by the

following equations:

—ifk- .rl
Ei(r) = A ~ > (2.2)
—ifk .r
Er(r) = Are ~r ) (2.3)
E(r) = A€ V* 1 (2.4)

where A is the electric field amplitude, k is the wave propagation vector of the plane
wave, the components of r specify the co-ordinate point at which the field is observed.
Each wave propagation vector may be resolved into its cartesian components kx
kyand kz where X, y and z are oriented as in Figure 2.1. The interface is defined as the
yz plane at x = 0. Without loss of generality, the incident wave may be limited to the xz
plane such that ky = 0 [1]. Application of the boundary condition for the tangential E

field requires

-ik. z -ik z —K. z
Aize 12 +Arze Atze (25)

This equation must be satisfied for all z, i.e. all points on the interface. A nontrivial
solution requires that the propagation vectors k®, kra and kte must be equal. The z
components of the propagation vectors may be rewritten in terms of the angles they
make with respect to the surface normal, which in this case is the x direction, i.e. angles
0i, Or and Ot. Using the relation km= InnJko where nra is the refractive index of the

medium and the subscript m denotes medium 1and 2,



k|Sin0j (2.6)

Kiz
Krz kjsinOr 2.7)
Ktz = k2sin0t (2.8)

Using kiz = kra= kiz a number of important relationships may be derived. Firstly

6i = Or (2.9)
i.e. the reflected and incident angles measured with respect to the normal are equal.
Furthermore, using the relation km= InnJ'ko and equating equations 2.7 and 2.8, it can

be shown that

nisinOi = nXin0t (2.10)
which is commonly known as Snell’s law.

Total internal reflection occurs at the interface between two media where n2 is
less than m. As the angle of incidence, 0, is increased, the transmitted angle Ot also
increases. There is a critical angle of incidence, 0C for which Ot = 90°. For incidence
angles greater than this critical angle, no light propagates into medium 2. Equation 2.1
describes the relation between the critical angle and the refractive indices of the two
media. At angles of incidence greater than Oc, the x component of the transmitted
propagation constant becomes complex and the transmitted electric field exponentially
decays in the x-direction. The transmitted wave is evanescent and does not propagate
away from the dielectric boundary.

The equation of the transmitted wave polarized in the xz plane is given by

i k..r - cot
Et = Ater 1 J (2.11)

where the propagation vector Kkt is given by

kt = kiz + kix = kitsin0t + ktcosOt (2.12)
Using Snell’s law, the x and z components of the propagation vector of the transmitted
wave can be described in terms of the angle of incidence and the refractive indices of

medium 1and 2. Therefore
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ktz = k2n12sin0i (213
1
ktx = kQ(I - n22sin2 0.72 (2.14)
= k2n72”sin20c - sin20"2 (2.15)

where ni2 = ni/n2and similarly n2i = n2ni.

For incident angles 0* greater than the critical angle, 0G where 0C= sin'l(n2), the x
component ku of the propagation constant is complex and may be written as iy where y

is real. The transmitted wave electric field is then given by

ik. x+k z- cot

Et = Ate " tx tz N (2.16)
i knn,0sin0.z - cot
= Atel 2 12 1 Je Y* (2.17)
where
1
Y = k2(n22sin20i -1j2 (2.18)

y is known as the decay constant and can take positive or negative solutions. The
solutions are physically constrained such that the product yx is positive. Otherwise the
field would increase exponentially with distance into the second medium. This solution
describes a non-propagating electric field which decays exponentially in medium 2. The
exponentially decaying field is called the evanescent field.

An important parameter often used to characterise the evanescent wave is the
field penetration depth dp which is defined as the distance required for the field to drop

to 1/e or 37% of its valve at the interface. Itis given by

dp = ~ = A T P'19)
A 27tn2(n2sin201- 1)2

2renj (sin20j - sin2002



where k2has been written in terms of the free space wavelength X0.

The factors that determine the penetration depth are (i) the wavelength of the
incident light, (ii) the angle of incidence 0; of the wave at the dielectric interface and (iii)
the refractive indices m and n2 at the dielectric interface. Section 2.4 describes in more
detail how the penetration depth can be increased for the case of evanescent wave

sensing using multimode fibres.

2.3 Evanescent wave interactions

There are two distinctly different methods of coupling to the evanescent wave
and extracting energy from it and thereby resulting in a reduction in the intensity of the
reflected optical power. These are frustrated total reflection (FTR) and attenuated total
reflection (ATR) [3], Figure 2.2 shows the geometry for FTR. A lossless dielectric
with a refractive index n3overlaps the exponentially decaying field in medium 2. 1f n3>
nisinOi, where 0i is the angle of incidence of the wavefront, then the evanescent
condition is not satisfied and kz in medium 3 is real. Therefore the wave propagates in
medium 3. This reduces the intensity of the reflected wave and the total reflection
condition is said to be frustrated. By controlling the distance between medium 1 and 3,
or the angle of incidence of the plane wave, the amount of transmitted and reflected light
may be adjusted [3], FTR is, for example, used in prism-coupling to an optical

waveguide [4].
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Figure 2.3 ATR geometry

The case for ATR is illustrated in Figure 2.3, where medium 3 is replaced with
an absorbing medium with a complex refractive index n3, with real component n¥ <
nisinBi. The field in medium 3 is evanescent. The reflected power is attenuated as the
lossy medium absorbs a portion of the optical power through interactions with the
evanescent field. Power absorbed is a function of the absorption coefficient of the
material and the depth of penetration of the evanescent field in the medium. An
absorbing spectrum of medium 3 can be recorded using the ATR effect. ATR
spectroscopy is normally performed with no separating medium 2 as the field in medium
3 in this configuration is also evanescent and the depth of penetration greater without

the intervening medium.

2.4 Fibre optic evanescent wave spectroscopy
2.4.1 Introduction

Chemical analysis based on evanescent wave interactions at the surface of a
waveguide and using ATR spectroscopy is a well established laboratory technique |3].
The technique, as described above, relies on the penetration of the evanescent wave of

the totally internally reflected ray into an absorbing sample medium. The amount of
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absorption depends on both the amplitude of the evanescent field in the sample medium
and the number of reflections within the waveguide-sample cell. The former increases
dramatically for incident angles approaching the waveguide-sample critical angle, and
the latter is inversely proportional to the waveguide thickness. Optical fibres are ideal as
ATR cells because they can be of very small width, long length and they transmit light
by total internal reflection. They consist of a thin central glass core surrounded by a
cladding of slightly lower refractive index, as shown in Figure 2.4. Within the core, the
refractive index profile can be uniform or graded, while the cladding index is typically
uniform [10]. The two situations are referred to as step-index and graded-index fibres
respectively. The step-index fibres can be further divided into single mode or multimode
fibres. By removing some or all of the cladding and replacing it with an absorbing
material, e.g. a doped sol-gel film, the guided light in the fibre may be attenuated. In

this way fibre-based ATR can be performed.

Figure 2.4 Optical fibre showing total internal reflection and typical

electric field amplitude

When considering absorption of the evanescent wave, the quantity of the
evanescent power which can interact with the analyte is a critical parameter [23]. In the
case of optical fibre evanescent wave sensors this quantity is closely related to the

fraction, r, of the total guided power that resides in the cladding region, i.e.

r (2.21)

This fraction is determined to a large extent by the fibre V-number [11] , which is given
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by

= PNA (2.22)

where p is the fibre core radius, NA is the numerical aperture ((nf - n2)2), and ni and

n2 are the refractive index of the core and cladding, respectively. The V-number or
normalised frequency of a fibre combines in a useful manner the information about three
important design variables for the fibre, namely, the core radius p, the relative refractive
index difference A and the operating wavelength X. Gloge [11] has shown that the value
of r for weakly guiding (m = n2 multimode fibres in which all modes are propagating is
given by:

Ty (2.23)

This was later corrected by Payne and Hale [12] to:

ro= — 2.24
v (2.24)

Although many evanescent wave sensors do not comply with the weakly guiding
condition, this expression gives an indication of the fraction of power available for
evanescent wave sensing. Values of r less than 1% are typical in multimode evanescent
wave Sensors.

Many factors affect the sensitivity of an evanescent wave sensor. From the
discussion above r is maximised for low V-numbers, i.e. single-mode or low mode
fibres. However it is more common to use highly multimode fibres (V » 1) in
evanescent wave sensors because of their much higher power throughput and ease of
handling. From section 2.2 and equation 2.20 it can be seen that to increase the
evanescent absorption, the penetration depth of the evanescent wave should be
increased. Another factor that affects the sensitivity is the number of reflections at the
interface in the sensing region. It is noted from equation 2.20 that the penetration depth
increases as the angle of incidence, O, approaches the critical angle OC of the sensing
region. Thus the penetration depth can be increased by launching only those rays which
make angles (0) slightly greater than but close to the critical angle, while the number of

reflections can be increased by choosing a smaller diameter fibre. The mechanism used
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to increase evanescent absorption is tapering of the fibre [18]. Selectively launching
rays which make an angle close to 9C[17] can be achieved by using an annular beam
mask to block low order modes in the fibre. This increases the fraction of light absorbed
and hence the sensitivity. This method was used in the work described in this thesis and
is outlined in detail in section 4.5.

A number of studies [13,14,15,16] has been carried out by different groups to
model evanescent wave spectroscopy using multimode fibres. In general these show the
factors that affect the power transmitted by an optical fibre and how this is related to
launch conditions and evanescent wave absorption. In the discussion below the model
developed by Ruddy et al. [14,17] and expanded by Gupta et al. [18,19] is outlined and
the factors affecting evanescent wave sensitivity are highlighted. The model developed
by these authors is based on meridional rays in the fibre. Meridional rays are those
which cross the fibre axis between reflections as distinct from skew rays which spiral

around the fibre without crossing the axis [10].

2.4.2 Theoretical model
Absorption of power in a fibre due to attenuation of the evanescent wave in the
cladding may be characterised by an evanescent absorption coefficient y which is related

to the bulk absorption coefficient a by the expression [21]
( AN
y = ra 11 (2.25)
Vney

where r, the fraction of the optical power carried by the cladding, is given by equation
2.23, and n2 and ne are the sample and effective refractive index, respectively. The
effective index rie = msinG (see figure 2.5), and is a means of characterising a mode in a
fibre. If weakly guiding n2ne is about equal to 1. Ruddy et al. [17] related the
evanescent absorption coefficient to the bulk absorption coefficient for the general case
of non-weakly guiding fibres and this is outlined below.

The power transmitted by an optical fibre whose cladding has been replaced by

an absorbing medium may be written in the form [20]
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P(z) = P(0)exp(-72) (2.26)
where z is the distance along the unclad fibre, P(0) is the power transmitted in the
absence of an absorbing species and y is the evanescent absorption coefficient and can be
written as L20]

y = NT (2.27)
where N is the number of reflections per unit length and T is the Fresnel transmission
coefficient at the interface between a lossless core and lossy cladding. The refractive
index of the lossy cladding is given by n2 - ik, where a = AnklXo is the bulk absorption
coefficient of the cladding material. In the case of meridional rays in a weakly guiding
(ni ~ n2 fibre of normalised frequency parameter V, the relationship between the
evanescent absorption coefficient j and bulk absorption coefficient a for a lossy cladding
has been shown to be [20]

/. \2
1 1 = (2.28)

cJ

where 0Zis the angle the ray makes with the core axis and 0'c is the complementary
critical angle (cos'l ni/n2) as illustrated in Figure 2.5. Equation 2.28 is accurate for
bound meridional rays whose direction is not close to the critical angle. Ruddy et al.
[17] modified this expression to cater for non-weakly bound modes. Removing this
condition and allowing all value of 0Z< 0'cthe value of T is shown to be

otfu”rsin Qy

T = (2.29)
7tq?sin2 0 Jcos2 0I - ¢co0s20

Using N = tan0z/2pe for a fibre of core radius p, and effective radius pe (pe= p + dp,
where dpis the penetration depth), and equation 2.27, the ratio of the evanescent to bulk
absorption coefficients then reduce to

J Xn2cos0cot0 n

a 2rcpnfcos20c¢-y/sin20 - sin20c¢

where 0 is the angle between the ray and the normal to the interface (0 =n/2 - 04 and 0C



is the critical angle for the two media (sin’lun2/111). The value of y/a derived in equation
2.30 reduces to 2.28 in the weakly guiding case of nt ~n2for angles not close to the

critical angle.

n2 (Sensing region)

2p
Core

Cladding

Figure 2.5 Representation of a meridional ray in the fibre

Gupta et al. [18] expanded equation 2.30 to take account of the power
distribution of the rays at the launch end of the fibre. If the light is launched into the
fibre from a collimated source using a microscope objective such that the beam is
focused onto the fibre end-face at the axial point, then [18]

n?sin0cos0

p(0) @ (2.31)
where p(0) represents the power distribution of the rays. These authors then defined an
effective evanescent absorption coefficient for rays launched into the sensing region for
the angles (with respect to the normal to the core-cladding interface) in the range 0i <0

<02 as given by

(2.32)

Therefore, combining equations 2.31 and 2.32 gives:

sin0Ocos0
- n',’zcos2
(2.33)
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Gupta used equation 2.33 in the following two cases [18,19], namely for a uniform core
and for a tapered fibre core. The work described in this thesis used only a uniform core
fibre and only this case is considered here. In the case of uniform core fibre, and

substituting y(0) from equation 2.30, equation 2.33 becomes

(2.34)

where n]2 = ni/n2.

If all bound rays in the fibre are allowed to propagate in the sensing region then
0i = sin'1 (nci/iii) and 02 = 90°, where nci is the refractive index of the cladding of the
fibre used for the sensor. If only selected rays are allowed to propagate using an annular
beam mask at the launch end of the fibre [17,18], then 0Oi is equal to or greater than sin'
’(rid/nO while 02 is typically chosen 2-3° greater than 0i. Obviously, the index of the
absorbing medium should be smaller than that of the fibre cladding otherwise there will
be a loss of intensity even if there is no absorption and the condition of ATR is not
fulfilled.

Equation 2.34 is useful in predicting the behaviour of an EW fibre sensor. Gupta
et al. [18] made calculations for a range of sensor designs, including uniform and
tapered fibres. They compared the sensitivity of uniform and tapered fibres and showed
the greater sensitivity achieved by tapering. One can achieve very high sensitivity in the
case of tapering and selective launching of rays in the fibre [19]. The conclusions from
this analysis by Gupta is that the sensitivity of an evanescent wave sensor depends on the
launching conditions (0) of the ray and the radius of the fibre core p. The smaller the
core radius the larger the value of y/a. Similarly, if 0 approaches 0Cthen y/a increases.
This is illustrated here in figure 2.6 which plots y/ (aC) versus 02, where the integrant in
equation 2.34 is assumed to be a constant C. Figure 2.6 uses a p value of 300 "m, X =

600 nm, a 0i value of 74.5° (launch microscope objective of 0.4 NA) and 02 values



corresponding to various mask angles (see Appendix C). A core refractive index value
of m = 1.457 and cladding index n2 = 1.43 (sol-gel film) were also used in these
calculations. This figure illustrates that as the critical angle is approached, yloc increases
significantly. Selectively launching rays which make an angle close to the critical angle,
by using an annular beam mask, should therefore increase the effective evanescent

absorption. This is demonstrated experimentally in section 4.5.

Angle (e2)

Figure 2.6 Calculated ratio of evanescent absorption coefficient and bulk

absorption coefficient versus 02

One important feature of the results from Ruddy et al. [17J and Gupta et al. [19]
is that the variation of the evanescent absorption coefficient with absorbing analyte
concentration is nonlinear in nature. A number of groups [12,22] have investigated this
behaviour. Payne and Hale [12] analysed the response of multimode evanescent field
optical sensors and how this response deviates from Beer’s law. Beer’s law describes
the attenuation of a beam of light as it passes through a solution of an absorbing

chemical compound. The law states that the transmitted optical power Pat after passing
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through a length L of solution (or absorbing material) is given by

Pout = Pin10* eCL (235)
where ¢ is the molar concentration and e is the molar absorption coefficient. Equation

2.35 can be rewritten as follows:

Pout = pinexP (-°IL) (236)

where the absorption coefficient a is given by

a = —— (2.37)

Equation 2.36 is the familiar exponential absorption law for a bulk material, with a
proportional to the concentration of the absorbing compound. This equation is modified
in the case of absorption in a multimode fibre to take account of the interaction between
the evanescent field and the absorbing material surrounding the fibre to vyield the
following expression

Pout = Pinexp (-arL) (2.38)

where r, as outlined in section 2.4.1, is the total fraction of guided power contained in
the evanescent field, and is given by equation 2.24. Payne and Hale [12] noted that
there are significant deviations between measured absorbance (defined as logio(Pout/Pin))
and the predictions of equation 2.38. The measured absorbance is much lower than that
predicted and often shows nonlinear deviations from Beer’s law. The analysis of these
authors showed that equation 2.38 is in fact only valid under the special circumstance of
continuous coupling between all the fibre modes so as to maintain a uniform distribution
of power between all the fibre modes. This situation might arise, for example, as a result
of micro-bending along the fibre. However, for short lengths (several centimetres) of
straight unclad fibre equation 2.38 is not valid. Each mode of the initially uniform
distribution has a different evanescent field and so experiences a different attenuation in
the external medium. This means that an initially uniform distribution of modes quickly
becomes non-uniform. The result is that the true response of the sensor deviated

significantly from equation 2.38. In particularly, equation 2.38 overestimates
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considerably the true attenuation [12]. Driver et al. [15] reported a similar behaviour.
Higher order modes have a greater effective penetration depth and are quickly lost due

to absorption. Therefore, the modal distribution is changing.

2.5 Conclusion

The concept of the evanescent wave and evanescent wave spectroscopy has been
introduced. It was shown that the evanescent wave is a consequence of total internal
reflection. The advantages of optical fibres as ATR cells was highlighted. A model
describing the evanescent wave spectroscopy using multimode optical fibres was
outlined. The sensitivity of an evanescent wave sensor was shown to depend on the
launch conditions of rays into the fibre and the radius of the fibre core. Sensitivity
increases for smaller core fibres and for rays with angles of incidence approaching the
critical angle. In section 4.5 the use of annular beam masks to increase the sensitivity of

a sensor will be described in detail.
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Chapter 3 The Sol-gel Process

3.1 Introduction

The sol-gel process is a chemical synthesis technique for preparing gels, glasses
and ceramic materials [1]. The method has received considerable attention because it
possesses a number of desirable characteristics. It enables one to prepare glasses at far
lower temperatures than is possible by using conventional melting techniques.
Compositions which are difficult to obtain by conventional means because of
volatilisation, high melting temperatures or crystallisation problems can be produced. In
addition the sol-gel method is a high-purity process which leads to excellent
homogeneity. Finally, the sol-gel process is adaptable to producing bulk pieces as well
as films and fibres [1,2J

The first paper on sol-gel optics was published in 1845 by M. Ebelman, a French
chemist, who noticed that silica esters hydrolyse slowly in the presence of moisture to
give hydrated silica. He concluded that such a process could be used for the production
of optical materials [3], While the first observation of the sol-gel process was made
about 150 years ago, it is only in the last 20 years that the process has been used to
produce a large array of different materials including bulk glasses, fibres, monoliths and
thin films [2].

The bulk of the work carried out in sol-gel research has concentrated on silica
and silica-based systems. This is because of the glass forming ability of silica, as well as
the traditional dominance of silica-based materials in the application of ceramics. A
large number of other elements has been studied including titania, vanadium, and
aluminium [4],

The preparation of materials by the sol-gel process generally involves the use of
metal alkoxidcs which undergo hydrolysis and condensation polymerisation reactions to
give gels. The process for silica fabrication typically involves a metal alkoxide (e.g.
tetraethylorthosilicate, TEOS), water, a solvent and frequently a catalyst, which are

mixed together to achieve homogeneity on a molecular scale.
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3.2 Hydrolysis and Condensation Reactions
3.2.1 Overview of general reactions

A sol is a colloidal system where particles or large molecules (1-500 nm
diameter) are dispersed in liquid [4], A gel is a interconnected, rigid network in which
the dispersed substance (minimum 1-3 % by weight) forms a continuous, ramifying
network that is interpenetrated by a system (usually liquid) [4,9]. Hence, the sol-gel
process is the transition of a system of colloidal particles in a solution into a disordered,
branched, continuous network, which is interpenetrated by liquid. Gels are usually
classified according to the dispersion medium used (e.g. hydrogel or aquagel, alcogel
and aerogel for water, alcohol and air respectively) [4],

The sol-gel materials used as sensing substrates are usually in the form of
monoliths or thin films. The discussion here in relation to how the sol-gel process in
general is affected by different processing parameters will deal primarily with bulk gels
(i.e. monoliths). Since only silica-based sol-gels were used in the work described in this
thesis, all discussion will concentrate on silica-based materials. The difference between
bulk gel materials and thin films will then be discussed. Bulk sol-gel materials used as
sensing substrates are usually in the form of monoliths and these are usually xerogels or
aerogels. Xerogels are produced when the liquid within the gel is removed by simple
evaporation, while aerogels are produced when the liquid within the gel is removed
above its critical temperature and pressure (i.e. under supercritical or hypercritical
conditions) [1,5].

Silica gels may be prepared from the sol-gel polymerisation of silicon alkoxides
(e.g. Si(OCHs5)4 or TEOS) [6,7]. Hydrolysis occurs when TEOS and water are mixed

in a mutual solvent, usually ethanol.
- mH -
SI(OCHH4 + xH20  --------m-- » Si(OCHH4OH)x + xCHE0OH  (3.1)

The intermediates that exist as a result of partial hydrolysis include Si-OH
groups, which are called silanols. Condensation may occur between two silanols or a
silanol and an ethoxy group to form a bridging oxygen or a siloxane group Si-O-Si.

Water or an ethanol molecule is eliminated. An example of the condensation between



two silanols with the elimination of water is given below.

Si(OCH5UX(OH)X + Si(OCZHFXOH)x
-> Si(OCHH4XOH)XI0Si(OH)XLOC2HHA X + H (3.2)

A generalised reaction scheme for the preparation of silicate networks via the sol-gel

process is shown in Figure 3.1.[8]
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Figure 3.1 Generalised reaction scheme for sol-gel silica



The first step in the sol-gel process is the mixing of the precursor solutions (i.e.
metal alkoxide, water and solvent), where hydrolysis and condensation reactions are
initialised. Gelation and aging form a solid structure immersed in liquid. Careful drying
is used to form a stable sol-gel material. In the following sections a more detailed
account of the hydrolysis and condensation reactions for silica sol-gels is presented. The

various factors that effect these reactions is well documented in the literature [9,10,11],

3.2.2 Details of hydrolysis and condensation reactions
This section discusses in more detail the hydrolysis and condensation reactions
for silica sol-gels with emphasis on the difference in reactions for acid and base catalysis.
The formation of silicate gels by the sol-gel process can be described by the 3 general
reactions: [1]
Hydrolysis
=Si-OR + HO ~ » =Si-0OH + ROH (3.3)
Esterification
Alcohol Condensation
=Si-OR + HO-Si= <— » =Si-0-Si= + ROH (3.4)
Alcoholysis
Water Condensation
=Si-OH + HO -Si= < t -Si-0-Si= + HD (3.5)
Hydrolysis
where R is an alkyl group, CxH2<i. The hydrolysis (eqn. 3.3) reaction replaces alkoxide
groups (OR) with hydroxyl groups (OH). Subsequent condensation reactions involving
the silanol groups produce siloxane bonds (Si-O-Si) plus the by-products alcohol (ROH)
(egn. 3.4) or water (eqn. 3.5). Under most conditions, condensation commences (egns.
3.4 and 3.5) before hydrolysis (egn. 3.3) is complete [1]. Because water and
alkoxysilanes are immiscible, a mutual solvent such as alcohol is normally used as a
homogenising agent. However gels can be prepared from silicon alkoxide-water

mixtures without added solvent, usually when sonication is used, since alcohol produced



as a by-product of the hydrolysis reaction is sufficient to homogenise the initially phase-
separated system [12,13], Alcohol is not simply a solvent, but can participate by the
reverse of eqn. 3.3 and 3.4, in esterification or alcoholysis reactions.

Because water is produced as a by-product of the condensation reaction, it can
be shown that an R-ratio (i.e. molar ratio of water to alkoxide) of 2 is theoretically
sufficient for complete hydrolysis and condensation to yield anhydrous silica as shown
by the net reaction: [1]

nSi(OR)4 + 2nH20 -» nSi02 + 4nROH (3.6)
However even in excess water (R > 2), the reaction does not go to completion. Instead,
a spectrum of intermediate species ([SIOX(OH)Y(OR)Zn: where 2x + y + z = 4) are
generated.

Hydrolysis and condensation reactions occur at different rates but concurrently
and once hydrolysis has occurred, it is unlikely that the two reactions can be separated.
Information in the literature suggests that conditions of low water and an acid
environment have the same effect on the sol-gel process i.e. the formation of low porous
materials [4], Similarly, the conditions of high water and the presence of alkaline
conditions have the same effect on the sol-gel process, i.e. formation of high porous
materials [4,10].

When a silica alkoxide (e.g. TEOS) and water are mixed, the hydrolysis and
condensation reactions initiate at numerous sites within the TEOS and H20 solution.
Both hydrolysis and condensation may occur by acid- or base-catalysed bimolecular
nucleophilic substitution reactions. The acid-catalysed mechanisms are preceded by
rapid deprotonation of the -OR or -OH substituents bonded to Si, whereas under basic
conditions hydroxyl (OH ) or silanolate anions (Si-O") attack Si directly. Mineral acids
and ammonia are generally used as catalysts in sol-gel processing. The mechanisms for
acid- and base- catalysis are outlined in detail in Figure 3.2 [1,6], where both the
hydrolysis and condensation reactions are outlined.

Hydrolysis and condensation reactions do not occur in isolation from one
another and the final material which results derives from a combination of the two
reactions. There is a wide range of parameters which affect the properties of the final

material and the effects of some of these are discussed in the following sections.
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3.3 Influence of Processing Parameters on Chemical Reactions
3.3.1 Influence of water and pH

The isoelectric point of silica, at which the electron mobility and the surface
charge is zero, occurs at approximately pH =2. This pH value forms the boundary
between so-called acid-catalysis of the polymerisation (pH <2) and base-catalysis (pH
>2). Acid-catalysis is associated with fast hydrolysis rates and relatively long gel times
whereas, under basic conditions, hydrolysis is slow and condensation rates are faster,
giving rise to shorter gel times [1]. Silicate gels prepared at low pH (<2) and low water
content (<2 moles of water per mole of alkoxide) produce primarily linear polymers with
low crosslink density. Additional crosslinks form during gelation and the polymer chains
become increasingly entangled. Silicate gels prepared under more basic conditions (pH
5-7) and/ or higher water contents produce more highly branched clusters which behave
as discrete species. Gelation occurs by linking clusters together. At still higher pH and
excess water content, colloidal silica is formed [10].

The effect of pH on the hydrolysis and condensation reactions can be described
qualitatively in Figure 3.3. [4] The rate of hydrolysis is minimum at intermediate pH
values, while condensation rates are low at low pH values.

Under conditions of high pH and/ or high water concentrations the rate of
hydrolysis is proportional to the concentrations of the base and alkoxide. Gels usually
form before all the precursor has been fully hydrolysed. The chemical reason for the
occurrence of gelation prior to complete hydrolysis of the precursor molecules is the
effect of high pH in stabilising the reaction intermediates. Increasing levels of base lead
to a more highly polymerised but less completely hydrolysed gel, i.e. there are species
that have undergone a significant amount of hydrolysis and those which have undergone
little if any hydrolysis. Those that have undergone hydrolysis are then free to act in a
water liberating mechanism generating a highly branched network where the particles
continue to grow after the basic gel structure has formed [4], The material which results
is highly branched and highly porous.

For low pH solutions the rate of hydrolysis is proportional to the concentration
of the acid, the alkoxide and water. In the low pH systems the rate of hydrolysis is

greater than the rate of condensation. Species with very few hydroxy] groups are found



and species which are preferentially hydrolysed are unreacted monomers. This results in
a linear growth model and there is little crosslinking [4]. The resulting material is less

porous than for base-catalysed case.

1
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Figure 3.3 pH Dependence of Hydrolysis and Condensation [4]

The behaviour of the rate of condensation as a function of pH was investigated
by Coltrain et al [14]. This is shown in Figure 3.4, where the pH dependence of the gel
time is used as a measure of the condensation rate (gel time °c 1/ (average condensation
rate)). The effect of water on acid-catalysed silica sol-gel thin films is discussed in

Chapter 5.



pH

Figure 3.4 : Condensation Rate as a function of pH [14]

3.3.2 Influence of Catalyst

Hydrolysis and condensation rates are enhanced when catalysts are used. As
outlined in section 3.2.2 above, the type (acid or base) of catalyst has a major impact on
the structure of the sol-gel material formed. The gelation time of sols is also affected by
the type of acid catalyst used. Pope and Mackenzie [15] suggested that the variation of
the gelling time with the kind of acid cannot be explained by the pH of the starting
solution alone, but has to be explained by the differences in the role of the anions such as
Cl', F and cHsc 0 0O. The effect of the type of acid catalyst was also studied by Sakka
etal. [7],
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3.3.3 Influence of Other Chemical Parameters

In the literature several authors have investigated the influence of other
parameters, other than those described above, on the hydrolysis and condensation
reactions [7,16]. These parameters include the type of solvent and type of alkoxide used
in the reaction. The influence of open and closed systems on the reactions is also
discussed.

Alcohols are often used as solvents to mix the metal alkoxide and water.
However as seen from eqn. 3.3 and 3.4 alcohols also take part in the reactions. An
increase in the alcohol content reduces the concentration of metal alkoxide, resulting in
the reduction of the polymerisation rate and prolonged gelling times [7].

Systems of silicon alkoxides / alcohol / water solutions catalysed with
hydrochloric acid have been studied for different silicon alkoxides which include
tetramethylorthosilicate  (Si(OCH34, TMOS), tetraethylorthosilicate (Si(OC2H5)4,
TEOS) and tetrabutylorthosilicate (Si(OC4H94, TBOS) [4,16]. As the alkyl substituent
of the alkoxy group gets larger the rate of hydrolysis decreases. This is due to steric
effects on hydrolysis.

Reactions performed in open systems and closed systems show great differences
in properties [16]. Gelation is much faster in the open system. This difference is due to
(1) solvent evaporation and (2) adsorption of moisture from the atmosphere, both of
which increases the net rate of polymerisation.

The discussion of the influence on the hydrolysis and condensation rates have so
far concentrated on bulk gels. In a later section of this chapter the special case of thin
films will be discussed. In Chapter 5 an extensive characterisation of the sol-gel films
used in our sensing applications will be presented. A range of factors is shown to affect

the thickness of the sol-gel coatings produced.

3.4 Gelation, Aging and Drying of Gels
3.4.1 Gelation

Once the chemical precursors are mixed together the hydrolysis and
condensation reactions are initialised and colloidal particles or a sol is formed. With

time the colloidal particles link together to become a three-dimensional network. The
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physical characteristics of the gel network depends upon the size of particles and extent
of cross-linking prior to gelation [4,9]. Acid-catalysis leads to a more polymeric form of
gel with linear chains as intermediates. Base-catalysis yields colloidal gels where
gelation occurs by cross-linking of the colloidal particles.

The gelation point of any system, including sol-gel silica is easy to observe
qualitatively and easy to define in abstract terms but extremely difficult to measure
analytically. As the sol particles grow and collide, condensation occurs and
macroparticles form. The sol becomes a gel when it can support a stress elastically.
This is typically defined as the gelation point or gelation time, tg [9]. There is not an
activation energy that can be measured, nor can one precisely define the point where the
sol changes from a viscous fluid to an elastic gel. This change is gradual as more and
more particles become interconnected. The gel point is often described in terms of the
sharp increase in viscosity at the transition from a sol to a gel [1,17].

A number of investigations have shown that the time of gelation changes
significantly with the sol-gel chemistry [1,16,17], Gelation time (tg varies with size of
container, pH, water content, type of alkoxide and counterion. The amount of water for
hydrolysis has a dramatic influence on gelation time, as shown in Figure 3.5 [9],
Different authors have studied the sol to gel transition using a variety of methods,
including the use of luminescent molecules as probes [10,18], and Raman spectroscopy
[7]. Using these techniques the authors were able to monitor the effect of water

content, pH effects and thermal effects on the gelation process.

3.4.2 Aging

When a gel is maintained in the pore liquid, its structure and properties continue
to change long after the gel point. This process is called aging [9]. During this time,
polycondensation continues along with localised solution and reprecipitation of the gel
network, which increases the thickness of interparticle necks and decreases porosity.
The strength of the gel thereby increases with aging. The reason for doing this is to

produce a gel of sufficient strength to withstand the stresses encountered during drying

[4].



GELATION TIME

R

Figure 3.5 Variation of gelation time with R ratio [9]

It should be noted here that the term ‘aging’ used in section 3.5 on thin films and
in Chapter 5 relates to the time of prepolymerisation between sol mixing and coating of
samples with the still ungelled sol. In Chapter 5 the effect of different aging times on the

properties of sol-gel silica films is described [19].

3.4.3 Drying
In order to use a gel structure it has to be dried. During drying the liquid is
removed from the interconnected pore network. If the pores are small (<20 nm) large

capillary stresses develop during drying. These stresses may cause the gels to crack



catastrophically unless the drying process is controlled by decreasing the liquid surface
chemistry by addition of surfactants or elimination of very small pores, by hypercritical
evaporation, which avoids the solid-liquid interface, or by obtaining monodisperse pore
sizes by controlling the rates of hydrolysis and condensation [9].

The process of drying of a porous material can be divided into several stages
[1,5]. At first the body shrinks by an amount equal to the volume of liquid that
evaporates, and the liquid-vapour interface remains at the exterior surface of the body.
The second stage begins when the body becomes too stiff to shrink and the liquid
recedes into the interior, leaving air-filled pores near the surface. Even as air invades the
pores, a continuous liquid film supports flow to the exterior, so evaporation continues to
occur from the surface of the body. Eventually, the liquid becomes isolated into pockets
and drying can proceed only by evaporation of the liquid within the body and diffusion
of the vapour to the outside [1].

Most cracking of a gel during drying occurs at the second stage. A distribution
of pore sizes exist in the material and some of the pores empty before others. The pores
that empty first (larger pores) stop shrinking at the point of emptying and can only
passively shrink under the influence of the nearby saturated pores. The possibility of
cracking at this stage is high due to the high stresses and low strain tolerance of the
material [1],

Fracture of samples during drying can be prevented by a number of techniques.
Aging a gel before drying helps to strengthen the network and thereby reduce the risk of
fracture. Surfactants or drying control chemical additives (DCCA) can be added to
allow faster drying [1], Surfactants reduce the interfacial energy and thereby decreases
the capillary stress. DCCA'’s produce gels that are harder and have a larger and more
uniform pore size. All these features help to reduce cracking [1],

Other methods of drying gels include supercritical drying and freeze drying.
Aerogels are obtained when the liquid within the gel is removed above its critical
temperature and pressure. Cryogels are produced from gels in which the liquid phase is

first frozen into a solid and then sublimed. The vapour is removed by vacuum pumping

[4]
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3.5 Preparation of Thin Films
3.5.1 Introduction

One of the important aspects of sol-gel processing is that, prior to gelation, the
sol is ideal for preparing thin films by common processes such as dipping, spinning or
spraying. Compared to conventional thin film forming processes such as CVD,
evaporation, or sputtering, sol-gel film formation requires considerably less equipment
and is potentially less expensive [1].

The following sub-sections will look at the differences between the formation of
bulk gels and thin films, and the resulting differences in properties. This will be followed
by a review of coating processes, with particular attention to dip-coating, the method

used in our laboratory.

3.5.2 Differences between bulk gels and thin films

The structural evolution of sol-gel derived thin films differs in many respects
from that of bulk sol-gels [1,20].

(1) Films are normally deposited from dilute solutions in which individual
solution species are initially weakly interacting or noninteracting. During deposition the
rapid increase in concentration (18-36 fold), resulting from evaporation, forces the
precursors into close proximity with each other, significantly increasing the reaction rate.
Gelation occurs when the condensing network is sufficiently stiff to resist the
compressive forces of surface tension. By comparison, in bulk systems the
concentration remains constant during gelation and increases only during the drying
step.

(2) Concentration-induced gelation imposes a time scale for the sequential stages
of film formation which depends on the evaporation rate of the solvent. A competition
is established between evaporation (which compacts the structure) and continued
condensation reactions (which stiffens the structure, thereby increasing the resistance to
compaction). In bulk systems, the gelation and drying stages are normally separated.

(3) Compared to bulk systems, aggregation, gelation, and drying occurs much

more rapidly, seconds rather than days or months.
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(4) The short duration of the deposition and drying stages causes films to
experience considerably less aging (crosslinking) than bulk gels. This generally results in
less porous structures.

(5) Fluid flow, due to gravity, evaporation, or angular acceleration (spin-
coating), combined with attachment of the precursor species to the substrate, imposes a
shear stress within the film during deposition. After gelation, shrinkage due to removal
of solvent and continued condensation creates a tensile stress within the film. Such

stresses are not present in bulk gels.

3.5.3 Dip Coating of samples

Of the many liquid coating methods available, only three have the capability of
laying down very thin layers of precise thickness [21]. These are spin and dip-coating,
which are most widely used, and meniscus coating, which is comparatively new. The
dip-coating technique is the method used in this work and will be discussed in detail.
Planar (glass slides or silicon wafers) and optical fibre substrates were coated using this
method. The preparation of samples for coating and the apparatus used for dip-coating
of samples will be described in Chapter 4.

In dip-coating the substrate is immersed in a solution and is then withdrawn
vertically at a constant speed. In our laboratory the sample is held rigid and the solution,
held on a moving stage, is drawn away from the sample. In a review of dip and spin
coating, Scriven divided the dip coating process into five stages: immersion, start-up,
deposition, drainage, and evaporation [22], W.ith volatile solvents, such as alcohol,
evaporation normally accompanies the start-up, deposition and drainage steps. The
different steps are illustrated in Figure 3.6. The moving substrate (or sol-container)
entrains liquid in a fluid mechanical boundary layer carrying some of the liquid towards
the deposition region (x in Figure 3.6), where the boundary layer splits in two. The
inner layer moves upwards with the substrate, while the outer layer is returned to the
sol-container. The thickness of the deposited film is related to the position of the
streamline dividing the upward- and downward moving layers. A competition between
as many as six forces in the film deposition region governs the film thickness and the
position of the streamline: (1) viscous drag upward on the liquid by the moving

substrate, (2) force of gravity, (3) resultant force of surface tension in the concavely



curved meniscus, (4) inertial force of the boundary layer liquid arriving at the deposition
region, (5) surface tension gradient, and (6) the disjoining or conjoining pressure

(important for films less than 1 (im thick) [1,22].

(1) Immersion (2) Start-up (3) Deposition & Drainage

(4) Drainage (5) Evaporation

Figure 3.6 Stages of the dip-coating process

When the liquid viscosity (rj) and substrate speed (U) are high enough to lower
the curvature of the meniscus, then the deposited film thickness (h) is the thickness that
balances the viscous drag (ocrju/h) and gravity force (pgh), (where p is the density of
the liquid):

h = c,(rlU/pg)l2 (3.7
where the proportional constant, c1( is about 0.8 for Newtonian liquids [1,22]. When
the substrate speed and liquid viscosity are not high enough, as is often the case in sol-
gel processing, this balance is modulated by the ratio of viscous drag to liquid-vapour

surface tension (yL\) according to the following relationship:
h = 0.94(TiU/TLV)V6(r|U/pg) 12 (3.8)
or rearranging terms:

h = 0.94(nUfV/Iv(pgf (39)



To afirst approximation, the film thickness is given by the following relationship [21]:

vis cos ity)(withdrawal speed
thickness ( )_/)(_ ) peed) (3.10)
liquid density

If viscosity and density remain constant, the film thickness becomes proportional to the
withdrawal speed according to:
thickness .. [withdrawal speed]23 (3.11)

Many studies have been carried out on the thickness-withdrawal speed
relationship and power dependence values ranging from 0.5 to about 0.7 have been
reported [23,24,25], In Chapter 5, a detailed study of dip-coated sol-gel derived
coatings, prepared in our laboratory, is presented. Other factors affecting the thickness
of dip-coated films include the angle of inclination of the coated surface related to the

horizontal line and the concentration of the solution [25],

3.6 Doped Sol-gel Filins

The sol-gel process can be used to synthesise a range of materials in different
forms ranging from bulk monoliths to thin films. Doping of organic analyte-sensitive
reagents into these materials is possible due to the low temperature of the sol-gel
processing. The entrapped reagents retain their chemical properties and can react with
smaller analyte molecules that diffuse into the porous material. This has been
demonstrated by many research groups world-wide [26,27]. For example a range of
analytes such as metal ions [28,29], gases such as oxygen and ammonia [30,31,32], and
changes in pH [33,34,35] have been detected using doped sol-gel materials. Research
has also demonstrated that the sol-gel process can be used to immobilise biomolecules in
bulk materials [36,37,38], and more recentiy thin films [39]. The immobilised
biomolecules have been shown to retain many of their characteristics in the sol-gel
materials.

Doped sol-gel thin films are more useful configurations for sensors than bulk
monoliths for a number of reasons [40], These include the susceptibility of monoliths to

crack when exposed to liquid penetration and the advantage of shorter response times



due to shorter diffusion pathways in thin films. The work described in this thesis used
doped sol-gel thin films on optical fibres for pH and ammonia sensing. The preparation
of the doped sol-gel films is described as follows. Ethanol is added to an amount of dye
in a clean vial. This is stirred using a magnetic bob until the dye is dissolved. Water,
whose pH has been adjusted to 1 using hydrochloric acid, is then added. This mixture is
stirred for a few minutes and TEOS is then added. The specific amounts of dye,
ethanol, water and TEOS added depends on the required dye concentration and the
desired water to TEOS ratio (R). In atypical sol a R ratio of 4 is used. The sol mixture
is stirred for one hour. Sols are aged for 0-17 hours at 70°C in an oven, depending on
the composition of the sol and the film thickness required. After aging, samples are
coated with the ungelled sol using by dip-coating at a predetermined withdrawal speed.

Samples are then oven-dried at 70°C for 17 hours.

3.7 Ormosils

Ormosils (organically modified silicates) are a relatively new family of materials,
prepared by the sol-gel method, with properties that are intermediate between glass and
polymers. The introduction in the precursor alkoxide solution of a modified precursor
such as an alkylsubstituted ethoxysilane with one or more organic groups attached to the
silicon, is a way to incorporate organic components in the material. This has been
shown for thin films [41] and bulk materials [421. Methyltriethoxysilane (MTES,
CH3(C2H0)3Si) for example is one of many organically modified alkoxide precursors
that can be used to introduce organic components in a material. The methyl groups
bonded to the silicon with a non-hydrolysable covalent bond act as a network modifier.
The modification of the structure leads to interesting material properties. Recent
reviews [43,44,45] have outlined the properties of ormosils and hybrid organic-inorganic
materials in general. Some of the properties of ormosils are outlined below.

The maximum thickness of sol-gel derived films free of cracks is enhanced by
introducing an organic component to the material. While the maximum crack-free
thickness of films prepared using TEOS is about 0.5 [im [23], films thicker than 2 (im
have been prepared using a mixture of MTES and TEOS [41]. Similarly in the

preparation of bulk materials it is easier to prepare bulk dry gels without cracks in



inorganic-organic composites [43].

Porosity of materials may be varied by controlling the content and type of the
organic groups [43]. Usually the inorganic-organic composite gels are more dense (i.e.
less porous) than inorganic gels. For example Innocenzi et al. [41] showed that a higher
content of MTES (in a MTES / TEOS mixture) reduced the porosity of films.

An important feature of ormosils compared to traditional sol-gel derived silicates
is the effect of the organic groups on the surface properties. Sol-gel derived silica made
from Si(OR")4, where R' is an alkyl group, is very hydrophilic, due to residual Si-OR'
and Si-OH groups. However the use of RSi(OR"3 / Si(OR"4 mixtures (R = alkyl
group) results in hydrophobic silica gels [44], For example the use of MTES replaces
the hydrophilic Si-OH groups on the surface with hydrophobic Si-CH3groups [41]. The
structure of MTES - TEOS gels can be characterised using FTIR spectroscopy. The
influence of the MTES / TEOS ratio on the content of both Si-CH3 groups and
molecular water can be followed using this method.

The introduction of organic groups on the surface can have important
implications for the performance of optical chemical sensors using these materials.
Recently colleagues at Dublin City University showed that the response of a dissolved-
oxygen sensor, based on fluorescence quenching of a ruthenium complex, can be
enhanced by using hydrophobic sol-gel derived films using either MTES or ETES
(ethyltriethoxysilane) [46], In the work described in this thesis the effect on the
performance of an ammonia gas sensor, using pH indicator dyes, of TEOS and TEOS /

MTES films is described.

3.8 Conclusion

The sol-gel process and the parameters that influence the chemical reactions
involved, have been described. The preparation of sol-gel derived thin films have been
outlined. The influence of different preparation parameters on the properties of sol-gel
films is described in more detail in Chapter 5. Finally the important areas of doped sol-
gel films and organically modified silicates have been introduced and their uses will be
described in detail in later chapters. In the context of fabricating sol-gel thin films for

effective entrapment of dye reagents for chemical sensor applications, low water and an
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acid environment should be used to ensure low porous materials. Film thickness is
expected to vary with coating rate to the power of about 0.67. Ormosil materials should

be used where thick films or hydrophobic film surfaces are required.
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Chapter 4 Characterisation System

4.1 Introduction

This chapter outlines in detail the fabrication and characterisation of evanescent
wave fibre optic sensors. The aim of this work is the development of fibre optic sensors
for ammonia and pH sensing using sol-gel-derived silica and polymer coatings, doped
with appropriate analyte-sensitive reagents. The first part of this chapter details the
preparation of optical fibre samples and the subsequent dip-coating of these samples
with sol-gel-derived films. Issues discussed include the polishing of fibre ends, cleaning
and preparation of fibre samples prior to coating and details of the dip-coating
apparatus.

The different experimental setups used to characterise the sol-gel coated fibres
are then described in detail. Three main systems were used for characterisation, based
on either broad-band white light sources or LED sources. Methods of enhancing the
sensitivity of these evanescent wave sensors are detailed. These include the effect of the
numerical aperture of the launch lens and the use of an annular beam mask to block low

order modes in the fibre.

4.2 Preparation of optical fibre samples
4.2.1 Introduction

The optical fibres used as sensor substrates in this work were plastic clad silica
(PCS) fibres of core / cladding diameter 600 / 760 [im. This fibre was purchased from
Ceramoptec GmbH, Bonn, Germany, and has a numerical aperture (NA) of 0.4. This
multimode step index fibre was chosen for the following reasons:

(@ The cladding can be stripped easily from the core by use of a etchant.

(b) The large fibre is more durable and easier to handle than smaller diameter
fibres.

(c) The large diameter enables efficient coupling of light into the fibre.

4.2.2 Polishing fibre ends

For efficient coupling of light into the fibres it is necessary that the end-faces are
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flat and perpendicular to the optical axis of the fibre. While there are several
commercially available fibre optic cleaving tools for smaller diameter fibres, they are not
well developed for use with this relatively large diameter PCS fibre. Instead, the fibres
were first cut into short lengths and then polished using a Logitech PM2A polishing rig.
The fibres were cut into ~ 12.5 cm lengths using a ceramic scissors. This scissors
produced less damage to the fibre ends during cutting than a metal one, thus reducing
the time required for polishing. About 40 of these fibre pieces were placed in a steel
chuck and waxed in place using dental wax. The fibres extend about 4 mm out of the
end of the chuck. Caution was taken to ensure that the fibre ends were parallel to the
lower face of the chuck. Three of these chucks were then secured in a polishing jig as
shown in Figure 4.1. A spirit level was used to ensure all 3 chucks were parallel to the

lower face of the polishing jig. The fibres were then ready for polishing.

Chuck

.Polishing
Jig

Figure 4.1 Preparation of fibres for polishing

Figure 4.2 shows the outline of the Logitech PM2A polishing rig used in this
work. The rig has a choice of two large polishing plates, made of steel and
polyurethane, respectively. Each plate was first checked for smoothness using a
Logitech flat lapping gauge. The polishing jig was placed on the polishing plate and
held in place by a half-circle roller arm [1]. At each end of the half-circle arm is a roller,

which allows the jig to rotate on its own axis while it sits on the polishing plate. A



rotating cam system causes the half-circle arm to reciprocate across the plate. This
ensures greater uniformity of the finished polished fibres and prolongs the flatness of the

plate by preventing troughs forming in the centre of the plate.

Figure 4.2 Schematic diagram of polishing rig

Polishing fluids were deposited onto the polishing plate using a rotating cylinder
mechanism. Various sizes of polishing suspensions were provided by Logitech for use
with this polisher. A 9 |irn Al203 suspension was first used until most of the cracks
were removed from the fibre end face. This solution was used for a duration of about 3
hours before continuing the process using a 3 fim solution. The 9 and 3 (Jm solutions
were used with the steel polishing plate. This metal plate was replaced by a
polyurethane plate for use with a 0.125 fim polishing suspension. After about another 2
hours the fibres were removed from the chucks, inverted and the procedure was
repeated for the other end face. The final result was a set of fibres approximately 12 cm
in length, with both end faces polished. The quality of the fibre ends was confirmed by

microscope examination.



4.2.3 Preparation of samples for coating

An important aspect in preparation of the sensor substrates was the procedure to
obtain a clean core surface onto which the sol-gel film was deposited. The fibre was laid
on a flat surface and the primary coating was removed from ~ 9 cm of the fibre length
using a scalpel, and care was taken not to scratch the core. The silicone cladding was
then removed by etching with a commercially available chemical solvent, Optical Fibre
Stripper “S” (Lumer, France). This solvent is based on a methylene chloride / sulphuric
acid mixture and was developed for the purpose of removal of silicone coatings. The
solvent has been shown in a previous study [2] to effectively remove the cladding from
PCS optical fibre. The fibres were placed in the Lumer solvent for about 15 minutes and
were then washed in water. The fibres were then transferred into methanol and each
individual fibre was cleaned with a methanol soaked lens tissue. This procedure was
repeated for acetone before finally rinsing the samples in de-ionised water. Prior to dip-
coating the substrates were conditioned by soaking in de-ionised water, at 70 °C for 24
hours. This was considered to have the effect of increasing the concentration of silanol
groups (SiOH) on the surface of the glass and thereby improving the adhesion of the sol-

gel film to the surface.

4.3 Dip-coating of samples

In Chapter 3 an outline of the various steps in the formation of a film by dip-
coating was presented. In this section the apparatus used to dip-coat either optical fibre
or planar (on glass or silicon) substrates in our laboratory is described in detail. Figure
4.3 shows a schematic diagram of the apparatus used. It consists of a movable stage in
which a vial of sol solution is held. The stage was connected to a D.C. motor via a
threaded bar. The D.C. motor and thus the movement of the stage was controlled by a
BBC micro computer. This sets the direction, duration and speed of movement of the
stage. Two stabilising bars (on ball-bearings) through the stage prevent wobble during
movement. The dipping apparatus was enclosed within a perspex box, which acts as a
draught guard, and was placed on vibration damping mats to ensure that the liquid
surface of the sol remains stable during coating. The sample to be coated, either optical

fibre or planar substrate, was held fixed and the stage was raised such that a certain
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length of the sample was immersed in the sol. The stage was then pulled away at a
constant rate. Coating rates ranging from 0.5 mm/sec to about 1.7 mm/sec were used in
this work. Typically about a 5 cm length of optical fibre was coated with a sol-gel layer.
To prevent coating the end face of the optical fibre, it was covered with an adhesive
before coating. This was removed from the fibre tip before drying. After dipping,
samples were placed in an oven to dry, typically for 17 hours at 70 °C. Chapter 5 details
the effect of different processing parameters on the properties of dip-coated sol-gel films

on planar substrates.

Figure 4.3 Dip-coating apparatus

4.4 Experimental Systems
4.4.1 Introduction

The sensor configuration employed in this work relies on evanescent wave (EW)
interactions between the guided radiation in an optical fibre and an analyte-sensitive

reagent (i.e. pH indicator) immobilised on the core of the optical fibre. Chapter 2



described the EW theory on which these sensors are based. In this section the different
experimental systems used are described in detail. Sections 4.4.2 and 4.4.3 describe
systems in which a broad-band white light source is used. In the first system a
monochromator is used to disperse the light and a photomultiplier tube (PMT) is used to
detect the signal. The second system is based on a miniature fibre optic spectrometer.
The advantages of this setup over the previous one are highlighted. The third setup
employed in this work used LED sources. The use of LEDs together with a photodiode
as detector and a balanced demodulator IC as a lock-in amplifier allowed a compact

system to be constructed.

4.4.2 Monochromator/ PMT based system

The experimental system using a monochromator to disperse the light from a
white light source and a PMT as detector is shown in Figure 4.4. Light from a 50 W
tungsten halogen source (in an Optometries Mini-Chrom Lamp-01 housing) was
dispersed in a scanning monochromator (Optometries Inc., U.S.A., model SDMC1-02),
with entrance / exit circular aperture of 1 mm diameter. The emerging beam was
collimated using a convex lens of 20 mm focal length, and launched into the optical fibre
using a microscope objective, typically of NA = 0.4. The optical signal at the output of
the fibre was detected using a Hamamatsu PMT (model R928).

It was outlined in Chapter 2 that it is preferable to launch higher order modes in
the fibre to increase evanescent wave absorption. A relatively high NA microscope
objective (NA = 0.4 or 0.65) was used for this purpose as shown in Figure 4.4. An
annular beam mask, located in the backplane of the microscope objective, was used to
block low order modes and increase sensitivity. Section 4.5 details the effect of
microscope objectives of different NA and masks of different inner diameter on
evanescent absorption.

The coated optical fibre was enclosed in a cell of volume ~ 10 mL . This was
mounted on an x-y-z micropositioner, which was used to optimise the coupling between
the source and optical fibre. Liquids (e.g. pH buffer solutions) were pumped through
the cell containing the optical fibre using a peristaltic pump (Minipuls 3, Gilson, France).
When investigating ammonia-gas sensing a different sample cell of volume ~ 60 mL was

used. A gas delivery system which used nitrogen gas as a carrier gas and 1% ammonia
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in nitrogen as the test gas was setup. By using different mass flow controllers (Unit
Instruments, Dublin) with maximum flow rate of 5 litres/min. for nitrogen and 5
cm3min. for the ammonia test gas, a range of gas concentrations from 1% to 1 ppm
ammonia in nitrogen can be obtained. This gas delivery system is illustrated in Figure

4.5.

Chopper

Mask (located in
M.O. backplane)

Figure 4.4 : PMT-based characterisation system

The transmitted optical signal was detected by the PMT and amplified by a
current to voltage converter whose output was fed to a lock-in amplifier (Stanford
Research Systems, model SR510). The use of an optical chopper wheel and lock-in
amplifier improved signal to noise levels. Software was written to control a Bytronics

multifunction input / output card (model MPIBM3), which converts the analogue signal
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from the lock-in amplifier to digital format and this was then passed to the personal
computer for analysis.

The monochromator is suitable for the 200-800 nm range and has an effective
aperture of /3.9 and 74 mm focal length. Its resolution for a 1 mm slit is quoted as ~
7.5 nm. It has built-in upper and lower optical limit switches to prevent the grating from
being damaged by collision with the mechanical end stops. The wavelength range that
can be scanned was defined by the separation between the two limit switches. For
calibration purposes, wavelengths were defined with respect to zero order. This was the
point at which all wavelengths were transmitted through the monochromator and as a
result zero order was easy to detect as a peak in light intensity. Calibration consists of
running the stepper motor down to the lower limit switch, then moving up at one step at
a time and recording the signal at each step. The zero order position was found by
comparing each signal value with the preceding value. When zero order was found the
stepper motor would drive the monochromator to the correct starting wavelength for
each scan. This calibration routine was included into the data acquisition software
described above. A mercury-cadmium-zinc (HgCdZn) lamp was used to check the
calibration of the monochromator.

A typical measurement consists of recording, over a range of wavelengths, 10, the
signal level for an undoped sol-gel coated fibre, which was used as reference. 1, the
signal level for a fibre coated with an analyte-sensitive coating, was then measured and
the evanescent absorbance was calculated according to eqgn. 4.1

A = logl0(lo/ 1) (4.1)

4.4.3 Fibre optic spectrometer based system

During the course of this work, the monochromator and PMT in figure 4.4 were
replaced with a miniature fibre optic spectrometer (Ocean Optics Inc., Florida, U.S.A.,
model S1000). This is a 38 mm focal length spectrometer with a small 1024 element
CCD array detector. Light is dispersed by a grating with 600 liness/mm. In the work
described here, two systems were used, one for the uv / visible range (250-750 nm) and
the second for the near-infrared region (550-1050 nm). Order blocking filters installed
in these systems prevented second order effects. The systems were interfaced to a PC

and a range of software options were available. Figure 4.5 shows a schematic diagram
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of the characterisation setup using this miniature spectrometer. The gas-mixing setup
and the gas cell are included. The launch optics consists of a collimating lens and a 0.4
NA microscope objective. An annular beam mask was again placed in the backplane of
the microscope objective. The collection optics consisted of two convex lenses, of 10
and 20 mm focal length, that first collimated the light from the sensing fibre and then
launched it into the collection fibre of the spectrometer. The collection fibre was a SMA
terminated 400 |im core silica/silica fibre of 0.22 NA. This fibre was a key part of the

spectrometer [3], controlling the spectral resolution and signal levels achieved.

Figure 4.5 Spectrometer-based characterisation system

This experimental arrangement has advantages over the earlier one described in
section 4.4.2.
(1) There are no moving parts in the spectrometer based setup, while in the first setup

there is a scanning monochromator and an optical chopper wheel.



(2) This setup allows for real-time absorption measurements to be taken. The length of
time to update a spectrum, for example an absorption spectrum covering the range A =
400-700 nm, was typically about 10 seconds in this case as opposed to about 3 minutes
in the previous case.

(3) The associated software, provided with the spectrometer, ensures full PC control
over the operation of the unit. The gain, integration period (sample frequency) and the
number of scans to signal average are some of the parameters that can be varied.
Furthermore, included in the software are options for a time-series display [3], This is of
use when investigating the response of a sensor and this can be seen in later chapters.

The spectral resolution of the spectrometer depends on the choice of input fibre
diameter and NA, and the grating. Light at a single wavelength is detected by several
pixels on the CCD array because of the finite size of the fibre image [4). The smaller the
optical fibre chosen the higher the resolution but at the expense of energy throughput.
In the work described here there was a mismatch between the core diameter and NA of
the sensing fibre and the collection fibre. The largest fibre available from Ocean Optics
for use with this spectrometer was a 400 |im core silica/silica fibre 0f 0.22 NA. With the
collection lenses used, the NA mismatch between the fibres was compensated for but the
spot-sizes were not, resulting in a loss in throughput. The collection fibre was mounted
on a x-y-z positioner to improve alignment.

A measurement (e.g. absorption spectrum) using the spectrometer involves the
collection of 3 types of data, namely ‘dark’ (the response of the system with no light),
‘reference’ and ‘sample’. Data can be displayed in a number of formats using the
associated software. For example data was observed in a normalised mode such as
absorbance, where sample data was divided by reference data, or in ‘scope’ mode where
the detector voltage output was displayed. This was useful, for example, in optimising
the launch of a fibre sample. The structure seen in scope mode includes detector
efficiency, grating efficiency and fibre attenuation, all of which were removed by the

normalisation step in the absorbance mode.



4.4.4 LED-based characterisation system

The 2 systems described above have a number of disadvantages associated with

the uses of incandescent filament sources:

(1) The physical size of the source makes sensor miniaturisation difficult.

(2) These sources generate a lot of heat.

(3) There are issues of long-term stability of filament sources, and they have high power
consumption.

(4) Modulation is typically achieved by mechanical beam choppers.

For these reasons, alternative sources such as laser diodes (LDs) and light emitting
diodes (LEDs) have replaced incandescent filament sources in many sensor applications.
The added availability of low cost photodiodes, with sufficient sensitivity to replace
PMTs, have made possible the construction of small and low cost sensor systems. In a
recent review, Taib and Narayanaswamy [5] detailed a number of LED-based systems
for chemical sensing. The principal performance characteristics of LEDs are their
narrow bandwidth and stability compared to incandescent sources, their small size, low
power consumption and long lifetimes. Direct electronic intensity modulation is possible
and therefore moving parts are not required.

Commonly available LEDs cover most of the wavelength range from the blue to
the near-infrared spectral region. In the work described here, a yellow LED (Radionics
# 578-238) with a peak wavelength of 590 nm was used in an optical fibre pH sensor.
This LED was chosen on the basis of the spectrophotometric study carried out on the
pH sensitive films, which is described in Chapter 6. This is illustrated in Figure 4.6
where the yellow LED output spectrum and the evanescent wave absorption spectra of
the pH indicator bromophenol blue, for different pH buffer solutions, are shown. The
peak wavelength of the LED closely matches the absorption peak of the deprotonated
form of the dye. In a referenced system, a near-infrared LED (DCL Components Ltd.,
Berkshire, U.K., model L200CWIR850), with peak wavelength of 850 nm, was used as
a reference as the dye absorption did not change with pH in this region of the spectrum.

Figure 4.7 shows a schematic diagram of the LED-based characterisation system.
Coupling of light by butting the LED directly to the fibre was not very efficient, due to
the large beam diameter of the LED at the dome surface relative to the diameter of the

fibre. Suggestions in the literature to improve coupling include the use of a microlens
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between the LED and fibre [6], A 10 ram focal length convex lens and 0.4 NA
microscope objective were used as launch optics in this setup. There were difficulties in
collimating the LED output, due to the plastic dome. In order to improve the quality of
the output beam for collimating, the dome was polished very close to the emitting
junction. A flat, polished surface perpendicular to the direction of light emission was
achieved by the use of different grades of optical polishing paper. The highly diffuse
emitting surface that results after polishing required the use of the lenses referred to

above to couple light effectively into the fibre.

WAVELENGTH (nm)

Figure 4.6 Yellow LED spectrum and absorption spectra of bromophenol

blue in different pH buffer solutions

In a dual-LED setup, the 2 LEDs were coupled into the same fibre. The
reference LED was placed behind the signal LED on the same axis. Good coupling was
achieved, exploiting the fact that infrared light is transmitted through the plastic case of

the sample LED. Baldini et al. [7] described a similar setup for a dual-LED pH sensor.
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Figure 4.7 LED-based characterisation system

The output signal from the fibre was detected by a photodiode detector. The
photodiode used was a Hamamatsu silicon detector (model S2386-45K). In order to
discriminate against ambient light and to increase the signal to noise ratio, it was
necessary to modulate the LEDs and use lock-in amplification techniques. This was
achieved electronically. The modulation circuit consisted of a voltage-to-frequency
converter, using an integrated circuit (Analog Devices, AD654). Appendix A illustrates
the electronic circuit lay-out of the dual-LED driver circuit. Software controls which
LED, signal or reference, is on at a particular time.

Discrimination against ambient light was carried out using the Analog Devices
Balanced Modulator / Demodulator (AD630), which can be configured to operate as a
lock-in amplifier [8]. The circuit layout of the detection electronics is shown in
Appendix B. The D.C. output voltage of the lock-in amplification circuit was fed to the
PC, via the Bytronics multifunction 1/O card, for analysis. Results obtained using this
LED-based pH sensor are described in Chapter 6.

A disadvantage of LEDs is that their output is temperature sensitive. The peak
wavelength of the output spectrum shifts to longer wavelengths with increasing
temperature by typically 0.3 nm/K [9]. The output intensity also decreases with

increasing temperature. Murtaza and Senior [10] detailed these effects and methods of



minimising them. The LED can be operated at a controlled temperature. Alternatively,
a fraction of the initial optical signal can be removed from the beam. This fraction can
then be used as a reference for the final signal or to determine the feedback in a closed
loop control system. This latter method is effective at controlling the output intensity of
the LED. The shift in spectral properties can also be compensated for by methods such
as wavelength thermal matching (W TM) [10]. When using WTM, aregion of minimum

variation with temperature on the LED spectrum is used for measurements.

4.5 Sensitivity of evanescent wave sensor
4.5.1 Introduction

Evanescent wave fibre-optic absorption sensors are based on attenuated total
internal reflection (ATR) spectroscopy. The technique utilises the absorption of
evanescent field penetrating into the cladding region where an absorbing material is
placed, e.g. absorbing dye in a sol-gel-derived coating. The penetration depth, dp of the

evanescent field in the cladding is given by the following expression:

4.1)

where A is the wavelength of the light launched into the fibre, 0 is the angle of incidence
to the normal at the core/cladding interface, and m, n2 are the refractive index of the
core and cladding, respectively. Chapter 2 discussed the theory of evanescent wave
absorption using multimode fibres. This section highlights methods of enhancing the
sensitivity of evanescent wave sensors.

To increase the evanescent absorption and, hence the sensitivity of the sensor,
the penetration depth should be increased. It is noted from equation 4.1 that the
penetration depth increases as the angle 0 approaches the critical angle 0Cof the sensing
region, where 0C= sin'l(nZni). Thus the average penetration depth can be increased by
launching only those rays which make angles (0) slightly greater than but close to the
critical angle of the sensing region. Another factor which affects the sensitivity is the

number of reflections at the interface in the sensing region. The number of reflections
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can be increased by choosing an optical fibre of smaller diameter, as discussed in
Chapter 2.

In the literature there are two principal mechanisms that have been used to
increase evanescent absorption sensitivity in multimode optical fibre sensors. First, the
fibre can be tapered so that the radius decreases along the direction of propagation.
Gupta et al. [11,12] have reported the advantages of tapered fibres over uniform fibres.
As a ray propagates through the taper its angle with the normal decreases and thus the
angle of the ray becomes closer to the angle 0C thereby increasing the effective
evanescent absorption. Furthermore, the number of reflections also increase as the
radius becomes smaller and smaller [11], The other mechanism is to selectively launch
only those rays which make an angle close to OC This increases the fraction of light
absorbed and hence the sensitivity. A previous study in this laboratory [13] used this
method to increase evanescent absorption. A comparison of the sensitivities of the two
methods was reported by Gupta et al. [11,12], These authors concluded [11] that the
greatest sensitivity was achieved for a sensor based on selective ray launching in a
tapered fibre.

In the work describe here, evanescent absorption sensitivity was increased by
selectively launching high order modes in the fibre, using the method described in
reference [13]. This technique uses an annular beam mask in the backplane of the
launch microscope objective to block low order modes. Section 4.5.3 details the
influence of different diameter masks and different NA microscope objectives on the
absorption spectrum of an optical fibre coated with a sol-gel-derived film, doped with
the pH indicator dye bromophenol blue (BPB). The discussion above highlights the fact
that the sensitivity of the sensor is dependent on the modal distribution in the fibre and
sensitivity will vary with source / fibre launching conditions. A method to improve the

repeatability of launch was investigated and this is described in section 4.5.2 below.

4.5.2 Repeatability of launch
In order to obtain repeatable results from an evanescent wave sensor it is
important that the modal distribution in the fibre is the same from one fibre sample to the

next. The ability to position the optical fibre at the correct working distance from the
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launch microscope objective is critical in achieving this fibre-to-fibre repeatability.
Feldman and Uzgiris [14] described a system that attempted to alleviate this problem. In
their system a perforated mirror was placed between the launching optics and the
proximal end of the fibre probe. A pair of achromat lenses then formed a real, magnified
image of the fibre face, which could be viewed using a microscope eyepiece. This
system allowed one to accurately adjust the position of the fibre. The PMT based
characterisation system described in Figure 4.4. was modified to include a similar
imaging system.

The setup used to improve repeatability of launch in our work is shown in Figure
4.8. A glass microscope cover slip was placed at 45° between the collimating lens and
microscope objective. The back reflection from the fibre was partly reflected from the
cover slip and viewed in the microscope eyepiece. When the fibre was positioned at the
working distance of the microscope objective, a bright image was seen in the eyepiece.
With a mask in the backplane of the microscope objective, the mask image was visible
on the fibre face. The position of the fibre relative to the working distance of the
microscope objective was accurately adjusted using this setup. The x-y alignment of the
fibre could also be viewed using this system. However due to the bulky nature of this
imaging system it is only suitable for laboratory based characterisation systems and,

therefore only used in the PMT-based system.

Monochromator Microscope obijective
Collimating lens mas”
Optical fibre
White light Cover slip
source

Focusing lens

Microscope eyepiece

Figure 4.8 Launch imaging system
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4.5.3 Annular beam masks

When considering absorption of the evanescent wave, the quantity of evanescent
power which can interact with the analyte is a critical parameter. In the case of optical-
fibre EW sensors this quantity is closely related to the fraction, r, of the total guided
power that resides in the cladding region, i.e.

r = Pdad/ Podl 4.2)
Chapter 2 outlined this theory and showed how values of r are maximised for higher
order modes. Experimentally, this theory was investigated by placing annular masks of
various sizes in the backplane of the launch microscope obijective to preferentially excite
the higher order modes only. Experiments used the PMT-based characterisation system
shown in Figure 4.4. The masks are made of metal and were cut by laser (Dublin Laser
Ltd.) to the required size. A series of masks were made, with inner diameter varying
from 2 mm to 5 mm. Their outer diameter at 9 mm was greater than the backplane of
the microscope objective. The absorbing material used in this study was a sol-gel
derived film doped with BPB. The absorption spectrum of BPB / sol-gel on an optical
fibre, in air, was measured for masks of different inner diameter, different NA
microscope objectives and different sol-gel film thickness. Spectra were artificially
normalised to the baseline, (i.e. lowest absorbance value was set to zero) for comparison

purposes.

The intensity profile emerging from the microscope objective was first measured.
Figure 4.9 shows the experimental setup used to measure this profile. The focal point of
the microscope objective was positioned over the centre of a rotation stage. An
apertured (~ 1mm) photodiode was mounted on the rotation stage, a set distance away.
The monochromator was set to zero order to increase the light intensity. The
photodiode was scanned around the output of the microscope obijective for various
masks in the backplane. The output profile of the 0.4 NA microscope objective, for
different masks, is shown in Figure 4.10. The 5 % intensity points were used to
determine the range of angles passed by the masks. The data in Figure 4.10 is not fully
symmetric around the origin, due to slight misalignment in the setup. For this reason,
the average of the 5 % intensity points on both sides of the centre position were taken.

Appendix C contains plots of the intensity profile of the three microscope objectives
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used in this study, namely 0.25, 0.4 and 0.65 NA. The 5 % intensity angles for various
masks are also included. With no mask in place the NA measured for the different

microscope objectives corresponded to the expected values.

Figure 4.11 shows how the evanescent absorption spectra of a BPB / sol-gel
coated fibre changes for different masks, for a 0.4 NA microscope objective. It can be
seen clearly that the larger the inner diameter, the greater the sensitivity, resulting from
an increase in r in equation 4.2. The optimal mask size was found to be of 3.5 mm inner
diameter. This represented a compromise between optimising evanescent wave

absorption and optical throughput of the system.

Amplifier

objective

Figure 4.9 Experimental configuration to measure the intensity profile

from the microscope objective
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Figure 4.10 Intensity profile of the 0.4 NA microscope objective for various

masks

WAVELENGTH (nm)

Figure 4.11 Effect of mask diameter on the absorption spectrum of a BPB /

sol-gel coated fibre
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The influence of the NA of the microscope objective on evanescent wave
absorption was also investigated. To increase the ratio r in equation 4.2, higher order
modes should be excited in the fibre. This can be achieved by using high NA launch
optics. The effect of different NA microscope objectives on the peak absorbance, A =
590 nm, of a BPB / sol-gel coated fibre is plotted in Figure 4.12, for different mask
diameters. Poor sensitivity was achieved for low NA launch optics, e.g. 0.25 NA
microscope objective, since mostly low order modes would be excited in the fibre. This
would correspond to the case of rays striking the core / cladding interface at angles far
removed from the critical angle of the sensing region. From the output profile of the
different microscope objectives and masks, the range of incident angles with respect to
the normal of the core / cladding interface was calculated. These ranges of values, 0(ci)
- 0(c2), where Ci and c2 are the mask angles, are included in Appendix C. Assuming the
material surrounding the fibre extends to infinity, the critical angle for a glass core /
water interface is approximately 66° and for the case of glass core / sol-gel glass

(refractive index 1.43) interface it is ~ 78°. Therefore the light launched from the 0.25

MASK DIAMETER (mm)

Figure 4.12 Effect of different NA microscope objectives and masks on

peak absorption of BPB / sol-gei coated fibre
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N A microscope objective ranges at least 6° (0(ci) - 0(c2) greater than 84°, Appendix C)
above the critical angle in the sol-gel film case. This analysis assumes an infinite material
around the optical fibre, while in reality a thin film is the case.

Data relating to the 0.4 and 0.65 NA microscope objectives are also included in
Figure 4.12 and Appendix C. Higher NA launch optics result in increased sensitivity as
light is launched at angles closer to the critical angle of the sensing region. In the 0.65
NA case, absorbance decreased above a certain mask size for the sol-gel coated fibre.

For these masks light is launched below the critical angle of the sensing region.

The above analysis is based on a number of assumptions that need to be clarified
further:

(1) The NA of the clad fibre is 0.4. Therefore, using a 0.65 NA microscope
objective will launch light above the acceptance angle of the fibre. The short length of
cladding and primary coating, which is left on the sensing fibre for handling purposes,
will sustain tunnelling modes which are launched into the fibre at angles greater than the
meridional numerical aperture permits [13]. Some of these modes may propagate to the
sensing region and enhance evanescent absorption.

(2) The analysis above uses a sol-gel film of refractive index 1.43 (see section
5.7 for refractive index measurements on sol-gel films). This analysis assumes the
evanescent field is fully contained in the sol-gel film, i.e. a bulk (infinite) material
surrounding the fibre. If it is not, a composite effect between the bulk and no film
(surrounded by air only) may apply. Equation 4.1 yields a penetration depth of typically
a wavelength (600 nm) for the typical example of core and cladding (bulk) refractive
indices of 1.46 and 1.43 respectively and for rays striking the core / cladding interface at
approximately 2° above the critical angle. Figure 4.13 shows the effect of film thickness
on evanescent absorption. Absorption increases with film thickness increase. A
measure of the film thickness on the optical fibres themselves was not carried out due to
the fibre geometry. A study was carried out on films deposited on silicon wafers and
glass slides [15]. It was assumed that the values for planar substrates were the same as
for fibres. The film thickness values for the coating rates used in Figure 4.13 are shown

in Table 4.1. These values are for undoped films. Doped films are found to have, in
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general, thicknesses ~ 100 nm greater than these. From this it can be seen that films
coated at low coating rates will not have sufficient thickness to contain the evanescent
field i.e. the bulk penetration depth is greater than the film thickness. Films coated at
sufficiently high coating rates can have thicknesses close to the typical penetration depth
described above and will therefore contain most of the evanescent field. If the
absorbance did not change with thickness, this would indicate a fully contained
evanescent field. However, as seen in figure 4.13, this is not the case and thicker sol-gel
films are required to prevent possible fouling of a sensor. In a recent paper, Blue and
Stewart [16] reported that even after 12 coalings (total thickness -1200 nm) on an
optical fibre of a standard pH 1 hydrolysed sol, the evanescent field was still protruding
from the sol-gel films. Alternatively, if lower NA launch optics is used (0.25 NA
microscope objective in figure 4.12) the evanescent field should be contained by a
thinner film due to less higher order modes. However, this approach would result in

lower sensitivity.

MASK DIAMETER (mm)

Figure 4.13 Effect of film thickness on evanescent absorbance for different

masks (0.4 NA microscope objective)
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Coating Rate (mm/sec) Film Thickness (nm)

0.513 315
0.971 425
1.66 555

Table 4.1 Film thickness for different coating rates

3 The deprotonated peak (A = 590 nm) of the BPB / sol-gel coated fibre, in
air, was used in this analysis. In Chapter 7, reasons for the large alkaline peak in air are
discussed. It is understood that the peak value is related to structural changes of the
sol-gel films over time or interactions with the external environment. Therefore, the
deprotonated peak could change over time, resulting in poor repeatability in the above
results. An absorbing material that does not depend on its external environmental may be

a better choice for these measurements.

4.6 Conclusion

In this chapter the fabrication and characterisation of evanescent wave fibre optic
sensors were detailed. The preparation and coating of optical fibre samples was
described in detail. The different experimental systems used to characterise the sol-gel
coated fibres were outlined and their relative advantages discussed. The system based
on a miniature fibre optic spectrometer is ideal for laboratory based measurements, while
the LED-based system lends itself towards miniaturisation. The sensitivity of these
evanescent wave sensors was enhanced by selectively launching higher order modes in
the fibre. Furthermore, issues relating to the containment of the evanescent field in the

sol-gel film were highlighted.
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Chapter 5 Characterisation of Sol-gel Films

5.1 Introduction

The optimisation of optical sensors using sol-gel derived films requires a detailed
characterisation of film properties. Commercially viable sensors require films which
have long-term stability and reproducible behaviour. To this aim, a comprehensive
characterisation of film properties was carried out [1], Film properties were monitored
as a function of various processing parameters, and the results were interpreted in terms
of the chemical reactions involved in the sol-gel process.

This chapter deals with the characterisation of sol-gel derived silica films coated
on silicon and glass slide substrates as described in Chapters 3 and 4. Furthermore, a
review of methods of sol-gel film characterisation is given. The films were dipcoated
from sols prepared using TEOS, water at pH 1 (using HC1 as catalyst) and ethanol. The
film parameters measured were thickness, refractive index, temporal stability and film
quality. These were monitored as a function of dip-speed, water : precursor ratio (R),
sol aging time and time after drying. R was varied from 2 to 7, while sol aging time was
varied from 0 hours to gelation. Film thickness was measured using the three methods
described in section 5.2, ellipsometry, interferometric microscopy and spectral
transmission. All thickness values quoted were averaged over six measurements with a
standard deviation of approximately 20 nm. The final section in this chapter concerns
the properties of ormosils, prepared using the precursor MTES. Their properties are
compared with those of TEOS based films.

Film thickness was the parameter which revealed most about the effect of
different processing parameters. It is related to the viscosity of the sol and coating
speed as described by equation 3.10. In the development of optical sensors, film
thickness can affect the response time of a sensor due, for example, to slower diffusion
into a thicker film. Furthermore in the case of evanescent wave interactions in an optical
fibre sensor, it is desirable to have a film of sufficient thickness to contain most of the

evanescent field and thereby prohibit interactions with the material outside the film.
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5.2 Methods of characterisation of sol-gel films
5.2.1 Introduction

A detailed characterisation of film properties is required in order to optimise sol-
gel-derived films for use in optical chemical sensors. Parameters of importance include
thickness, refractive index, porosity and optical quality of the films [1,17]. For example,
film thickness affects the response time of a sensor. Film thickness can also be used to
follow the influence of different processing parameters in the sol-gel process [10,11].
Fourier transform infrared (FTIR) spectroscopy is a useful technique that provides
information on the chemical structure of films [6]. Information on film porosity can be
obtained from refractive index measurements and from studies of leaching from or
adsorption into the film of probe molecules of different sizes [11,18], The following
sections outlines the methods used, in our laboratory, to measure thickness and
refractive index of sol-gel derived films. These methods are ellipsometry,

interferometric microscopy and spectral transmission.

5.2.2 Ellipsometry

Ellipsometry consists of measuring and interpreting the change of polarisation
state that occurs when a polarised light beam is reflected at non-normal incidence from a
film surface [19]. An ellipsometric measurement involves irradiating the surface of a
sample at a known angle of incidence with a collimated beam of monochromatic light
having a known, controllable state of polarisation, and determining the difference
between the states of polarisation of the incident and reflected beams [20], The
ellipsometer used in this work is a Rudolph Research AutoEL-Ill, which is a nulling
ellipsometer.

The electric fields of the incident beam and reflected beam can each be resolved
into two orthogonal linearly-polarised components, one (the ‘p’ component) with its
electric field vector parallel to the plane of incidence, and the other (the ‘s’ component)
with its electric field vector normal to the plane of incidence. The p and s components
of each beam may have different phases and amplitudes. The state of polarisation of a
beam is determined by the relative amplitude (amplitude ratio) of the p and s
components and by the relative phase (phase difference) between the p and s

components. When a collimated beam of monochromatic polarised light is reflected
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from a surface, there will generally occur changes in the relative phases and the relative
amplitudes of the p and s components. These changes determine two angles, A
(DELTA) and 'P (PSI) which are related by
p = tanPeiA (5.1)

where p is the ratio of the complex reflection coefficients rpand rs[19,20]. Both A and

are angles, where 'P may have any angle between 0° and 90°, and A may have any
angle between 0° and 360°. The angles A and 'F determine the thickness and refractive
index of the sample.

A schematic diagram of the ellipsometry setup is shown in Figure 5.1 and
consists of a laser, polariser, analyser, compensator and detector. A measurement
consists of setting the incident-beam and reflected-beam axes at some desired angle of
incidence with respect to the sample (at 70° for the AutoEL Il1). The polariser and
analyser are alternately rotated until the intensity of the reflected beam (as measured by
a photodetector after passage through the analyser) is reduced to a minimum. At this
null condition the angles of the polariser and analyser are determined. These angles at
null are convertable by means of linear equations into the polarisation parameters A and

'F [20],

For the case of a transparent film on a reflecting substrate (i.e. sol-gel silica film

on a silicon substrate), A and 'F are functions of the incident angle, the wavelength of
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light, the refractive index of the ambient medium, as well as the real and imaginary
refractive index of the substrate and the sample thickness and refractive index. Since
some of these parameters are known the software incorporated within the ellipsometer
determines the sample thickness and refractive index.

When the optical path length of the light traversing the film reaches one
wavelength (or 2,3,... etc.), A and 'F are the same as for no film at all. In other words A
and *F are cyclic functions of film thickness, and the cyclic function reaches the starting
point (completes one cycle) when the optical path length (refractive index times physical
path length in transparent film) is an integral multiple of the light wavelength. The full

cycle thickness T can be calculated from

T (5.2)

where nf is the film refractive index, nex the external index and PHI the angle of
incidence (70°) [20]. The full cycle thickness is typically about 290 nm for our sol-gel
films (nf= 1.43). Because of this cyclic behaviour an independent measure of thickness

is needed and is discussed below.

5.2.3 Interferometric Microscopy

The second method used to measure sol-gel film thickness was interferometric
microscopy. This method is based on two-beam interferometry [21], A two-beam
interferometer functions by dividing a beam of coherent light into two beams of
approximately equal intensity, directing one beam onto a reference mirror and the other
onto the specimen, and measuring the optical path difference between the resulting two
reflected light waves. This was performed here using a Mirau interference objective lens
in a Nikon optical microscope (model 272285). This objective has a reflection reference
mirror in the centre of the objective lens, with a half mirror interposed between the
objective lens and the specimen. These components are arranged so that an interference
pattern will appear if the system is focused upon the specimen.

In order to increase the contrast at the interface of the sol-gel film / bare

substrate, the film and substrate were coated with a very thin layer of a reflective
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material such as aluminium. This was achieved using vapour deposition in an Edwards
Auto 306 vapour deposition chamber. When the interference objective is focused at the
film/ substrate interface a shift in fringes across the interface, due 10 the difference in
height of the film ami substrate, is observed. Figure 5.2 shows a schematic diagram of
the fringe shift, while in Figure 5.3 a photograph of an actual fringe shift is shown. An
estimate of the film thickness (t) is found from the fringe shift (N) multiplied by A2
where A is the wavelength of the light used. This behaviour can be summarised by
equation 5.3:
t=N(M2) (5.3)

Therefore a fringe shift of one would correspond to a film thickness of about A/2.

substrate sol-gel film

fringe shift

interface
Figure 5.2 Fringe Shift Schematic

Figure 5.3 Fringe Shift

5.2.4 Spectral Transmission
The thickness and refractive index of a sol-gel film can also be determined by

measuring the transmission spectra of samples in a spectrophotometer [22,23]. The



theoretical analysis, shown below, is based on the reflectance and transmission of light
by a single non-absorbing film, bound on either side by semi-infinite non-absorbing
layers [19,24]. The approach considers the division of a beam incident on a film into
reflected and transmitted parts. Such division occurs each time the beam strikes an
interface so that the transmitted and reflected beams are obtained by summing the
multiply-reflected and multiply-transmitted elements. This situation is illustrated in
figure 5.4 for a typical case of an air (nQ-film (m)- glass (n2) system which could

represent a sol-gel film on a glass substrate.

Figure 5.4 Reflection and Transmission of Light at an Air - Film - Glass System

A plane wave incident in medium 0 (at angle (pJ will give rise to resultant
reflected wave in the same medium and to a resultant transmitted wave (at the angle (P2

in medium 2 (the substrate). In the case of the reflected wave the first three reflected
rays have amplitudes given by, “o>icdiiiori2»ciiiolioni2 (sce figure 5.4). The change in
phase of the beam on traversing the film, 8i, is represented by:

| = :
8 “ dxconcp, (5.4)

The reflected amplitude is thus given by
P — t Piodiol® Flalpns H (R-v

whose summation gives
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From conservation of energy

toitio = i —roi (5-7)
and taking rl0 = - 10,, then (5.6) becomes [24]
R -2,
n 'a + rne
- _ (5.8)
L+ roirize Zsl

Here R represents the total amplitude of the reflected beams. Tlie corresponding
intensity is given by

@ + &b+ 2r0ln2Cos28,
I mm  2rm\2Co.">2?4

(5.9)

= RR

where d = — m = —— — for normal incidence.
no + n{ nx+ n2

The phase change 6i, at normal incidence is given by
8, = VAN (510)

It can be seen from equation (5.10) that maxima and minima respectively of the

reflectance curve occurs at values of nidi given by

nxd X

@m+ 1)— (5.11)

nd x (2m + 2)V— (5.12)

The value of reflectances at these points for the case where the refractive index of the

coating is greater than the refractive index of the substrate (i.e. m > ni) is given by

K, = a2 “h="o (5.13a)
i + '0Ti2J Kh+n.j
2
R S (5.13b)
! + «0*2v

Similarly when ni < n2 the reflectance values at the maxima and minima are given by



Riex (5.14a)

(n- "\
" nn2 (5.14b)
N T+ @2

Rearranging these equations gives

(5.15)

where naat and nabreplace ni and n2respectively, and

R

Reflectance maxima (Transmission minima) for nazt > ndlb

R Reflectance minima for nat < nab

The optical thickness can also be calculated from the transmission spectra from
the position of the interference maxima/minima [23]. The basic condition for
interference fringes is

2nd = mX (5.16)

From this it follows that the thickness is given by

(5.17)

where Am represents the extrema separation and Xi, X2 are the wavelengths at the
extrema of interest.

It should be noted that equations (5.15) and (5.17) are of use only for films of
thickness at least X/ 4. Moreover this analysis is based on the reflectance of light from a
film deposited onto an infinite substrate, i.e. it does not take into account the reflectance
off the back of a finite glass substrate used in practice. The transmission can be

modified to take this into account as follows [23]

aig
Tar (5.18)
1- Blaig
where T@r = 1 - Roarand r,, = 0.0422 for glass ofn= 1517
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The accuracy of the film thickness as measured by the last two methods, spectral
transmission and interferometric microscopy, is limited for typical sol-gel coatings of
thickness 400 nm as reported here due to poor contrast in fringes or broad transmission
peaks. However these methods can still be used to remove the ambiguity as a result of
cyclic behaviour in ellipsometry measurements (i.e. the number of ordinates to add).
Thus these three methods together can be used to determine the thickness of a sol-gel

film.

5.3 Film thickness as a function of coating rate

The theory and application of dip-coating of samples was outlined in detail in
Chapters 3 and 4. This section illustrates the effect of varying the coating rate on film
thickness for TEOS-derived films prepared using different R values. Previous studies of
the dependence of film thickness on coating rate [2,3] have reported slope values of
between 0.5 and 0.67 for plots of log (thickness) versus log (coating rate). Theory
predicts either a slope of 0.5 or 0.66 [2,3,4] depending on assumptions related to

surface tension and viscosity dependence.

log (coating rate (mm/sec))

Figure 5.5 Log (thickness) versus Log (coating rate) for R = 2,4 and 6 films
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Figure 5.5 plots log (thickness) versus log (coating rate) for TEOS-derived silica
films prepared at pH 1 and R values of 2,4 and 6 [5]. Sols were aged for 5 hours before
coating in each case. Films prepared at R = 4 and 6 yield a slope of 0.5-0.6, while the
slope in the R = 2 film case is ~ 0.4. These results are consistent with those of previous
studies except for the R = 2 films. In this case deviations from the predicted behaviour,
which assumes Newtonian viscosity, could be due to the relatively small amount of
water in the sol preparation, and its effect on the hydrolysis and condensation reactions.
This behaviour is consistent with other anomalous results for the R = 2 films which are
described below.

The effect of coating rate on thickness can be more easily illustrated by Figure
5.6. This figure shows thickness versus coating rate for R = 4 films prepared after
different sol aging times. Coating rates ranging from 0.5 to 1.66 mm/sec were used in
this study. In the case of 5 hours aging, films of thickness of ~ 310 nm to ~ 550 nm can

be prepared by variation of the withdrawal speed over this range. A plot of log

COATING RATE (mm/sec)

Figure 5.6 Thickness versus coating rate for TEOS (R = 4) films
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log (coating rate (mm/sec))

Figure 5.7 Log (thickness) versus Log (coating speed) for R = 4 films

(thickness) versus log(coating rate) for the data in Figure 5.6, is shown in Figure 5.7.
Slope values ranged from 0.49 (5 hours aging) to 0.57 (10 hours aging). This increase
in slope with aging time could be due to aggregation in the sol and concentration

dependence of the viscosity due to evaporation.

5.4 Film thickness as a function of aging time

Aging or pre-polymerisation of the sol causes aggregation due to hydrolysis and
condensation reactions, resulting in an increase in viscosity. Aging for too long a period
or at too high a temperature leads to gelation before coating. Figure 5.6 shows the
effect of sol aging on TEOS-derived films prepared at pH 1 and R = 4. Thickness
increased for increasing aging time. This result agrees with other studies [6]. As
discussed in section 3.5.3 thickness is proportional to sol viscosity and consequently the
viscosity increase that results from the hydrolysis and condensation reactions during

aging [7], causes the thickness increase with aging time.
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Aging time (hours)

Figure 5.8 Film thickness as a function of aging time for R =2,4 and 6

Figure 5.8 shows film thickness as a function of aging time forR = 2,4 and 6. In
this work, sols were aged at 70 °C and aging times were varied for sols of different R
values. Withdrawal speed was fixed at 1 mm/sec. In all cases thickness increased with

aging, although the rate of increase is much slower in the R = 2 case.

5.5 Influence of water : precursor ratio (R) on film thickness

In section 3.3.1 the influence of the molar ratio of water to precursor on the
hydrolysis and condensation reactions, and the corresponding structural evolution of sol-
gel materials was outlined. In this section the influence of R (molar ratio of water :
TEOS) on film properties is discussed. Films were fabricated at sol pH of 1 (i.e. pH of
added water), dipped at 1 mm/sec and aged for 5 hours at 70 °C. R values were varied
between 2 and 7. Figure 5.9 shows the dependence of thickness on R for these films. It

is clear that increasing R leads to an increase in film thickness. At pH = 1, hydrolysis is
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W ater: TEOS ratio (R)

Figure 5.9 Film thickness as a function of R value

relatively fast compared to condensation and, as R is increased, the extra water
promotes hydrolysis and is consumed [8]|. Thicker films result from this increased
hydrolysis. As R is increased further to the point at which there is excess water over
that required for hydrolysis at a given sol pH, the excess water serves to dilute the sol.
This reduces the relative silica content and gives rise to longer gel times and thinner
films [9], In this work, this point was reached above R = 6. Almeida [6] also observed
this behaviour for films prepared at pH = 2.5, where film thickness decreased with
increasing R value.

The R value of a sol has a large influence on the length of sol aging before
gelation takes place, i.e. the gelation lime. Table 5.1 shows the gelation time at 70 °C
for R = 2,4 and 6. The point of gelation was qualitatively determined as the time at
which the sols did not flow under gravity. Increasing the R value, decreases the gelation
time. The effect of increasing R is to increase the rates of the hydrolysis and
condensation rates [7]. For R = 2, the relatively small amount of water is rapidly

consumed by the hydrolysis reactions. Further water for hydrolysis must be produced
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by the slow condensation reactions under these processing conditions of pH = 1 and low
water content. This results in long gelation time, as shown in Table 5.1 and slow

increase in film thickness with aging time, as shown in Figure 5.8.

R Value Gelation Time (hours)
2 170
4 13
6 7

Table 5.1 Gelation time as a function of R

5.6 Film stabilisation time

It is clear from the discussions above that R = 2 films differ in many ways from
higher R value films. Another anomaly between R = 2 and R = 4 films is in the area of
temporal behaviour of film thickness. Figure 5.10 shows the temporal evolution of film
thickness, after coating and oven drying at 70 °C for 17 hours, for films fabricated at R
- 2andR = 4. The R = 2 films were aged for 17 hours while the R = 4 filmswere aged
for 5 hours, hence the larger initial thickness in the R = 2 case. Included in Figure 5.10
are data for samples stored in desiccator and ambient conditions. It is clear that the
films fabricated at the higher R value stabilise in a much shorter time, when stored in
ambient conditions. The thickness of the R = 2 films decreased gradually over about 50
days, while in the R = 4 film case thickness had stabilised within 20 days. This
difference in behaviour is attributed to incomplete hydrolysis in the R = 2 films, even
though R = 2 is the stochiometric water : precursor ratio. It is clear from the literature
that, even at relatively high R values, unhydrolysed nonomers can be present in the gel
[8], The result of this incomplete hydrolysis for films is that after coating, hydrolysis
continues to take place during the drying process. This gives rise to a continuously
evolving microstructure leading to a gradual decrease in film thickness. The continuing

hydrolysis is facilitated by exposure to moisture in the atmosphere.
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Figure 5.10 Temporal evolution of film thicknessat R =2 and R=4

In order to investigate the above behaviour further, R = 2 films were stored in a
desiccator shortly after oven drying. Their thickness was monitored over time, and
compared with those of films stored under ambient conditions, as shown in Figure 5.10.
Thickness of films stored in the desiccator changed little from their initial values. When
these samples were removed from the desiccator and stored under ambient conditions,
thickness began to decrease gradually following the same pattern as films stored in
ambient conditions after oven drying. These measurements support the theory of
continuing hydrolysis in the presence of atmospheric moisture for films fabricated at low
R values. These results have implications for sensors employing these films. Sensors
using R = 2 films would have to be fabricated at least 2 months before use to ensure
repeatable behaviour. An evolving microstructure is likely to have a strong influence on

Sensor response.
5.7 Surface quality of sol-gel films

The optical quality of sol-gel-derived films was monitored using an optical

microscope (Nikon Optiphot). It was observed in this study that the length of aging of a
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sol before coating and the thickness of a film affected the optical quality of films. The
quality of films deteriorated when coated close to gelation. As shown in Table 5.1,
gelation time decreased with increasing R value. Films coated close to gelation were
prone to cracking, resulting in a “crazy-paving” type appearance. This effect on film
quality appears to be more related to aging time than thickness. Using the R = 4 films
from Figure 5.6 as example, this behaviour will be outlined. Sol aging of 5 hours at 70
°C resulted in good quality films over the range of coating speeds, i.e. thickness range of
310-550 nm. In the case of sol aging for 7.5 hours, quality films were only observed for
films coated below approximately 1 mm/sec withdrawal speed, or ~ 500 nm thickness.
Above this coating rate quality deteriorated with cracking of films visible under the
microscope. Poor quality films were observed at all coating speeds, 430-850 nm
thickness range for sol aging of 10 hours. As thickness increased, the extent of film
cracking also increased. A similar behaviour was observed for R = 6 films coated close
to gelation, i.e. after 5 hours aging with gelation time of ~ 7 hours. In these films it is
assumed that due to the extent of particle aggregation and cross-linking, the sol is not
suitable for film coating close to the gel point. Therefore in order to obtain good quality
homogeneous films, moderate sol aging relative to the gel time should be carried out.
Coating rates used should ensure that film thickness is not» 500 nm.

For high R value sols, aging was necessary to obtain good quality films. For R =
2 and R = 4 good quality films were obtained without aging, while at R = 6 aging was
required. In the R = 6 case, if no aging was carried out, the film did not adhere well to
the substrate. Matos et. al. [10] observed a similar result for films prepared from a pH
2.5 sol. A certain length of aging was required before good quality films were obtained
by spin-coating in their case. The length of aging time required increased when the R
value was increased from 2 to 4. They concluded that insufficient condensation in the
bulk sol was probably the reason why uniform films could not be prepared before a

certain length of sol aging.
5.8 Refractive index and porosity measurements

The refractive index of sol-gel films is a very important parameter to measure

experimentally. In the design of evanescent wave fibre optic sensors, film refractive

92



index must be lower than the refractive index of the fibre optic core, to provide the
necessary conditions for light-guiding. Film refractive index is also related to the
porosity of the films and has been used by many groups [6,11] to estimate the porosity
of sol-gel films.

In the work described here, refractive index of sol-gel films was measured by
ellipsometry. Furthermore, by means of the Lorentz-Lorenz relationship [12], one can
estimate the porosity of the films from the refractive index according to:

ng - 1 IR
+ 2 Sns2 + 9 (5-19)
where nf is the film refractive index, Vsis the volume fraction solids, and nsis the
refractive index of the solid skeleton. Porosity (P) is related to the volume fraction (V9
by:
Vs=1-P (5.20)
Figure 5.11 shows the temporal evolution of film refractive index of the R = 2
and R = 4 films, stored in ambient conditions, whose thickness evolution was described
in Figure 5.10. Some scatter in the refractive index values is observed. A slightly higher

refractive index value was measured for the R = 4 films. A film refractive index of 1.43

would correspond to a porosity of ~ 5 %, according to equations (5.19) and (5.20).

Time (days)

Figure 5.11 Temporal evolution of film refractive index forR =2 and R =4



The thickness of the R = 2 films (see Figure 5.10) decreased by ~ 20 % over
time, and therefore one would expect the porosity of the films to decrease resulting in a
corresponding increase in refractive index. However it is clear from Figure 5.11 that
there is no correlation with thickness evolution. From the literature it is clear that the
use of equation (5.19) to relate film refractive index and porosity must be handled with
caution. Almeida [6] noted that with equation (5.19) one generally obtains estimates for
the film porosity which are too high compared with the values obtained from nitrogen
adsorption isotherms. Vorotilov et al. [13] reported that for spin-coated sol-gel silica
films that showed a 10 % shrinkage following heat treatment, the variation in the
refractive index was insignificant in contrast to the film shrinkage. They concluded that
the reason for this inconsistency was the high hydroxyl/water content of the films, that
has greater impact on the refractive index of sol-gel films than their porosity.

From the above discussion, the refractive index of sol-gel silica films used in this
work cannot be strictly considered as characteristic of the film porosity and direct
techniques of porosity measurement are needed. The refractive index could be affected
by incomplete hydrolysed species in the low R value samples. Frye et al. [14] used a
surface acoustic wave (SAW) technique for measuring gas adsorption-desorption
isotherms to measure porosity. However, direct measurements of film porosity was not
carried out in the work reported here because of the unavailability of such techniques.
Information about the relative pore size of sol-gel films prepared using different
processing parameters can be estimated from the behaviour of films doped with
molecules of a range of sizes. For example the leaching of dyes of different sizes from

sol-gel films, when immersed in aqueous solution, is described in Chapter 6.

5.9 Ormosils

The general properties of ormosils (organically modified silicates) was outlined
in section 3.7. Ormosils described in this work were prepared from the precursor
MTES. The introduction of organic into the material results in films whose thicknesses
stabilise quickly after preparation. This is illustrated in Figure 5.12 for a MTES-based

film prepared at pH 1 and R = 4, and coated at 1.66 mm/sec [15].



The use of the MTES precursor changes the surface properties of the sol-gel
silica films. The hydrophilic Si-OH groups on the surface are replaced with hydrophobic
Si-CH3 groups [16]. These changes can be characterised using FTIR spectroscopy as
shown in Figures 5.13 and 5.14 for TEOS and MTES-based films respectively. The
FTIR spectra were recorded in the range 4000-500 cm'l for sol-gel films coated on

silicon wafers.
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Figure 5.12 Temporal evolution of MTES-based film thickness

The structure of MTES-based films is characterised by the presence of Si-CH3
groups (bands at 1265 cm'l and 3000 cm']) [16], These bands increase in intensity with
increasing MTES content of the films. The peak at approximately 1070 cm'l is the
primary Si-O-Si peak. The wide band at 3400 cm'l present in the samples is assigned to
molecular water (O-H stretching). There could also be contributions from hydrogen
bonded internal silanols (3640 cm')) and free surface silanols (3740 cm']). Innocenzi et
al. [16] observed that these water bands decreased with increasing MTES content.
However their results are for films that were dried at 300 °C and higher. In our samples

the main water band at 3400 cm'1 does not appear to be very different for the MTES and
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Figure 5.13 FTIR spectrum of TEOS-based sol-gel film
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Figure 5.14 FTIR spectrum of MTES-based sol-gel film



TEOS-based films. The shoulder at ~ 3600 cm'l decreases in the MTES case. The
exact structural contribution to this feature is unknown. In Chapter 7 the effect of
introducing organic constituents into a film is described in relation to an ammonia gas

Sensor.

5.9 Conclusion

A detailed account of the characterisation of the sol-gel films prepared at our
laboratory was presented. Film properties such as thickness and temporal stability were
monitored as a function of dip-speed, water : precursor ratio (R), sol aging time and
time after dipping. Film thickness was found to increase with sol aging time, increasing
R value and increasing dip-speed. Film behaviour was interpreted in terms of the
dependence of the hydrolysis and condensation rates on the different processing
parameters. Anomalies for R = 2 films, over higher R value films, were identified and
included a slower rate of film thickness increase with aging time and a long period of
time (~ 50 days) to achieve film stability. A typical optimum sol-gel thin film recipe as
identified from this study, using TEOS as precursor and pHI water, required an R value
of at least 4 to ensure a short period of time to temporal stability. In the R=4 case, an
aging lime of 5 hours and a coating rate of 1 mm/sec gives good quality films (thickness

less than 500 nm).
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Chapter 6 pH Sensing

6.1 Introduction

The experimental results obtained from the investigation of an optical fibre pH
sensor using evanescent wave absorption of sol-gel entrapped pH indicators are
presented in this chapter. This chapter is concerned with the measurement of pH in an
aqueous environment, while Chapter 7 deals with ammonia-gas sensing using pH
indicator dyes. A range of sulfonephthalein colourimetric indicators, immobilised in sol-
gel films, were investigated. Particular attention was given to the difference in
behaviour of the immobilised dyes compared with solution. Methods of extending the
range of the optical pH sensor are also outlined. Furthermore, a detailed study of dye
leachability from sol-gel thin films is described in detail.

The first section of this chapter outlines pH indicator theory. Following this, the
experimental results obtained for a range of pH indicators in sol-gel films is presented.
Section 6.4 deals with co-immobilisation of indicators to extend the pH range of the
sensor. A LED-based sensor, based on the spectrophotometric study of section 6.3 is
then presented. Finally, in section 6.6, a range of issues affecting the leaching of pH

indicators from sol-gel silica films is detailed.

6.2 pH indicator theory

Optical pH sensors are based on pH-dependent changes of the optical properties
(absorbance, reflectance, fluorescence) of a thin reagent layer, attached to the tip or
surface of an optical light guide through which these changes are detected [1,2]. The
reagent layer usually contains a dye which reacts reversibly with the protons of the
sample. In a typical sensor, the pH dependent absorption [3,4] or fluorescence [5,6] is
monitored and related to pH. The work described in this chapter uses absorption-based

reagents to measure pH.

pH is defined as [2]:

pH = -lo g faj = -log[fH+[H+]) (6.1)
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where an+, [H+] and 1 + are the activity, concentration and activity coefficient of the
hydrogen ions, respectively. The activity is essentially the effective concentration.
Activity and concentration are related by the activity coefficient (a fraction < 1). The
activity coefficient depends on the ionic strength of the solution and approaches unity
for infinitely dilute solutions. In very dilute solutions, pH can be related directly to the
concentration of the hydrogen ion [2], Activities compensate for the attraction which
ions may exert on one another as well as the incomplete hydration of ions in solutions

that are too concentrated.

Acid-base indicators are weak acids that change colour upon protonation or
deprotonation of the indicator molecule [7]. The pH of a solution may be determined

spectrophotometrically by measuring the concentration ratio of the undissociated
(protonated) indicator species, HA, to the dissociated species (deprotonated ) A [8].
This can be expressed in terms of the acid-base equilibrium of the indicator as:

HA < > H+ + A’ (6.2)

The dissociation constant of this equilibrium is given by the mass-action law [1]:

K1K]

Kc = [H A] («-3)

where Kc is the concentration constant of the acid-base dye, and [HA] and [A ] are the
concentrations of the acid and base form of the dye, respectively. The concentration

constant Kc is related to the thermodynamic constant Ka of a weak acid by the
individual activity coefficients fx of the reaction partners:

f-f +
Ka = Kc_f H— \(/6.4&
'ha
When expressed in logarithmic form, the activity-based Henderson-Hasselbalch equation

is obtained as

f
pH = pKa+ IoJiAIﬂ + log“~ (6.5)
IHAJ HA
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where pKais -logKa.

By taking the involvement of water molecules in the dissociation into account, equation
6.5 becomes [2]

f

+1°g ~ l’gaH o (6.6)

pH = pKa+log
[HA] HA 2

Equation 6.6 represent most of the factors that affect the pH response of an acid-base
indicator. Janata [9] noted that nearly all papers describing optical pH sensors ignore
the third and fourth terms in equation 6.6. He notes that this can be tolerated for very
dilute aqueous solutions, where the activity coefficients tend to unity, and water is in a
larger molar excess.

The effect of the environment on the dissociation equilibrium of the indicator is
characterised by the ratio of the activity coefficients i.e. the third term in equation 6.6
[9,18]. These effects include the change in ionic strength and is important where the
ionic strength is high. The fourth term in equation 6.6 represents the logarithm of the
activity of water and becomes important when the ionic strength of the aqueous solution
exceeds approximately 4 M or when dealing with mixed organic/aqueous solvents [9],

In spite of these difficulties, optical sensing of pH has some attractive features.
There is no reference electrode required as in electrochemical measurements and in
general they benefit from the advantages of optical fibre sensors as described in section
1.2. The ionic strength dependence decreases the accuracy at which the pH of an

unknown solution can be determined [8],

From the above discussion it is seen that optical measurements are a function of
the concentration of the acid and base forms of the indicator, i.e. term 2 in equation 6.6.
Since the degree of dissociation of the indicator dye is a function of pH, the latter can be
determined by measuring the relative concentrations of both forms of the dye e.g. by

absorption. The measured absorbance is related to the concentration of the different
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forms of the indicator, [HA] and [A], by assuming the Lambert-Beer law [11] i.e.
absorbance directly proportional to concentration. The relation between pH and
absorbance is given by [4,8]

PH = pKa+ log — (6.7)

V.  max /

where Ainax is the absorbance at a pH high enough to ensure complete dissociation of
the indicator, Amin is at a low enough pH for the indicator to be totally undissociated,

and A is the absorbance at any given pH. pKa is the dissociation constant of the

indicator. Equation 6.7 ignores the effect of the last two terms in equation 6.6.

The first absorbance-based fibre-optic pH sensor described in detail was
developed by Peterson et al. [10] for the physiological pH range 7.0 to 7.4. While this
pH range has been studied in many reports [4,6] because of its medical applications,
other pH ranges are of interest for industrial applications. Some disadvantages of
optical pH sensors are the narrow pH range of the indicator, typically within +/- 1.5 pH
units of the indicator pK [7,11] and their decreasing precision when the difference
between the measured pH and the pK of the dye increases [11]. The range of an optical
pH sensor can be increased by using multiple dyes [12] and this issue is discussed in
section 6.4.

A wide range of immobilisation methods for pH indicators has been reported in
the literature. Examples of host matrices include controlled pore glass [3], cellulose
[13] and sol-gel glass. Sol-gel immobilisation of indicators was the method used in this
work because of the advantages of the process as outlined in Chapter 3. The sol-gel
method has been used by a number of groups for pH sensing [14,15,16,17]. A feature
of immobilisation, common to virtually all the methods above, is that the properties of
the immobilised dye vary from those of the indicator in solution. A shift in the pK of the
indicator is the most common feature and this is detailed in section 6.3 below.

The sulfonephthalein colourimetdc indicators were chosen because of their sharp
colour change and their high colour intensity that ensure better sensitivity [7]. Indicators

from this family have been used in numerous studies [3,10,14] and show good results
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when immobilised in a range of matrices. In most cases the base form of the dye is
monitored because its optical density is greater than that of the acid form, thus providing

a better optical sensitivity to pH change [10].

6.3 Sol-gel-based pH sensor
6.3.1 Introduction

The fibre optic spectrometer-based characterisation system, described in section
4.4.3, was used to characterise the fibre optic pH sensors in terms of evanescent
absorbance variation. Different pH buffer solutions in the range pH 2-11, prepared from
Hydrion buffers (Aldrich Chemicals), were flowed using a peristaltic pump through the
liquid cell containing a sol-gel coated fibre. The sulfonephthalein indicators investigated
were bromophenol blue (BPB), bromocresol green (BCG), bromocresol purple (BCP)
and bromothymol blue (BTB). These indicators differ from one another with respect to
their pK values, i.e. the pH value of maximum colour change [7,19]. This is due to
different substituent groups on the indicator molecule [7].

These indicators were immobilised in silica sol-gel films as described in Chapters
3 and 5. The sol-gel films were prepared using tetraethylorthosilicate (TEOS), ethanol
and pH|I water at a R-value of 4 and an aging time of 5 hours at 70°C. R = 4 films were
chosen because of the anomalies associated with R = 2 films, which are described in
Chapter 5. Furthermore, R = 4 films were less prone to leaching than R = 2 films and
this is discussed in detail in section 6.6. The sol-gel films were coated at 1 mm/sec
coating rate on unclad optical fibres as described in Chapter 4. The concentration of the
indicator in the sol-gel thin films is difficult to define exactly. However, there exists a
number of possible methods to characterise it, e.g. molarity with respect to the total
precursor solution in the sol, or molarity with respect to TEOS. The former was used
throughout these results. In a typical preparation, an indicator concentration of about 2

mMol / Litre was used.
6.3.2 Absorption spectra of indicators in sol-gel

Evanescent wave (EW) absorption spectra obtained from fibres coated with sol-

gel doped with BPB and BTB are shown in figures 6.1 and 6.2 respectively. Similar
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spectra were obtained for BCG and BCP. As the pH of the buffer solutions surrounding
the coated fibres is increased, the evanescent absorbance of the alkaline form of the
indicator increases. The absorbance of the acid form decreases with increasing pH, but
shows a smaller relative change than the alkaline form. BTB has a higher pK value than
BPB [7J and therefore shows greater response to higher pH values.

To illustrate the effect of the pK of the dye on the pH range of the indicator, i.e.
the range over which most significant absorbance changes can be observed as a function
of pH, the absorbance of the alkaline form of the indicator was plotted against pH for
the four indicators. These data are shown in figure 6.3. For comparison purposes and

to compensate for variations such as lamp fluctuation during the scans, absorbance at
the peak X of the alkaline form minus a baseline absorbance, i.e. Apcak - Aref, was

plotted. The baseline absorbance was chosen at a wavelength where the absorbance
varied negligibly with pH. For example, in the BPB case the absorbance at any
wavelength above about X = 680 nm could be used as reference as shown in figure 6.1.
The pK of an indicator can be estimated as the pH at the point of inflection of a
sigmoidal curve fit to absorbance versus pH data [1]. In figure 6.3 sigmoidal curve-fits
to the data for the four indicators are shown. A number of features can be observed
from these data. The pK of the indicators in solution increase in the following order,
BPB < BCG < BCP < BTB. In sol-gel the same trend is followed, although the pK and
range of the indicators are different to those in solution. The difference between
immobilised indicators and indicators in solution are examined in more detail in section
6.3.3 below. In figure 6.3 the pH range covered was pH 2-11. From the shape of its
sigmoidal curve and from figure 6.2, BTB in sol-gel may well respond above this range,

i.e. above pH 11, since the sigmoidal curve was still increasing.
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Figure 6.1 EW absorption spectra of BPB in sol-gel
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Figure 6.2 EW absorption spectra of BTB in sol-gel
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Figure 6.3 pH response of the different indicators

6.3.3 Effect of immobilisation on indicator properties

It is interesting to compare the behaviour of the indicators in solution to that in
sol-gel. This is illustrated by the differences exhibited between figure 6.1 for BPB in
sol-gel and figure 6.4 for BPB in solution. In solution the pK of BPB is 4.1 [7] and the
range of the dye is from about pH3 to pH5, with smaller changes outside this range. In
sol-gel the pK of BPB was measured to be about 5.4 and the range of the dye is about
pH 3-7. Therefore the process of immobilisation has resulted in a shift in the pK of the
dye and a broadening in the pH range of the dye. Table 6.1 summarises this behaviour
and shows the pK and range of the 4 dyes in solution and sol-gel. In all cases the pK of
the dyes increased on immobilisation. In the case of BCP and BTB the increase in pK is
particularly large and the operational range of the dye is shifted considerably from that in
solution. BCP, for example, has a range of about pH 5-7 in solution, while in sol-gel

this range is approximately pH 6-11. A similar trend was observed for BTB.
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Figure 6.4 Absorption spectra of BPB in solution

Indicator pK (solution) pK (sol-gel) pH Range pH Range
[7] (solution) [7] (sol-gel)
BPB 4.1 54 3.0-46 3-7
BCG 4.9 6.5 3.8-54 4-9
BCP 6.4 8.7 5.2- 6.8 6- 11
BTB 7.3 9.8 6.0-7.6 8- 11
BPB + BCP 6.6 3- 11

Table 6.1 pK and range of indicators in solution and sol-gel

The shift in the pK of the indicators is a common feature of immobilisation and
has been reported for a number of matrices including polymers [20], controlled pore
glass [21] and sol-gel glasses [16,17]. A broadening of the pH range has also been
reported [17,21]. Yang and Saavedra [17] reported a doubling in the range of BCP

when immobilised in a sol-gel glass film. The broadening is considered to be due to a
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distribution of the dye molecules over slightly different sites in the sol-gel resulting in a
distribution in the values of the dye dissociation constant [17,21]. This broadening
effect can be used to extend the range of pH sensors and this issue is discussed in more

detail in section 6.5.

6.3.4 Sensor response and range

The range of a pH sensor depends on which of the indicators is chosen and this
is summarised in table 6.1. It should be noted that these indicators can be used for
measurement beyond this range with a sacrifice in the accuracy of the measurement.
From table 6.1 and figures 6.2 and 6.3, it is observed that some of the indicators, e.g.
BCP and BTB, respond to pH values above pH 9. However, problems can be
encountered for pH sensing at high pH values when using sol-gel silica glass. For
example, over time sol-gel silica films will be susceptible to alkaline attack at high pH.
This is caused by hydrolysis of the Si02network at high pH [22], Blue and Stewart [42]
overcame this problem by inclusion of zirconium in the sol-gel matrix. Furthermore, as
will be discussed in section 6.6, increased dye leaching may occur at high pH values due

to the increased solubility of sulfonephthalein dyes at high pH.

In order to determine the response time of the sensor films to changes in pH, the
absorbance of the alkaline form of the dyes was monitored over time using a time-series
display function of the Ocean Optics spectrometer [23]. The peak absorbance
referenced against a non-absorbing wavelength, i.e. A”ak - A, was plotted over time.
This is illustrated in figures 6.5 and 6.6, which shows the step response to pH of BPB
(pH 3-6 range) and BCP (pH 6-10 range), respectively. Both plots show high values of
signal-to-noise ratios and good repeatability over the length of the scans. Longer term
repeatability is controlled to a large degree by the leaching of dye from the sol-gel films
and this issue is covered in section 6.6.

The TP response time, or the time to reach 90 % of the absorbance change, for
the BPB film was measured to be about 40 seconds for a change from pH 3 to pH6 and
about 20 seconds for a pH 6 to pH 3 step. In the BCP case, the response time was
about 30 seconds for both the pH 6 to pH 10 step and the reverse step. These results

indicate the rapid diffusion of protons in and out of the sol-gel matrix. Moreover, these
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response times includes the delivery time of new solution and the time for the pH

solution in the cell to reach equilibrium after a step change in pH.

TIME (min.)

Figure 6.5 Response of BPB to pH

Figure 6.6 Response of BCP to pH
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6.4 Extending range of sensor
6.4.1 Introduction

A disadvantage of many optical pH sensors is their limited dynamic range,
usually within about +/- 1.5 pH units of the indicator pK. This is illustrated in figure
6.4, which shows the absorption spectra of BPB in solution for different pH buffer
solutions. From this graph it is clear that the useful pH range of BPB in solution is only
about 2 pH units. This problem can be lessened somewhat by using multiple indicators
with different pK [11,25] or by the inherent broadening of the pH range of an indicator
when immobilised in certain supports [12,17,21], This broadening, as discussed in
section 6.3, resulted in at least a doubling of the pH range of the indicators when
immobilised in sol-gel glass.

The second method to extend the range of the pH sensor is to use multiple dyes.
This method has been described in detail by, among others, Boisde et al. [11] and
Peterson et al. [27,28]. Multiple dyes can be used to cover a broad pH range in two
ways [27]. One way is to use different dyes with different pK’s and different spectra,
i.e. different peak absorption wavelength. The change in absorption over a short pH
range can be observed for each dye, at its particular absorption peak, and combined to
cover the whole range. However this method involves complex spectral interpretation.
Alternatively, for a dye mixture where the two dyes have similar absorption spectra ( i.e.
approximately the same wavelength of maximum absorption) with slightly different
pK’s, then the linear range can be extended by an appropriate combination of the dyes
[25,27], This method uses simpler instrumentation than the previous case since only one
measurement wavelength is required.

The development of a multiple indicator system for pH measurements, while a
straightforward concept, can be difficult experimentally. Many different combinations of
indicator concentrations and measurement wavelengths must be explored to maximise
the sensitivity of the pH measurements. Some authors [26,28] have used a mathematical
model that describes the visible spectra of sulfonephthalein indicators as a function of
pH. The model facilitates selection of optimal measurement wavelengths and
concentrations for multiple indicator systems. The principle of using multiple indicators

to extend the pH range is demonstrated in section 6.4.2 for BPB and BCP.



6.4.2 Co-immobilisation of indicators

The range of the optical pH sensor was extended by co-immobilisation of BPB
and BCP in a sol-gel silica glass film. A 50-50 mixture of dye (~ 1 mMol / Litre for
each dye) was used in a R = 4 sol-gel film, prepared as previously described. Figure 6.7
plots the absorption spectra of films in which these two dyes are co-immobilised for
different pH buffers between pH 2-11. The pH range of the dye mixture is illustrated in
figure 6.8 which plots absorbance versus pH. The range extends approximately from pH
3-11, i.e. measurement over about 8 pH units. The pK of the dye mixture at 6.6 is
intermediate between the individual dye pK’s of 5.4 (BPB) and 8.7 (BCP). This sensor
is essentially benefiting from the double effect of multiple dyes and broadening on
immobilisation. The above sections have dealt with a spectrophotometric study of a
range of sol-gel immobilised indicators. In the next section the results of a LED-based

pH sensor, the design of which is based on the above study, is presented.

WAVELENGTH (nm)

Figure 6.7 Absorption spectra of BPB and BCP co-immobilised in a sol-gel film
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Figure 6.8 Response curve for co-immobilised BPB and BCP

6.5 LED-based pH sensor

In order to reduce the cost and size of the measurement system and to take
advantage of solid-state optoelectronic components [24], a LED-based characterisation
system was constructed. Section 4.4.4 details this setup and its advantages. Its
principle of operation is demonstrated here for BPB. The measurement LED used was a
yellow LED, with a peak wavelength of 590 nm, whose output spectrum closely
matches the absorption band of the alkaline form of BPB as shown in figure 4.6. A
near-infrared LED, with a peak wavelength of 850 nm, was used for reference purposes
as absorption did not change significantly with pH in this region of the spectrum.

Figure 6.9 shows a typical response of a BPB film to a step change in pH when
using the measurement LED only, i.e. no referencing. Good repeatability and reasonable
signal-to-noise levels are observed. A typical response curve for BPB, over the range
pH 2-7, for the single LED-based sensor is shown in figure 6.10. A near-linear response
in the transmitted intensity was observed over the pH 3-6 range with smaller changes

outside this range.
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Figure 6.9 Time response of LED based pH sensor

H

Figure 6.10 Response curve ofsingle-LED system for BPB
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In a dual-LED based system, the logarithm of the ratio of the reference to
measurement signals of the LEDs was monitored over time. This is illustrated in figure
6.11, which shows the response of a BPB film for pH2 and pH8 buffer solutions. The
data shows good repeatability. The software used to control the detection electronics
(Appendix B) required greater signal averaging than in the single-LED case. This was
due to difficulties in launching the two LEDs into the same fibre. While good coupling
was achieved for the signal LED, the reference LED (behind the signal LED on the same
axis) was more difficult to couple. The measured signals from the two LEDs were
adjusted (by varying the applied voltage) so that for a coated fibre in a low pH solution
these signals were about equal and therefore the logarithm of the ratio of the signals
about zero. Furthermore, the sensitivity, i.e. the signal change for a step change in pH,
was also lower in the LED-based systems due to difficulties in launching higher order
modes in the fibre and the fact that no mask was used. This was due to difficulty in

collimating the output of the LEDs for launch into the fibre.

TIME (min.)

Figure 6.11 Time response of dual-LED based pH sensor

A dual LED-based system is an attractive approach for the development of a

sensor since any fluctuations in power supply and aging of the detector are equally
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applicable to both signal and reference wavelengths and therefore can be eliminated from
the measurements. Furthermore, the use of modulated sources discriminates against
ambient light. However, other methods are required, to that described above, to

repeatably launch the light from the two LEDs into the one fibre.

6.6 Dye teachability study
6.6.1 Introduction

Doped sol-gel matrices which act as sensors in aqueous and other solvent
environments, should be resistant to leaching of the dopant, especially for applications
which require continuous monitoring. However, because the physical dimensions of the
dopant molecules may in some cases be comparable to the pore diameter of the sol-gel
glass and since the dopant is not in general covalently bound, some fraction of the
dopant may be leached into solution. Careful tailoring of the sol-gel process is required
to prevent or minimise this leaching. A number of reports on the leaching of reagents
from sol-gel monoliths [30] and thin films [17,31,32,33] has highlighted these issues.

Kraus et al. [31] reported that an increase in the prepolymerisation or aging time
of the starting sol resulted in an enhanced entrapment of indicator molecules and less
leaching. These authors also noted that increasing the time and temperature of the
drying step resulted in less leaching. Pre-conditioning of samples, to remove leachable
indicator, was carried out by Yang and Saavedra [17]. In the work reported by these
authors BCP was immobilised in methytriethoxysilane (MTES)-based sol-gel films that
were dried at room temperature. Prior to use as sensors, samples were soaked in buffer
solutions for 3 days and approximately 50 % of the indicator was estimated to have
leached out [17]. The leaching rate was initially rapid but declined to a negligible rate
after about 80 minutes and thereafter the samples were reported to be stable.

Two publications [30,33], in particular, highlighted how careful tailoring of the
initial processing parameters in the sol-gel process, resulted in leach-free matrices.
Aharonson et al. [30] outlined two solutions to the leaching problem, in the case of
tetramethyorthosilicate (TMOS)-based xerogels. In the first case, TMOS
polymerisation at high acidity and low water content prevented leaching of reagents

(pyrene and pyranine in this case). No leaching was reported for sol-gel glass prepared
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at pHI and an R-value (TMOS : water ratio) of 2 or 4. However, for R = 2 at pH4
about 2/3 of the reagent was leached out. In an effort to determine why leaching
occurred in one case and not the other, the authors [30J used gas adsorption
measurements to estimate the surface area and pore size of the different xerogel
samples. They concluded that the main feature which changed was the pore-entrance
diameter.

A more complicated and less general approach is the synthesis of a sol-gel
precursor to which the analyte-sensitive reagent is covalently bound. Sol-gel materials
formed from such precursors will not exhibit leaching problems. Aharonson et al. [30J
have demonstrated this technique successfully in the case of a trimethoxysilane
derivative of methyl red which was used to prepare a material for pH sensing. In this
example, one of the methoxy (MeO) groups of TMOS was replaced with the dopant
(methyl red) molecule to form a new precursor (MeO)3Si-D, where D is the dopant.
This process is less general than sol-gel doping because it requires synthesis of the
organic precursor and may alter the sensing features of the dopant. The pK and
absorption spectrum of the derivative of methyl red was reported to be quite different
than those of methyl red itself [301.

Severin-Vantilt and Oomen [33] investigated silica films prepared using TEOS
and heavily doped with rhodamine B (RB). They deduced that the most important
parameters that determine the entrapment of RB in silica sol-gel films are the
concentration ratio of dye and silica, the concentration ratio (R-value) of water and
silica and the acid concentration. For proper entrapment at least an R-value of 4 is
required, the acid concentration should be in the order of IN HC1 (pHI) in the water
fraction and at minimum 20 silica molecules are required per molecule of RB (i.e. dye

concentration not too high) [33].

The sections below outlines a leaching study concerned primarily with BPB
entrapped in TEOS-based sol-gel films. The issues investigated include the effect on the
rate of leaching of the R-value of the sol, the pH of the leachant solution and the choice
of the precursor (TEOS or MTES). The study was carried out on doped sol-gel films

on optical fibres as for the pH sensing work described in section 6.3 above. The
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absorbance of the alkaline form of BPB (i.e. Apea® - Aref) was monitored over time

using the time series display function of the Ocean Optics spectrometer [23]. The
leachant buffer solution was continuously circulated around the coated fibre for the
entire duration of the leaching study. For the purpose of comparing samples prepared
using different processing parameters, the absorbance values were normalised i.e.
highest absorbance value to 1 and all others scaled with respect to this value. This was
performed due to different absolute absorbances resulting from films of different

thickness.

6.6.2 Stabilised versus unstabilised films

The first effect investigated was the influence of the age of the film after
preparation on leaching. This is illustrated in figure 6.12 which plots the absorbance
over time of a BPB doped R = 4 TEOS film prepared using pHI water, i.e. a pHI
TEOS (R=4)/ BPB film. A pH8 buffer solution was used as leachant. An unstabilised
film refers to afilm about one day old, i.e. one day after oven drying, while the stabilised
case refers to films approximately 3 months old. One day old films are unstabilised in
that their thickness values are decreasing with time (see figure 5.6). After 3 months all
the films investigated in this work, i.e. R = 2,4 and 6, were found to be stable in
thickness. It is noted that all samples were stored in ambient conditions after oven
drying. The initial pH3 to pH8 step in figure 6.12 was used to assess the quality of the
films prior to a detailed leaching study.

It is clear from figure 6.12 that the rate of leaching is slower from stabilised
films. Within about 8 hours in the unstabilised films all accessible dye had leached out,
while in the stabilised case it took approximately 25 hours for all dye to leach out. At
the end of the scans, neither film responded to a change in the pH of the solution
surrounding the fibre. The baseline absorbance at the end of the scans was due to
experimental conditions where by a small section of the coated fibre was not in contact
with the leachant solution. In figure 5.6 the temporal evolution of film thickness for R =
2 and R = 4 films was plotted. This temporal evolution was attributed to continuing
hydrolysis of the films after drying, facilitated by exposure to moisture in the

atmosphere. The results of figure 6.12 would suggest that, as expected, the pore
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features, e.g. pore entrance diameter, also changes with evolving structure over time.
This result is shown here for R = 4 films, but was observed in R = 2 and 6 films as well.
An implication of this for sensor use is that films cannot be used in aqueous

environments directly after preparation as leaching is more pronounced for these films.

TIME (min)

Figure 6.12 Leaching behaviour of stabilised and unstabilised films

6.6.3 Effect of R-value of sol on leaching

Figures 6.13 and 6.14 shows the effect of R-value of the starting sol on leaching
for both pH8 and pH6 buffer solutions. This data is for stabilised films prepared using
pHI TEOS (R=x) sols, where x = 2,4 or 6. These illustrate both the effect of the R-
value and the effect of the pH of the leachant solution on the rate of leaching. This
latter effect is described in section 6.6.4.

From figures 6.13 and 6.14 it is clear that R = 2 films showed the fastest rate of
leaching and that leaching decreases with increasing R-value, i.e. rate of leaching
decreased in the R-value order 6<4<2. Severin-Vantilt and Oomen [33] reported that
sols that are not well hydrolysed (i.e. water content too low with respect to TEQOS),
resulted in films in which rhodamine B showed increased leaching. They described this

effect in terms of the extent of crosslinking in the sol-gel material. At low pH and low
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Figure 6.13 Effect of R-value on leaching (pH8 buffer as leachant)

ABSORBANCE

TIME (min.)

Figure 6.14 Effect of R-value on leaching (pH6 buffer as leachant)

120



water content a linear chain formation in the sol will occur, but with little crosslinking
between chains. Therefore dye molecules are not well incorporated in the sol-gel. At
higher water contents, increased hydrolysis results in increased crosslinking and better
entrapment. Severin-Vantilt and Oomen [33] deduced that at least a R = 4 value was

required for effective entrapment of rhodamine B.

6.6.4 Effect of pH of leachant

It is clear from figures 6.13 and 6.14 that the pH of the leachant solution has a
major effect on the rate of leaching of BPB. The rate is much faster in the higher pH
buffer case. This is considered to be related to the solubility dependence of BPB on pH.
The solubility of BPB should increase at higher pH due to its structure [34] and if the
pore size in the sol-gel material is similar to the size of the BPB molecules, then
increased leaching may occur. A similar effect was reported by Lacan et al. [32] for
fluorescein. In their case, fluorescein was only leachable from a sol-gel film when
immersed in a basic pH (i.e. pH9) solution and this was explained in terms of the
structure and solubility of the dye. At pH9, fluorescein is a dianion, which is very
soluble in water, whereas at acid pH (pH3) it is a neutral molecule which precipitates in

water.

These leaching effects described above, would limit the long-term use of the pH
sensors described in sections 6.3 and 6.4. An advantage cited for these sensors was
their extended range. However, this broadening was towards the high pH range,
especially in the BCP and BTB cases, and therefore the advantage of an extended range
could be offset by increased leaching. Leaching is considered to be the issue that most
affects the usefulness of doped sol-gel films for pH sensing applications. It is noted that
after the leaching study using pH6 buffer as leachant (figure 6.14), the R = 4 and 6 films
still responded to changes in pH, while R = 2 films did not. Therefore, R = 4 and 6 films
could be candidates for continuous use sensors, if periodic calibration was carried out
and if the sensors were used only in moderate pH environments. However, their

operational pH range would be seriously diminished.
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6.6.5 EffectofpH ofsol

A limited study based on the work of Severin-Vantilt and Oomen [33] on the
effect of the pH of the sol, i.e. the pH of the added water, on leaching is shown in figure
6.15. This plot shows data for sols prepared at pHI| and pHO0.5, using both pH8 and
pH6 buffers as leachant. Again the slower rate of leaching was observed when using the
pH6 buffer. Comparison of the pHI and pHO0.5 data, shows that there is a slightly
greater rate of leaching in the pHO0.5 case. In the paper by Severin-Vantilt and Oomen
[33], increased leaching was observed for sols prepared at pHO.l compared with those
prepared at pHI. This was considered to be due to the large degree of condensation of
the silica particles at these high acidic values. In figure 3.4 [35], a plot of condensation
rate as a function of pH, it is clear that the condensation rate increases for pHcl. This
increased condensation rate could result in a more porous structure in a similar fashion
to that of base catalysed sols [36]. Sol-gel materials were not prepared at higher pH

(e.g. pH 3,4) due to the well documented high porosity of these materials [29],

Figure 6.15 Effect of pH of sol on leaching
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6.6.6 TEOS versus MTES films

The difference in leaching between standard TEOS and ormosil sol-gel films is
shown in figure 6.16 for pHI TEOS (R=4) and pHI MTES (R=4) films. pH8 buffer
was used as leachant. The rate of leaching was much slower in the MTES case. This
could be due to a pore size effect or due to the hydrophobic nature of the ormosil
(MTES) film as compared with the hydrophilic TEOS case. Innocenzi et al. [37]
showed that a higher content of MTES (in a MTES / TEOS mixture) reduced the
porosity of films. It is expected, therefore, that the decreased leaching observed from
MTES films is caused at least partly by the smaller pore entrance or steric hindrance

effects of the large CH3 groups on the surface of the pore.

Figure 6.16 TEOS versus MTES films

Furthermore, while the MTES films show slower leaching, their response to
changes in pH is very slow. In section 6.3 the response time of BPB in a TEOS film, to
a step change in pH (pH 3-6) was about 40 seconds and 20 seconds for the reverse step.
In the MTES case the corresponding response limes are about 25 and 10 minutes,
respectively. Therefore, these MTES films are not suitable for sensing pH due to their

slow response. Lacan et al. [32] reported similar observations for the pH response of



fluorescein in TEOS-based films and in ormosil films. The ormosil films showed little
evidence of leaching, but the response time to pH was very slow. They considered the
difference in response to be related to the physical properties of the material. The
ormosil material was dense and hydrophobic, while the TEOS-based films were porous

and more hydrophilic.

6.6.7 Effect of molecular size of dye

In the leaching discussion above BPB was used as dopant. If the pore size of the
sol-gel material is comparable to that of BPB, then the dye is leached out. Tailoring of
the process, as described above, reduced the rate of leaching, but over time some
leaching took place in all cases. This would suggest that there is a limit on the
effectiveness of tailoring for a given dye species and, furthermore, that a larger dopant
molecule should be less susceptible to leaching in the same sol-gel material. This was
investigated here for 3 dye reagents, of different molecular size, used for aqueous
sensing applications. Table 6.2 details the molecular sizes of the different reagents used.
BPB, used for pH sensing as described above, has a molecular size of about 11
angstroms (A). Xylenol orange (XO) is a dye used for the detection of lead (Pb2) in
solution [17]. Chapter 8 details sensing for Pb2+ with XO. XO has a molecular size of
(15*10) A, i.e. it has a rectangular type structure. The final reagent investigated was a
ruthenium complex, Ru[tris(4,7-diphenyl-l,10-phenanthroline)], and is used for gaseous
[38] and dissolved oxygen [39] sensing. The molecular size of the reagents was

estimated from their structure [34],

Dye Molecular Size (A)
BPB 11
X0 15* 10
Ruthenium complex 25

Table 6.2 Molecular size of dopants
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Figure 6.17 shows the change in absorbance with time for the 3 reagents in pH|
TEOS (R=4) films, while figure 6.18 shows the region of greatest change expanded.
BPB was monitored at X = 590 nm and a pH6 buffer solution was used as leachant. XO
was monitored at X = 450 nm, the wavelength of peak absorbance in a pH 4.5 buffer
solution, which was used as leachant since Pb2+ sensing is carried out at this pH. The
peak absorption of the ruthenium complex occurs at approximately A = 450 nm [39],
and this was the measurement wavelength used in this case. De-ionised water was used
as leachant for this molecule.

Comparing the 3 sets of data in figures 6.17 and 6.18 indicates a large change in
absorbance due to leaching in the BPB case and only a small change in the XO and
ruthenium complex cases. Moreover, in the XO case, and especially in the ruthenium
complex case, most of the change in absorbance occurs over about the first few hours of
the study. A slowly varying absorbance in the ruthenium complex case was observed
from that time on. The change in absorbance for the XO and ruthenium cases in the
initial part of the leaching study could be due to wash off of loosely bound reagent on
the surface of the sol-gel film. Other studies [40] have shown little evidence of leaching
of this ruthenium complex from TEOS-based sol-gel films. These data have important
implications for sensing using sol-gel films. It could indicate that there is a minimum
size reagent that will be effectively entrapped in these sol-gel films. After a short
conditioning period, films doped with these reagents (XO and ruthenium complex) could
give almost leach-free use. This can not be said of the BPB doped films which showed
leaching in all films investigated, even where careful tailoring was carried out.
Furthermore, an estimate of the relative pore entrance diameter of different sol-gel
matrices could be determined from the leaching behaviour of different sized reagents.
Harris and Knobbe [41] used the reverse approach to estimate the relative porosity of
different sol-gel materials by measuring the extent of dye adsorption into the sol-gel

matrix.
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Figure 6.17 Effect of molecular size of dye on leaching
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Figure 6.18 Expanded region of figure 6.17
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6.7 Conclusion

This chapter outlined the results from optical fibre pH sensors using sol-gel
immobilised pH indicators. The properties of the immobilised indicators differ from
those in solution, with a shift in pK and a broadening of the pH range the most distinct
features. This broadening can be used to extend the range of the sensor. In addition,
the range can be extended by co-immobilisation of indicators. A detailed account of the
issues affecting the leaching of indicators from sol-gel films was presented. In the BPB
case, the most suitable films, from a leaching and response time point of view, for use as
pH sensors should be prepared from pHI TEOS films using an R-value of at least 4.
The problem of leaching is the most important consideration in determining the
suitability of sol-gel films for pH sensing. The size of standard pH indicators is too
small for permanent entrapment in sol-gel films and is likely to restrict their use to short-
term or disposable use. Alternatives to this include the search for non-standard pH
indicators with large molecular sizes or the modification of the dye to form sol-gel
precursors to which the dye is covalently bound. Sol-gel films doped with pH indicators

may be more suitable for gaseous-phase measurements (acidic or basic gases).
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Chapter 7 Ammonia Gas Sensing

7.1 Introduction

Ammonia gas is corrosive, flammable (at high concentrations) and highly toxic.
It has many industrial uses especially in the manufacture of fertilisers and plastics, and as
a refrigerant gas. The current long-term occupational exposure standard is 25 ppm
(maximum exposure in 8 hour period in 40 hour work week) [1]. In this chapter
ammonia gas sensing using pH indicators or ammonia-specific reagents, immobilised in
sol-gel silica and polymer coatings is detailed. In common with the optical fibre pH
sensor described in the previous chapter, this sensor used the evanescent wave
absorption configuration. In the next section ammonia gas sensing using pH indicator
sulfonephthalein dyes is outlined. Particular attention is paid to the choice of indicator
and sol-gel matrix. Furthermore, issues affecting the sensitivity and response time of the
sensors are discussed. In section 7.3 ammonia sensing using an ammonia-specific
compound, nitrophenylazophenol calix[4]arene, immobilised in a PVC polymer coating
is detailed. Finally, in section 7.4, indicators whose absorption maximum occurs in the
near-infrared region of the spectrum are described.

This work on ammonia sensing was performed as part of a European
COPERNICUS project [2], whose aim was the construction of a distributed sensor for
the rapid detection and location of ammonia leaks. Detailed spectroscopic study of
short lengths of optical fibre, coated with a range of visible and near-infrared absorbing

indicators was carried out as part of this project.

7.2 Ammonia sensing with pH indicators
7.2.1 Introduction

Optical sensors for ammonia in which colourimetric or fluorometric indicators
are incorporated in polymer [5,6] or sol-gel [10,11] matrices have received significant
research attention. In these systems, ammonia deprotonates the indicator to produce a
change in absorbance or emission that is monitored using an optical fibre. An early

version of this type of sensor, described by David et al. [3], used a ninhydrin coated
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quartz rod, but the response was not reversible. Giuliani et al. [4] achieved reversibility
by using a thin film of oxazine perchlorate as the indicator dye. Since then a wide range
of indicators and polymer supports have been reported.

pH sensitive acid-base indicators are highly sensitive for ammonia determination.
A group of pH indicators commonly used for ammonia sensing are the sulfonephthaleins
[5,6,7,9], These indicators exhibit high extinction coefficients of their base form, are
generally stable at room temperature [8], and can be used for precise ammonia
measurements at low concentrations. Exposure to ammonia increases the pH of the
environment surrounding the indicator. This change in pH is measured as a change in
the absorbance of the indicator and is related to the ammonia concentration in the
sample. In common with the pH sensing described in the preceding chapter, the
absorption band of the base form of the indicator was chosen for analytical
measurements because its peak absorption is greater than that of the acid form, and
hence provides a better sensitivity to ammonia concentration changes.

The sequence of reaction of ammonia with the dye molecules is a reversible
deprotonation of the dye [4,11], The reaction can be divided into three steps. The first
step is the reaction of gaseous ammonia with water to form ammonium hydroxide

NH3(g) + H2 NH/OH (7.1)

The second step is the deprotonation of the dye by ammonium hydroxide to give a
modified form of the indicator dye and water

NH/OH' + H4Dye" O NH4Dye + HX (7.2)

The last step is back-reaction to the primary dye and ammonia

NH/Dye <> H+Dye + NH3(Q) (7.3)

From these equations the importance of water to the reactions is highlighted. This is
covered again in section 7.2.5 when the effect of humidity on the ammonia sensor is
discussed.

In the work described here, a range of sulfonephthalein indicators immobilised in
sol-gel silica coatings on optical fibres was investigated for their sensitivity to ammonia
gas. These indicators were bromophenol blue (BPB), bromocresol green (BCG),
bromocresol purple (BCP) and bromothymol blue (BTB). The next section outlines the

issues affecting the sensitivity of these indicators to ammonia. The optical fibre
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spectrometer-based characterisation system, described in section 4.4.3 and used in
Chapter 6, was also used in this work. A gas delivery system, shown in figure 4.5, used
nitrogen gas as the carrier gas and 1% ammonia in nitrogen as the test gas. Using
different mass flow controllers (Unit Instruments, Dublin) with a maximum flow rate of
5 litres/min. for nitrogen and 5 cm3min. for the ammonia test gas, a range of gas
concentrations from 1% to 1 ppm ammonia in nitrogen was achievable. All other

aspects of sample preparation and measurement were as described in previous chapters.

7.2.2 Choice of indicator

This section outlines the issues affecting the sensitivity to ammonia of the four
indicators BPB, BCG, BCP and BTB. It is clear from the literature that the pK of the
dye has a large effect on its sensitivity to ammonia [5,6,7]. This is related to the
difference between the pK of the dye and the pK of the reaction of ammonia with water
(equation 7.1) which is quoted as ~ 9.4 [12], This was observed for sulfonephthalein
indicators in polymer coatings by Brandenburg et al. [6] and Mills et al. [7], where dyes
of high pK showed poor sensitivity and those of low pK higher sensitivity. Therefore
for the four indicators above, whose pK values vary in the order BPB < BCG < BCP <
BTB and are shown in table 7.1, the greatest sensitivity was expected for BPB and the
lowest for BTB. However, as will be outlined below, the sol-gel immobilised indicators

do not follow this expected behaviour.

Indicator pK (solution) [8] pK (sol-gel)
BPB 4.1 5.4
BCG 4.9 6.5
BCP 6.4 8.7
BTB 7.3 9.8

Table 7.1 pK ofindicators in solution and sol-gel

Figures 7.1 and 7.2 show the absorption spectra of sol-gel immobilised BCP and

BPB, respectively, for a range of ammonia concentrations between 0-500 ppm. A dye
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concentration of about 2.1 mMol/Litre was used in each case. These plots illustrates an
important difference between the two dyes. BCP has a small base peak in the absence of
ammonia while BPB has a large one. The change in the absorbance of the base peak

referenced against a wavelength where absorbance varied negligibly with ammonia,
Apeak - Aref, over the range 0-100 ppm ammonia, is shown for the four indicators in

figure 7.3. As the pK of the dyes decrease, the absorbance of the base peak in the
absence of ammonia increases. The lowest sensitivity was observed for BTB, whose pK
in sol-gel at 9.8 (see table 7.1) is close to 9.4, the value of the dissociation constant for
ammonia in water. For the other three indicators, the sensitivity (change in absorbance
from 0 to 100 ppm ammonia) was very similar in the BCP and BCG cases and lower in
the BPB case. BPB was expected to have the greatest sensitivity due to its lower pK
value. However, as seen in figure 7.2 the absorbance change for BPB with ammonia sits
on a large baseline absorbance. This is considered to have an effect in decreasing the
sensitivity of BPB. Possible reasons for this large base absorbance peak in the absence
of ammonia are outlined below. All four dyes showed greatest sensitivity to ammonia in
the low concentration range.

The reason for the large base peak, in the absence of ammonia, in the case of
BPB was investigated in detail. Figure 7.4 shows the absorption spectra in air of a fibre
coated with BPB/sol-gel, just after oven drying and again after storage in ambient
conditions for approximately 2 months. In the first case, a very small base peak was
observed while in the latter, the base peak dominates. The increase in base peak was
gradual, occurring over about a 2 month period. The exact reason for the base peak is
unknown but was considered to be due to structural changes in the sol-gel material over
time. The small base peak after oven drying could reflect the low pH of the sol-gel
material after preparation (sol prepared using pHI water). Over time the base form of
the dye was deprotonated for samples stored in ambient conditions. For samples that
were stored in a desiccator after preparation, a very small change in the base form of the
dye was observed over time. This indicates that dry conditions inhibit the observed
effect, while the moist ambient conditions facilitate it. In figure 5.6 it was shown that
the thickness of sol-gel films decreased over time when stored in ambient conditions.

Furthermore, samples stored in a desiccator showed little change in thickness over time.
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Figure 7.1 Absorption spectra of BCP for different NH3 concentrations
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Figure 7.2 Absorption spectra of BPB for different NH3concentrations
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Figure 7.3 Response of the 4 indicators over the range 0-100 ppm NH3
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Figure 7.4 Absorption spectra of BPB / sol-gel in air
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The structural changes (ambient conditions) could have resulted in an increase in the pH
of the sol-gel environment around BPB and this would be reflected in a change in the
absorption spectrum of BPB. Moreover, desiccator storage, in preventing structural
changes, would prevent the deprotonation of the base form of the dye. The films used in
figures 7.1 to 7.3 were all stored in ambient conditions for at least 2 months before
measurements were taken. This effect was also investigated for the other three indicator
dyes. It was observed that the absorbance of the base form of the dyes scaled with their
pK, with low pK dyes (BPB and BCG) showing large base peaks, and high pK dyes
(BCP and BTB) showing very small peaks. If the structural changes affected the pH in
the sol-gel glass by a fixed amount in all the sol-gel films (independent of dye), then
lower pK dyes would be expected to show the greatest change.

An estimate of the effective pH in the sol-gel glass, or the pH seen by the dye,
can be obtained from comparing the absorbance of the base form of the dye to the
response of the sol-gel film in different pH buffer solutions. For example, comparing the
absorbance of the base form of BPB (after 2 months) in figure 7.4 to the response of
BPB/sol-gel in different pH buffer solutions, figure 6.1, yielded an effective pH in the
sol-gel glass of approximately pH 5-6. BCG vyielded a similar result. Furthermore, an
effective pH in the sol-gel glass of ~ pH5-6 would help to explain the pK dependence of
the base peak in the absence of ammonia. In section 6.3 and table 6.1 it was observed
that both BPB and BCG respond strongly to pH around pHe, while BCP and BTB

respond only above pHs.

The choice of an indicator for ammonia sensing is strongly influenced by its pK.
Dyes with pK too close to the dissociation constant of ammonia in water (9.4) will show
lower sensitivity [6,7]. However, in the sol-gel case, indicators with very low pK values
(e.g. BPB) may have lower sensitivity to ammonia due to the influence of the pH of the
sol-gel glass. In the next few sections the influence of different parameters on the sensor
response to ammonia of BCP as indicator are described. BCP was selected as indicator
because of its good sensitivity to ammonia (see figure 7.3), its small base peak in the
absence of ammonia and its compatibility with the sol-gel immobilisation process.

In general, the criteria for choosing a pH indicator for a particular sensing
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application is influenced by the following considerations:
« Sensitivity to the analyte over the range of interest.
» Compatibility with the immobilisation process.
* Selectivity and stability of the indicator.
» Compatibility of the absorbance peak of the indicator with LEDs or laser

diodes.

7.2.2 Choice of sol-gel matrix

A number of sol-gel matrices were investigated for immobilising BCP for use as
an ammonia sensor. These consisted of TEOS-based and MTES-based sol-gel films and
films prepared from a mixture of the two precursors. In all cases a R-value
(water/alkoxide ratio) of 4 and water of pHI was used in the sol preparation. Figure 7.5

shows the absorption spectra of a MTES/BCP film for different ammonia concentrations

over the range 0-500 ppm. In figure 7.6 a comparison of the absorbance change, Apeak

- Aref, over the 0-500 ppm ammonia concentration range for the cases of TEOS, MTES,

TEOS : MTES (1:1) and TEOS : MTES (1:3) is shown. In all cases a dye
concentration of approximately 10.5 mMol/Litre was used. It is clearly seen from these
plots that the greatest response was from TEOS-based sol-gel films, with MTES-based
films showing very poor sensitivity.

The difference in response between the four cases in figure 7.6 is considered to
be caused by the pore surface properties and water content of the films. In the case of
TEOS films the surface is hydrophilic due to Si-OH groups. The methyl (CH3) groups
which are present on the surface of the MTES-based films make its surface more
hydrophobic. The presence of these methyl groups was confirmed by using FTIR
spectroscopy as shown in figure 5.14. Innocenzi et al. [13] observed that the water
content of MTES : TEOS films decreased with increasing MTES content, for films dried
above 300°C. However from figures 5.13 and 5.14 it was observed that both TEOS and
MTES films have a molecular water band associated with them (see section 5.9),
although the shape of the water bands was different in the FTIR spectra between the

two cases, indicating some difference in properties between the two films. It is not clear
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Figure 7.5 Absorption spectra of BCP/MTES in 0-500 ppm ammonia
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Figure 7.6 Response of BCP in different sol-gel films to ammonia
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from these FTIR spectra that the MTES-based films are lower in water than the TEOS-
based ones. However, there is evidence from other results (e.g. the uptake of water by
the films, section 7.2.5) that this is the case. In equation 7.1 the significance of water to
the detection of ammonia is observed. Therefore if there is less water in the MTES film
case, the reaction with ammonia would be smaller. In terms of sensitivity TEOS films
should be chosen over MTES films. Furthermore, in section 7.2.5 it will be shown that
MTES-based films show greater sensitivity to changes in relative humidity than TEOS-

based films.

7.2.4 Effect of dye concentration

One method to vary the sensitivity of the sensor is to vary the dye concentration.
This effect was investigated for BCP in pHI TEOS (R=4) sol-gel films in which the dye
concentration was varied between about 0.5 to 10.5 mMol/Litre in the starting sol.
Figure 7.7 shows the absorption spectra of BCP/sol-gel for different ammonia
concentrations, when using the highest dye concentration investigated, i.e. 10.5
mMol/Litre. A comparison of the absorbance change over the 0-500 ppm ammonia
range for different dye concentrations is shown in figure 7.8. It is clearly seen that
sensitivity increases with increasing dye concentration and that very high sensitivity can
be achieved by increasing the dye concentration. The increased absorbance with dye
concentration is due primarily to the greater number of sites available for reaction with
ammonium hydroxide (see equations 7.1 to 7.3). Assuming Beer’s law, absorbance
increases as concentration (dye) increases. The increased sensitivity is considered to be
caused by a shift to the right of the equilibrium in equation 7.2 with increasing dye
concentration.

A number of other observations can be drawn from the above plots. For the four
dye concentrations shown in figure 7.8 the shape of the response curve was similar in all
cases, with the greatest sensitivity in the 0-100 ppm ammonia concentration range.
Smaller sensitivities were observed above this range. Although it was not possible to
achieve ammonia concentrations below 2 ppm with the present gas-mixing setup without
using large quantities of carrier gas, the large absorbance change for 2 ppm ammonia
shown in figure 7.7 indicates that detection of ammonia at concentrations in the sub-

ppm range is easily achievable.
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Figure 7.7 Absorption spectra of BCP/TEOS (10 mMol/Litre dye conc.)
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Figure 7.8 Response of BCP for different dye concentrations
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7.2.5 Effect of humidity on ammonia sensitivity

All results in this chapter to date were made with dry gases, i.e. relative humidity
(RH) about zero. However from equation 7.1 it is clear that humidity could potentially
affect sensitivity since one of the primary reactions is that of ammonia with water and
RH could affect the amount of water in the sol-gel films. The influence of humidity on
ammonia sensitivity has been described in a number of publications [5,6] and can be a
major disadvantage of ammonia sensing using pH indicators. In this section the

influence of RH on TEOS and MTES-based sol-gel films is discussed.

Figure 7.9 Setup for humidifying gases

Figure 7.9 illustrates the setup used to obtain test gases of different RH. This
design is based on similar systems described in the literature [11,14], A nitrogen gas
stream was split into two streams, with each directed through a mass flow controller
(MFC). One stream was humidified by passage though three gas-washing flasks
containing de-ionised water, followed by an empty flask to ensure removal of suspended
water droplets. The two nitrogen streams (one humid and one dry) were then passed
through a gas mixing cell where they were combined with the ammonia gas stream. The
gas mixing cell contained a RH meter (Eirelec Ltd., Dundalk, Ireland, model TH210).
Depending on the flow ratio of the two nitrogen streams, it was possible to vary the
humidity of the test gas.

Figures 7.10 and 7.11 shows the sensitivity of BCP in TEOS and MTES films,

respectively, to 100 ppm ammonia for different RH values. The peak absorbance of the
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films was referenced against a wavelength where absorbance changed little with
ammonia. In these plots the doped sol-gel films were first exposed to nitrogen gas at
8% RH. Then 100 ppm ammonia gas (8% RH) was introduced into the gas cell
containing the fibre. After the absorbance value in 100 ppm ammonia had stabilised, the
RH of the gas was varied in steps up to 90% RH. The recovery of the films (100 ppm
ammonia to nitrogen) is also included in these figures. The next section will deal in
more detail with the issue of response time, while in this section only the change in
absorbance due to RH will be considered. Figure 7.12 compares the effect of RH on
different sol-gel films exposed to 100 ppm ammonia. The dye concentration in the
TEOS case was 2.1 mMol/Litre, while in the MTES and MTES : TEOS (1:1) cases it
was 10.5 mMol/Litre. This concentration difference accounts for the difference in the
relative absorbance values. Over the range 8-90% RH the 100 ppm ammonia
absorbance level changed by about 3% in the TEOS case and about 36% in the other
two cases. Only a small difference in absorbance was observed going from 0 to 8% RH.
In most typical environments where this sensor could be used, zero or low RH (< 10%)

is considered to be uncommon.

TIME (min.)

Figure 7.10 Effect of humidity on BCP / TEOS film
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TIME (min.)

Figure 7.11 Effect of humidity on BCP/ MTES film

RH (%)

Figure 7.12 Effect of humidity on response of different sol-gel films to ammonia
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The data in figures 7.10 to 7.12 illustrate a significant difference in behaviour
between TEOS and MTES-based sol-gel films. According to equations 7.1 to 7.3,
water is an essential part of the reaction of the dye with ammonia. However in the
TEOS case, it is considered that there is sufficient water already in these films for the
ammonia reaction to take place and therefore changes in RH have little effect. Klein and
Voges [11] reported a similar behaviour for BCP in tetramethylorthosilicate (TMOS)-
based sol-gel films. The large effect of RH in the MTES-based film case was considered
to be due to an initial small amount of water in these films, which was insufficient for the
reaction of ammonia with water. At high RH, however, the increased water content

facilitates this reaction.

7.2.6 Response time of sensor

The response and recovery time of BCP to ammonia for different sol-gel films
was monitored at the peak wavelength of absorbance using the time display function of
the spectrometer. This is illustrated in figure 7.13 for a pHI TEOS (R=4) film, where
the dye concentration was 10.5 mMol/Litre. This plot shows the step response from
nitrogen to 100 ppm ammonia and the recovery back to nitrogen. A number of features
can be observed from this plot. The initial response to ammonia was fast and was
followed by a ‘shoulder’ (marked * in figure 7.13) on the response curve. Likewise, the
recovery from ammonia was also initially fast with a slow tailoff. The response time was
much shorter than the recovery time (see also table 7.2). The exact reason for the
feature (*) on the response curve is unknown but was observed in all the sol-gel films
tested (see figures 7.10 and 7.11). The response behaviour of a film to ammonia can be
complicated. Chernyak et al. [10] resolved the time response curve of oxazine-170
(immobilised in a polymethymethacrylate film) to ammonia into two portions, one
(exponential) due to a diffusion-controlled reaction and the second (Unear) due to
reaction with the dye in a situation of a low diffusion rate of ammonia (after initial
equalisation of ammonia concentrations inside the film and outside). The slow recovery
from ammonia indicates the difficulty in removing ammonia from the water inside the
sol-gel film. It could also indicate possible adsorption of ammonia onto the sol-gel pore

surface.
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Table 7.2 tabulates the response and recovery times of BCP in different sol-gel
films and for different RH conditions. The response to and recovery from 100 ppm
ammonia was monitored in all cases. Ts50(T) and Too(T) refers to the time for the
absorbance to reach 50% and 90% respectively of its full change. T5)") and Tao(i) are
defined in the same way. For dye concentrations between about 2 and 10.5 mMol/Litre
in the starting sol, the response time as defined by T9o(T) and the recovery time, T 20¢i),
did not vary significantly. It is clear from this data that the overall response and
recovery times are long and these films may not be suitable for use where rapid and
accurate determination of ammonia is required. However the 50% response and
recovery times, Tso(T) and T50¢L) respectively, are quite short. Therefore these films
may be suitable for use in an alarm type sensor, where a rapid change in absorbance

would indicate the presence of ammonia.

TIME (min.)

Figure 7.13 Time response of BCP / TEOS film to 100 ppm ammonia
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Sol-gel Dye Cone. RH Tso(t) t oo(7) Tso(i) Tao(i)

(mMol/L) (%) (min.) (min.) (min.) (min.)

TEOS 2.1 0 0.8 13 2 76

5.2 0 0.8 14 2 72

10.5 0 0.9 135 2.5 85
MTES: 10.5 0 15 18 3 > 175*%
TEOS 10.5 8 15 22
(1:1)
MTES 10.5 8 17 175

10.5 70 1.6 25 15 36.5

( * absorbance has not reached 90% value after this time)

Table 7.2 Response of BCP to ammonia for different sol-gel films

The effect of precursor on response time is also shown in table 7.2. For a MTES
: TEOS (1:1) film, the response time Too(T) is slightly longer than for a TEOS film, but
the recovery time is much longer. This study was continued for different humidified gas
mixtures. An increase in humidity has only a minor affect on the response time, while it

has a large affect on the recovery time in the MTES film case.

Coating rate  Thickness Tso(7) Too(l) Tsoii) Too(i)
(mm/sec) (nm) (min.) (min.) (min.) (min.)
0.51 315 0.9 8 1 55
0.971 425 0.8 13 2 76
1.66 555 0.9 11 15 72

Table 7.3 Effect of coating rate on response of BCP/ TEOS films

Another issue that can affect response time is the thickness of the sol-gel film

due to its effect on diffusion rates. This is illustrated in table 7.3 for films coated at
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three different coating rates. The thickness values are for undoped sol-gel films (see
section 5.2). BCP-doped films should be thicker than the values quoted here. Films
coated at the slowest rate responded and recovered faster than those at higher coating
rates. Only a small difference in response and recovery times was observed between
films coated at the 0.971 and 1.66 mm/sec coating rates. This data indicates a trend, but

there are too few thickness values to make definite conclusions.

7.3 Ammonia sensing with calixarene compounds
7.3.1 Introduction

The pH indicator-based ammonia sensors described in section 7.2 will obviously
suffer from cross-sensitivity to other acidic and basic gases. Reports in the literature
[6,11] indicate some interference from carbon dioxide, sulphur dioxide and nitric oxide
for sulfonephthalein indicator-based ammonia sensors. It is often desirable to have a
more ammonia specific sensor. This was investigated using a calixarene compound,
nitrophenylazophenol calix[4]arene, immobilised in a polymer coating. This compound
was provided by the School of Chemical Sciences, Dublin City University, where a
family of these compounds were developed for the detection of metal ions such as
lithium or amine gases such as ammonia and trimethylamine [15].

The calixarene compound has a cavity or cup like structure. In a sensing scheme
the colour generation in the compound is caused by the deprotonation of the acidic
chromophore (—COH) attached near the ligand (L—) polar cavity [16]. The presence
of a suitable base causes deprotonation. For example the basic nature of ammonia
(NH3) gas results in the deprotonation of the OH of the chromophore and hence the
colour change occurs. This reaction can be described by the following equation

L—COH + NH3 ~ L—CO' + NH4+ (7.4)

The specificity to ammonia and other amine gases is considered to be a result of the

shape and structure of the compound [16],
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7.3.2 PVC polymer coatings

The calixarene compound was immobilised in a polyvinylchloride (PVC) coating.
It was not possible to use sol-gel-derived films because the compound was insoluble in
ethanol and could not survive the low pH of the sol-gel preparation. In a typical
polymer preparation 16 mg of calixarene ligand was mixed with PVC (100 mg), a
plasticiser (200 mg) and tetrahydrofuran (THF) which is the common solvent [16]. The
function of the plasticiser was to dissolve the ligand in the PVC. Lithium or potassium
metal salts in the form of lithium perchlorate (LiC104) or potassium perchlorate (KC104)
were also added to the PVC cocktail to increase sensitivity for reasons outlined in
section 7.3.3.

The refractive index of the PVC coating is affected by the type of plasticiser
used. In order to obtain coatings with a refractive index lower than the refractive index
of the fibre optic core, and thereby providing the necessary conditions for light-guiding,
a range of plasticisers was investigated. These were nitrophenyl octyl ether (2-NPOE),
dioctyl phthaline (DOP), dioctyl adipate (DOA), dioctyl sebacate (DOS) and dibutyl
sebacate (DBS). The refractive index of PVC polymer coatings, using these plasticisers,
were measured on silicon substrates using ellipsometry as outlined in section 5.2.2. The
results of this study are shown in table 7.4. Only PVC coatings prepared using DBS as
plasticiser gave a refractive index lower than the fibre core index (1.46). PVC / DBS
coatings doped with the calixarene compound were used as sensor substrates on optical

fibres. Optical fibres were coated and tested as in the sol-gel case described in previous

sections.
Plasticiser Refractive Index
2-NPOE 1.52
DOP 151
DOA 147
DOS 1.465
DBS 145

Table 7.4 Refractive index of PVC coatings using different plasticisers
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7.3.3 Sensor response

Figure 7.14 shows the absorption spectra of the calixarene compound in a PVC
coating when exposed to different concentrations of ammonia gas. This data is
referenced to a scan of the coated fibre in nitrogen. The peak absorption is observed at
approximately X =490 nm. The reversibility and response/recovery times of these films
is plotted in figure 7.15. A typical response time of about 7 minutes for the 0 —20 ppm
NH3 step was observed. The poor signal to noise in figure 7.15 and at the low
wavelength region (X <450nm) in figure 7.14 is due to low detected signal levels. This
is caused by high inherent absorption of the calixarene compound at the low wavelength
spectral region in the absence of ammonia. Furthermore, the detection efficiency of the
characterisation system is lower at these wavelengths.

In order to increase the sensitivity of the sensor the effect of metal ions was
investigated. The presence of 1 mole equivalent of LiC104 to the calixarene in the PVC
coating increased the sensitivity to ammonia by a factor of about ten. This is illustrated
in figure 7.16 for the 0-100 ppm ammonia concentration range. The inclusion of the
metal cation into the calixarene increases the acidity of the ionisable chromophore,
thereby lowering the pK and facilitating proton uptake by NH3 [16]. The metal salt also
shifted the wavelength of maximum absorption from 490 to about 520 nm. The
absorbance at X = 520 nm versus ammonia concentration is plotted in figure 7.17 and
these data indicate the high sensitivity achievable at the low-ppm concentration range.

The influence of metal salts on the sensitivity of the sensor was further
investigated by using different quantities of LiC104 or KCIO4 in the PVC coatings. For
this purpose two further coatings were prepared, one with 0.5 mole equivalent of
LiC104 and the second with 0.5 mole equivalent of KC104 to the calixarene. The least
sensitivity to ammonia was observed for the coating containing ligand only (i.e. no metal
salt), while the greatest sensitivity was observed for the coating containing 1 mole
LiC104. The sensitivity to ammonia of the 4 coatings went as follows

ligand + LiC104 > ligand + 0.5LiC104 > ligand + O5KCI104 > ligand only.
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Figure 7.14 Absorption spectra of calixarene / PVC film

TIME (min.)

Figure 7.15 Time response of calixarene / PVC film
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Figure 7.16 Absorption spectra of calixarene / PVC / LiC104film
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Figure 7.17 Calibration curve for calixarene / PVC / LICK)4film
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These preliminary results indicate that the calixarene compound is a suitable
candidate for an ammonia-specific sensor at low concentrations, with sub-ppm detection
limits possible. Moreover, these polymer coatings were not optimised in terms of film
thickness or lithium salt content. Optimisation of coating parameters should improve

both sensitivity and response time to ammonia.

7.4 Ammonia sensing with near-infrared indicators
7.4.1 Introduction

Most of the work on optical chemical sensors is carried out in the visible spectral
region where the chemical and optical properties of indicator dyes are well known.
However a number of advantages exist in moving to the near-infrared (NIR) spectral
region (i.e. X =700-950 nm). These include the following:

» Most optical fibres are silica-based and have a minimum optical attenuation not
in the visible but in the NIR spectral region. For example the first transmission window
of fibre optic telecommunication fibres lies in the 800-850 nm range.

» The most comprehensive range of LEDs and laser sources exist in the NIR
region (developed for telecommunication applications)

» The NIR region is of particular interest in biomedical sensing because the
absorbance of biological samples is minimal in this region and hence does not interfere
with the absorbance of the NIR indicator [18], Furthermore, the light in this region does
not excite parasitic fluorescence in organic media [19].

Despite the above attractive features, indicators absorbing above 650 nm are
scarce. This is reflected in the low number of publications appearing on the subject
[17,18,19,20]. A problem with the stability of dyes with increasing indicator length
(necessary for NIR absorption) is cited as a reason why sensor dyes in this spectral
region are scarce [19].

In the work described here a number of NIR absorbing indicator dyes were
investigated for ammonia gas sensing. This work was carried out as part of a European
COPERNICUS project, whose aim was the construction of a distributed sensor for
ammonia. To operate over long lengths of optical fibres, the spectral response of

sensing reagents must be matched to the NIR attenuation minimum of the silica-based
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fibres used. Short lengths (~ 12 cm) of optical fibres coated with NIR indicator dyes,
immobilised in either sol-gel silica or polymer coatings, were characterised for this
purpose. An Ocean Optics spectrometer operating in the 550-1050 nm spectral region
was used in this work. The indicators for this study were synthesised by the Slovak

Technical University, Bratislava, a partner in the COPERNICUS project.

7.4.2 Sensor response

A number of indicators that had peak absorption in the NIR region of the
spectrum were investigated. Figure 7.18 shows the absorption spectra of one of these
NIR indicators for different ammonia concentrations. This indicator is a copper (Cu2)
based complex and was immobilised in a pH3 TEOS (R=4) sol-gel film. Its peak
absorption occurred at about X = 710 nm. In figure 7.18 the air scan was for static air,
while the N2 and NH3 scans were for flowing gases. The reason for the change in
absorbance going from air to nitrogen is not understood but could be due to the change
in the RH of the test gas. In the static air case the RH was about 40%, while in the
flowing gas cases it was about 0%. While the dye showed some response to ammonia,
its response was very slow (> 60 minutes) and did not show reversibility.

A second indicator investigated was a dimethylaminophenyl cyanine type dye.
This dye was first immobilised in a TEOS sol prepared at pHI, but the dye was almost
destroyed by the process and showed negligible response to ammonia. A good response
was obtained when the dye was immobilised in a TEOS sol prepared at pH3, as
illustrated in figure 7.19. The peak absorption for this dye occurred at X =790 nm. As
seen previously, a large decrease in absorbance in going from static air to flowing
nitrogen was observed. While showing a good response to ammonia, this dye had a slow
response and incomplete recovery.

The final NIR indicator investigated showed a peak absorption at X = 850 nm.
This dye was also a copper-based dye. The reaction mechanism in the two copper based
dyes was a substitution reaction between copper and ammonia. In the other dye case an
acid / base type reaction takes place. Attempts were made to incorporate this dye in a
sol-gel matrix, but these were unsuccessful. The sol-gel preparation, even at pH3, was

too harsh for the indicator. Therefore it was immobilised in a PVC coating. Figure 7.20
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Figure 7.18 Absorption spectra of copper complex in sol-gel film
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Figure 7.19 Absorption spectra of dimethylaminophenol cyanine dye
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Figure 7.20 Absorption spectra of copper complex in PVC film

shows the absorption spectra. In this case the carrier gas used was air at a RH of about
100%. A very small difference in absorbance between static and flowing air was
observed. The response of the dye was again very slow (> 100 minutes) and it showed
poor recovery.

The exact reason why the 3 NIR indicators showed slow response and poor
recovery is unclear. The recovery could indicate a strong reaction between the indicator
and ammonia. This study showed that the sol-gel preparation at low pH is too harsh for
some indicators. To advance this work further, more stable NIR indicators and different

methods of immobilisation are required.

7.5 Conclusion

This chapter described ammonia sensing using both pH indicators and ammonia-
specific indicators. The sensitivity of the sulfonephthalein pH indicators to ammonia
was influenced by both their pK and by the nature of the sol-gel matrix. Doped TEOS-

based sol-gel films showed much greater response than MTES-based films.
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Furthermore, MTES-based films showed much greater sensitivity to RH than the TEOS-
based ones. The response time of these films was influenced by RH and the thickness of
the sol-gel films.

Ammonia sensing was also demonstrated using an ammonia-specific calixarene
compound, immobilised in a PVC coating. The sensitivity of these coatings was greatly
increased by the inclusion of a lithium salt in their preparation. Finally, ammonia sensing
using NIR absorbing indicators was outlined. Unfortunately, these indicators showed
very slow response and poor reversibility.

This chapter highlighted possible sensing schemes for ammonia based on either
sol-gel or polymer coatings. The criteria for choosing a pH indicator for a particular
application were outlined. Sub-ppm ammonia detection limits are possible in the sol-gel

case by choosing a suitable indicator, dye concentration and sol-gel matrix.
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Chapter 8 Diffusion Study

8.1 Introduction

The response time of a sensor is one of the critical performance parameters of a
sensor. Response time is affected by the diffusion of the analyte under test to the region
containing the analyte-sensitive reagent and the particulars of the reaction of the reagent
with the analyte. For example, in the sensors described in this thesis, analytes diffuse
into a porous sol-gel-derived silica film to react with the immobilised analyte-sensitive
reagent. Therefore, the particulars of the diffusion process are very important in sensor
development and required detailed examination.

The response times of sol-gel based sensors for pH (TEOS-derived films in
Chapter 6) and gases like oxygen are very short [1,2]. This suggests rapid diffusion of
protons and oxygen in and out of the sol-gel matrix. The behaviour of charged species,
such as metal ions, is expected to be quite different, however, and is addressed in the
work described here. Arbuthnol et al. [3] reported a very slow complexation rate
between zinc ions in solution and a sol-gel film doped with the fluorescent indicator 8-
hydroxyquinoline-5-sulfonic acid (HQSA). This effect was presumed to be due to slow
diffusion of zinc ions through the porous silica.

Diffusion is considered a random process where matter is transported through a
system by a series of random molecular motions [4], The mathematical model generally
used to describe diffusion is known as Fick’s first law [4], It is based on the hypothesis
that the rate of transfer of a diffusing species through a unit area of a section is

proportional to the concentration gradient measured normal to the section, i.e.

F = -D~ 8.1)
0X

where F is the rate of transfer per unit area of section, C is the concentration of diffusing
substance, x is the space coordinate measured normal to the section, and D is called the
diffusion coefficient.  Fick’s second law, considered the fundamental differential
equation of diffusion, can be derived from Fick’s first law and a mass balance [4], and is

given by:
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ac ax

at  ~ ax2

These equations have been used in many studies [4,9] to model diffusion behaviour.

In order to investigate diffusion of metal ions into sol-gel silica films and to
assess its potential as a sensor, the reaction of lead with the indicator dye xylenol orange
(XO) was studied. Lead (Pb2H in solution was chosen as a test analyte because of its
environmental significance. Lead is one of the most commonly determined heavy metals
and because it accumulates in body tissue it follows that strict limits on its presence in
drinking water must be imposed. European Union and U.S. EPA standards for lead in
domestic water supplies are 240 mMolar (0.05 mg/L Pb) [5],

XO was used as the colourimetric indicator for an evanescent wave absorbance-
based lead sensor. XO forms complexes with a variety of metal ions [6,7], XO belongs
to a group of indicators known as metallochromic indicators [7] which are organic dyes
containing donor groups that complex a metal ion to yield a chelate differing in colour
from the indicator under the same conditions. Metallochromic indicators behave as acid
/ base indicators and the colour of the free indicator is pH-dependent. Therefore, the
colour change during a reaction with a metal is determined by the pH of the solution
containing the metal ions. The recommended pH for the reaction of XO with lead is
about pH5 [7]. Calibrated lead solutions were prepared by diluting lead standards
(Aldrich Chemicals, No. 35,633-6) with acetate buffer of pH4.5, as outlined in the
report by Yang and Saavedra [8], The buffer was prepared by adjusting the pH of a 0.1

molar sodium acetate solution with acetic acid.

The ingress of Pb2+ions into a XO doped sol-gel film, on an optical fibre, can be
monitored by real-time evanescent wave absorption. This was used here to observe the
difference in behaviour between tetraethoxysilane- (TEOS) and methyltriethoxysilane-
(MTES) derived sol-gel films, as described in section 8.2.  Evanescent wave
spectroscopy has been used in a number of studies of analyte diffusion into polymer
coatings [9,10,11,12], It is an attractive technique for such investigations because it

yields data in real time and enables direct evaluation of the sensing film without
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interference from the surrounding solution. In the work described here, the relative
difference in diffusion into different sol-gel-derived films was estimated from the time
response (T9o(T)) of the reaction of Pb2 with XO. In some cases reported in the
literature [9,13], the time dependent absorbance change was used to determine the
diffusion coefficient D, using solutions to Fick’s diffusion laws (equations 8.1 and 8.2).
In the case of evanescent wave spectroscopy, a model used to estimate D should
incorporate the diffusion process inwards through the thin film on the optical fibre and
the evanescent field penetration outwards from the interface with the core [11].

Zerda and co-workers have reported extensively on the issues affecting the
diffusion of different species (e.g. liquids, metal ions and steroids) into and out of
porous sol-gel glass [14,15,16,17], These authors concluded [15,16] that the diffusion
of metal cations (neodymium and erbium) in porous silica was determined by a number
of factors. These included the average pore diameter in the sol-gel, the size of the
diffusing species, composition of the coordinate sphere of the diffusing species, solvent
used, interactions between the surface and the complexes and temperature effects. By
increasing the average pore diameter, the rate of diffusion was observed to increase
[15], Erbium with a smaller molecular size Lhan neodymium [16], diffused faster.
However, these authors noted that these metal cations do not move as separate species,
they diffuse as complexes with water and anions. The composition of the coordination
spheres associated with the metal cations was shown to have an important effect in
determining the diffusion rate [16]. Furthermore, by modifying the pore surface of the
sol-gel glass to reduce the concentration of hydroxyl-groups, the diffusion rate was
increased. In the work described here, a preliminary study of the effect of the sol-gel

surface properties on the diffusion of Pb2+ions is examined.

8.2 Reaction of Pb2+with XO

The reaction of Pb2+with XO was compared for two sol-gel-derived films, using
TEOS and MTES as precursors, respectively. In both cases water of pHI and a R-value
(water/alkoxide ratio) of 4 was used. An equivalent dye concentration of approximately
10.5 mM / litre was used in each case. The time response of the films to 10 mM Pb2+

was monitored at the wavelength of maximum absorbance change (i.e. around A =580
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nm) using the time display function of the spectrometer system. The Pb2+solution was
continuously circulated around the coated fibre for the duration of the study. A blank
pH4.5 buffer was used as a reference solution.

The absorption spectra in 0 and 10 raM Pb2+ solutions and the time response
behaviour of pHI TEOS (R=4) / XO films are shown in figures 8.1 and 8.2,
respectively. The spectrum in 10 mM Pb2+was taken after the absorbance had reached a
constant value, e.g. after approximately 270 minutes (see figure 8.2). The absorbance at
X =570 nm increased in the presence of Pb2+ions. Similarly, figures 8.3 and 8.4 shows
the absorption spectra and response behaviour, respectively, for a pHI MTES (R=4) /
XO film. As above, the absorbance spectrum in 10 mM Pb2+ions was recorded after the
saturation of the absorbance. It is seen clearly from these graphs that that the reaction
of Pb2+in TEOS- and MTES-derived films is quite different. The observed differences
are as follows:

(1) The most dramatic effect is that the response time is much shorter in the
MTES-derived films. An difference by a factor of about 5 in the response time of the
two films was observed with the MTES film showing the faster response. This is
summarised in table 8.1 which shows the 50% and 90% response times for TEOS- and
MTES-derived films. Possible reasons for this behaviour are outlined below.

(2) A larger absorbance change was detected in the TEOS film case, indicating
that these films are more sensitive to changes in Pb2+ concentration. This is difficult to
see from figures 8.1 and 8.3 due to the difference in the absorption band formation in the
presence of Pb2: However, this can be clearly seen from the change in absorbance
going from pH 4.5 buffer (0 Pb2) to 10 mM Pb2+in figures 8.2 and 8.4. In the TEOS
film case the change in absorbance was about 0.55, while in the MTES case it was about
0.34.

(3) The wavelength of maximum absorbance change was different in the two
film cases. In the TEOS-derived films it occurred at approximately X =570 nm, while in
the MTES-derived film case, it occurred at X = 590 nm. This difference in peak
absorption wavelength could indicate different environments within the two sol-gel films
that perturb the structure of Lhe indicator molecule in different ways. Furthermore, it is

clearly seen from figures 8.2 and 8.4 that the absorption band formation in the presence
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Figure 8.1 Absorption spectra ofpHI TEOS (R=4)/ XO film
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Figure 8.2 Time response of TEOS / XO film to 10 mM Pb2+
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Figure 8.3 Absorption spectra of pHI MTES (R=4) / XO film

Figure 8.4 Response of MTES / XO film to 10 mM Pb2+
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of Pb2+ is quite different in the two cases. In the MTES films a clearly defined
absorption band forms when XO complexes with Pb2+ In contrast, in the TEOS films

only a ‘shoulder’ forms on the original absorption band.

In order to compare our MTES film behaviour with the data reported by Yang
and Saavedra [8], a second MTES-derived film was fabricated based on their procedure.
In this film fabrication procedure a 1:1 (w/w) solution of MTES and ethanol was mixed
together. The hydrolysis reaction was catalysed by adding 1% (w/w) of concentrated
HC1 acid, which was the only water added to the sol preparation. The response of these
films to Pb2+was very similar to the previous MTES-derived films. An absorbance band
formed at X = 590 nm and the response to Pb2+was fast. Yang and Saavedra [8] also
reported a fast response for their MTES-derived films for a reaction with Pb2+ Table

8.1 summaries the data for the 3 sol-gel film cases investigated in this work.

Film Type t 50(T) t oo(T) Peak X
(min.) (min.) (nm)
TEOS (R=4) 89 169 570
MTES (R=4) 5 36 590
MTES* 15 15 590

* Film based on procedure in [8]

Table 8.1 Comparing TEOS- and MTES-derived films

Zerda and co-workers [14,16] concluded that of the different parameters
affecting diffusion into a sol-gel glass, the most important are surface interactions and
geometric restrictions. Increasing the pore size should increase the rate of diffusion.
However, Innocenzi et al. [18] reported that films prepared with larger amounts of
MTES (in MTES : TEOS mixtures) are less porous. Furthermore, the refractive index
of the TEOS- and MTES-derived films were very similar (about 1.43 in each case).
Therefore, it is unlikely that the effects outlined above are due to pore size effects and

reactions at the surface should be considered.
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Hie TEOS- and MTES-derived films have different surface properties. As
outlined in section 5.8, the TEOS-derived films are hydrophilic and are characterised by
hydroxyl (OH) groups on the surface. MTES-derived films on the other hand are more
hydrophobic, with CH3 groups on the surface. Therefore, the surface in the TEOS film
case is more polar than in the MTES case. The difference in the response behaviour of
the two films is likely to be related to electrostatic interactions between the Pb2+ions
and the pore surface. Those interactions will clearly be more significant in the TEOS
case. While the exact reason for the difference in behaviour the two film cases is
unknown, a possible explanation is outlined below.

The polar surface of the TEOS-based film may attract the positively charged
Pb2+ions and thereby slow their movement into the pores. This would explain the long
response time in these films. In the MTES film case, the more neutral surface would not

have the same attraction for the Pb2+and, as observed, would show faster response.

8.3 Conclusion

This chapter outlined a preliminary study of the factors that affect the diffusion
of metal ions into a sol-gel silica glass film. The nature of the sol-gel surface is of
critical importance. This was demonstrated here for the reaction of Pb2+ions with XO
immobilised in different sol-gel films. This study emphasised critical issues in the
development of an optical sensor for Pb2+ions in solution. While the greatest sensitivity
was observed for TEOS-derived films, the fastest response was observed for MTES-
derived films. Apart from surface properties of the sol-gel film, other factors that affect

the response time include film thickness and Pb2+concentration.
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Chapter 9 Conclusion

The work presented in this thesis described the optimisation of the sol-gel
process for the fabrication of porous silica films and the subsequent development of
evanescent-wave absorption-based sensors. Sensors based on coated optical fibres were
developed for pH and ammonia.

The sol-gel process and the parameters that influence the chemical reactions
involved, have been described. The attractiveness of the sol-gel process over other
immobilisation techniques lies primarily in the flexibility and simplicity of the process. A
detailed account of the characterisation of the sol-gel films prepared at our laboratory
was presented. A range of film properties such as thickness, refractive index and
temporal stability were monitored as a function of various processing parameters. These
included coating-speed, water : precursor ratio (R), sol aging time and time after drying.
Film thickness was found to increase with sol aging time, increasing R-value and
increasing coating-speed. These results were interpreted in terms of the dependence of
the hydrolysis and condensation rates on the different processing parameters.

This work contributed to the task of choosing optimal fabrication conditions for
films used in optical chemical sensor applications. Anomalies identified for R = 2 films,
over higher R-value films, included a slower rate of film thickness increase with aging
time and a long period of time (~ 50 days) to achieve film stability. An optimal sol-gel
film preparation identified by us for chemical sensor applications used TEOS as
precursor, a R-value of 4, water of pHI and a coating rate of 1 mm/sec.

Further characterisation studies covered the areas of dye leaching from sol-gel-
derived films and analyte-diffusion into sol-gel films. The leaching of sulfonephthalein
pH indicators from sol-gel films was found to be influenced by the age of the sol-gel film
(issue of temporal stability), the R-value and pH of the sol, the pH of the leachant
solution and the type of sol precursor used. R =2 films were found to be unsuitable for
sensor development in aqueous environments due to rapid leaching. Higher R-value
films showed slower rates of leaching. However, some leaching was observed for all the
films investigated. This highlighted that other strategies need to be investigated to

effectively solve the leaching of dopants from the sol-gel films. The effect of the surface

171



properties of the sol-gel film on the ingress of metal ions was investigated for the
reaction of Pb2+ ions with xylenol orange. Film prepared using MTES as precursor
showed much faster response than TEOS-derived films.

The development of an optical fibre pH sensor, based on sulfonephthalein
indicators entrapped in sol-gel-derived films, was presented. The sol-gel immobilisation
affects the operational pH range of the indicators compared with solution values. The
pK of the indicators was shifted to higher values. The range of the pH sensor can be
extended by two techniques, namely, by the inherent broadening of the range of the
indicator on immobilisation and by co-immobilisation of indicators. A pH sensor
covering about 8 pH units was achieved by a combination of these two techniques. A
response time of about 30 seconds was measured for these pH sensors. The long-term
use of these sensors in environments of high pH is not practical due to dye leaching.

In addition to a sensor for aqueous pH, the sensing of gaseous ammonia using
pH indicators and ammonia-specific dyes was presented. The sensitivity of a
sulfonephthalein indicator for ammonia sensing depended on its pK and on the sol-gel
matrix. Indicators of higher pK were found to be more sensitive than low pK indicators.
Bromocresol purple was the indicator of choice out of the range investigated. TEOS-
derived films resulted in very high sensitivity and a near independence to relative
humidity. Meanwhile, MTES-derived films showed very poor sensitivity and were very
sensitivity to changes in relative humidity. The lower water content and hydrophobic
nature of its surface was considered to be the reason for poor sensitivity in MTES-
derived films. A sub-ppm detection limit was possible in TEOS-derived films, especially
at high dye concentration. The response time of these films to ammonia was long,
typically about 14 minutes for the 90% response time. These films are suitable for use in
an alarm type sensor.

An ammonia-specific sensor was investigated using a calixarene-based
compound in a PVC polymer coating. A fast and reversible ammonia sensor was
possible with this material. The sensitivity was greatly increased by inclusion of a
lithium salt in the PVC coating. Ammonia sensing using near-infrared absorbing
indicators was also presented. However with the indicators available, the response to

ammonia was very slow and was not fully recoverable.
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A number of characterisation systems used in this work were outlined and their
relative advantages discussed. For laboratory-based measurements a system using a
miniature fibre optic spectrometer was ideal, while a LED-based system was suitable for
miniaturisation. The evanescent wave sensitivity of these sensors was enhanced by
selectively launching higher order modes in the fibre, by using an annular beam mask in
the launch optics. This increased the relative fraction of light absorbed and hence the
sensitivity.

Possible future work based on the results in this thesis includes the development
of a (quasi-) distributed sensor. To implement this successfully, more stable near-
infrared indicators and different methods of immobilisation would be needed. For
example, sol-gel materials prepared at neutral pH or different polymer supports may be
less harsh environments for entrapment of these indicators. Other possibilities for future
work could include miniaturisation of the sensors using either a LED or a planar
waveguide approach. In order to develop a leach free sensor for aqueous environments,
modification of indicators to form covalent bonds within the sol-gel matrix is of
importance. Fluorescence-based systems employing lifetime measurements may be more
suited to sol-gel-based sensors in aqueous environments as leaching problems are less
critical in their case. The issue of containment of the evanescent field is important to
prevent fouling, especially in aqueous environments. Thicker sol-gel films need to be

investigated for this reason.
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Appendix A:
Dual-LED Driver Circuit

IC1 Voltage to Frequency Converter, (AD654, RS# 637-860)
IC2 Comparator, (LM392N, RS# 308-859)

In the configuration shown, the output from IC1 is a square wave of frequency 950 Hz.
An individual LED is switched on by applying a 5 volt signal to the base of one of the
npn transistors. The control pulse is supplied by the 1/0O card of the computer. In this
way the 2 LED’s are modulated at the same frequency and by sending the relevant pulse,

the computer selects which LED operates at a particular time.
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Appendix B:
LED Detection Circuit

TC1 Balanced Modulator/ Demodulator, (AD630)
This circuit effectively acts as a lockin-amplifier. The reference for the lockin chip
comes from the square-wave generator of the LED driver circuit. The output from the

circuit goes, via a buffer, to the ADC of the 1/O card of the computer.

12k
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Appendix C:

Intensity profiles of the dilTcreni microscope objectives

The output intensity profiles of the 3 microscope objectives, namely 0.25, 0.4 and 0.65
NA, with various sized masks in their backplane are shown. Included are the range of
angles (cj - c?) at which the masks illlow light through the microscope objective.
Furthermore, the corresponding range of contact angles (0(ci) - 6(02)), which the mask

angles would make at a core / cladding interface are calculated.
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0.25 NA Microscope objective

Mask Diameter (mm)
0
2.0
3.5
5.0

ANGLE

Mask Angles (ci - c2

0° - 15°
1.5° - 15°
4.5° - 15°
8.0° - 15°

178

o(d) - o(c?
90° - 80°
89° - 80°
87° - 80°
84.5° - 80°



0.4 NA Microscope objective

ANGLE
Mask Diameter (mm) Mask Angles (ci - ¢c2 9(d) - o(c?
0 0° - 23° 90° - 74.5°

2.0 4° - 23° 87.3° - 74.5°

2.5 6.5° - 23° 85.5° - 74.5°

3.0 g° - 23° 84.5° - 74.5°

35 9.75° - 23° 83.3° - 74.5°

4.0 11.5° - 23° 82.0° - 74.5°
4.5 13.25° - 23° 81° - 74.5°

5.0 15.5° - 23° 79.5° - 745°
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0.65 NA Microscope objective

Mask Diameter (mm)
0
2.0
2.5
3.0

ANGLE

Mask Angles (ci - c2)
0° - 39.5°
10° - 39.5°
14.5° - 39.5°
18.5° - 39.5°
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o(ci) - 0(c?
90° - 64°
83° - 64°
8 .80
77.5° - 64°



