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Abstract
Current sensor trends, such as multi-analyte measurement, miniaturisa

tion and printability, are important drivers for materials to be used in optical 
chemical sensors. In recent years, there has been a focus on sol-gel materials 
for sensor applications due to their excellent optical properties, ease of en
trapment of analyte-sensitive dyes and the compatibility of the sol-gel process 
with a range of deposition techniques. This study focuses on the fabrication, 
characterisation and optimisation of novel sol-gel ORMOSIL (ORganically 
MOdified SILicate) matrices for luminescence-based O 2 sensing. The O2 
sensing scheme is based on the luminescence quenching of the highly 0 2 - 
sensitive ruthenium complex [Ru(II)-tris(4,7-diphenyl-l,10-phenanthroline) 
dichloride], entrapped in a porous sol-gel film. A phase fiuorometric detec
tion scheme was employed which capitalised on the inherent advantages of 
frequency-domain rather than time- or intensity-domain measurements. This 
study focuses on optimisation of the O2 sensor response under a variety of 
headings including, sensitivity, dynamic range, photobleaching effects and 
sensor interferences caused by solvent vapour. Key film parameters include 
porosity and film hydrophobicity. These parameters are intimately related to 
the precursors used, in addition to sol-gel processing parameters. The xerogel 
microstructure was investigated using spectroscopic ellipsometry. 0 2 diffu
sion coefficients were also measured and the results were correlated to poros
ity and sensor sensitivity data. A study of the phase fiuorometric response 
as a function of LED modulation frequency highlighted the importance of 
optical filter selection in order to produce the optimum sensor response. It 
is clear from this work that the O2 sensitivity of the film can be tailored 
via the sol-gel precursor used. Furthermore, there is a general correlation 
between the hydrophobicity of the film and the length of the precursor alkyl 
chain. Good correlation was obtained between porosity, diffusion coefficient 
and O2 sensing data. Finally, the work highlights the versatility of the sol-gel 
route to provide application-specific materials, thereby providing solutions to 
a variety of sensing problems.
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Chapter 1

Introduction

1.1 Introduction

A sensor is defined as a device capable of continuously monitoring a physical 
parameter or concentration of an analyte. Sensors extend to virtually every 
facet of modern life. From medicine, where monitoring physiological param
eters provides vital diagnostic information in health care, to environmental 
temperature sensors monitoring phenomena such as global warming and even 
to recreational applications such as force sensing technology in video games. 
Additionally, the current market for sensors is forecast to grow as industry 
requirements for intelligent networked systems increases [1,2].

This work centers on chemical sensors, which Wolfbeis et al. have defined 
as “miniaturised analytical devices that can deliver real-time and on-line 
information on the presence of specific compounds or ions in complex sam
ples” [3]. To give the most simplified example of a chemical sensor, a sensor 
element is placed into the environment under examination, returning a signal 
which may be interpreted in terms of analyte concentration.

The different types of sensor may be classified in terms of the method 
of transduction, such as, mechanical, electrochemical and optical. Optical 
sensors are becoming increasingly popular in chemical sensing, due to the 
inert nature of the optical transduction signal which avoids the interference
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issues associated with electrical signals. This is the sensor class of interest 
to this work.

In particular, this work is concerned with the development and optimi
sation of optical sol-gel-derived O2 sensor elements for use in monitoring 
bio-processes. For example, O2 is an important parameter to monitor during 
the fermentation process, since successful fermentation and quality control 
depends on optimum conditions being maintained throughout the process.

In this work, the transparent, porous sol-gel-based materials provides a 
host support medium in which a luminescent ruthenium-based compound 
is immobilised. The luminescence is quenched through interaction with O 2 

molecules, that access the compound via the pores in the sol-gel-based ma
terial. The sol-gel approach to glass production is used here, as its versatile 
nature enables glasses to be customised to meet the requirements of the de
sired application.

Since the sensors in this work are intended to be supplied commercially, 
they have been produced with a reproducible, simple fabrication process 
which lends itself to mass production. In addition, the optoelectronic compo
nents used to implement the sensing procedure are low-cost, widely available 
and suitable for miniaturisation.

This thesis details the fabrication of the sol-gel-based sensor elements and, 
through various characterisation methods, follows the processes by which 
they have been optimised for the bio-pharm market and also presents the 
implementation of the phase fluorometric sensing technique.

1.2 Optical sensing

Sensors are classified in terms of transduction method, such as, acoustic, elec
trical, electrochemical, mechanical, optical and thermal. The transduction 
method of interest in this work is optical.

Optical sensors operate by monitoring an optical property or signal which is 
dependent on the parameter of interest. Optical sensors have been developed

2
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to monitor a range of physical (temperature [4], pressure [5], rotation [6]), 
biological (bacteria [7], hormones [8]) and chemical (various chemical species 
[9-12]) parameters. Chemical sensing is the focus of this work, where O 2 is
the analyte of interest.

Optical, rather than the other previously mentioned transduction tech
niques, is particularly suited to chemical sensing, for the following reasons:

• the sensing mechanisms are generally reversible and the analyte is not 
consumed.

• widely available optical fibre allows an optical signal to be transmitted 
great distances via the optic fibre to the detection electronics. This 
allows for remote sensing and for the possibility of sensing in harsh 
environments, for example where temperatures are high, or in locations 
were access is an issue.

• unlike an electrical transduction signal an optical signal does not present 
the risk of sparking, and it eliminates the possibility of electrical inter
ference.

• optical sensing techniques facilitate a range of design possibilities for 
sensor platforms, since they exploit the availability of a wide range 
of low-cost opto-electronic devices allowing miniaturisation and also 
allowing for the design of portable sensor systems. The low cost allows 
for the possibility of disposable sensors.

• patterns of sensor elements, each sensitive to particular substances, 
may be imaged via techniques such as Charge-Coupled Device (CCD) 
cameras, enabling multi-analyte sensing.

Optical chemical sensors may be subclassified by the nature of the opti
cal signal. The most widely reported groups are refractometric-, reflection-, 
absorbance- and luminescence-based sensors. Refract.ometric-based sensors
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monitor an analyte-dependent change in refractive index [13]. Reflection- 
based sensors monitor changes in the analyte-dependent reflectance spec
trum of a suitable compound [14]. Absorbance-based sensors operate on the 
principle that each chemical species absorbs at a particular wavelength [15]. 
Luminescence-based sensors either monitor the intrinsic luminescence of the 
target analyte [16] or an analyte-sensitive luminescence property of an indi
cator complex [17]. The sensor elements in this work employ luminescence- 
based sensing to monitor gaseous O 2 concentration via variations in the lu
minescence signal of an indicator complex.

1.2.1 Lum inescence-based sensing

The transduction signal in the sensors developed in this work, is a lumines

cence signal arising from the excited-state of a ruthenium-based complex. 

This signal is quenched through interaction with 02 molecules, which re

duces both the excited-state lifetime and also the intensity of the emitted 

luminescence. A s such, O2 concentration may be determined by monitoring 

variations in the excited-state lifetime or the intensity of the luminescence 

signal.

Sensing based on luminescence properties offers several advantages over the 
alternative optical sensing methods, such as refractometric- or absorbance- 
based methods. These advantages include:

• low levels of analyte concentration may be more conveniently deter
mined. Luminescence is an intrinsically more sensitive process than, for 
example, absorption, since absorption involves detecting a small change 
against a large background signal. Also, much work has already been 
done to amplify luminescence signals and improve efficiency, for exam
ple the luminescence of an indicator may be enhanced using metallic 
nano-particles which induces surface plasmon resonance, enhancing the 
luminescence signal and improving photostability [18].

• a wide range of analytes may be monitored via luminescence signals in 
the visible spectrum, whereas, for many analytes absorption occurs in
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the UV or IR. As such, investigations into luminescence sensing may 
be easily implemented since a variety of low-cost excitation sources, 
such as LEDs, and detectors, such as photodiodes, are available for 
operation in the visible region.

• a wide range of luminescent indicator complexes are available, partic
ularly for O2 , which is the analyte relevant to this work.

Despite the advantages of luminescence-based sensing, there are areas that 
require consideration when implementing this type of sensing:

•  the issue of photobleaching plagues any sensor system using a luminophore
[19]. This issue must be addressed or minimised according to the par
ticular operating requirements of the sensor application

• while the sol-gel technique provides a relatively simple method to en
capsulate luminophores, it is only a physical entrapment. Such im
mobilisation is susceptible to luminophore molecules leaching from the 
sol-gel-based material. This must be prevented to avoid both signal 
drift and sample contamination.

• signal drift due to excitation source drift is an issue with sensors op
erating in the intensity-domain. Theoretically, this may be minimised 
by operating in the frequency-domain, however in practice, great care 
must be taken to ensure that all intensity artifacts actually are elimi
nated.

•  optoelectronic components are liable to drift with temperature, and 
so referencing is required. However, this issue is not exclusive to the 
optical sensor classes.

• the selection of indicator probes tends to be limited to those that are 
excited and emit in the visible spectrum. This limits the range of ana
lytes it is possible to detect optically and limits the design possiblities. 
This is beginning to change as UV LEDs are being introduced.
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1.2.2 O2 sensing

O2 is one of the most important and abundant chemical species. Comprising
20.9 % of the earth’s atmosphere, it is essential for plant and animal life. 
W ithout a sufficient O2 supply, a person will fall unconscious within seconds, 
and die within minutes. At the same time, prolonged exposure to high con
centrations of 0 2 can be harmful to one’s health. As such, O2 concentration 
is an important parameter to monitor and accordingly O 2 detection and anal
ysis are used in a wide spectrum of applications ranging from science and 
medicine, to industrial processes.

Historically, Winkler titration is the most reliable and precise method to 
quantify O2 [20]. This is a time consuming, classical technique that requires 
large sample volumes and is not suitable for continuous on-line monitoring 
[21].

The Clark-electrode has been the traditional means by which dissolved O 2 
is measured over the last few decades. The Clark cell consist of a pair of 
electrodes separated from the sample by a semi-permeable membrane. This 
membrane permits the 0 2 dissolved in the sample to pass through it to the 
electrodes, while preventing liquids and ionic salts from entering.

The cathode is a hydrogen electrode and carries a negative potential with 
respect to the anode. Electrolyte surrounds the electrode pair and is con
tained by the membrane. In the absence of 0 2, the cathode becomes polarised 
with hydrogen and resists the flow of current. When O 2 passes through the 
membrane, the cathode is depolarised and electrons are consumed. The 
cathode electrochemically reduces the 0 2 to hydroxyl ions:

0 2 +  2H20  +  4e~ =  40H~

The anode reacts with the product of the depolarisation with a correspond
ing release of electrons.

Zn +  4 0 H - =  Zn(OH);*- +  2e~

The electrode pair permits current to flow in direct proportion to the 
amount of O2 entering the system. The magnitude of the current gives us a
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direct measure of the amount of 0 2 entering the probe [22].

Optical sensing is deemed more appealing than either of these examples 
for reasons mentioned earlier, particulary, that O 2 is not consumed during 
sensing and tha t miniaturisation is a possibility.

Luminescence-based 0 2 sensing is implemented in the literature by mon
itoring the luminescence-quenching of an indicator by O 2 molecules [23-28]. 
That is the technique employed in this work.

1.2.3 Lum inescence-based O2 sensor applications

Since 0 2 is vital for life and an important parameter in many different inter
actions, the range of applications for O2 detection is wide and varied. The 
advantages presented by the technique of luminescence-based sensing further 
extend the possible situations where O2 sensing can be applied. A sample of 
these applications will be presented here.

Luminescence-based sensors developed for 02-in-breath analysis provide 
non-invasive diagnostic information about a patient’s state of health [29]. Lu
minescent 0 2 -sensitive labels, developed for food packaging, provide on-the- 
spot information regarding the integrity of the packaging seal. This presents 
a major advantage over random package testing which can only examine one 
package in an entire batch and requires destruction of tha t package [30]. In 
aerodynamic design applications, pressure-sensitive paints allow the entire 
surface of an aeroplane wing or automobile to be monitored, providing com
prehensive pressure information. This provides an attractive alternative to 
traditional methods that only report on discrete areas [5]. Water-quality 
monitoring, which has applications in environmental monitoring and com
mercial fish farms, also requires 0 2 monitoring for which luminescence-based 
sensing techniques provide for the possibility of remote sensing [31].

0 2 concentration can also be used as an indirect indicator of another pro
cess, of which O2 is a product. For example Hashimoto et al. report an 
ethanol sensor tha t employs luminescence sensing to detect the O 2 consump
tion induced by an oxidation reaction of ethanol [32]. Wolfbeis et al. use the
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same principle to determine lactate concentration by sensing the consump
tion of O2 as lactate is oxidised [33]. Wolfbeis et al. have also implemented 
enzyme screening, through the luminescence-based detection of O 2 concen
tration [34].

Luminescence-based 0 2 sensors can also provide a sensing solution in the 
bio-pharm industry. Monitoring the O 2 produced during the fermentation 
processes in bio-reactors is essential for quality control purposes but the 
humid environment and presence of ethanol can prove too harsh for electrical 
sensing techniques. Any in-built sensor element must also be capable of 
withstanding steam-sterilisation as re-calibration is not possible. This thesis 
will present such luminescence-based 0 2 sensor elements, produced for the 
bio-pharm industry.

1.3 The sol-gel m ethod and sol-gel m aterials

The sol-gel technique is a route to producing porous glasses at room tem
perature. In this work, sol-gels are produced via the formation of an inter
connected 3-D network, through the simultaneous hydrolysis and polycon
densation of an organosilicon precursor. This leads to the formation of a 
porous gel which, usually through a temperature programme, finally forms a 
hardened, porous, glassy material.

There is great flexibility in the production of a sol-gel glass, since the 
process requires tha t a liquid sol be produced initially, which then dries to 
form a gel and then a glass. For example, the liquid sol can be coated onto all 
manner of substrates and a variety of deposition techniques may be employed.

Additionally, particles of an indicator compound can be added to the liq
uid sol so that as the glass is formed, the molecules of the compounds are 
entrapped within it.

The main advantage of the sol-gel technique is the ability to modify the 
resulting glass by altering the processing parameters, such as heat treatment, 
pH and R-value [35]. Since changes in fabrication cause changes in the mi-
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crostructure, the technique can be altered to produce the glass most suitable 
for the ultimate application. For example, elevating the drying temperature 
will increase the extent of evaporation of excess water and solvent molecules, 
thereby increasing the average pore size of the resulting material. This has 
a direct impact on the transport of 0 2 through the glass implying that O2 

sensitivity can be tuned via heat treatment.

The versatility of the sol-gel technique is highlighted by the range of new 
materials discussed in this work and the range of sol-gel-based sensor elements 
reported in the literature for chemical sensing [12,36,37].

1.4 Industrial requirem ents and considerations

Fermentation refers to any of a group of chemical reactions that split com
plex organic compounds into relatively simple substances, most notably the 
anaerobic conversion of sugar to carbon dioxide and alcohol by yeast. Bio
fermentation is the process by which micro-organisms are grown in a suitable 
medium for the production of yogurt, cheese, alcoholic beverages and many 
other food products.

The development of micro-organisms is greatly influenced by their envi
ronment. O2 is critical to their growth and, by extension, to the quality of 
the intended end-product. Traditionally, O 2 concentration during the fer
mentation process has been monitored using the Clark electrode. The Clark 
electrode presents some disadvantages, detailed in Section 1.2.2, in particular 
the consumption of 0 2. The advent of luminescence-based sensing, with all 
its afore mentioned advantages, provides a non-invasive alternative solution.

In this project the sensor element is required to:

• detect O2 in the range 0 - 100 %

• have a response of <  5 s

• operate in the temperature range 4 - 40 °C

9



Chapter 1: Introduction C. Higgins

• operate in high humidity

• operate without the need for calibration after steam-sterilisation in an 
autoclave

1.5 Structure of thesis

This chapter prefaces the thesis with a review of: luminescence-based sensors; 
the sol-gel process and the relevance of O2 sensing in bio-fermentation.

Chapter 2 reviews the theory of the sensing principles upon which the O 2 

sensing in this work is based.

Chapter 3 introduces the sol-gel process, explaining the stages involved 
and the implications of its versatility.

Chapter 4 outlines the procedure by which the 02-sensitive membranes are 
produced, including the deposition techniques used. This chapter also details 
each of the characterisation techniques used in this work. An account of phase 
fluorometry is presented, as this technique is used extensively in this work 
as a means of determining the O2 sensitivity of the membranes. A section is 
also devoted to the principles of spectroscopic ellipsometery, explaining the 
principles of this technique, its precision and the interpretation of the data.

Chapter 5 introduces the various ORMOSIL-based sensor layers that are 
central to this work and characterises them according to O 2 sensitivity. The 
requirements of the applications, for which the materials in this work are 
ultimately intended, are outlined. The chapter then proceeds to show how 
these requirements have been met, by exploiting the versatile nature of the 
sol-gel process.

Chapter 6 presents the results of the phase fluorometry study. This chap
ter includes a discussion of the initial results and highlights the motivation 
behind the detailed study into the phase fluorometry technique which ulti
mately produced a laboratory-based system capable of returning accurate 
phase data.
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Chapter 7 outlines the various attempts to obtain information on the poros
ity of the sensor membranes. In this chapter, the results from the ethanol 
interference study of Chapter 8 are given context. The dependence of mem
brane porosity on the starting precursor and processing parameters is pre
sented and discussed.

Chapter 8 deals with the ethanol interference study. The study was ini
tiated by a query from a commercial company interested in the effects of 
ethanol vapour on the 0 2 sensitivity of sensor membranes. This chapter de
scribes the approach undertaken in investigating this issue and discusses the 
results. The results in this chapter are linked to the study in Chapter 7.

Chapter 9 presents a review of the deposition techniques employed in this 
laboratory to produce sol-gel-based sensor layers.

Chapter 10 is the final chapter of this thesis and summarises the conclu
sions of this work.

1.6 O bjectives o f thesis

The ultimate goal of this thesis was the characterisation and optimisation 
of novel materials for luminescence-based 0 2 sensing applications in the bio- 
pharm industry. This goal required several criteria be addressed, particularly:

• to optimise the 0 2 sensitivity of sol-gel-derived sensor layers, through 
gaining an understanding of the origins of 0 2 sensitivity in these ma
terials.

• to produce 0 2-sensitive materials capable of withstanding steam-sterilisation 
without requiring recalibration.

• to address the performance of the sensor layers in the presence of 
ethanol, since this is a likely interférant in a bio-fermenter.

• to address the issue of photobleaching.
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•  to execute O2 sensing by a  technique, such as phase fluorometry, which 
will lend itself to miniaturisation and the use of low-cost electronic 
components, since the sensor platform will be designed for a commercial 
application.

Overall, this work should emphasise the versatility of the sol-gel route, 
which has enabled the industrial requirements to be met. The work extends 
to a review of deposition techniques, suitable for producing discrete sensor 
elements from liquid sol. All areas are covered, from sol fabrication, depo
sition, characteristion and the implementation of the phase-domain sensing 
technique. This work provides a concise overview of the research program 
undertaken to achieve a satisfactory basis for a commercial sensing solution.
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Chapter 2

Principles of O2 Sensing by 
Luminescence Quenching

2.1 Introduction

This chapter outlines the theory behind the luminescence-based sensing tech
niques employed in this work. The definitions for fluorescence and phos
phorescence processes and excited-state lifetime are given. The photochem
istry of the transition metal ligand complex, Ru(II)-tris(4,7 diphenyl-1,10- 
phenanthroline) dichloride, [Ru(dpp)z[Cl2 \  is discussed in terms of its rele
vance as a luminescent O2 indicator. Luminescence quenching and the pro
cesses by which it occurs are explained. The principles governing lumines
cence sensing and how they are applied to O 2 quenching are also covered. 
This chapter also includes the theory of luminescence lifetime measurement 
techniques used in this work to determine the O 2 sensitivity of sensor mem
branes, including phase fluorometry.

1Denoted in the remainder of this document by the abbreviation, [Ru(dpp)3]2+
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2.2 The lum inescence process and lum ines
cence lifetim e

Sn

S2

Si

So

IC
..ISC

IC

A = photon absorbtion 
F = fluorescence 
P = phosphorescence 
S = singlet state 
T = triplet state 
IC = internal conversion 
ISC = inter-system crossing

_T 2
IC _Ti

IC

Figure 2.1: Simplified Jablonski energy level diagram illustrating fundamen
tal excitation and emission processes

Luminescence is the emission of light from electronically excited states, 
where the external energy is not derived from the temperature of the emit
ting body. Of interest to this work is photoluminescence, where the external 
energy for the luminescence process is provided by light. Figure 2.1 is a 
simplified Jablonski diagram which schematically describes the processes as
sociated with photoluminescence. In this figure, A denotes the absorption 
of a photon of light; IC denotes internal conversion, the transition of an 
electron between electronic states having similar electronic spin, such as be
tween triplet states or between singlet states; and ISC denotes inter-system 
crossing, the transition of an electron between electronic states of differing 
electronic spin.

Photoluminescence is divided into two categories, fluorescence and phos
phorescence, denoted in Figure 2.1 as F and P, respectively. These categories 
differ depending on the nature of the excited state.
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Fluorescence refers to the process where an electron in an atom or molecule, 
having been excited from a ground state energy level, So, via an absorption 
process, to a singlet excited state, Si, de-excites to ground state resulting in 
the emission of a photon. Emission rates are rapid, typically 108s-1 , and so 
fluorescence lifetimes are typically in the orders of nanoseconds [1].

Excited electrons may undergo a spin conversion from Si to the triplet 
excited state, T i, by ISC. Phosphorescence refers to the emission of light from 
Ti where the electron in the excited orbital has the same spin orientation 
as the ground-state electron. Here emission rates are slow, in the region of 
103 — 10°s_1, so tha t phosphorescence lifetimes are typically milliseconds to 
seconds [1].

The distinction between fluorescence and phosphorescence is not always 
clear, for example transition-metal-ligand complexes (MLCs), which contain 
a metal and one or more organic ligands, display mixed singlet-triplet states 
[1,2]. Such complexes are of interest to this work and so when referring to 
the emission of light from these complexes the general term luminescence will 
be used.

The average time interval that the electron spends in the excited state, 
prior to its return to ground state, is known as the luminescence lifetime, 
r  [1]. The observed lifetime, r0bs, of a luminophore is given by Equation 2.1, 
where, T is the emissive rate of the luminophore and knT is the rate of non- 
radiative decay. The intrinsic lifetime of a luminophore refers to the time 
interval that the electron spends in the excited state, prior to its return to 
ground state, without any contribution from non-radiative processes.

7~obs P  ~~t~~ k nr

In this work, O2 concentration is measured as a function of the observed 
luminescence lifetime of a ruthenium complex while the complex undergoes 
collisional quenching by O2 . Collisional quenching will be explained in Sec
tion 2.4. The luminescence properties of ruthenium complexes are discussed 
in the next section.
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2.3 Transition m etal com plexes and 
ruthenium  com plexes

Luminescent transition metal complexes (MLCs) represent a family of 
organometallic luminophores that have been widely used as indicator dyes, 
owing to features such as, strong visible absorption, efficient emissions and 
long-lived excited states [3,4]. Examples of previous uses of luminescence- 
based sensors for O2 , CO2 , pH, temperature and several chemicals have been 
reported extensively [5-14], In these examples, changes in the luminescence 
intensity or luminescence lifetime are monitored to indicate changes in ana
lyte concentration [15].

The MLC of interest to this work, is the 0 2-sensitive Ru(II)-tris(4,7 diphenyl- 
1,10-phenanthroline), [Ru(dpp)3p +. This complex is widely accepted as an 
ideal choice for O2 sensing, largely due to its emission at room temperature 
from a long-lived triplet metal-to-ligand-charge transfer state (3MLCT). The 
rates of such emissions are slow since this is a partially forbidden transition 
and this gives rise to a relatively long excited-state lifetime [2]. This extended 
lifetime contributes to increased sensitivity according to the Stern-Volmer 
equation (this will be discussed later in Section 2.4). The long excited-state 
lifetime also allows lifetime-based sensing to be performed using inexpensive 
detection devices such as photodiodes [16,17].

While the long excited-state lifetime is clearly an attractive feature, 
[Ru(dpp):i]2+ possesses additional characteristics relevant to 0 2 sensing appli
cations. These include: chemical stability, arising from the covalent nature 
of the metal-ligand bonds; photostability; solubility in typical sol-gel pre
cursors [18]; broad absorption band due to MLCT; and large Stoke’s shift 
with an excitation centered at 450 nm and emission maximum of ca. 610 nm. 
This significant Stoke’s shift allows separation of the absorption and emission 
peaks and also reduces the likelihood of reabsorption or self-quenching [1]. 
Such a Stoke’s shift simplifies design considerations for sensor platforms and 
allows for the use of relatively low-cost filters.

The broad absorption band in the blue region of the spectrum can be
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seen in Figure 2.2. In this figure, the emission profile of a standard blue LED 
(blue line) is superimposed on the absorption spectrum of [Ru(dpp)s]2+ (black 
line). This illustrates the suitability of readily available, relatively low-cost 
LEDs as excitation sources for sensor platforms employing the [Ru(dpp)3]2+ 
complex.

Wavelength [nm]

Figure 2.2: Absorption spectrum of [Ru(dpp)3]2+, emission spectrum of 
[Ru(dpp)3]2+ and emission profile of LED. Absorbtion spectrum acquired 
using a UV-Vis spectrometer (Varian, Cary 50 Scan). Emission spectra 
recorded with a fluorometer (Jobin Yvon, Spex FluoroMax 2).

A further interesting feature of [Ru(dpp)s]2+ is tha t its structure, shown 
in Figure 2.3, ensures the complex is shielded from external environmental 
effects. Previous work in this laboratory has found tha t this shielding effect 
is due to the phenyl groups and reduces the possibility of interference with 
the 0 2-sensitive signal [19,20]. Other authors have also reported on this 
effect [21,22].

These features, in addition to the thermal, chemical and photochemical 
stability that the [Ru(dpp):>l}2+ complex exhibits, make this an ideal choice 
of luminophore for use in a durable and robust 0 2 sensor platform.
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2.4 Lum inescence quenching and the Stern- 
Volmer equation

The term, non-radiative decay, refers to any process by which an excited 
electron is returned to ground state without the emission of a photon. The 
subsequent decrease in luminescence caused by non-radiative decay is referred 
to as luminescence quenching [1].

Luminescence quenching can occur by several means. Two of these process, 
collisional quenching and complex formation, are detailed here.

2.4.1 D ynam ic Quenching

Dynamic, or collisional, quenching requires molecular contact between lu
minophore and quencher, in this case [Ru(dpp)3]2+ and O2 , respectively. The 
quencher must diffuse to the luminophore during the excited state lifetime 
of the luminophore. 0 2 has been widely reported as a strong collisional
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quencher [23]. When the O2, represented as the quencher, Q, in Figure 2.4, 
interacts with the luminophore, [Ru(dpp)3]2+, the luminophore returns to the 
ground state without the emission of a photon. This occurs via the forma
tion of an excited charge-transfer complex referred to as an exciplex. This is 
known as collisional, or dynamic, quenching.

S 2 .

S I .

SO

IC

A =  photon absorbtion 
kq = bimolecular quenching 

constant 
Q = quencher
[Q] =  quencher concentration 
S = singlet state 

Q IC  = internal conversion

Figure 2.4: Simplified Jablokski diagram illustrating dynamic quenching

As dynamic quenching is a non-radiative process, it contributes to the 
non-radiative decay rate, k nT , in Equation 2.1. From Equation 2.1, it can be 
seen that a change in k nT yields a change in the observed lifetime, t 0\,s , and 
therefore, a corresponding change in luminescence intensity. Since the extent 
of dynamic quenching is proportional to the quantity of O 2 present, this can 
be exploited as a sensing mechanism.

Collisional quenching is described by the Stern-Volmer equation which is 
given in its generalised form in Equation 2.2 [1]:

^  =  -  =  [1 +  4:TTgRND[Q]r0/1000][SQ/TQ\ (2.2)
1 T

where Io or ro, are the luminescence intensity, or lifetime, in the absence 
of quencher; I or r ,  is the intensity, or lifetime, at any quencher concen
tration ([Q] in units of molarity); g is the spin statistical factor reflecting 
the state type being quenched; R is the luminophore-quencher interaction
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distance (in cm); N is Avogadro’s number; D is the quencher diffusion coeffi
cient (in cm 2s_1). The factor of 1000 is required to convert molarity units to 
molecules/cm3. SQ and TQ represent static quenching and transient quench
ing, respectively.

Considering O2 as the quencher at room-temperature, the term Q can be 
replaced in terms of p 0 2 as follows [24] :

[Q] =  [02] =  (0.041) (S )(p02) (2.3)

where the term 0.041 originates from the 0 2 Henry’s law constant [24], S is 
the 0 2 solubility constant within the host matrix (in units of molL-1atm -1), 
and pÛ2 is the O2 partial pressure (in atm).

Assuming [Ru(dpp)3}2+ emits from a triplet state, this gives a value for g 
of 1/9, R may be assigned a value of 1 x 10-7 cm. The product of D  x S  is P, 
the host matrix permeability to O2, and under quenching conditions SQ and 
TQ are essentially unity [24]. Allowing for all of these conditions, Equation
2.2 may be recast as:

=  -  =  1 +  (3.4 x 1012)P r0[pO2] = 1 +  K s v [02] (2.4)
1 T

therefore,
K sv  = (3.4 x 1012) P t 0 (2.5)

where, K sv  is the Stern-Volmer constant. In O2 sensing, K Sv represents the
sensor sensitivity and from Equation 2.5, is dependent on P and r 0.

r 0 is an intrinsic property of the luminophore but it can also be influenced 
by the immediate environment of the luminophore. For example, the lifetime 
of [Ru(dpp)3]2+ in solution is shorter than that of the same molecule immo
bilised in a solid matrix. P is proportional to the O 2 diffusion coefficient, 
D, of the matrix in which the luminophore is immobilised. Therefore, for 
optimum sensor design, K sv  can be tuned by selecting a luminophore and 
immobilisation m atrix with the optimum r  and P values [24,25].

For homogeneous environments, according to the ideal case described by

25



Chapter 2: Principles o f  0 2 Sensing
by Luminescence Quenching C. Higgins

Equation 2.4, a plot of I0/I  or r 0/ r  versus [O2] will be linear, with a slope 
equal to K sv  and an intercept of unity. If a more complex system is con
sidered, the Stern-Volmer plot deviates from linearity. This is the case for 
a luminophore population immobilised in an amorphous matrix, as for the 
sensor platforms described in this work. This behaviour is associated with 
the distribution of the luminophore population in the glassy matrix, where 
the embedded luminescent species encounters different environmental influ
ences. The host microheterogeneity causes luminophore populations in dif
ferent sites to experience different quenching rates with a resultant downward 
curve in the Stern-Volmer plot [26].

Various models have been developed to describe quenching data that de
viate from the Stern-Volmer model [27, 28] . For the sensor systems in this 
work, the Demas model, described by Equation 2.6, is employed, in addition 
to the Stern-Volmer model, to analyse the O2 quenching data. These models 
have been chosen on account of their simplicity but also to facilitate compar
ison with current work in other laboratories, as these models are commonly 
used among other authors in this field [29-31].

h. -  z°
I  T 1 +  Ksvi [Ot\  1 +  Ksv  2 [O 2]

(2.6)

In Equation 2.6, fi represents the fractional contribution of the total emis
sion from the luminophore located at site i, under unquenched conditions 
that exhibits a discrete Stern-Volmer quenching constant, given by K svi-

Determining O2 concentration by monitoring the luminescent properties 
of the 0 2-quenchable excited-state of [Ru(dpp):i]2+ is the sensing mechanism 
at the core of this work. The principles behind the most popular techniques 
for monitoring the changes in luminescence lifetime or intensity are discussed 
the following section.
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2.4.2 Static Quenching

Static quenching refers to the combination of a quencher molecule with an 
excited luminophore molecule, to form a non-luminescent complex. This 
non-luminescent complex returns to the ground state without the emission 
of a photon [32].

Since the luminophore molecule is no longer in the excited state the ob
served luminescence intensity is decreased [33]. Static quenching is propor
tional to quencher concentration, as governed by Equation 2.7.

In Equations 2.7 and 2.8, Io and I refer to the luminescence intensity in 
the absence and presence of quencher; is the static quenching constant; L 
denotes the uncomplexed luminophore population and Q is the uncomplexed 
quencher population.

Prom Equations 2.4 and 2.7, it is apparent that observation of intensity 
measurements alone does not provide information as to whether the quench
ing process is static or dynamic. Additional techniques must be applied to 
distinguish the quenching process. For example, at increased temperature, 
diffusion coefficients are found to increase, hence the Stern-Volmer constant 
will increase in the case of dynamic quenching. Conversely, in the case of 
static quenching the Stern-Volmer constant is found to decrease with in
creasing temperature, since the increased temperature causes the complexes 
to become unstable.

Excited-state lifetime measurement is the definitive technique to distin
guish static from dynamic quenching. Since the process of complex formation 
reduces the luminophore population, it follows tha t the luminescence inten-

^  =  1 + K S[Q] (2.7)

where,

(2 .8)
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sity will be reduced. However, the excited-state lifetime is not disturbed and 
so static quenching is not detected by direct lifetime measurements. As such, 
for static quenching r 0/ r  =  1 whereas, for dynamic quenching r 0/ r  =  io // ,  
as detailed in the previous section.

Static quenching is not observed for the systems central to this work as 
will be discussed in Chapter 6.

2.5 Lum inescence lifetim e m easurem ent tech
niques

Luminescence-based 0 2 sensors have been extensively researched in recent 
years, due to the importance of 0 2 concentration determination in indus
trial, environmental and biomedical applications [34-36]. These optical 0 2 
sensors present an alternative to traditional 0 2 detectors, such as the Clark 
electrode, as they do not suffer from electrical interference, 0 2 consumption 
or the other issues suffered by electrochemical sensors [37,38]. In addition, 
luminescence-based 0 2 sensors provide versatility in sensor design, by com
bining the intrinsic sensitivity and selectivity of the luminescence process 
with the wide availability of optoelectronic components, thereby allowing a 
range of various sensor configurations.

Luminescence-based 0 2 sensors are based on luminescence quenching by
0 2, of either the intensity or excited-state lifetime of the luminophore. Lifetime- 
based detection is preferred, providing reliable measurements by remaining 
insensitive to factors such as excitation source drift. Lifetime-based detection 
can be achieved in both the time- and frequency-domain [39]. This section 
highlights the principles underlying the determination of the excited-state 
lifetime in each domain.
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2.5.1 Tim e-dom ain m easurem ents

The time-domain approach employed here is one of impulse response, where 
the sample emission following pulsed excitation, from a low repetition rate 
laser, is recorded using a high speed detection system, such as a photomulti
plier tube (PMT) and a digital oscilloscope. Excited-state lifetimes can then 
be determined by analysing time-dependent decays of luminescence inten
sity. [40]

When a luminophore is excited by a short pulse of light, the excited-state
decays as it is depleted of excited luminophores. Equation 2.9 describes this
process as an exponential decay law:

I(t) = I0e ^ T (2.9)

where, I0 is the luminescence intensity at the time excitation is terminated 
and r  is the excited-state luminescence lifetime. In many cases, the intensity 
decay is not accurately described by a single exponential decay law. In 
these situations, the observed intensity decay is often given by a sum of 
exponentials:

n

I(i) =  5 > i e - * / T (2.10)
i= 1

where, a* is the pre-exponential factor denoting the contribution to the 
total time-resolved decay of the component with lifetime t*.

The excited state lifetime is then recovered by curve fitting the collected 
intensity decay trace [41]. Instrumentation details are described in Chapter 
5.

2.5.2 Frequency-domain m easurem ents

Intensity measurements of the luminophore’s emission at known O 2 concen
trations can be used to characterise 02-sensitive membranes. However, life
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time measurements are preferred as they will not be influenced by external 
variations such as detector drift or changes in sample alignment [42], Unfor
tunately, directly measuring the lifetime of a luminophore requires sophisti
cated light sources, costly detectors and involves considerable data analysis, 
as outlined in the section above. Phase fluorometry offers a cheaper and less 
complex alternative to direct lifetime measurements for O 2 sensing [43].

phase angle, 4

Figure 2.5: Illustration of phase measurements

When a luminophore is excited by a sinusoidally modulated light signal, 
its resulting emission is modulated at the same frequency but phase shifted 
relative to the excitation signal [44]. The phase angle, <j>, in Figure 2.5, refers 
to the phase lag between the modulated excitation signal (red line) and the 
emitted luminescence (blue line). The phase angle can be used to calculate 
the lifetime from Equation 2.11, where u  represents the angular frequency of 
the luminescence (u = 2nf ) .

tW L (j) =  U!T (2 -11)

For a given error in 0, maximum lifetime measurement accuracy can be 
obtained using the optimum modulation frequency. The optimum frequency 
f opt may be defined, from Equation 2.11, as tha t frequency for which the 
following expression is satisfied:
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2TvfoptT =  1 (2.12)

tha t is, the frequency for which (f> =  45° [8].

Lifetime can also be determined by measuring the demodulation factor. 
From Equation 2.13, the demodulation factor m  is given by the ratio of 
the modulation of the emission signal to the modulation of the excitation 
signal. In Equation 2.13, a is the average intensity of the incident light, b is 
the modulated amplitude of the incident light, A  is the average intensity of 
the emission and B  is the modulated amplitude of the emission. Figure 2.5 
shows a, b, A  and B. Equation 2.14 relates the demodulation factor to the 
lifetime [45].

2.6 Conclusions

This chapter has defined luminescence in terms of fluorescence and phospho
rescence. The excited-state lifetime has also been defined. The principles 
of luminescence quenching are explained and the manner in which lumines
cence quenching is exploited as the sensing mechanism at the core of this 
work has been outlined. The theory underlying techniques using both time- 
and frequency-domain measurements to monitor luminescence as a function 
of analyte concentration, have been presented. The implementation of these 
techniques will be detailed in Chapter 4. Frequency-domain, as opposed to 
time- or intensity-domain, measurement has been highlighted as the optimum 
detection technique for this work.

B /A
m  = — (2.13)

m  = (2.14)
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Chapter 3

The Sol-Gel Process

3.1 Introduction

As far back as the 1840s, it was observed that the hydrolysis and condensa
tion of the silicon alkoxide, tetraethoxysilane (TEOS), produces silica gel [1]. 
However, significant interest in the sol-gel process only really began in the 
1970s, when the process was exploited as a route to producing porous glasses 
at low temperatures [2]. The process affords the possibility of tuning the 
resulting glasses by varying the process parameters [3]. Before the densified 
glass is formed, a liquid sol state is reached, which lends itself to moulding 
or coating onto a range of substrates.

This chapter describes how the tunability of the process has been employed 
in this work to produce materials suitable for use as sensor membranes. The 
versatility of the sol state allows the formation of thin films via deposition 
techniques such as dip-coating, which will be described in Section 3.7.

3.2 Sol-gel processing

Before delving into the various processing parameters and applications of 
the sol-gel techniques, it is useful to define the relevant terms. The term
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sol, refers to a colloidal suspension of small particles (1-1000 nm) in a liquid 
medium. A gel is formed when attractive forces in the sol cause the particles 
in a sol to interconnect to form a network. Therefore, a gel is a substance 
containing a continuous solid skeleton which contains a continuous liquid 
phase. A dried gel is known as a xerogel. A p recu rso r in the sol-gel 
process, consists of a metal element surrounded by ligands [4]. In this work 
silicon alkoxide precursors are used.

A sol-gel material is formulated by combining a precursor with water, a 
catalyst and a co-solvent. The subsequent hydrolysis and polycondensation 
of the precursor, results in the formation of a sol. This sol may be used 
to coat the required substrate. The coated layer undergoes a densification 
process during a drying period, becoming a gel, leading to the formation of a 
xerogel. The xerogel formation can be hastened by applying a temperature 
program during the drying period [5]. The process is illustrated in Figure 
3.1.

The process parameters and relative quantities of precursor, water, catalyst 
and the choice of solvent used in this work, have been selected in order to 
produce low density xerogels, exhibiting a level of porosity suitable for sensing 
applications [6-9].

The various stages of the sol-gel process will be introduced in this chapter. 
Since some questions still remain regarding the exact mechanisms of these 
processes and the influence of endless processing parameters on the properties 
of the resulting xerogel [2,3,10], only an overview will be given here, focusing 
on those parameters manipulated to produce xerogel characteristics relevant 
to this work.

A more complete understanding of the complex interactions of the sol-gel 
process is available in the literature [3,4,11,12].
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Figure 3.1: The sol-gel process

3.3 Hydrolysis and condensation

The reaction of metal alkoxides with water is known as hydrolysis. In the 
reaction, a hydroxyl ion bccomes attached to the metal atom, according to 
the following reaction:

=  S i - O R  + H20  = S i — OH  +  ROH. (3.1)

where, R is an alkyl group, CXH2X+i and ROH is an alcohol.

In a condensation reaction, two partially hydrolysed molecules link to
gether, with the release of a small molecule, such as water or alcohol, as in 
the following two reactions:
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Alcohol condensation:

= S i - O R  + H O - S i =  ^  =  Si -  O -  S i = +ROH. (3.2)

Water condensation:

= S i - O H  + H O - S i =  ^  = S i - 0  -  S i = +H20 .  (3.3)

The hydrolysis and polycondensation of the precursor is initiated with the 
addition of water to the alkoxysilanes. A mutual solvent is required to aid 
miscibility. A catalyst, either acid or base, controls the rate of the hydroly
sis and polycondensation thereby influencing the structure of the condensed 
material. The influence of the catalyst conforms to the general rule that 
acid-catalysed reactions lead to less highly branched products than based- 
catalysed [4].

The hydrolysis and polycondensation reactions continue, building up chains 
of =  S i — O — S i = molecules, which become interconnected, increasing the 
viscosity of the solution, to form the more rigid porous network of the gel.

While it is accepted tha t hydrolysis and polycondensation play an impor
tant part in developing the structural properties of the resulting glass, it 
is difficult to separate these two processes [13]. That is, the condensation 
reaction, be it Equation 3.2 or 3.3, begins while hydrolysis is taking place. 
Essentially, hydrolysis controls the condensation rate, since hydrolysis pro
vides the starting material for the condensation reactions, as can be seen 
from Equation 3.1.

Hydrolysis and condensation are controlled by numerous parameters, such 
as, catalyst type as mentioned above, and water content. By controlling 
these process parameters, to adjust the rate of hydrolysis and subsequently 
condensation, it is possible to control properties such as porosity and ho
mogeneity. In this way, xerogels may be produced with the characteristics 
required for a desired application.
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Those processing parameters of relevance to this work will be discussed in 
the following section.

3.4 Factors affecting the sol-gel process

3.4.1 Influence of water:precursor ratio (R-value)

The R-value is the molar ratio of water to precursor. It has been found R- 
value controls the rate of hydrolysis with a subsequent impact on the resulting 
xerogel microstructure. For example, at low pH values, sols prepared with 
increasing R-value, exhibit increased density and a smaller average pore size.
[14].

In this work, we require xerogels of sufficient porosity to allow for 0 2 dif
fusion into the matrix, while retaining a level of cross-linking sufficient to 
prevent leaching of entrapped luminophore molecules. Therefore, intermedi
ate R-values of 3 or 4 are used, with an acid catalyst, to yield sols suited to 
producing materials of the relevant density [15].

3.4.2 Influence of sol aging and drying

In addition to hydrolysis and condensation, the conditions concerning the 
aging of the sol and drying of the deposited film, also contribute to the 
structural properties of the final material.

A ging refers to the process of change in structure and properties tha t takes 
place due to the bond formations tha t continue to occur between particles, 
as a sol-gel is forming. [4],

Aging takes place after the initial mixing step. The liquid sol to be aged, 
is left to stand for a period of time to allow hydrolysis and polycondensation 
to continue. A heat treatm ent may be applied to accelerate the process.

Prolonging the period of hydrolysis and polycondensation increases the 
degree of cross-linking and has the effect of increasing the viscosity of the
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sol. The viscosity of the sol is of particular relevance for thin film formation, 
where a certain minimum viscosity must be obtained in order to allow coating 
of substrates [16].

Following deposition, d ry in g  refers to the process during which the re
maining liquid and solvent is expelled from the skeletal structure, resulting 
in the formation of a xerogel.

During drying, xerogels can crack, loose porosity and become dense, so 
process parameters must be controlled to ensure desirable properties are re
tained after drying.

3.5 ORMOSILs

Organically modified silicates (ORMOSILs), are materials composed of a 
mixture of inorganic and organic components [17]. Countless materials fall 
into this classification since there are endless possibilities available by com
bining inorganic network formers, or modifiers, with organic network formers, 
or modifiers [18].

Schmidt declares organically modified glasses to exhibit characteristics 
such as, high transparency, hardness and amorphous structure usually at
tributed to inorganic glasses [19]. Additionally, each organosilicon precursor 
impacts on the hydrolysis rate and subsequently affects the xerogel forma
tion, thereby varying some structural properties and chemical behaviour of 
these glasses [20,21], In this way, ORMOSIL glasses have all the aforemen
tioned attributes of inorganic glasses, while selected characteristics may be 
altered through considered choice of organic component.

Organosilicon precursors contain a non-hyrolysable Si-C bond, R ^ zS ^ O R ’)^  
where R ’ represents the desired functional group. A common example is 
methyltriethoxysilane (MTEOS CH3(C2H50 ) 3Si). This precursor has been 
used to provide hydrophobic surfaces [22].

The hydrophobicity of a surface is characterised by the contact angle of 
water on that surface. The contact angle of a drop of liquid on a surface refers
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to the angle between the tangent to the drop and the surface. A contact angle 
greater than 90 ° characterises a hydrophobic surface, while a contact angle 
less than 90 ° characterises a hydrophilic surface.

A TEOS-xerogel layer is an example of a hydrophilic surface. Where a 
TEOS-xerogel will have hydroxyl groups at its surface, rendering the surface 
hydrophilic, in an MTEOS-xerogel these hydroxyls are replaced by alkyl 
groups. The alkyl groups, through their relatively low affinity for water, 
render the xerogel surface hydrophobic [23].

Since there are countless inorganic/organic component combinations avail
able, with each combination offering particular properties, this implies that 
ORMOSILs can be used to provide glasses with whatever range of charac
teristics an application may require [24-28]. In this work, ORMOSILs are 
used to reduce cracking, increase glass porosity and also to increase the hy- 
drophobicity of the glass surface, as in the example given above.

Producing hydrophobic surfaces of is particular importance in this work 
since the xerogels are fabricated for use as 0 2 sensitive films. For the O2 

sensing mechanism to occur, the 0 2 must first diffuse through the xerogel to 
the luminophore, as described in Section 2.4. In a humid environment, the 
xerogel surface will be exposed to water vapour. The nature of the xerogel 
surface determines how the water vapour will interfere with the O 2 sensing.

Water spreads out on a hydrophilic surface creating a barrier to O 2. In 
this instance, the O2 molecules must partition through the water layer first 
and then diffuse through the sensor membrane. This increases the response 
time and can decrease the observed sensitivity of the sensor membrane.

A further disadvantage of hydrophilic membranes is the tendency to adsorb 
moisture from the atmosphere, causing changes in the microstructure of the 
host matrix. These changes lead to fluctuations in the emission signal of a 
luminophore embedded in such a matrix, resulting in an unreliable sensor 
system.

For a hydrophobic sensor membrane in a humid environment, water min
imises contact with the surface and tends to form beads. Since the water
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does not spread out on the surface, a much smaller surface area is covered 
by water and so 0 2 can diffuse freely into the remaining surface area of the 
membrane.

Xerogels with high contact angles have been found to exhibit increased O 2 

sensitivity in both gaseous and dissolved phase [29], and so such materials 
are desirable in this work.

In addition, combinations of organosilicon precursors are also used in this 
work to incorporate multiple features into the films, further exploiting the 
versatility of the sol-gel process.

3.6 Encapsulation of lum inophores w ithin the  
sol-gel m atrix

Luminophores are probe or sensing molecules, that report on their environ
ment by changes in their photophysical or photochemical properties.

The immobilisation of these probe molecules in a support matrix is re
quired to produce a useable sensor platform. Since the probes report via 
variations in their luminescent properties, care must be taken to ensure that 
such variations do not occur by any means other than by the process under 
investigation (in this work the luminescence signal should vary only due to 
varying 0 2 concentration). As such, the support matrix should provide a 
stable environment for the probe molecules, ideally, forming a barrier to sub
stances that may interfere with their luminescent properties, preventing the 
molecules themselves contaminating the sample region, yet allowing sufficient 
access to the probe by the desired analyte. The support matrix itself should 
have a chemically inert microstructure, tha t will not undergo any structural 
changes which might in turn  lead to fluctuations in the luminescent proper
ties of the probe [30-32].

Additionally, the immobilistion process itself must not hamper the desir
able luminescent properties of the probe molecules. Standard immobilisation
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techniques can present difficulties, for example, the technique of physisorp- 
tion can be prone to probe leaching, while the technique of covalent attach
ment is time consuming and may render the probe molecules less sensitive 
to the target analyte [33,34], The sol-gel route overcomes these issues, pre
senting the possibility of immobilising luminophores by encapsulation [35].

While glassy materials provide the characteristics required of a support 
matrix outlined above, the photophysical and photochemical properties of 
luminophores cannot withstand the high temperatures used in the produc
tion of conventional glasses. Sol-gel-based xerogels are produced at relatively 
low temperatures, in contrast to the elevated thermal conditions generally 
required in conventional melt glass production. It is this low temperature cur
ing tha t allows the sol-gel process to be used to entrap luminescent molecules 
without altering their luminescence properties [36].

The encapsulation technique, by which luminophores can be immobilised in 
sol-gel glasses, involves adding the luminophore molecules to the sol solution 
prior to the formation of the gel. In this way, the sol-gel matrix is formed 
around the luminophore molecules. As such, the resulting glass/luminophore 
system is less susceptible to leaching than techniques such as post-doping [37].

3.7 D eposition  techniques

3.7.1 D ip-coating

The dip-coating process can be divided in to five stages: immersion, start-up, 
deposition, drainage and evaporation [4]. The dip-coating apparatus used in 
this work allows the substrate to be fixed above a movable platform, which 
holds a vial containing the liquid sol. The vertical motion of the platform is 
controlled by the user via a software interface. Since the speed is controlled, 
reproducibility is ensured.

To begin coating, the platform is raised until the substrate is immersed in 
the liquid sol. The platform is then lowered at constant speed. The inner
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Figure 3.2: The dip-coating process

layer of sol, close to the substrate, moves upwards with the substrate, while 
the outer layer returns to the vial. The thickness of the resulting film is 
related to the distance between these two layers. The thickness and the 
position of these upward- and downward-moving layers are governed by six 
forces:

1. viscous drag upward on the liquid by the moving substrate,

2. the force of gravity,

3. resultant force of surface tension in the concavely curved meniscus,
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4. inertial force of the boundary layer liquid arriving at the boundary 
region,

5. surface tension gradient and

6 . the disjoining or conjoining pressure which is of importance for films 
less than 1 /^m thick, such as the films in this work.

Generally, for Newtonian fluids the relationship between the thickness, 
h, of the resulting coating and these six forces is governed by the fol
lowing relationship:

where, r? is the viscosity, p is the density, g is the acceleration due to 
gravity, 7  is the surface tension and U is the dip speed.

However, due to the constantly evolving nature of sol-gels, this rela
tionship does not hold for every sol. Small deviations from predicted 
behaviour can be explained by such factors as, non-Newtonian viscos
ity due to aggregation in the sol (especially after long aging times) and 
concentration dependence of the viscosity due to evaporation [14]. The 
main point to note is tha t the thickness of the deposited layer increases 
with dip speed.

3.7.2 Spin-coating

The spin-coating process may be divided into four stages: deposition, spin- 
up, spin-off and evaporation. The substrate to be coated is held in place via 
a chuck and a vacuum, with its surface in the horizontal plane. To begin 
coating, a quantity of liquid sol is deposited onto the centre of the substrate. 
In the spin-up stage, the substrate is set to rotate, causing the liquid to 
be drawn out toward the edges via centrifugal force. This is followed by 
the spin-off stage, where excess liquid, having flowed to the substrate edge, 
now leaves the substrate surface in droplets. The rate of removal of excess

(3.4)
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liquid in this way, slows as the film becomes thinner and resistance to flow 
increases. In the fourth and final stage, evaporation becomes the primary 
cause of thinning [4].

The excellent film uniformity, typical of spin-coating, is due the balancing 
of the competing forces of the inward viscous drag and the outward centrifu
gal force [38].

Film thickness may be predicted using the following relation [39]:

h f = c0
3v0e

L2(l -  c0)u 2
1/3

(3.5)

where, h j represents the final film thickness, Co is the initial sol concen
tration, vq is the kinematical viscosity, e is the rate of evaporation, and uj 
is the angular velocity. This relation assumes Newtonian fluid behaviour. 
As mentioned in the precious section, the sols in this work may deviate from 
Newtonian behaviour, however, the important point to note is that generally, 
film thickness is inversely proportional to spin speed.

3.7.3 Pin-printing

Pin-printing uses a conical pin-head to collect the liquid sol from a well and 
deposit it onto the substrate. The dimensions of the deposited discrete sensor 
layer are a function of, the pin dimensions, the relative humidity during 
printing, the pin contact time with the substrate, the nature of the substrate 
surface and the sol-gel solution’s composition and chemistry [40].

Pin-printing has become a popular deposition choice due to the ease with 
which it may be used to produce microarrays of sensor elements. In addition, 
printing parameters and pattern details are preprogrammed, ensuring a high 
level of reproducibility while also facilitating high throughput techniques. 
These attractive features have been particulary exploited in the field of DNA 
microchip processing [41-43].

As the technique allows arrays of discrete sensor elements, small format 
sensor platforms may be produced, well suited to the current drive towards
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miniturisation and portable sensor platforms. A further attractive feature is 
presented in tha t several wells may be used, each containing a sol solution, 
each sol being sensitive to a different analyte. This allows for the possibility 
of producing multianalyte sensor arrays.

3.7.4 Ink-jet-printing

Ink-jet-printing is a non-impact deposition technique where small droplets 
are directed, in rapid succession, onto the surface of a substrate under com
puter control. Of the various methods by which ink-jet-printing may be 
implemented the two most suited to practical applications are ‘continuous 
je t’ and ‘drop on demand’ [44].

The ‘drop on demand’ technique is implemented here. The liquid sol is held 
in a reservoir, the opening nozzle of which is controlled by a piezo-electric 
crystal. Commands at a software interface determine when and for how long 
the nozzle should open. In this work, patterning is made possible by placing 
the substrate on a moveable x-y stage, which is also controlled via a software 
interface.

Ink-jet-printing provides a practical alternative to dip- and spin-coating 
deposition, neither of which are practical for producing large quantities of 
sensor elements or for patterning. Ink-jet-printing is also relatively easy to 
implement in a production line setting, where neither dip- or spin-coating 
could be implemented. These considerations are of importance when consid
ering the production of sensor elements for commercial use.

3.7.5 Gravure-printing

W ith gravure-printing an image is etched on the surface of a metal plate, 
the etched area is filled with ink, then the plate is rotated on a cylinder that 
transfers the image to the paper or other material. Gravure-printing is often 
used for high-volume printing of packaging, wallpaper, and giftwrap using
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fast-drying inks. In this work, gravure-printing is highlighted as an excellent 
deposition solution for high throughput processing of sol-gel layers.

As already described, the sensor platform in this work is based on an 02- 
sensitive luminophore entrapped in a porous xerogel. As explained in Chap
ter 2, the sensing mechanism employed is collisonal luminescence quenching. 
By its nature, such a mechanism requires molecular contact of analyte and 
luminophore. This section illustrates the relevance of the process by which 
this contact is achieved.

The luminescence quenching of [Ru(dpp)3]2+ by 0 2 is governed by the 
Stern-Volmer equation, see Equation 2.4. K sv  is the measure of O2 sensi
tivity and, from Equation 2.5, this is dependent on To and P, the excited- 
state lifetime of the luminophore entrapped in the host material and the 
02-permeability of the host material, respectively. As given in Equation 3.6, 
P is a product of the 0 2 diffusion coefficient, D, and O2 solubility, S, in the 
host material.

P is also related to the average pore radius of the material via Equation

where, p is the relative density of the film, is the average pore radius, 
and f, and ft are factors accounting for the shape of the pores and the non
linear path in real materials [4]. The average pore radius is related to the 
volume porosity, Vp, of a material according to Equation 3.8. In this relation, 
Ap is the total surface area of the pores.

3.8 Gas transport in sol-gel films

P  = D x S (3.6)

3.7:

(3.7)
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Vp = R h x Ap (3.8)

Equations 3.6, 3.7 and 3.8, show the diffusion coefficient to be directly 
proportional to the square of the average pore radius which in turn is pro
portional to the volume porosity. Therefore, variations in D from material to 
material may be attributed to variations in volume porosity, all other terms 
being equal.

3.9 Conclusions

The principles behind the sol-gel process have been explained. The tunability 
of the process has been highlighted as the reason this process is used here 
to produce sensor support matrices. The influence of the process parameters 
and organosilicon alkoxide precursors on the resulting glass structure and 
chemical behavior have been outlined in terms of relevance to this work.

The sol-gel process produces glass at low temperatures and this has been 
noted as the reason this process is suited for the encapsulation of luminophores 
into the resulting glassy xerogels.

The deposition techniques of interest to this work have been described. 
Dip-coating has been presented as the primary technique by which thin films 
are produced in this work.

Diffusion in sol-gel xerogels is explained; since it is the diffusion of 0 2 

in the sol-gel matrix, to achieve molecular collision with the encapsulated 
luminophore, tha t forms the basis of the sensing mechanism at the core of 
this work.

The following chapter will present the experimental techniques used to 
produce and characterise sol-gel sensor layers.
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Chapter 4

Experimental Characterisation 
Systems, Techniques & 
Fabrication of Sensor Elements

In this work, optical 0 2 sensing is achieved by observing the collisional 
quenching, by O2 , of a luminophore, entrapped in a porous sol-gel xerogel.

0 2 -sensitivity is characterised in terms of the Stern-Volmer constant, Ksv- 
As already discussed, K sv  is & function of both To, which is a characteristic of 
the luminophore; and P, which is a characteristic of the host matrix in which 
the luminophore resides. By determining the values of r 0 and P for each 
luminophore-doped xerogel, we can establish the origins of 0 2 -sensitivity.

Luminescence lifetime and intensity measurements are made in order to 
determine the dependence of the luminophore lifetime on 0 2 concentration 
and also on the host membrane. The laser system, employed to monitor the 
luminescence lifetime, and the LED-based system, used to obtain intensity 
data, are presented in this chapter.

The principles governing the phase fluorometry technique have already 
been explained in Chapter 2. In this chapter, the laboratory apparatus used 
to implement this technique will be described.
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Spectroscopic ellipsometry is introduced as the means by which the refrac
tive index of xerogel layers was determined. The techniques by which porosity 
information has been obtained from refractive index data are explained here.

The host materials are characterised in order to understand the transport 
of 0 2 to the luminophore. This requires the determination of, the hydropho- 
bicity of the xerogel, the solubility of 0 2 in the xerogel and the 0 2 diffusion 
coefficient of the xerogel. This chapter describes each of the characterisation 
techniques used in this work to determine these properties.

4.1 Sensor Elem ent Fabrication

Both luminophores and sol-gel materials have been discussed in Chapter 2 

and Chapter 3, respectively. In this section, the details of combining the two 
to form 0 2-sensitive membranes are presented.

The process parameters particular to film formation are outlined. The 
deposition techniques used are also detailed.

It will be shown that all 0 2-sensitive xerogels in this work are produced 
in a simple, reproducible fabrication process, tha t would lend itself to mass 
production and commercialisation.

4.1.1 Fabrication o f (^-sensitive xerogels

Xerogels are produced with the following precursors: tetraethoxysilane (TEOS), 
phenyltriethoxysilane (PhTEOS), methyltriethoxysilane (MTEOS), ethyltri- 
ethoxysilane (ETEOS), n-propyltriethoxysilane (PTEOS).

Sols were prepared by acid-catalysed hydrolysis and polycondensation of 
the relevant precursor. An R-value of 4 was maintained in each sol. Typ
ically, the luminophore was combined with ethanol, to which aqueous HC1 
at pH 1 was added. The precursor was then added drop-wise to give a 
final luminophore concentration of 2.5g/L, with respect to the total vol-
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ume of the solution. The total molar ratio of silane:ethanol:water:HCl, was 
1:6.25:4:0.007.

The final mixture was magnetically stirred under ambient conditions to 
ensure adequate mixing. Following stirring, sols were aged, as required, to 
achieve a level of viscosity suitable to allow coating of substrates.

This work does not extend to developing sol formulations, rather the details 
of the formulation of these sols have been developed by other authors and 
have been reported previously [1 , 2].

Xerogels have also been formed from precursor solutions of n-octyltriethoxysilane 
and TEOS (OTEOS:TEOS); and also 3,3,3-trifluoropropyltrimethoxysilane 
and n-propyltrimethoxysilane (TFP-TMOS:PTMOS).

OTEOS:TEOS and TFP-TMOS:TMOS sols were produced as described 
by Bright et al. [3,4],

4.1.2 Substrate preparation

Glass microscope slides were used as substrates for: luminescence quench
ing experiments; contact angle and thickness measurements; and obtaining 
absorption and emission spectra. Pieces of silica wafer, were used as sub
strates for: ellipsometeric and FTIR measurements. Substrates were treated 
by soaking in 30% HNO3 for at least 24 hours. Substrates were removed from 
the acid, then rinsed with copious amounts of deionised water and ethanol, 
before drying under a N2 flow.

4.1.3 Xerogel formation

A study of deposition techniques has been carried out as part of this work.
The techniques studies are: dip-coating, spin-coating, stamp-coating, ink- 
jet-printing, pin-printing and gravure-printing. The details of the implemen
tation of these techniques is presented in this section. Following deposition 
all samples are cured via a temperature program.
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D ip-coating

Thin film xerogels were formed by dip-coating liquid sols onto glass subtrates 
in a controlled environment using a computer controlled dipping apparatus. 
A dip-speed of 3 mm/s was used for all samples, unless otherwise stated. The 
glass substrates were 1 cm x 2 cm pieces scribed from 1mm thick microscope 
slides (Menzel Glass). Samples produced in this way represent the majority 
of samples described in this work.

Spin-coating

For each sample, 50/^L of liquid sol was deposited onto the glass substrate, 
using a micropipette. The film was formed by rotating the substrate at 3000 
rpm for 30 s, unless otherwise stated.

Stam p-coating

Substrates to be coated are placed in a glass petri-dish. Stamp-coated films 
are formed by depositing the liquid sol-gel onto the substrate surface with 
the use of a PDMS stamp.

As stamp-coating is done by hand, the technique is not suited to producing 
a large number of samples nor is it reproducible. However, it is useful when 
preparing samples for experiments that require a coating to be either thicker, 
or of a smaller surface area, than is possible to obtain with dip-coating. In 
this work the experimental apparatus used to determine the response time 
of the sensor elements, requires stamp-coated samples.

Pin-printing

A Cartesian Technologies MicroSys 5100 MicroArrayer (Genomic Solutions, 
UK) was employed to deposit patterns of discrete sensor elements onto sub
strates. At the software interface, the pin speed and dimensions of the re
quired patterns were specified. Since the pin-printing mechanism is contained
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in an environmental chamber the relative humidity could be controlled during 
deposition.

Ink-jet-printing

Patterns of sensor elements were deposited onto substrates using an ink-jet 
printing system (MicroFab Technologies). The amount of sol to deposit and 
dimensions of the required patterns were specified at a software interface. A 
moveable x-y stage was used to align the substrates.

G ravure-printing

A commercial company, Gas Sensing Solutions (GSS), provided samples de
posited by gravure-printing. The samples were produced from an MTEOS- 
based sol. Details of these samples complete the review of deposition tech
niques presented in Chapter 9.

4.2 Lum inescence Lifetim e M easurem ents

In this work, the intrinsic excited state lifetime of [Ru(dpp)3]2+ in each xe- 
rogel, was determined by experiments using a pulsed laser system both in 
the School of Chemical Sciences in DCU and also in the State University of 
New York (SUNY), at Buffalo, as part of collaborative work with colleagues 
in the USA.

The DCU system has been described elsewhere [5]. Briefly, it consists 
of a Nd:Yag laser (A =  355 nm). Samples were excited with 15 ns pulses. 
Samples were degassed in N2 prior to measurements. The emitted decay 
signal was detected using a photomultiplier tube and captured using a digital 
oscilloscope. The luminescence lifetime was calculated by analysing the decay 
trace in Microcal Origin.

Experiments in SUNY, were conducted in a similar manner [6].
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4.3 D eterm ination of th e O2 response of sen
sor m embranes

4.3.1 Intensity M easurem ents

The 0 2 -sensitivity of luminophores embedded in xerogels can be quantified 
by luminescence intensity measurements [7]. In this work, the intensity of 
the luminescence signal, from a sensor sample contained in a flow cell and 
excited by a blue LED (Nichia, NSPE590), is detected by a silicon photodiode 
(Radionics, 194-290), the output of which is connected to the lock-in amplifier 
(Signal Recovery, Model 7225). The output from the lock-in amplifier, in 
millivolts, is written to file on the PC, via a National Instruments data 
acquisition card, at known 0 2 concentrations. The Stern-Volmer plot can 
then be produced from this data.

4.3.2 Phase Fluorom etry

It has been established that intensity-based measurements can suffer from 
issues such as, baseline drift due to light source and detector fluctuations
[8 ]. As such, lifetime measurements are preferred. However, direct lifetime 
measurements, as those describe above, require costly equipment and involve 
significant data analysis, by fitting data to exponential decay models [9,10].

Phase fluorometry offers a low-cost alternative to direct lifetime measure
ments, while remaining free of the artifacts associated with intensity-based 
measurements [11].

The principles of phase fluorometry have been presented in Chapter 2. The 
experimental system used here to examine the performance of the 0 2 sensor 
membranes has been published previously [12]. Briefly, the characterisation 
system consists of a blue LED (Nichia, NSPE590), which is modulated at a 
frequency of 20 kHz and whose emission spectrum overlaps very well with 
the absorption band of the ruthenium complex used here, as shown in Figure
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2 .2 . A silicon photodiode (Radionics, 194-290) was used for the detection of 
the 0 2 -sensitive luminescence signal.

In order to examine their performance, 0 2 sensor xerogels were placed in a 
flow cell into which controlled mixtures of O 2 and N2 were introduced using 
mass flow controllers (Celerity, Ireland). The concentration of O 2 flowing 
into the flow cell can be set via a Labview user interface. 0 2 concentration is 
increased from 0 to 100%, in predefined intervals. Gas quantities are accurate 
to ±  1%. The duration of each interval is typically 1.5 min to ensure a new 
equilibrium point has been reached.

Response times of this system when using the xerogels reported here is <5 
s. However, the intrinsic response time of the membranes is < ls  [13]. The 
phase angle at each concentration is recorded (as in the previous section) and 
from this data, the corresponding Stern-Volmer plot can be recovered.

Figure 4.1: Schematic of Phase Fluorometry System
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4.4 D eterm ination of the effect o f solvent vapour 
on the response o f O2 sensor membranes

As described in Section 4.3.2, the 0 2 response of the sensor membranes is 
determined by monitoring the luminescence signal at known O 2 concentra
tions, where N2 is the carrier gas. In order to investigate how solvent vapour 
might affect the sensor response of the 0 2-sensitive membranes, the 0 2/N 2 
gas mixture was passed through a wash bottle containing the solvent to be 
investigated, before entering the flow cell. The resulting phase data could 
then be compared to phase data taken without the wash bottle in the gas 
flow path.

In order to establish the extent of solvent interference on dissolved 0 2 
sensing, the xerogel was contained in a cuvette, into which known quantities 
of ethanol and deionised water were added using disposable pipettes. Phase 
data was recorded and compared to tha t of a xerogel in a cuvette of deionised 
water.

4.5 Spectroscopic Ellipsom etry

4.5.1 Introduction

Based on the measurement of the change in light polarization upon reflection 
from a sample surface, ellipsometry derives thin film thickness and optical 
properties with extreme accuracy [14].

Ellipsometry means measuring an ellipse. Electromagnetic (EM) radiation 
is described not only by its wavelength and intensity, but also by its polarisa
tion. Linearly polarised light reflecting from a flat surface generally becomes 
elliptically polarized after reflection, as illustrated in Figure 4.2. The two 
components of the EM wave, one in the plane of incidence (p) 1, and the

: p and s refer to the electric component of the EM wave.
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other perpendicular (s) 1 to the plane of incidence, experience different at
tenuation and phase shift at the reflection [15], which can be described by 
Fresnel reflection coefficients t p  and r.,.

Figure 4.2: Changes in the polarization of light by reflection from a surface

Ellipsometry measures the ratio of these complex reflection coefficients, 
rp and rs. The measured data is expressed as A and which represent 
the change in phase and amplitude, respectively, that occurs upon reflection. 
A and $  are related to the ratio, p, of rp and r, in Equation 4.1 [16]. In 
Equation 4.3, 5P and 5S refer to the phase of that component, relative to the 
other.

Elllptlcally po

* Linearly polarised light

p =  I t  = t a n * e iA (4.1)

where,

(4.2)

'p  and s refer to the electric component of the EM wave.
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A =  5P -  8 S (4.3)

Since ellipsometry measures the ratio of two values, this technique pro
vides highly accurate, very reproducible measurements that are not intensity 
dependent.

The discussion so far refers to the simplified two-phase situation, where 
the interaction occurs at the interface of two materials of different refrac
tive index. In this work, layered structures are examined and so the system 
becomes three-phase, as in Figure 4.3. The reflected light in a three-phase 
system is the sum of the contributions of reflected and transm itted light at 
each individual interface. As such, the resulting effective reflection coeffi
cients of a multi layer structure are a function of rp and r s for each layer [17] 
and are denoted as Rp and R., (where, Rp =  ^ r p and Rs =  ^ r s, respectively, 
over all the layers of the system).

Bulk Sample Three-Phase System

Figure 4.3: Comparing reflection from a bulk sample and a thin film

The ellipsometer (Jobin-Yvon Horiba, UVISEL) used in this work, is shown 
in schematic form in Figure 4.4. It consists of: a Xenon light source, a 
polarizer, a sample stage, a photo-elastic modulator (PEM), an analyser, a 
monochromator and a data acquisition unit. The Xenon light source provides 
a broad spectral range, from the FUV (190 nm) to the NIR (1.7 yum).

Generally, information such as refractive index or film thickness cannot 
be accessed directly from the A and wavelength dependent data obtained
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&
computer

Figure 4.4: Schematic of spectroscopic ellipsometer

from ellipsometry. A mathematical model is required to fit the experimental 
data and it is from this mathematical representation of the sample tha t the 
characteristic information of the sample can be determined.

In this work, all ellipsometric data was recorded at an incidence angle 
of 70 ° and was analyzed using the Delta-Psi software Version 2.0. The 
ellipsometric data was modelled using the Tauc-Lorentz relation [18]. The 
parameters in the model were set to be close to expected values and known 
information on layer thickness (determined independently using a white light 
interferometer), was also included to help define the layered sample.

The following sections describe how ellipsometry is used in this work to 
determine porosity information in a technique known as ellipsometric poros
ity. In this technique, ellipsomtry is used to measure refractive index changes 
which in turn provide the volume porosity, Vp and the pore size distribution,
PSD.

4.5.2 Experim ental procedure: determ ining volum e poros
ity, Vp, from refractive index

The sample is placed in a flow cell on the table of the ellipsometer. Dry N 2 is 
flowed into the flow cell to remove any physisorbed water from the pores of 
the sample [19]. Once humidity in cell has stabilised at 0 %, the ellipsometric

68



Chapter 4 : Experimental Characterisation Systems,
Techniques & Fabrication o f Sensor Elements C. Higgins

Figure 4.5: Screen grab of model used to recover optical properties from the 
ellipsometric data of an MTEOS-xerogel

data can be taken.

Humid air is then introduced to the cell until the humidity stabilises close 
to 100 %, at which point the ellipsometric data can be taken.

The values of refractive index with pores empty and full of adsorbent, are 
applied to Equation 4.4, the Lorentz-Lorenz equation:

" f 2 - 1  =  f t  _  v , ) " -2 - 1 +  v  V  - 1 (4 4)
n ,2 +  2 ( p ,n s 2  + 2  pn„2 +  2 1 ’

where, n y ,  ns and np are the refractive indices of the film, solid skeleton 
and pores respectively. By solving the simultaneous equations, the values of 
Vp and n, can be determined. This approach has been widely reported in 
literature as a means to determine porosity [20].

This approach is based on the assumption tha t all pores are accessible to 
the adsorbent, it does not allow for the presence of closed pores within the 
material. However, the consistency of the results and the correlation with
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the diffusion coefficient data imply th a t the approach is sufficient for this 
study.

4.5.3 Experim ental procedure: determ ining the pore 
size determ ination (PSD )

Many authors have reported using the technique of ellipsometric porosimetry, 
or molecular probing, to determine the PSD of materials [21,22]. The PSD is 
obtained by monitoring the change in refractive index, as adsorbent vapour 
concentration is increased from 0 to 100 %. This section describes how the 
technique was implemented here, to provide information on the pores of 
xerogels.

In a similar manner to the previous section, the sample is placed in a flow 
cell on the table of the ellipsometer. Dry N2 is flowed [19,23] to remove any 
physisorbed water from the pores. Once humidity in the cell has stabilised 
at 0 %, the ellipsometric data can be taken.

Humid air is then introduced to the cell, at 10 % intervals of relative 
humidity. Relative humidity within the cell is allowed to stabilise at each 
interval before the ellipsometric data can be taken.

Refractive index values are recovered from the ellipsometric data as in the 
previous section.

Using Equation 4.5, the volume of the adsorbent within the xerogel pores, 
Volads, for a given interval, may be determined, where rij is the refractive 
index value at a given interval of relative humidity, n 0 is the refractive index 
value at 0 % RH, and n 0j s is the refractive index of the adsorbent. This data 
was used to plot adsorption and desorption isotherms for each xerogel with 
a range of different adsorbents.
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The derivative of the desorption branch of such an isotherm provides the 
pore size distribution (PSD) for the xerogel [24],

4.6 Diffusion Coefficient M easurem ents

The diffusion coefficient for xerogels of known thickness was determined from 
response time data, obtained during a step change in 0 2 concentration, using 
a technique reported previously by this group [25]. The technique is based 
on a model developed by Mills and Chang [26].

4.6.1 Thickness m easurem ents

Thickness measurements were made using a white light interferometer, (WYCO, 
N1100 Optical Surface Profiler). Using the interferometer in vertical scan
ning interferometry (VSI) mode allowed film thickness to be determined in a 
non-destructive manner by measuring the changes in an interference pattern.

The basic interferometric principle is tha t light reflected from a reference 
mirror combines with light reflected from a sample to produce interference 
fringes, where the best-contrast fringe occurs at best focus. In VSI mode, 
the white-light source is filtered with a neutral density filter, which preserves 
the short coherence length of the white light, and the system measures the 
degree of fringe modulation, or coherence [27],

4.6.2 R esponse tim e m easurem ents

Response time measurements were made by recording the luminescence signal 
from a sensor layer during a change from vacuum to 0 2 -saturated conditions.

To ensure the response time measured was the intrinsic response of the 
sensor layer and did not include the time required to fill the gas lines and flow 
cell, a method including a fast switching solenoid valve was employed. The 
method and apparatus has been described in detail elsewhere [13]. Briefly,
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one outlet of the solenoid valve was connected to an edge-detection flow-cell 
which contained the sample sensor layer, as depicted in Figure 4.6. The other 
two outlets were connected to a vacuum pump and O 2 supply, respectively. 
Both the vacuum and O2 flow were continuously supplied throughout at a 
constant flo rate. Through a LabView interface it was possible to switch 
the solenoid value from vacuum to O2 flow, thereby exposing the sample to 
alternate environments, as desired.

Excitation illumination, emission detection and data recording was all per
formed as outlined earlier for intensity measurements in Section 4.3.1.

The response time ¿90 is obtained from the luminescence signal, where tgo 
is the time taken for the intensity of the luminescence to decrease to 90 % of 
the equilibrium value [13].

damp
O; sensitive sample

Excitation fro m . 
blue LED

t

O, flow

valves

/
-g> to vacuum

Emission from sample 
y  to photodiode

Figure 4.6: Schematic diagram of solenoid value used in response time ex
periments

4.7 Contact A ngle D eterm ination

Contact angle measurements were used to characterise the hydrophobicity of 
the xerogel surfaces of interest in this work. The measurements were made 
using the FTA-200 contact angle analyser (First Ten Angstroms, USA) shown 
in Figure 4.7.

Using the FTA-200, computer software analyses the drop shape of a liquid

72



Chapter 4 : Experimental Characterisation Systems,
Techniques & Fabrication of Sensor Elements C. Higgins

Figure 4.7: Image of FTA-200 contact analyser. Reproduced from FTA 
literature.

on the surface to be characterised, and reports contact angle data with mini
mal requirement for operator intervention [28]. Contact angles reported here 
are accurate to ±3°. Figure 4.8 is a screen-shot showing the captured image 
of a drop of water on an ETEOS-xerogel, taken with the FTA software.

Experimental Characterisation Systems, 
& Fabrication of Sensor Elements

drop of water

ETEOS-bosed layer 
a g lass substrate

Figure 4.8: Image of drop of water on an ETEOS-xerogel. Captured using 
FTA camera and software.
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4.8 Conclusions

This chapter describes the various experimental techniques and systems used 
in this work to charaterise 0 2 -sensitive xerogels.

In the first section, all precursors used in this work were listed and the 
fabrication procedures, including deposition techniques are reported.

Systems used to characterise the 0 2 -sensitive luminescence signal in both 
the time- and intensity- domain have been presented. The experimental 
system by which phase fluorometry is executed in this work has been detailed.

Spectroscopic ellipsometry has been introduced as the means by which re
fractive index values were obtained. The techniques used to recover porosity 
information from these refractive index values have been explained.

The technique used to calculate diffusion coefficient values from the re
sponse time data of xerogels of known thickness was outlined.

The commercial apparatus for obtaining contact angle data was also re
ported.

Each of these techniques are employed to establish the origin of the O 2 

response sensitivity. The results of the characterisation process are presented 
in the following chapters.
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Chapter 5

Optimising O2 Sensor 
Platforms

5.1 Introduction

This chapter presents the 02-sensitive luminophore-xerogel systems inves
tigated in this work and highlights how the fabrication process has been 
adapted to produce systems suitable for particular applications.

The initial objective was to obtain maximum 0 2 sensitivity. Two ap
proaches were undertaken to  achieve this goal. The first approach exploits 
the versatile nature of the sol-gel process, to produce materials exhibiting 
characteristics that yield increased 0 2 sensitivity. The second approach looks 
at chemical modification of the 0 2 -sensitive luminophore complex to increase 
its excited-state lifetime.

The 0 2 sensitivity of each system is presented in terms of the Stern-Volmer 
constant, recovered from the two-site Demas model. Other parameters such 
as, diffusion coefficient, water contact angle and excited-state lifetime of the 
luminophore complex in each host xerogel have also been determined with a 
view to establishing the origins of O2 sensitivity for these materials.

Additional issues relevant to producing viable, reliable sensor platforms 
have been addressed. Specifically, these issues are, the possibility of sterilising
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the sensor membranes, without altering O2 sensitivity, and the ability of 
sensor membranes to retain their photostablity over prolonged periods of 
illumination by the excitation source. The manner in which these issues 
have been addressed is presented in this chapter.

5.2 O ptim ising O2 sensitiv ity

5.2.1 Benchmark O2 Sensor Membrane: M TEOS

02 Concentration (%)

Figure 5.1: Quenching data of an inorganic TEOS-xerogel and that of the 
benchmark MTEOS-xerogel

Figure 5.1 presents the quenching data of an inorganic TEOS-xerogel and 
th a t of an ORMOSIL MTEOS-xerogel. The luminophore [Ru(dpp)s]2+ has 
been immobilised in each xerogel. The data has been fit to the Demas model. 
As mentioned in Chapter 2, quenching data obtained from a luminophore in 
a solid matrix often deviates from the linear ideal of the Stern-Volmer model. 
The two-site Demas model accommodates the curvature toward the positive 
x-axis, characteristic of a luminophore immobilised in an amorphous solid
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matrix, and so is often the best model to describe quenching data from such 
sensor elements.

Table 5.1 compares the recovered parameters for the data from Figure 
5.1, when fit to the Stern-Volmer and the Demas models. As mentioned in 
Chapter 2, the Stern-Volmer constant is the parameter governing 0 2 
sensitivity in that model. For the Demas model, the recovered parameters 
Ksyx and Ksv 2 are the quenching constants associated with luminophore 
sites 1 and 2, respectively. The fraction of the total emission in unquenched 
conditions, contributed by each site is /¿. In this work, the largest quenching 
constant is always assigned to so care must be taken to note whether
this value relates to the largest fraction of the luminophore population.

Stern-Volmer
precursor K sv R2

[% Os]“ 1
TEOS 0.006 ±  0.001 0.8935

MTEOS 0.022 ±  0.001 0.9696

Demas
precursor f i

Ï 
*

 
O 

^
^

1-
1 K s V2

[% 0 2 ]- 1
R2

TEOS 0.23 ±  0.02 0.078 ±  0.001 0.002 ±  0.000 0.9997
MTEOS 0.66 ±  0.01 0.060 ±  0.002 0.005 ±  0.000 0.9999

Table 5.1: Comparing fit parameters for the Stern-Volmer and Demas models

From Table 5.1, the R 2 value improves from 0.8935 for TEOS and 0.9696 
for MTEOS, to greater than 0.99 for each system, when the quenching data 
is fit with the Demas model, rather than the Stern-Volmer model. Generally, 
a model tha t returns an R 2 approaching 1.00 is deemed to suitably describe 
the experimental data, and so the two-site Demas model is used throughout 
this work, unless otherwise stated.

In Table 5.1, the majority of the total luminophore population for the 
TEOS-based sample is described by the discrete K SV2 of 0.002 % O2 \  while 
the majority of the total luminophore population for the MTEOS-based sam-
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pie is described by the discrete K^yi of 0.06 % Og1 for MTEOS. This vari
ation in sensitivity is clear from the differing slopes of the two plots in Fig
ure 5.1, which illustrates the improvement in 0 2 sensitivity that is achieved 
through the use of an ORMOSIL glass.

As discussed in Chapter 3, ORMOSILs may be employed to provide par
ticular characteristics to a glassy material. ORMOSILs are used in this work 
to provide desirable features, in addition to enhanced O 2 sensitivity. These 
features will be presented in this chapter, for example, TFP-TMOS is used 
as a starting material for a sol-gel glass in order to enhance photostability.

The MTEOS-xerogel is the standard 0 2-sensitive film used as a benchmark 
for this work. The sensitivity of films made with this luminophore/xerogel 
combination, forms the benchmark to which the new materials used in this 
project can be compared.

Novel luminophores are also tested by immobilising them in an MTEOS- 
xerogel. The resulting O2 sensitivity can then be directly compared to that 
of [Ru(dpp)z\2+ immobilised in an MTEOS-xerogel.

5.2.2 Optim ising O2 sensitivity via host xerogel m odi
fication

The sol-gel route was employed to produce a range of hybrid xerogels using 
organosilicon precursors of the form (CnH 2n+1) — Si — (OR)3, where n =  1, 
2, 3, 8 and R =  Et. This series of precursors was selected to explore the 
possibility of tuning the hydrophobicity and 0 2 sensitivity of the resulting 
sensor glasses. In addition to this group, PhTEOS and the fluorinated pre
cursor TFP-TMOS, were also investigated, to determine the effect of phenyl 
groups and fluorine, respectively, on 0 2 transport in the sensor glasses. The 
composition of all of these xerogels has been detailed in Chapter 3.

Figure 5.2 shows the quenching data for each of the xerogels in this work. 
Each plot in this figure represents data obtained from a xerogel produced us
ing a particular precursor solution. The differing slopes clearly indicate that
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02 Concentration (%)

Figure 5.2: Comparison of quenching data for all 0 2 sensor layers of relevance 
to this work. All data has been fit to the Demas model

the choice of precursor solution impacts on the resulting O 2 sensitivity of the 

glasses. The precursor solutions used in this work, listed in order of increas

ing 02 sensitivity are: PhT EO S, M TEO S, ET EO S, PT EO S, O TEO S:TEO S 

and T FP-TM O S:PTM O S.

Table 5.2 reports on the effect of precursor type on 0 2 sensitivity, as quan
tified by the recovered Demas parameter, ¥^sv\■ For each xerogel in the table, 
Ksy! accounts for the quenching constant for more than 60 % of the total 
luminophore population. Additional data for each xerogel is also included, 
such as diffusion coefficient, D; water contact angle, and the excited-state 
lifetime, r 0, of [Ru(dpp)3]2+ immobilised in that xerogel.

All of the 0 2 sensor layers reported here are based on diffusional quench
ing. As such, their O2 sensitivity depends on the Stern-Volmer constant, 
which is a function of two parameters, To and P, from Equation 2.5. The 
same luminophore is used in each xerogel, and the differing values of r 0, 
recorded in Table 5.2, for the luminphore immobilised in each material, vary 
too little to account completely for the observed changes K^yx- Therefore,
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precursor solution
Demas parameters

D
[x 1 0 “ 6

cm2s _1]

Contact
Angle

[°]

r
[± 0 .8 /is]Kski

[%o2] - 1
R 2

M TEO S 0.060 ±  0 .0 0 2 0.9999 9.86 85 4.92
PhTEO S 0 .0 1 2  ±  0 .0 0 2 0.9990 0.03 90 5.81
E T E O S 0.100 ±  0.015 0.9994 62.1 95 4.91
P T E O S 0.158 ±  0.010 0.9997 67.3 102 5.11

O TEO S:TEO S 0.160 ±  0.048 0.9967 80.0 113 5.98
T FP -T M O S:P T M O S 0.323 ±  0.022 0.9991 - 102 6.03

Table 5.2: Influence of precursor on xerogel properties

the observed variations in 0 2 sensitivity must be due, in the most part, to 
varying contributions to P, the permeability of the xerogel.

Prom Table 5.2, it can be seen that the increased alkyl chain length cor

responds to increased K s y , which indicates an increase in O2 sensitivity. 

As the alkyl chain of the organoalkoxide precursor increases in length (from 

M TEO S, to E T EO S, to PT EO S, to O TEO S), the relative hydrophobicity 

increases, as indicated by the contact angle. As discussed in Section 3.5, 
membranes with increased hydrophobicity, exhibit increased 0 2 sensitivity.

However, a PhTEO S-xerogel exhibits a similar water contact angle to that 

of an ETEO S-xerogel, yet its K ^ y  value indicates a reduced 02 sensitivity, 

by comparison. This is likely due to the steric effect of the bulky phenyl 

groups in the material [1]. The steric effect impedes the transport of 02 

molecules within this material, resulting in a value of D which is three orders 

of magnitude less than that of an ETEOS-xerogel.

A  glass produced using a fluorinated precursor, T FP-TM O S, greatly im

proves the 02 sensitivity of the resulting sensor layer. The hydrophobicity of 

the TFP-TM O S:PTM O S-xerogel is similar to that of a PTEO S-xerogel, but 

the K 5y X of this material is observed to be approximately double that of a 

PTEO S-xerogel. The origin of this increased 02 permeability is thought to 

be due to this material’s fluorine component. The high electronegativity of 

fluorine results in good 02 affinity. This in turn increases the permeability of
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the material to O2 , which improves the transport of O2 through the material 
and contributes to the K Sxa [2,3]. Unfortunately, due to issues relating to 
both the high quenching efficiency and the poor surface quality of sensor 
elements based on TFP-TMOS attempts to quantify the diffusion coefficient 
have been unsuccessful.

5.2.3 O ptim ising O2 sensitivity via luminophore m od
ification

As mentioned in Section 2.4, the O 2 sensitivity of a luminophore/xerogel 
sensor membrane may be increased by increasing the excited-state lifetime 
of the luminophore.

This was achieved in this work by replacing the hydrogen atoms in [Ru(dpp)a]2+ 
with deuterium, a process known as deuteration.

D o

D- -̂ V d
D PdJC, H,0

200"C, 6 da3s

200-C, 6 c

Figure 5.3: The deuteration process

Figure 5.3 (provided by Dr. Adrian Guickian who performed the synthesis 
of this complex and the standard [Ru(dpp)3]2+ complex used in this work) 
illustrates the process of deuterating a single diphenyl-phenanthroline (dpp) 
ligand.
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This new luminophore was immobilised in an MTEOS-xerogel. The re
sulting Stern-Volmer plot is compared to th a t of the standard [Ru(dpp)3]2+ 
immobilised in an MTEOS-xerogel in Figure 5.4. The Stern-Volmer model 
has been used here in order to directly compare the effect of the extended To 
on the O2 sensitivity. This model returns an acceptable R 2 > 0.96 and so is 
deemed appropriate for use in this discussion.

02 Concentration (%)

Figure 5.4: Effect of deuteration on O 2 sensitivity

From the plot in Figure 5.4, K sy for the sensor layer containing the deuter- 
ated complex is ~  50 % greater than that of the benchmark sensor layer.

The increase in K^y originates in the extension in r  caused by a reduction 
in the rate of radiationless decay, k nr (as given in Equation 2.1). The domi
nant mode of radiationless decay is by loss of energy to the stretch vibration 
of the C-H bond. Replacing hydrogen atoms with heavier deuterium atoms, 
reduces the frequency of this vibration. As a result, less energy is required 
for, what is now, the C-D stretch and so the probability of radiationless decay 
is reduced. From Equation 2.1, a reduction in the rate of non-radiative decay 
results in an increase in the observed excited-state lifetime of the complex.
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From Table 5.3, the deuteration process leads to an extension of tq by 1 
fjbs, which is an increase of 20 %. Therefore, the observed increase in K $v  
of 50 % is 30 % larger than expected. However, this discrepancy is thought 
to lie with the large experimental error in tq of ±0.8[is. In any case, the O2 

sensitivity has been greatly improved by the deuteration process.

Luminophore To [± 0.8 fj,s] Ra
Non-deuterated Ru(dpp) 3 4.92 0.9901
Deuterated Ru[dpp)^ 6.04 0.9987

Table 5.3: Excited-state lifetime data

It should be noted however, that while the observed increase in O 2 sensi
tivity is encouraging, this complex is costly to produce. This cost has so far 
proved prohibitive to the commercial use of this luminophore.

It is also worth noting, tha t the increase in obtained using the deuter- 
ated complex is comparable to that obtained by immobilising the non-deuterated 
Ru(dpp)3 in an ETEOS-xerogel. This is a more cost-effective and less com
plex route to increased O2 sensitivity.

5.3 A chieving sterilisable sensor membranes

In order to ensure instruments used in bioprocessing are free from live bac
teria or other micro-organisms, they are steam sterilised. Steam sterilisation 
is a process of killing micro-organisms through the application of pressurised 
steam. Heat damages the micro-organism’s essential structures, causing irre
versible damage to its metabolic functions. This process eventually kills the 
organism. Steam sterilisation is performed using an autoclave.

A requirement of sensor membranes developed for use in bioprocessing ap
plications, is tha t they should be capable of withstanding steam-sterilisation 
by autoclaving, without requiring additional calibration between autoclave 
cycles. T his section deals with the production of such membranes and

87



Chapter 5: Achieving Optimum Sensor P latform s C. Higgins

presents results demonstrating their O2 sensitivity after repeated autoclav- 
ing.

The temperature program, subsequent to coating the sol layer onto the 
substrate, has proved an important step in producing autoclavable films. It 
was found tha t the temperature used to cure the films must be higher than 
that of the intended autoclave process.

The requirement for this work was tha t the films be capable of withstand
ing autoclaving at 130 °C and so the films were heat treated at 140 °C as 
part of the processing procedure. Films cured at temperatures lower than 
140 °C showed poor stability after autoclaving, as the microstructure of these 
films continues to undergo densification when exposed to the relatively higher 
temperatures within the autoclave. This additional densification of the film’s 
microstructure impacts on the transport of 0 2 molecules through the mate
rial, which causes a corresponding change in the 0 2 -sensitive response of the 
layer. As a result, the sensor layer must be re-calibrated.

Even films cured at 140 °C required additional conditioning, involving 
exposure to several autoclave cycles, before yielding a stable O 2 response.

MTEOS-based xerogels were tested initially. The resulting O 2 quenching 
data are presented in Figure 5.5. While the sensor layers were found to retain 
0 2 sensitivity, the actual 0 2 sensitivity changed with subsequent autoclave 
cycles. This rendered these sensor elements unreliable. This variation in the 
calibration curve is assumed to be due to the distortion of the matrix due 
to the capillary action of water in the material’s pores during the autoclave 
process. Cracking and other mechanical defects in porous membranes have 
been reported by other authors and are thought to be due to an uptake 
of water during the autoclave process. This water is liquid at 130 °C, due 
to the high pressure in the autoclave. As the pressure in the autoclave is 
eventually reduced the boiling point of the water is reduced and it is the 
subsequent evaporation of that water tha t is thought to lead to defects in 
the membrane [4], The capillary pressure of water in the membrane pores 
is also thought to contribute to the degradation of the membrane through 
cracking.
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Figure 5.5: O2 quenching data for an MTEOS-based xerogel obtained follow
ing an autoclave cycle. Data taken following the 5th to the 10th autoclave 
cycles inclusive. Error bars represent standard deviation over 3 samples.

ETEOS-based xerogels were thought to be relatively more flexible than 
MTEOS-xerogels, due to the increased alkyl chain length of the organosilicon 
precursor. As such, these membranes should withstand the capillary pressure 
from the uptake of water during autoclaving, while retaining appropriate 
rigidity, required to retain a stable O2 response. As such, ETEOS-based 
xerogels were examined.

Figure 5.6 shows the quenching data for a typical ETEOS-based xerogels. 
The film has been cured at 140 °C and then subjected to four autoclave 
cycles prior to testing. The data in this figure shows the O 2 response of 
the film, recorded after each autoclave cycle, for six cycles, after the initial 
conditioning.

In Figure 5.6, the ETEOS-based xerogels are seen to retain their 0 2 sen
sitivity after autoclaving and their O 2 response remains stable, within the 
standard deviation, at low O2 concentrations. This level of stability was 
achieved after six autoclave cycles. These autoclave cycles would have to

after 5th autoclave cycle (<k 4 = 8.5)• 'T0'T1M '
after 6th autoclave cycle (♦ <|> = 8.3)
after 7th autoclave cycle (♦„.♦ = 3.3)
after 8th autoclave cycle (<t>tt,4>100 = 3.3),
after 9th autoclave cycle (4> ♦ = 3.5)
after 10th autoclave cycle($0<!>i(il = 3.4)

— i---------- ----------------------------------------------------------------1------- ■---------------------i---------------------  ---------------------1---------------------'-1—
20 40 60 SO 100

0 Concentration (%)
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Figure 5.6: 0 2 quenching data for an ETEOS-based xerogel obtained follow
ing an autoclave cycle. Data taken following the 5th to the 10th autoclave 
cycles inclusive. Error bars are generally within the space occupied by the 
data makers and represent standard deviation over 3 samples.

be incorporated into the fabrication process, for the production of steam- 
sterilisable sensor elements.

5.4 Im proving photostability

Any luminophore will experience photodegradation to some extent when ex
posed to excitation light for a prolonged period [5]. In applications where 
continuous O2 monitoring is desirable, the sensor systems in this work may 
be exposed to an excitation light source for days at a time. Any photodegra
dation occurring over this time, will alter the luminescence signal and render 
the sensor platform unreliable.

Figure 5.7 presents the phase angle data for an MTEOS-based film, recorded 
at ambient O2 concentration over a 24 hr period. The continual downward 
phase drift corresponds to an increase in O2 concentration of ~1 %. This
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Figure 5.7: Phase angle drift with illumination time for an MTEOS-based 
film

trend was observed to continue at a similar rate for tests lasting up to and 
beyond 72 hr. Since no such change in Oa concentration occurred during the 
test period, the drift is thought to be a result of photodegradation of the 
luminophore.

A possible source of this degradation is thought to be due to attack on the
luminophore by singlet oxygen, O ai'A j), which is a by-product of dynamic
quenching by O2 . The process of dynamic quenching has already been pre
sented in Chapter 2 and is repeated here in the the following expressions [6]:

D + hv D* excitation  (5.1)

D* + O2 D  +*1 O2 quenching (5.2)

Singlet oxygen is an extremely destructive molecule which has been ob
served to cause ligand dissociation in ruthenium-based luminophores [7].

Another source of the observed phase drift is due to photobleaching of the
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luminophore. Klimant et al. have noted that the by-product of photobleach- 
ing has an associated lifetime [8]. This implies that the technique of phase 
fluorometry is not immune to drift caused by photobleaching as previously 
believed, as the lifetime of the by-product will distort the observed phase 
data, assumed to result from the 0 2 -dependent luminophore lifetime.

2.50

n — r — \— f— j— I— I— 1— I— 1— *— r  
10 12 14 16 18 20 22 24

Time [h]

Figure 5.8: Phase angle drift with illumination time for a TFP-
TMOS:PTMOS-film

The literature suggests different methods to reduce the effect of pho
todegradation. Materials containing fluorine have been noted in the liter
ature as being particularly suited for O2 applications. This is due to the 
high electronegativity of fluorine which results in relatively good O 2 affinity 
and good photostability . The improved photostability is attributed to the 
large bonding energy of a C-F bond, which is 116 kcal mol-1 , compared to 
the 99.5 kcal mol-1 bonding energy of a C-H bond [9]. The larger bonding 
energy greatly improves the ability of materials containing fluoro-groups to 
withstand photo-oxidation. As such, the fluorinated organosilicon precur
sor, TFP-TMOS, was used to produce a sensor membrane, as outlined in 
Chapter 3, with a view to addressing the photostability issue. The resulting
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membrane was exposed to the LED excitation for a 24 hr period, as the 
MTEOS-bascd xerogel mentioned above.

No notable drift was observed for the phase angle data obtained from the 
TFP-TMOS:PTMOS-based xerogel, as the plot in Figure 5.8 shows.

Another possible solution is the use of singlet oxygen scavangers. Hart
mann et al. suggest DABCO ™  [10]. In the same paper, it is suggested that 
the choice of host material is of importance, for example, a material in which 
singlet oxygen has a relatively short lifetime will subsequently experience less 
damage. However, these approaches have not been examined here.

5.5 Conclusions

This chapter has outlined the properties of an 0 2 sensor that are desirable in 
the applications of interest to this work. These properties include, increased 
0 2 sensitivity, the capability to withstand autoclaving, and improved photo
stability.

These properties were achieved through the selection of suitable organosil- 
icon precursors, combinations of precursors and appropriate processing pa
rameters, which have been explained here and have been supported by data 
where relevant.

A further consideration for sensor membranes is the issue of cross-sensitivity 
to interferant substances, this issue is addressed separately in Chapter 8.
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Chapter 6 

Phase Fluorometry Study

6.1 Introduction

Phase fluorometry is a useful detection method in luminescence-based sens
ing. Both the theory behind this technique and the experimental implemen
tation have been discussed in Chapters 2 and 4, respectively. Its advantages 
over time-domain techniques include the possibility to use low-cost, readily 
available, discrete opto-electronic components, such as LEDs and photodi
odes. By facilitating the use of such components, phase fluorometry makes 
possible the design of miniaturised sensor platforms, which are necessary for 
portable sensors but also suited to commercialisation and mass-production. 
Additionally, phase fluorometry avoids time consuming data analysis synony
mous with traditional time-domain techniques, since it is relatively easy to 
monitor changes in phase angle. As discussed previously, phase fluorometry 
data is, theoretically, immune to the artifacts that plague intensity-domain 
data, such as detector drift or fluctuations in excitation signal.

Despite these advantages, certain issues must be addressed when imple
menting a phase fluorometric scheme. This chapter will highlight the care 
required to successfully execute phase fluorometry in practice. For instance, 
optical filter choice is of great importance since any excitation light reaching 
the detector will combine with the sample’s emission to distort the phase
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angle data. Selection of modulation frequency is another important con
sideration, since the sensor platform’s response to the analyte varies with 
modulation frequency.

An anomaly with the phase data which was obtained during a long-term 
stability study instigated an investigation in to the implementation of the 
phase fluorometric technique. That investigation is the focus of this chapter.

6.2 Initial observations

Stern-Volmer data have already been presented for OTEOS:TEOS films in 
Chapter 5. Phase fluorometry measurements, as part of a long-term stability 
study for these films are presented in Figure 6.1. In this figure, the quantity 
0o/0ioo is seen to fluctuate. This implies that the response of OTEOS:TEOS- 
membranes varies with time and is not stable.

Time [Wfeek]

Figure 6.1: Apparent long-term stability issue associated with OTEOS:TEOS 
membranes

Initially, it was thought that the changes in sensitivity were due to ma-
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trix evolution, tha t somehow the matrix microstructure was changing with 
time. Fourier transform infrared (FTIR) spectroscopy was used to investi
gate whether this was the case. For consistency the ratio of the Si-O-Si peaks 
to Si-OH peaks, for the same OTEOS:TEOS film, was monitored over several 
months. The data is presented in Table 6.1. These measurements indicated 
small variations in the m atrix structure. However, these small changes did 
not cause any observable effect in either intensity or direct lifetime measure
ments, as explained in the following section.

Week Ratio
(Si-O-Si peak: Si-OH peak)

1 2.24
3 2.29
4 2.06
8 1.95
10 2.08
12 2.46

Table 6.1: FTIR data monitoring the ratio of the Si-O-Si and Si-OH peaks, 
in order to observe small changes in the microstructure of OTEOS:TEOS 
samples

6.3 Com paring frequency, intensity and tim e  
dom ain data

To confirm that there was an issue with the implementation of the phase 
fluorometric approach, the frequency-domain data was compared to that ob
tained in the intensity- and time-domain.

The intensity data, obtained from OTEOS:TEOS samples, is presented in 
the Stern-Volmer plot (black line), in Figure 6.2. From this data, it is clear 
that the the intensity data does not coincide with the phase data (green line).

Initially, this discrepancy was thought to be a consequence of static quench
ing occurring in addition to dynamic quenching. Static quenching refers to
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02 Concentration (%)

Figure 6.2: Comparison of intensity, lifetime and phase Stern-Volmer plots

the situation where an O2 molecule forms a ground state complex by combin
ing with an excited [Ru(dpp)3]2+ molecule. This complex returns to ground 
state without the emission of a photon.

Since the [Ru(dpp)3]2+ molecule is no longer in the excited state the ob
served luminescence intensity is decreased. As the lifetime of the complex 
remains unchanged, static quenching is not detected by phase fluorometry 
or direct lifetime measurements. Therefore, static quenching was thought 
to be contributing to the quenching process, but that this contribution was 
not detected via phase measurements. This suggestion was rejected following 
lifetime measurements.

The lifetime data, shown in Figure 6.2 (red line), is coincident with the 
intensity data. Static quenching is not detectable by lifetime measurements. 
Since the lifetime data matches the intensity data, static quenching cannot 
be occurring in these samples and cannot be responsible for the difference 
observed between the phase and intensity data.

As further confirmation that the quenching process did not include static
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mechanisms, the intensity plot in Figure 6.2 is found to be essentially linear, 
yielding R2 =  0.9987 when fit to the single-site Stern-Volmer model, given 
by Equation 2.4. In a case where both static and dynamic quenching occur, 
the Stern-Volmer tends to deviate from linearity and curve upwards toward 
the positive y — axis [1]. This is clearly not the case here and so the origins 
of the discrepancy must lie elsewhere.

The phase data changed virtually each time a reading was taken. A study 
was carried out to determine whether the intensity and lifetime data changed 
after the initial reading. Figure 6.3 displays the results of this study. For 
the study, intensity (black lines), direct lifetime (red lines)and phase (green 
lines) measurements were taken a week after the films were fabricated (Week 
1) and these measurements were repeated the following week (Week 2).

02 Concentration (%)

Figure 6.3: Comparison of stability study using three measurement tech
niques: intensity, lifetime and phase angle

In Figure 6.3, the slope of the phase Stern-Volmer plot was found to vary 
with time after fabrication, while the Stern-Volmer plots obtained from in
tensity or direct lifetime measurements did not.

This data, coupled with the FTIR study, which indicated minimal if any
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variations in sample microstructure, showed that the phase data is obscured 
in some fashion, which alluded to a problem with the instrumental imple
mentation of the phase fluorometric technique rather than with the actual 
samples.

6.4 Filter Study

Having established that the origins of the observed effect did not lie with the 
sensor film, but with implementation of the phase fluorometric technique, an 
overhaul of the implementation was prompted. This began with an inspection 
of the emission filters used at the detector.

Figure 6.4 presents Stern-Volmer plots obtained from intensity and phase 
data of an MTEOS-sample, the benchmark material in this work. In Figure 
6.4(a) the emission filter is a LEE135 and in Figure 6.4(b) the emission filter 
is a LEE027. A blue Schott BG12 excitation filter was used for all data. The 
intensity data yields a steeper Stern-Volmer plot than tha t of the phase data 
when the LEE135 filter is used. However, the intensity data coincides with 
the phase data when the LEE027 filter is used.

Figure 6.4: Stern-Volmer plots obtained from intensity and phase data using 
a LEE135 emission filter (a); and a LEE027 emission filter (b). A blue Schott 
BG12 excitation filter was used for all data

The difference in the transmission spectra of the two LEE filters is pre
sented in Figure 6.5. From this figure, the LEE135 (left panel) will transmit
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light at wavelengths above approximately 560 nm, while the LEE027 (right 
panel) will only transmit above 600 nm. The tail of the LED emission over 
laps with the transmission of the LEE135 and so this part of the excitation 
light will reach the detector. The excitation light that is transmitted by 
the emission filter adds, by phasor addition, to the signal from the sample, 
as illustrated in Figure 6.6. In this figure, the sample signal is represented 
by the red arrow and the excitation component tha t reaches the detector is 
represented by the blue arrow.

W ave leng th  - N a n o m e t re s W ave leng th  - N a n o m e tre s
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Figure 6.5: Transmission of LEE135 emission filter (left panel); and a LEE027 
emission filter (right panel). Obtained from http://www.leefilters.com

The net result of the phasor addition of the sample signal with the blue 
light component is tha t the phase angle observed is lower than that of the 
sample signal. Also, since this component is excitation light and not the 
phase shifted signal, it behaves as an intensity signal. Therefore, the resulting 
data is prone to the same issues as reported for intensity-based data, such as 
fluctuations due to sample positioning and changes in excitation signal. It 
is this component tha t is thought to be responsible for the observed phase 
fluctuations, such as those presented in Figure 6.1.

A more in-depth filter study was pursued by others in this laboratory [2] 
and so the details of tha t study are not presented here. The optimum filter 
combination resulting from that study employs a blue interference filter to 
eliminate most of the tail of the LED signal that tends to longer wavelengths,
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<|)s: Sample phase angle 
<|>R: Resultant phase angle

Figure 6.6: Representation of phasor addition. Sample signal (red arrow) 
adds by phasor addition to the excitation light that reaches the detector 
(blue arrow). The resultant (black line) yields a lower phase angle (</>r) that 
the true phase angle of the sample signal (<j>s)

and a red dichroic emission filter which has a similar transmission spectrum 
to the LEE027 filter in Figure 6.5 (right panel). This combination has been 
adopted for the remainder of this work.

It should be noted that while this filter combination has been determined as 
the optimum combination for this work, it is not assumed to be a universal 
solution. In fact, the choice of filter combination has been found to be a 
function of the desired sensor platform configuration and the application 
requirements [2]. As such, the filter solution reported here may not be suited 
to other sensor platforms.

It is worth mentioning tha t a move away from the use of filters is pos
sible. Maruyama et al. have reported a filter-less luminescence detection 
technique employing a CMOS detector [3]. While their implementation is 
intensity-based, a phase-based version would also be possible following the 
same principles.

6.5 The Influence of M odulation Frequency

Having determined the optimum filter combination the choice of modulation 
frequency is the next parameter to consider. The influence of modulation fre
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quency on the observed Stern-Volmer plot can be seen in Figure 6.7. Clearly, 
the choice of modulation frequency has an impact on the slope of the Stern- 
Volmer plot obtained from a sample, which is a measure of the observed 
sensitivity of a film. This implies tha t the modulation frequency can be 
used to tune the film sensitivity and accordingly, care must be taken when 
selecting the operating modulation frequency.

02 Concentration (%)

Figure 6.7: Influence of modulation frequency on Stern-Volmer plot

When implementing the phase fluorometry technique the modulation fre
quency of the excitation light source should, ideally, be matched to the life
time of the luminophore via Equation 2.12. This match is based on the 
assumption tha t the lifetime of the luminophore is single exponential.

As discussed earlier, the observed lifetime for a luminophore population 
immobilised in a glassy material may tend to be multi-exponential. Addi
tionally, the lifetime of a luminophore can also differ depending on the type 
of sol-gel matrix it is immobilised in.

Each of these conditions are observed for the samples in this work, since 
single-exponential lifetimes are observed in the absence of 0 2 (see Chapter
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5). Also, the luminophore employed is [Ru(dpp)3]2+, which is relatively in
dependent of its environment, returning similar lifetimes in each material 
examined in this work (see Chapter 5).

Modulation Frequency [kHz]

Figure 6.8: Theoretical plots of the variation in modulation and phase angle 
with modulation frequency. An excited-state lifetime of 5 /¿s is assumed

When selecting a modulation frequency, the optimum frequency is defined, 
as above, as tha t which satisfies Equation 2.12, however there is usually a 
range of suitable frequencies. The useful frequencies are those for which the 
phase is frequency dependent [1]. Traditionally, this can be determined by 
plotting the dependence of either the demodulation factor or the phase angle 
as a function of the modulation frequency. A theoretical plot of modulation 
and phase angle for a system exhibiting a lifetime of 5 /is is given in Figure 6.8. 
A lifetime of 5 fis was chosen for this theoretical plot as tha t is comparable 
to the lifetime of [Ru(dpp)3]2+ in each of the materials used in this work, as 
reported in Chapter 5.

For the frequency range examined in Figure 6.8, the modulation is seen 
to decrease from 100 to 10 % with increasing modulation frequency. This 
reduction in modulation results from the excited-state lifetime which causes
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a delay in the emission and reduces the peak-to-peak amplitude of the mod
ulated emission signal. The phase angle is seen to increase from 15 to 70 
for the same frequency range. Both the modulation and phase angle plots 
undergo the greatest change in the frequency interval from 10 to 50 kHz. 
The rate of change of the modulation and phase angle, tends to decrease 
with frequencies above this range.

However, the data in Figure 6.8 are simply theoretical. In operation, the 
data do not always conform to this ideal, on account of factors such as ex
citation light reaching the detector (as discussed earlier). In addition, the 
signal-to-noise ratio decreases as the modulation frequency increases and so 
for practical applications the selection of an optimum modulation frequency 
must account for this. Figure 6.9, presents the experimental modulation and 
phase angle data obtained for an MTEOS-based sample. The data in this 
figure are intended to highlight the discrepancy between the theoretical and 
experimental modulation and phase data. The data in Figure 6.9(a) have 
been obtained using the optimum filter combination. Neither the modula
tion or the phase data achieve the maximum range of values predicted by the 
theoretical plots in Figure 6.8. The reason for this discrepancy is thought 
to be that, in spite of good choice of filters, excitation light is still reaching 
the detector electronics where it adds to the sample signal (as discussed in 
the previous section). To confirm this, the data in Figure 6.9(b) has been 
obtained with no excitation filter. In this case, further excitation light is 
available to reach the detector, as a result the discrepancy between the ob
tained data and the theory is greater still.

In practical terms, it can prove difficult to completely eliminate the por
tion of the excitation light tha t reaches the detector. Therefore, it must be 
accepted that the phase data alone (at least in the context of the implemen
tation in this work) cannot be used to recover the luminophore lifetime on 
account of the additional component resulting from the excitation light. De
spite this, phase fluorometry data may be used to successfully interpret O 2 

concentration as a function of quenching. For sensing applications based on 
phase data, the issue of selecting an optimum modulation frequency still ex
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ists since it has been shown that the theoretical means of satisfying Equation 
2.12, is not completely satisfactory since it does not account for the problem 
of phasor addition of the excitation light.

Figure 6.9: Modulation and phase angle as a function of modulation fre
quency for an MTEOS-sample taken (a) with optimum filter combination 
(b) with no excitation filter

To address this issue, an alternative approach to determine the useful 
range of frequency is employed in this work. In this approach, the change 
in the dynamic range of a sample over a range of frequencies is recorded. 
From these results, the optimum modulation frequency range is that which 
yields the appropriate dynamic range. This technique has been employed in 
a similar manner by other authors in this laboratory [4]. The dynamic range 
is defined here as the change in phase angle as the environment is switched 
from N2 to 0 2. This is quantified as:

A (f> =  <j>o — 0ioo (6.1)

The dependence of the quantity A(f> on modulation frequency is plotted 
in Figure 6.10. The data in Figure 6.10 were obtained from MTEOS- and 
OTEOS:TEOS-samples. For each sample, A<j> is observed to increase with 
modulation frequency and then reaches a plateau. This indicates tha t the 
dynamic range of each of the sensor materials increases with modulation 
frequency up to a point, after which no significant change is observed.

The MTEOS- and OTEOS:TEOS-samples differ considerably in terms of
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Modulation Frequency (kHz)

Figure 6.10: Dynamic range, of MTEOS and OTEOS:TEOS samples, as a 
function of modulation frequency

the sensitivity of their respective O2 response (see Ksv  data in Chapter 5). 
This difference in sensitivity is manifested in Figure 6.10 by the difference 
in magnitude of A <j> recorded for each sample. For OTEOS:TEOS-samples, 
A <j) is always greater than that for MTEOS-samples. However, the plots for 
each sample plateau at approximately the same frequency, ~  45 kHz. This is 
as expected considering tha t the dependence of phase angle on modulation 
frequency is governed by the excited-state lifetime as in Equation 2.11. Since 
the lifetime of the luminophore [Ru(dpp):i]2+ should be similar in each of 
the materials, it follows tha t the dependence of </>, and subsequently the 
dependence of A</>, is similar for each of the materials.

From Figure 6.10, the optimum modulation frequency for MTEOS- and 
OTEOS:TEOS-samples is in the 30 - 40 kHz range. This coincides with Equa
tion 2.12 which relates the lifetime to the modulation frequency which yields 
the maximum phase shift. This relation predicts a modulation frequency of

108



Chapter 6: Phase Fluorometry Study C. Higgins

32 kHz for a lifetime of 5 /is, as exhibited by [Ru(dpp)3]2+.

In the samples examined here, the theoretically predicted value of the opti
mum modulation frequency compares well with the experimentally recovered 
values. However, this is not always the case and as a sensor platform is re
configured for a miniaturised or specialised application, care must be taken 
to note any time lag or alteration in the signal-to-noise induced by the use of 
different electronic components or emission filters. Such artifacts may require 
the reselection of optimum modulation frequency.

Even in the case of the samples examined in this work, where the theoret
ically predicted value of the optimum frequency coincides with the range of 
frequencies which yielded the maximum phase shift, the issue of decreasing 
signal-to-noise for increasing frequencies must still be addressed. When this 
was investigated, slightly lower frequencies than the 30 - 40 kHz range were 
found to yield a sufficient phase shift while retaining an acceptable signal- 
to-noise. As such, the optimum frequency for the experiments in this work 
was ~  20 kHz.

Referring back to the OTEOS:TEOS data presented in Figure 6.1, it is 
important to note that the concentration of the ruthenium-complex in these 
films is more than 7 times lower than tha t in the other films presented here. 
This accounts for the fact that the so-called unstable behaviour shown in 
Figure 6.1 was not observed for the other films. The relatively low lumines
cence intensity from the OTEOS:TEOS-film was comparable to the random 
intensity changes which occurred due to the leakage of excitation light as the 
film was continuously inserted and removed from the flow cell. In the ear
lier part of this work, looking at films produced with the higher luminophore 
concentration, the effect of the excitation light leakage on the sensor response 
was not obvious. Hence, it was somewhat fortuitous that an investigation 
into the apparent unstable Stern-Volmer behaviour of OTEOS:TEOS-films 
led to the conclusion that the choice of filter and, ideally, complete exclusion 
of excitation light from the detector is crucial for optimum implementation 
of phase fluorometry.
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6.6 Sum m ary and Conclusions

The issues observed for data obtained via phase fluorometry have been pre
sented. The fluctuating signal, first thought to be a function of the lu- 
minophore or host material, was found to be an issue with the implementa
tion of the phase fluorometry technique. The choice of filter system has been 
shown to be of utmost importance in designing a phase fluorometry system. 
Having selected the optimum filter combination, selection of the optimum 
modulation frequency range for a particular material is the next criterion to 
consider. The modulation frequency used to drive the excitation LED has 
been shown to have a significant effect on the signal observed from a given 
film.

This chapter has shown that the implementation of phase fluorometry in 
practice is non-trivial. Care must be taken to ensure excitation light does not 
reach the detector. This has been achieved here through considered choice of 
filters. The lifetime of the luminophore must be known and should influence 
the choice of modulation frequency.

While the initial design of a phase fluorometric system has been shown 
to require considerable consideration, the technique remains attractive as it 
has been implemented here with relatively low-cost, readily available opto
electronic components.
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Chapter 7 

Porosity Study

7.1 M otivation: Correlation of diffusion co
efficient w ith  0 2 sensitiv ity

The study of the O2 sensitivity of ORMOSIL-based xerogels reported in 
Chapter 5, indicated tha t the 0 2 sensitivity, quantified by K^y, varies with 
precursor. This is clear from Figure 5.2, which compares the respective Stern- 
Volmer plots of a selection of sol-gel-derived sensor layers, fabricated from 
various organosilicon precursors.

The sensing mechanism at the core of this work is based on dynamic 
quenching. For dynamic quenching to occur, molecular contact of the analyte 
and indicator compound must be achieved during the excited-state lifetime 
of the indicator. For the sensor layers described here, this requires tha t 0 2 
molecules must enter the pores of the sol-gel material and collide with the 
[.Ru(dpp)s]2+ molecules encapsulated there. As such, K Sv  is governed by 
the quenching process which is dependent on the value of the luminophore 
excited-state lifetime, and the O2 permeability of the sol-gel-based material. 
The excited-state lifetime does not vary significantly for each precursor, as 
shown in Chapter 5. Therefore, the observed variation in K sy must lie with 
the respective permeability of the materials. More specifically, variations
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in Kgy must be due to the diffusion coefficient changing from material to 
material, as mentioned in Chapter 5.

The origins of the diffusion coefficient are outlined in Chapter 3. It was 
shown in Equations 3.6 and 3.7 that the diffusion coefficient is proportional 
to the average pore radius, R^, of a material, all other factors remaining 
constant. The average pore radius was also highlighted as being proportional 
to the total volume porosity, Vp, in Equation 3.8.

A study was undertaken to determine porosity information of the xerogels 
and to confirm the contribution of porosity to 0 2 sensitivity as defined by 
Equations 3.6 and 3.7.

Ellipsometric porosimetry is used here to obtain porosity information about 
the ORMOSIL-xerogels by monitoring the refractive index of the membranes 
during the uptake of an adsorbent into the pores of the material, as described 
in Chapter 4. Porosity data is recovered from the refractive index data in 
this work by two techniques: (1) obtaining adsorption isotherms with a view 
to establishing the pore size distribution (PSD) of the films, and (2) applying 
the Lorentz-Lorenz equation, which provides volume porosity, V p.

The results are presented in terms of the precursor, either TEOS, MTEOS 
or ETEOS, and also in terms of R-value. The Vp data will be shown to 
correlate with diffusion coefficient data in Chapter 5, which explains the 
contribution to K^y. In addition, the MTEOS results are compared to the 
results of a study undertaken by a commercial laboratory.

7.2 Pore size distribution (PSD ) obtained via  
ellipsom etric porosim etry

The pore size distribution (PSD) of a porous layer yields significant infor
mation relating to the permeability of the membrane and the transport of 
molecules into the material [1].

The PSD is calculated here using the water desorption isotherm for TEOS
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%  RH

Figure 7.1: Isotherms obtained for TEOS-R=6-based xerogel with water as 
the adsorbent

R=6, TEOS R=4 and TEOS R—2 samples. An example of the adsorp
tion/desorption isotherm for TEOS R=6 is given in Figure 7.1. This isotherm 
shows little hysteresis and is typical of the samples examined in this work. 
By applying Equation 4.5, the change in the adsorptive volume may be re
covered from the change in refractive index of the sample at each interval of 
relative humidity. From the resulting data the PSD may be obtained.

However, the isotherms obtained in this work, including the isotherm pre
sented in Figure 7.1, are all Type I isotherms, as defined by the BET classi
fication. Type 1 isotherms indicate a predominantly microporous structure, 
where all available pores are filled at the lower relative humidities. As such, 
little porosity information may be derived by obtaining the PSD from the 
isotherms of these materials [2]. For completeness, the PSD for TEOS R=6, 
TEOS R =4 and TEOS R=2 samples are presented in Figure 7.2.

The PSD for each of the samples are very similar. This is not unexpected 
since the isotherms imply the majority of the pores are likely to be micropores 
(of radius < 2 nm) and therefore not represented using this technique.
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r [nm]

Figure 7.2: PSD obtained for TEOS R=2, R=4 and R=6 samples with water 
as the adsorbent

In addition, there is a possible source of error in the data due to diffi
culties repeating the humidity conditions for each samples. Such difficulties 
would lead to inaccurate RH values recorded for the desorption branch of an 
isotherm, which distort the PSD. This issue is found to be a drawback of this 
approach to obtaining porosity information. While the high vacuum pump
ing technique, would afford greater accuracy, the process is time consuming 
and the equipment is costly.

In order to obtain more useful porosity information the volume porosity 
is calculated with adsorbents of different critical diameter. This work is 
presented in the following section.

7.3 Vp obtained via Lorentz-Lorenz equation

The technique of ellipsometric porosity is used here to obtain volume porosity, 
Vp, data for the sol-gel-based layers. In this technique, changes in refractive
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index are recorded as a function of relative humidity, while water vapour is 
introduced to the sample cell. Organic solvents are also employed as adsor
bents. Increases in refractive index can be used to determine the volume of 
adsorbent occupying the pores. When the refractive index reaches a maxi
mum, the sample is assumed to be saturated, with all open pores filled with 
the adsorbent. At this point, the volume of adsorbent occupying the pores 
is assumed to be equal to the total volume of the pores, Vp.

By using adsorbents of varying critical diameter further porosity informa
tion can be determined. In this way, the V p of pores of a particular diameter 
can be probed. This procedure is known as molecular probing.

The experimental procedure adopted here is detailed in Chapter 4. Briefly, 
the sample is contained in a flow cell and flushed with N 2 in order to obtain 
the initial refractive index. The adsorbent is introduced to the cell by adding 
wash bottles containing the liquid adsorbent to the N2 pipeline. A constant 
flow rate is maintained using mass flow controllers. This method uses organic 
solvents that are readily volatile at ambient conditions and so avoids the cost 
and safety issues associated with vacuum systems.

For experiments using water as adsorbent, the refractive index of the sam
ple at a relative humidity of 0 %, denoted as n dry, and tha t at a relative 
humidity of ~  100 %, denoted as nwetl was determined for each sample ex
amined. This data was applied to Equation 4.4, the Lorentz-Lorenz relation, 
in order to recover the V p value for the material. The value of the refractive 
index of the solid skeleton, n skeletal, is obtained simultaneously with Vp, and 
is used here as a measure of the quality of the data. It will be shown that 
the data obtained in this manner compare well to results obtained using the 
vacuum pumping technique. The data obtained are discussed below.

7.3.1 Vp obtained using water as the adsorbent

The samples examined here are TEOS R=2, TEOS R=4, and TEOS R=6, in 
addition to ORMOSIL samples derived from MTEOS and ETEOS, respec
tively. The data obtained for HdTy and nwet and the calculated values of Vp
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and nskeletal are presented in Table 7.1 for each material.

precursor H-dry
[±0.001]

wet
[±0.001]

v P
[± 0.5%]

n skeletal 
[±0.002]

TEOS R=6 1.442 1.460 4.5 1.466
TEOS R=4 1.427 1.449 5.6 1.456
TEOS R=2 1.411 1.444 8.4 1.455

MTEOS 1.424 1.433 2.3 1.435
ETEOS 1.433 1.433 0.0 1.433

Table 7.1: Volume porosity and skeletal RI values calculated from Lorentz- 
Lorenz equation with water as adsorbent

From the literature, the refractive index of densified TEOS is 1.460. The 
calculated value of n skeletal for each of the three TEOS-derived samples, pre
sented in Table 7.1, are in reasonable agreement with the literature value.

The Y p obtained for the TEOS samples is seen to increase with decreasing 
R-value. This is as expected due to the decrease in gel time that occurs with 
increasing water content (this is true for the range of R-values examined 
here, although additional effects occur at larger R-values [3]). This implies 
tha t for a given gel time, the sol produced with the lowest R-values will 
have reached the lowest level of cross-linking, resulting in the largest volume 
porosity, relative to the sols produced with higher R-values.

From Table 7.1, the Vp obtained for the TEOS R=4-sample is greater than 
tha t of either the MTEOS- or ETEOS-sample of the same R-value. This 
contradicts the 0 2 sensitivity data for these layers presented in Chapter 5, 
where K^y for a TEOS-xerogel is measured to be an order of magnitude lower 
than that of an MTEOS-xerogel and two orders of magnitude lower than K sv  
of an ETEOS-xerogel. This discrepancy arises due to the hydrophobicity 
of the MTEOS- and the ETEOS-material. Each is relatively hydrophobic 
compared to a TEOS-surface and so water molecules do not readily adsorb 
into the pores of these materials. Since virtually none of the pores fill with 
this adsorbent, little or no change in refractive index is observed and so only 
a minimal Vp is recorded. Hence, water is not an effective adsorbent for 
porosity determination of ORMOSILs.
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This situation highlights the consideration required when choosing a sol
vent for molecular probe experiments. The experiment was repeated for 
TEOS R=4-, MTEOS- and ETEOS-samples, this time using less polar ethanol 
as the adsorbent.

7.3.2 Vp obtained using ethanol as the adsorbent

precursor H-dry
[±0.001]

wet
[±0.001]

v P
[± 0.5%]

f tskeletal 
[±0.002]

TEOS R=4 1.427 1.442 3.6 1.445
MTEOS 1.424 1.448 5.7 1.454
ETEOS 1.433 1.491 13.5 1.513

Table 7.2: Volume porosity and skeletal RI values calculated from Lorentz- 
Lorenz equation with ethanol as adsorbent

Table 7.2, presents the Vp data obtained using ethanol as the adsorbent. 
The Vp for the TEOS-sample is reduced, compared to tha t obtained when 
using water as the adsorbent, suggesting the pores of this material do not 
accommodate ethanol molecules as well as they do water molecules. This is 
expected as the critical diameter of ethanol is larger than that of water. The 
critical diameter of each of the adsorbents is listed in Table 7.4, where that 
of water and ethanol is 0.28 nm and 0.44 nm, respectively. Since, not all 
the pores can be filled the assumption for the Lorentz-Lorenz relation is not 
satisfied and this explains the low value of 1.445 returned for n skeletal-

The Vp obtained for the MTEOS-sample, increases from 2.3 to 5.7 % when 
the adsorbent is changed from water to ethanol. This supports the earlier 
conclusion that using highly polar water to probe a hydrophobic material, 
yields falsely low Vp values, as the water will not be adsorbed into the pores.

This is also the case for the ETEOS-sample, where the Vp increases from
0 to 13.5 % when the adsorbent is changed from water to ethanol. In Ta
ble 7.2, the Vp for the MTEOS-sample is much lower than that obtained 
for the ETEOS-sample. This implies tha t a greater percentage of pores of
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the ETEOS-sample are capable of accommodating the critical diameter, 0.44 
nm, of the ethanol molecule. This result supports the findings in Chapter 
8, which suggested tha t ethanol molecules can penetrate the pores of an 
ETEOS-xerogel but not those of an MTEOS-xerogel. This relatively larger 
pore capacity of an ETEOS-xerogel is suggested as the explanation for lu
minophore leaching from an ETEOS-xerogel when contained in a vial of 
ethanol, whereas an MTEOS-xerogel, under the same conditions, shows no 
leaching. This is discussed in Chapter 8.

Overall, these experiments show the Vp of MTEOS-xerogel to be 7.8 per
centage points less than that of an ETEOS-xerogel. This is found to con
tribute to the difference in K sv  of these two materials, which is discussed in 
Section 7.4.2.

7.3.3 Vp obtained using toluene as the adsorbent

precursor Hdry
[±0.001]

Hwet
[±0.001]

v P
[± 0.4%]

f t skeletal 
[±0.001]

TEOS R—4 1.427 1.435 1.4 1.434
MTEOS 1.424 1.438 2.5 1.437
ETEOS 1.433 1.475 7.4 1.473

Table 7.3: Volume porosity and skeletal RI values calculated from Lorentz- 
Lorenz equation with toluene as adsorbent

Adsorbent Critical Diameter 
[nm]

n ads Dielectric Constant

Water H20 0.28 1.333 88.0
Ethanol CH3CH2OH 0.44 1.360 24.3

Toluene C6H5CH3 0.67 1.496 2.0 - 2.4

Table 7.4: Adsorbent information

The experiment was repeated using toluene as the adsorbent. The critical 
diameter of a toluene molecule, at 0.67 nm, is significantly larger than that
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of either water or toluene. The larger molecule will not be accommodated by 
pores of smaller pore diameter. Since fewer pores can be filled, the volume 
of adsorbent will be reduced, indicating a lower Vp. This is the case for each 
sample. The TEOS-based sample returned a Vp of 1.4 %. Its overall Vp, that 
obtained using water, is 5.6 %. This implies that about 75 % of the porosity 
of the TEOS-based sample consists of pores of diameter less than 0.67 nm 
(or of radius less than 0.34 nm).

For the MTEOS-based sample, the Vp obtained using toluene is 2.5 %, in
dicating tha t 56 % of its overall porosity is accounted for by pores of diameter 
less than 0.67 nm (or of radius less than 0.34 nm). For the ETEOS-based 
sample, the Vp obtained using toluene is 7.4 %, indicating tha t 45 % of its 
overall porosity is accounted for by pores of diameter less than 0.67 nm (or of 
radius less than 0.34 nm). These variations in Vp with the critical diameter 
of the adsorbent molecule are plotted in Figure 7.3. The results show that 
the ETEOS-based sample has the largest pore volume of the three xerogel 
types examined.

7.4 Sum mary

7.4.1 Influence of R-value on xerogel Vp

TEOS-xerogels have been produced using sols of varying R-value. The mo
tivation was to determine how the R-value influences the V p of the resulting 
material. The R-values used for this comparison were 2, 4 and 6.

From the data in Table 7.1, Vp is seen to decrease, from 8.4 to 5.3 to 4.5 
%, as R-value is increased from 2 to 4 to 6, respectively. The adsorbent used 
to determine this Vp data is water. All pores are assumed to be filled with 
water as the nskeletal values are comparable with the literature value of 1.460 
for the refractive index of densified silica.

The reduction in Vp with the increased water content occurring for in
creased R-values is expected, as explained earlier. This result is also consis-
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Figure 7.3: Variation of Vp with critical diameter of adsorbent molecule. 
Vp data obtained for MTEOS- and ETEOS-based samples using water as 
adsorbent have been omitted as this data is believed to be obscured by the 
hydrophobicity of these materials

tent with the lower Kgy data measured for films with larger R-value deter
mined in other work carried out in this laboratory [4].

7.4.2 Influence of organosilicate precursor on xerogel 
volum e porosity

The Vp of MTEOS- and ETEOS-based ORMOSIL films, is investigated to 
correlate this data with the O2 sensitivity and diffusion data in Chapter 5.

Initially, the Vp data obtained for MTEOS- and ETEOS-based xerogels 
was acquired using water as the adsorbent. This data is presented in Table 
7.1, and is misleading since it appears th a t the V p of a TEOS-based xerogel is 
greater than tha t of either an MTEOS- or ETEOS-based xerogel. This occurs 
since both MTEOS- and ETEOS-based xerogels are relatively hydrophobic, 
and so water will not readily adsorb into pores of either material. Since
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relatively little water is adsorbed into these materials, compared to that for 
the TEOS-based xerogel, it appears that these materials have a smaller pore 
capacity.

A more suitable adsorbent proved to be ethanol. The experiment was 
repeated using ethanol and more realistic values of Vp were returned for 
both the MTEOS- and ETEOS-based xerogels. The results are presented in 
Table 7.2 and they highlight the increase in porosity as the organic group in 
the material is increased.

In order to gain some information regarding the range of average pore 
sizes, the experiment was repeated using toluene. The critical diameter of 
this molecule is ~  50 % greater than that of ethanol. The Vp values for all 
samples, obtained using toluene, were reduced. The V p obtained indicated 
the portion of the overall volume porosity th a t was representative of the pores 
of diameter greater than 0.67 nm, or of radius greater than 0.34 nm. Since 
the theory in Chapter 3 refers to the pore radius rather than pore diameter, 
pore radius is the parameter of interest in this discussion.

There is a general correlation with the Vp data and the diffusion coefficient 
data, given in Table 5.2, for MTEOS- and ETEOS-based samples. However, 
the porosity data obtained here does not correlate exactly with the diffusion 
coefficient data. The diffusion coefficient for an ETEOS-sample, D b t e o s , is 
greater than D e t e o s  by a factor of 6.3. If we can assume, for the Vp data 
that the average pore radius of an ETEOS- and an MTEOS-based xerogel is 
approximately 0.34 nm and 0.22 nm, respectively, this implies that the square 
of the average pore radius for an ETEOS-sample, R \ - e t e o s -> is 0-H6 nm, 
and Rj; m t e o s  is 0.048 nm. Therefore, R \_ ETEos is greater than R£ m t e o s  

by a factor of only 1.6. This also indicates that R e t e o s  an(i R I m t e o s  a r e  

each greater than R \_ TEOS by a factor of 5.8 and 1.6, respectively. These 
relatively increases does not completely account for the observed increase 
in D obtained for both MTEOS- and ETEOS-based samples, compared to 
TEOS-samples. However, the values of R | are approximations and so further 
molecular probing experiments are required to return more accurate and 
reliable values. In addition, the samples used in the ellipsometry experiments
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could not be used for the diffusion coefficient experiments and vice versa, 
as a result two different sets of samples were required. Therefore, some 
discrepancy is expected.

7.5 R esults of SO P R A ’s investigation

In order to determine the validity of the experimental approach used in this 
work for determining porosity information, MTEOS- and ETEOS-based sam
ples were sent for examination by a commercial company. The company, 
SOPRA [5], conducts porosity investigations using a similar principle to that 
used in this work, but a high vacuum system and a dry pumping system is 
used to controlled the adsorptive pressure.

SOPRA’s investigation employed toluene as the adsorbent. During the 
experiment the ETEOS-based sample was damaged and so no porosity data 
was obtained. Their investigation of the MTEOS-based sample returned val
ues of 1.431 and 1.447 for ndry and nwet, respectively. They used these values 
to obtain V p of 2.8 % for the MTEOS-based sample, which is comparable 
to the value of 2.5 % obtained in this work, for toluene as the adsorbent. 
The Rfiry value of 1.431 for the MTEOS-based sample obtained by SOPRA is 
larger than the value obtained in this work, 1.424. It is difficult to determine 
the reason for this discrepancy as SOPRA provided no information on their 
modelling technique. Despite this, it is encouraging that the difference in 
refractive index, ndTy - nwet, is similar for both techniques. This suggests 
that using a solvent tha t is suitably volatile at atmospheric pressure removes 
the need for a costly vacuum system, in porosimetry measurements.

SOPRA also reported n ^  for the ETEOS-based sample to be 1.435. This 
does compare reasonably well with the experimental data in this work, which 
found ndry for the ETEOS-based samples to be 1.433, however the lack of 
information on the model used again makes it difficult to comment further 
on this.
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7.6 Conclusions

Vp is seen to increase with decreasing R-value and is also found to increase as 
the alkyl chain length of the organic group increases from TEOS to MTEOS 
to ETEOS.

Vp infomation was established by ellipsometric porosimetry at atmospheric 
pressure. The results were consistent with the predicted behaviour of sol-gel 
porosity in terms of R-value, for the TEOS-based samples. The Vp data for 
the TEOS R=4-, MTEOS- and ETEOS-based samples were consistent with 
the 02-sensitive data in Chapter 5. There the increase is K^y from TEOS to 
MTEOS to ETEOS was suggested to be due to a corresponding increase in 
diffusion coefficient, which in turn was most likely due to increasing porosity.

That the data coincides with theoretically predicted behaviour is encour
aging as it lends support for this approach. Further support for the ellipso
metric porosimetry technique is tha t a good agreement was found with the 
data obtained in a commercial laboratory employing a more sophisticated 
and expensive high vacuum pumping technique.

Finally, the Vp data confirms that MTEOS-based xerogels exhibit less 
porosity than ETEOS-based xerogels and this supports the findings in the 
solvent study in Chapter 8.

In summary, it is clear from the data presented in this chapter and in 
Chapter 5, that there is general correlation between pore volume, O 2 diffusion 
coefficient and O2 sensitivity measured by the K sy parameter, for TEOS-, 
MTEOS- and ETEOS-based samples. This behaviour, in turn, is consistent 
with predicted sol-gel microstructure variations as a function of R-value and 
precursor alkyl-chain length.
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Chapter 8

Effect of Solvent Vapour on O2 
Response

8.1 Introduction

Currently, there is a market for reliable sensors of O 2 for bio-processing ap
plications. Some of the optical sensors discussed in this work are being 
developed for this market.

An O2 sensor intended for use in a bio-fermenter must be immune to cross
sensitivity to other analytes in the environment, such as ethanol. In this 
chapter, the interference of ethanol with the luminescence response signal of 
the sensor layers, for both gaseous and dissolved O 2 sensing, is investigated. 
The cross-sensitivity of ORMOSIL-based 02-sensitive films to other solvents 
is also highlighted.

Data resulting from attem pts to quantify the interference are examined 
and a possible explanation for the interference mechanism is presented.
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8.1.1 Initial observations: Ethanol interference with  
gaseous O2 sensing

The quenching data obtained from an MTEOS-xerogel taken with and with
out an ethanol wash bottle in the gas flow (as outlined in Chapter 4), are 
shown in Figure 8.1. In this figure, the plot obtained from data taken in 
the presence of ethanol vapour yields a lower slope than tha t taken without 
ethanol. As in earlier chapters, a lower slope indicates tha t the 02-sensitivity 
of the sensor layer has been reduced.

02 Concentration (%)

Figure 8.1: Effect of interference from ethanol vapour on an MTEOS-xerogel

The reduced sensitivity observed must be due, in some way, to the presence 
of ethanol, since all other parameters remain unchanged.

Interference from ethanol vapour in the O 2/N 2 gas mix was observed for 
all 02-sensitive xerogel systems in this work. The results for ETEOS- and 
PTEOS-xerogels are presented in Figures 8.2 and 8.3, respectively.

The Stern-Volmer plot of an ETEOS-xerogel in the absence of ethanol 
vapour almost overlaps with tha t in presence of ethanol vapour.

127



Chapter 8: Effect o f Solvent Vapour
on O2 Response C. Higgins

01 Concentration (%)

Figure 8.2: Effect of interference from ethanol vapour on an ETEOS-xerogel

Figure 8.3: Effect of interference from ethanol vapour on an PTEOS-xerogel

The behaviour observed for the quenching data of a PTEOS-xerogel in
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the presence of ethanol is counter to tha t of the MTEOS-xerogel. From 
Figure 8.3, the slope of the Stern-Volmer plot, for PTEOS-samples, is seen 
to increase in the presence of ethanol vapour. The curvature of plot, toward 
the positive x-axis also becomes more pronounced.

These results are explored and an explanation is presented later in this 
chapter.

8.1.2 Initial observations: Ethanol interference with  
dissolved O2 sensing

The interference of ethanol with dissolved O 2 sensing was also observed. 
Table 8.1 compares the phase angle recorded for an MTEOS-based sensor 
layer in various quantities of ethanol in deionised water, to those obtained 
for the same sample in 100% deionised water and in air.

Environment of MTEOS-xerogel Absolute Phase Angle [p]
Ambient (Air) 21.17
Water 22.23
5% EtOH 95% Water 24.03
25% EtOH 75% Water 24.23
100% EtOH 24.47

Table 8.1: Effect of ethanol on dissolved O2 sensing

The observed phase angle was seen to increase with increasing ethanol 
concentration. From Equation 2.11, an increase in phase angle indicates an 
increase in r , which indicates a reduction in dynamic quenching and so signi
fies a reduction in the O2 concentration. Since no change in O2 concentration 
has occurred, the change in signal must be due to some interference with the
O2 sensing mechanism caused by the ethanol, as observed for gaseous mea
surements above.

129



Chapter 8: Effect o f Solvent Vapour
on O2 Response C. Higgins

8.2 Interference effects of other solvents

The influence of other solvents on the O 2 sensitivity of ORMOSIL-based 
sensor layers was investigated. The solvents tested were ethanol, hexane and 
chloroform.

Table 8.2 shows the influence of solvent vapour on K syi for MTEOS-, 
ETEOS- and PTEOS-xerogels. Information on the critical diameter of each 
of the solvents and the O2 diffusion coefficient, D, of each of the xerogels is 
also included. The diffusion coefficient data has been included as an indica
tion of the average pore radius of the xerogels. (It was shown in Chapter 3, 
that the O2 diffusion coefficient is proportional to the average pore radius, 
since the 0 2 solubility is taken as being constant for the materials examined 
here.)

Precursor D
[x 10“6
cm2s_1]

Solvent Critical
Diameter

[nm]

A f AKsy

Hexane 0.51 -0.04 ±  0.05 -0.12 ±  0.03
MTEOS 9.86 Chloroform 0.69 -0.13 ±  0.07 -0.13 ±  0.02

Ethanol 0.44 -0.14 db 0.08 -0.16 ±  0.03
Hexane 0.51 +0.05 ±  0.07 +0.02 ±  0.03

ETEOS 62.1 Chloroform 0.69 +0.15 ±  0.08 +0.02 ±  0.03
Ethanol 0.44 +0.05 ±  0.08 +0.04 ±  0.03
Hexane 0.51 +0.03 ±  0.03 +0.06 ±  0.03

PTEOS 67.3 Chloroform 0.69 +0.12 ±  0.04 +0.07 ±  0.03
Ethanol 0.44 +0.07 ±  0.02 +0.02 ±  0.02

Table 8.2: Solvent data. In this table, A f and AK^y refer to the relative 
change in f and K^y, respectively, observed when each parameter is obtained 
in the absence and then presence of solvent vapour

Prom the data in Table 8.2, the nature of the interference appears to be 
a function of the solubility of [R'n(dpp):i]2+ in the solvent and the relative 
size of the critical diameter of the interferant molecule to the average pore 
radius of the xerogel. The implications of these results are discussed in the
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following sections with a view to establishing the origins of the interference 
mechanism.

8.3 Origins o f the solvent interference m ech
anism

8.3.1 The role of the lum inophore in the solvent inter
ference mechanism

Some luminophores exhibit variations in their luminescent properties when 
exposed to solvents. For example, [Ru(bpy)3]2+ has been reported to exhibit 
a bathochromic shift in its emission spectrum when exposed to methanol 
and to a lesser extent when exposed to ethanol [1,2]. Such a change in the 
emission spectrum of [Ru(bpy)s]2+ would alter the luminescence signal of 
a sensor platform based on this luminophore in the presence of a suitable 
solvent.

Wavelength [nm]

Figure 8.4: Effect of environment on the emission spectra of [Ru{dpp)z\l+
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However, as Figure 8.4 shows, the emission spectrum of [Ru(dpp)3p + ex
hibits no such solvent sensitivity, as the excited-state is shielded from the 
external environment by the phenyl groups [3,4], as discussed earlier in Chap
ter 2. As such, the interference observed for the 02-sensitive signal in the 
presence of solvent vapour is not thought to be due to a solvent dependent 
change in the intrinsic luminescence properties of the luminophore. Instead, 
the variation in the luminescence signal is thought to originate with the in
teraction at the xerogel/solvent interface.

8.3.2 The role of the xerogel material in the solvent 
interference mechanism

The role of the xerogel material in the solvent interference mechanism is dealt 
with here by determining the nature and extent of solvent interference on 
ORMOSIL-based sensor layers (i) by investigating whether the issue is related 
to the sol-gel-derived materials (ii) by analysing the recovered parameters of 
the two-site Demas model, presented in Table 8.2, and (iii) by conducting a 
leaching study.

Investigating polym er-based m aterials

Before any investigation was initiated, an [/?w,((ipp)3]2+-dopcd polymer film 
was tested for ethanol interference. The polymer selected was polysulfone 
(PSU). This test was used to determine whether the issue of ethanol inter
ference was exclusive to sol-gel-based materials. Figure 8.5 presents Stern- 
Volmer plots obtained from the PSU-membrane, before and during exposure 
to ethanol vapour.

Since the data in Figure 8.5 is comparable to the data in Figure 8.1, ob
tained for an MTEOS-xerogel, it was concluded that the issue of ethanol 
interference is not specific to the sol-gel material.
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02 Concentration (%)

Figure 8.5: Effect of interference from ethanol vapour on an PSU-membrane 

A nalysing th e Dem as param eters

The two-site Demas model has been applied to the O2 quenching data for 
MTEOS-, ETEOS- and PTEOS-xerogels before, during and after exposure 
to solvent vapour.

From the Demas model (discussed in Chapter 2), the quantity f i  refers to 
the fraction of the luminophore population most accessible to O 2 and K^yi 
refers to the Stern-Volmer constant of th a t fraction.

Figure 8.6 presents the effect of the presence of ethanol on the recovered 
quenching parameters, f i ,  K Sv  1 and K sv 2 of the Demas model, for MTEOS- 
xerogels. The data for K sv  1 and K $v 2 is presented in Figure 8.6(a) and the 
data for f i  is given in 8.6(b). From Figure 8.6(b), it was observed that 
upon exposure to ethanol vapour, f i  decreases. When the solvent vapour is 
removed, f i  then returns to its original value.

In Figure 8.6(a), K sv  1 is observed to behave in the same way, showing 
a reduction in the extent of quenching in the presence of solvent vapour, 
then returning to within the standard deviation of its original value when

133



Chapter 8: Effect o f Solvent Vapour
on 0 2 Response C. Higgins

Figure 8.6: The variation of the recovered Demas quenching parameters, 
before, during and after exposure to ethanol vapour: for an MTEOS-xerogel

the solvent is removed from the gas flow path. Similar trends were observed 
for the presence of chloroform and hexane, respectively, where f i and K^vi 
decrease in the presence of each of these solvents and then return to the 
original value when the solvent vapour is removed.

PTEOS-xerogels were seen to behave in the opposite manner, as Figure 
8.7 shows. That is, in the presence of solvent vapour, f i  is seen to increase in 
Figure 8.7(b). K sv i  is also seen to increase in the presence of solvent vapour 
in Figure 8.7(a), indicating an increase in the extent of quenching.

When the solvent vapour is removed f i  returns to within the standard devi
ation of its original value. However, K Sv l is found to remain at a marginally 
increased value, 17 % greater than its original value. This behaviour is ob
served for both ethanol and chloroform vapour. Although, when the chloro
form vapour is removed from the gas flow, K sv i  does return to within the 
standard deviation of its original value. However, the important parameter 
to note is / i ,  which increases in the presence of both ethanol and chloroform 
vapour, and returns to its original value when the vapour source is removed.
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(a)

without solvent with solvent without solvent

(b)

Figure 8.7: The variation of the recovered Demas quenching parameters, 
before, during and after exposure to ethanol vapour: for an PTEOS-xerogel

When hexane vapour is introduced to the gas flow, /1  does not change. 
That is, the portion of the population accessible to 0 2 remains unchanged. 
While f i  remains virtually constant, K sv i  is observed to increase in the 
presence of hexane vapour and then returns to within standard deviation of 
its original value when the vapour is removed.

ETEOS-xerogels were observed to behave neither exactly as MTEOS- or 
PTEOS-xerogels but somewhere in the interim. Figure 8.8 presents the recov
ered Demas parameters for quenching data obtained from an ETEOS-xerogel 
in the presence and absence of ethanol vapour. Similar data has been ob
tained for chloroform vapour. In Figure 8.8(b), /1  is seen to increase in the 
presence of ethanol vapour, within the large standard deviation. K $v  1 is seen 
to decrease in the presence of ethanol vapour, in Figure 8.8(a). This implies 
that while the fraction of the luminophore population accessible to O 2 , / 1, 
has increased (see progression from the left to the center panel in 8.8(b)), the 
K sv  1 of tha t fraction decreases (see progression from the left to the center 
panel in 8.8(a)). These effects counteract each other and this may explain
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Figure 8.8: The variation of the recovered Demas quenching parameters, 
before, during and after exposure to ethanol vapour: for an ETEOS-xerogel

why there is little variation on the Demas plots of the quenching data of the 
ETEOS-xerogel in Figure 8.2.

Chloroform elicits a similar response from the Demas parameters of an 
ETEOS-xerogel, however the increase in f i  is more pronounced, exceed
ing the standard deviation and consequently, the Stern-Volmer plot of the 
quenching data increases significantly.

When hexane vapour is introduced to the gas flow the behaviour of the 
recovered Demas parameters is slightly different. In the presence of hexane 
vapour, both f i  and K sv  1 remain unchanged.

These results indicate that the effect of solvent vapour on the quenching 
data differs, depending on the material. The differences in behaviour can 
be explained by comparing the average pore radius of the xerogels and the 
critical diameter of the solvent molecules.

For MTEOS-xerogels, which exhibit a relatively small diffusion coefficient 
and therefore presumably are of a smaller average pore radius, K^y is ob
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served to decrease in the presence of solvent vapour. This is similar to the 
effect previously observed for humidity interference [5]. Figure 8.9 illustrates 
the effect of humidity on the 0 2 sensitivity of an MTEOS-xerogel

Oj Concentration (%)

Figure 8.9: Effect of interference from humidity on the quenching data for 
an MTEOS-xerogel

In the presence of water vapour the 0 2 sensitivity of the membrane is 
reduced. It is proposed that this is due to the water molecules blocking the 
pores of the sol-gel matrix. By blocking the m atrix pores, the water molecules 
form a barrier to O 2 molecules, inhibiting the transport of the 0 2 molecules 
through the matrix to the sensing luminophore. It is thought that the ethanol 
interference, observed for MTEOS-xerogels, occurs by the same mechanism, 
where the ethanol molecules prevent the O2 molecules entering the sol-gel 
matrix. Since less O2 is reaching the luminophore, less quenching can occur 
and so the slope of the resulting Demas plot will decrease. W ith time the 
ethanol vapour leaves the matrix, the pores are unblocked and O 2 transport 
to the luminophore continues unimpeded. Eventually, the film recovers its 
original sensitivity and O2 sensing takes place as before. The recovery of the 
0 2-sensitive response for films exposed to ethanol vapour has been in shown
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in Figure 8.1.

The solvent vapour interference causes a different effect on the response 
of PTEOS-based sensor xerogels. These xerogels have a larger average pore 
radius than MTEOS-xerogels, as suggested by an increased diffusion coeffi
cient, and these xerogels exhibit an increase in /1  in the presence of solvent 
vapour, where the solvent is a good solvent for [Ru(dpp)3]2+ (such as ethanol 
or cholorform). The increased pore radius suggests that solvent molecules 
may penetrate into the pores and interact with the luminophore. In cases 
where the luminophore is soluble in the solvent, it is possible that the lu
minophore may be leached from the pore. Such leaching would increase the 
accessibility of the luminophore to 0 2 molecules, and so would explain the 
observed increased in f \ .

ETEOS-xerogels exhibit a slightly smaller diffusion coefficient than PTEOS- 
xerogels and therefore are of slightly smaller average pore radius. The in
terface mechanism for these membranes appears to be similar to that of 
PTEOS-xerogels but less pronounced. Presumably, the average pore size be
ing similar to, but smaller than that of PTEOS-xerogels, reduces the extent 
of luminophore leaching.

To summerise, /1  is observed to increase, for ETEOS- and PTEOS-xerogels 
in the presence of ethanol and chloroform vaopur. The luminophore \Ru{dpp)3]2+ 
is soluble in both ethanol and chloroform. The increase in f i  , implies that 
the accessibility of 0 2 molecules to the luminophore is increased. A possible 
explanation for the increased accessibly, is that leaching is occurring for those 
xerogels of sufficiently large average pore radius.

Leaching s tu d y

The study of the Demas model, applied to 0 2 quenching data for OR- 
MOSIL xerogels in the presence of solvent vapour appears to indicate that 
luminophore leaching is occurring for xerogels of sufficiently large pore size.
As such, a leaching study was implemented.

[Ru(dpp)3]2+-doped MTEOS-, ETEOS- and PTEOS-xerogels were immersed
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in vials of the liquids to be tested, for intervals of 5 min, 1 hr and 24 hr. 
The liquids to be tested were, deionised water, ethanol, hexane and choloro- 
form. The emission spectrum of the liquid in each vial was examined after 
each interval in a fluorometer for traces of [Ru(dpp)s]2+. The presence of 
[Ru(dpp)3]2+ in the liquid was identified by an emission peak around 610 
nm.

Sample Dielectric Constant Good solvent for [Ru{dpp)3] +
Hexane 2 .0 No

Chloroform 5.0 Yes
Ethanol 24.0 Yes

Deionised Water 80.0 No

Table 8.3: Polarity of liquids examined in leaching study and the solubility 
of [Ru(dpp)3]2+ in each liquid.

D ata relating to the polarity and solubility of [Ru(dpp)3]2+ in each of the 
liquids tested is presented in Table 8.3. The polarity of the liquids used, 
ranges from the relatively non-polar hexane and chloroform, with dielectric 
constants of 2.0 and 5.0, respectively, through to ethanol, which exhibits an 
intermediate dielectric constants of 24.0, to water with a dielectric constant 
of 80.0. Of the liquids tested, [Ru(dpp)^]2+ is only soluble in chloroform and 
ethanol.

The luminescence traces detected for the vials of hexane and ethanol, are 
presented in Figures 8.10 and 8.11, respectively. The MTEOS-xerogels ex
hibited no leaching of luminophore molecules in deionised water, ethanol, 
chloroform or hexane, even after 24 hr. ETEOS- and PTEOS-xerogels ex
hibited no leaching of luminophore molecules in deionised water or hexane, 
however leaching was observed for xerogels immersed in ethanol and also for 
xerogels immersed in chloroform. Leaching was observed for the ETEOS- and 
PTEOS-xerogels after just 1 min immersed in either ethanol or chloroform.

These results indicate: (1) that the polarity of the interferant molecules 
does not appear to have any bearing on the extent of leaching (2 ) that xerogel 
average pore size determines the permeability of solvent molecules into the
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Figure 8.10: Luminescence detected from vial of hexane, which contained an 
[JRu(dpp)3]2+-doped MTEOS-xerogel (top left panel); ETEOS-xerogel (top 
right panel) and PTEOS-xerogel (bottom panel)

matrix, and (3) tha t leaching will occur when the solvent, is both, of suitable 
critical diameter to permeate the xerogel, and one in which the immobilised 
luminophore is soluble.

The results from the leaching study imply tha t the average pore size of an 
MTEOS-xerogel is smaller than tha t of either ETEOS- or PTEOS-xerogels. 
The diffusion coefficient data reported in Chapter 5 and results of the V p 
study, in Chapter 7 support this.

8.4 Sum m ary

All films produced as part of this work have been found to be subject to 
cross-sensitivity from solvent vapour.
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Figure 8.11: Luminescence detected from vial of ethanol, which contained an 
[Ru(dpp)s\2+-doped MTEOS-xerogel (top left panel); ETEOS-xerogel (top 
right panel) and PTEOS-xerogel (bottom panel)

The nature of the interference appears to differ depending on ORMOSIL 
type and the extent of the interference appears to depend on the interfering 
solvent.

The interference of each solvent with the quenching behaviour of each 
xerogel sensor layer, was quantified by examining the recovered parameters 
of the two-site Demas model. This approach indicated a decrease in /1  for 
MTEOS-films, but an increase in /1  for the ETEOS- and PTEOS-layers in 
the presence of ethanol vapour. The increase in /1  implied the possibility 
tha t luminophore leaching was occurring for PTEOS-, and to a lesser extent 
ETEOS-xerogels. As such, a leaching study was prompted, which verified 
these findings.

Demas and Bacon reported previously tha t an O2 sensor, based on
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[Ru(dpp)s]2+ immobilised in silicone rubber, will not be impaired by solvent 
molecules that do not penetrate the membrane [6 ]. This appears to be the 
case for those xerogel membranes produced in this work, such as MTEOS- 
xerogels, whose average pore radius is sufficiently small to effectively block 
the passage of the interferant molecules. In this case, the vapour molecules 
appear to interfere via the pore-blocking mechanism observed with humidity 
interference. The interference is manifested in an observed reduction in fi 
for the film in the presence of solvent vapour.

A different situation occurs in the case of xerogel films, such as ETEOS- 
and PTEOS-xerogels, tha t exhibit a sufficiently large average pore radius 
to accommodate the interferant molecules. If the interferant is a good sol
vent for the luminophore, then the possibility of leaching of the luminophore 
arises. It is proposed that some leaching occurs, where a portion of the encap
sulated luminophore molecules, dissolve in the interferant solvent molecules. 
This is thought to have the effect of mobilising these luminophore molecules, 
increasing their accessibility to O2, and so increasing the observed O2 sensi
tivity of the film. This interference is manifested in an observed increase in 
f i  for the film in the presence of solvent vapour.

This leaching effect, caused by solvent vapour, is less dramatic than that 
observed in the leaching study in Section 8.3.2, and so it is thought that 
for the most part the luminophore molecules are not leached out from the 
xerogel film completely. This is evidenced by the return of f \  to its original 
value when the solvent vapour is removed from the gas flow.

A proposed strategy, to eliminate the leaching issue, is to produce ETEOS- 
and PTEOS-films with smaller pores, by increasing the R-value during the 
sol-gel process. In this way, the attractive non-polar properties of the films 
will be retained but leaching will be minimised and hopefully eliminated. 
This would leave only one issue to address, that of pore blocking.

From the literature, it appears that the issue of liquids collecting on a 
film surface may be addressed through particular deposition and curing tech
niques [7-10]. It is hoped tha t by further research into the effect of both depo
sition and curing on surface quality, xerogel surfaces will be produced of suit
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able quality to prevent the possibility of pore-blocking by solvent molecules.
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Chapter 9 

Printing and Deposition

9.1 Introduction

This chapter presents a review of the deposition techniques employed in this 
laboratory to produce sensor layers from sol-gel solutions.

The thickness of a sensor layer is an important parameter, since increased 
thickness increases the diffusion path of the analyte to the sensor chemistry, 
subsequently increasing the response time of the sensor. In addition, thicker 
layers may be prone to concentration issues, for example non-uniform dis
tribution of excitation light may arise in a situation where the majority of 
excitation signal is absorbed by a highly concentrated portion of sample near 
the source [1]. Such a situation complicates the sensor’s calibration function. 
As such, an attractive deposition technique is one in which processing param
eters may be controlled, allowing deposited layers of reproducible thickness to 
be produced. In addition, the deposited layers should be of uniform thickness 
across their surface area.

The deposition techniques presented here are characterised by monitor
ing the reproducibility of the deposited layers in terms of thickness and O 2 

sensitivity.

This chapter begins by presenting the laboratory-based deposition tech
niques of dip-, spin- and stamp-coating. Following this, deposition tech-
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niques suited to mass-production, such as pin-, ink-jet- and gravure-printing 
are discussed, completing this short review.

9.2 D ip-, spin- and stam p-coating

Dip-, spin- and stamp-coating comprise the most common deposition tech
niques employed in the production of sol-gel layers in this laboratory. These 
techniques are compared here in terms of reproducibility. Since the deposited 
layers are intended as sensor elements, the parameters required to be repro
ducible are layer thickness, and O 2 sensitivity.

The thickness of 5 sample layers deposited with each technique is compared 
in Table 9.1. The dip-coated layers were formed with a dip-speed of 3 mm/s. 
The spin-coated layers were deposited at a spin-speed of 3000 rpm. The 
stamp-coated layers were produced by hand as described in Chapter 4.

Dip-Coated Spin-Coated Stamp-Coated
Sample Thickness p,m Sample Thickness [/im] Sample Thickness [¿im

1 0.43 ±  0.01 1 0.76 ±  0.07 1 1.53 ±  0.31
2 0.43 ±  0.01 2 0.67 ±  0.13 2 2.40 ±  0.25
3 0.45 ±  0.01 3 0.74 ±  0.09 3 2.88 ±  0.15
4 0.45 ±  0.03 4 0.73 ±  0.10 4 2.04 ±  0.66
5 0.45 ±  0.02 5 0.63 ±  0.09 5 2.24 ±  1.25

Mean 0.44 ±  0.01 Mean 0.71 ±  0.04 Mean 2.22 ±  0.30

Table 9.1: Comparing thickness and standard deviation data for layers de
posited by dip-coating at 3 mm/s, spin-coating at 3000 rpm and stamp- 
coating.

From Table 9.1, it is clear that dip-coating and spin-coating both produce 
layers with better thickness reproducibility than stamp-coating. The greatest 
standard deviation in thickness for dip-coating is ±  0.03 //m, this represents 
a percentage error of 7 %. The greatest standard deviation in thickness for 
spin-thickness, is ±  0.13 /¿m, a percentage error of 19 %. By comparison, the 
lack of reproducibility in the thickness of layers produced by stamp-coating
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Figure 9.1: Surface profile images of layers produced by dip-coating (top left 
panel); spin-coating (top right panel) and stamp-coating (bottom panel)

is evident in the large standard deviation of ±  1.25 /¿m, a percentage error 
of 56 %.

The variation in thickness across the surface of samples produced by each 
of the deposition techniques, may be observed in Figure 9.1, which presents 
images of the samples obtained with a white light interferometer, (WYCO, 
N1100 Optical Surface Profiler). In these images, sample thickness is rep
resented by colour. As expected from the standard deviation values in the 
thickness data above, the images in Figure 9.1, show that the samples pro
duced by dip- or spin-coating (top left and right panels, respectively) show 
good uniformity in thickness across the surface, while the thickness of the 
stamp-coated sample is seen to vary considerably across the sample surface.

The sample-to-sample reproducibility of the O 2 response for each of the 
deposition techniques is compared by examining the Stern-Volmer plots of 
samples produced by each technique. Figure 9.2 presents the Stern-Volmer
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Figure 9.2: Stern-Volmer plots of layers produced by dip-coating (a); spin- 
coating (b) and stamp-coating (c)

plots obtained for samples produced by dip-coating, in Figure 9.2(a), spin- 
coating, in Figure 9.2(b), and stamp-coating, in Figure 9.2(c). The greatest 
reproducibility is observed for the dip-coated samples, exhibiting a standard 
deviation in K syi of 0.004 [C^]-1 . The spin-coated samples yield a simi
lar standard deviation in K5 y 2 of 0.008 [O2]-1 . The stamp-coated samples 
present the greatest standard deviation in 'Ksvi of 0.014 [O2]-1 , an order of 
magnitude greater than either of the other two deposition techniques. The 
reproducibility of K^yi, which is a measure of the O 2 sensitivity, correlates 
with the sample-to-sample thickness reproducibility of the deposition tech
niques. This is as expected since layer thickness impacts on the diffusion 
path of the quencher molecules to the luminophores and so any spread in 
thickness contributes to a spread of the Stern-Volmer constant.
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9.3 P in-printing

Figure 9.3: False colour CCD image of a pin-printed array under N 2 (left) 
and under O2 (right)

Pin-printing is useful for high-throughput sol-gel film characterisation. Its 
operation allows for reservoirs to be filled with various sols. From these 
reservoirs, the pin on the robotic arm may pattern arrays of the different 
sols.

Figure 9.3, presents such an array, produced using sols of varying degrees 
of O2 sensitivity. In Figure 9.3, a false-colour CCD-camera, has been used 
to image the intensity emitted from the array when it is flushed, first with 
N2 (left panel) and then with O2 (right panel).

Using this technique it is relatively quick and easy to determine which sol 
exhibits the greatest O2 quenching efficiency, and also to determine which 
sols present deposition issues. For instance, the sol printed along the third 
row in the array clearly exhibits the largest degree of quenching when the 
environment is switched from N2 to 0 2 - It is clear tha t the sols used in the 
first two rows allow for uniform, reproducible patterning of spots, while the 
sol used to print the last row, is clearly less suitable for patterning. Therefore 
this deposition technique allows for a quick assessment of a number of sols, 
from which an optimum sol may be selected for further characterisation [2].
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Figure 9.4: Surface profile of the pin-printed array

However, this technique cannot be relied upon to produce layers of uniform 
thickness. Figure 9.4 is an image obtained using the white light interferom
eter. This figure highlights the lack of uniformity in the thickness of the 
sensor spots deposited by pin-printing. It is possible however, that the tech
nique used to pin-print liquid sol could be optimised to produce samples of 
improved uniformity.

9.4 Ink-jet-printing

Ink-jet-printing is an attractive technique due to the patterning possibilities 
this method presents. It has proved possible to deposit layers of sol-gel using 
an ink-jet print head. Discrete sol-gel spots may be ink-jet printed with 
excellent thickness uniformity across the surface.

Figure 9.5, presents an ink-jet-printed MTEOS-sol-gel layer, imaged by 
the white light interferometer. This figure highlights the uniformity of the 
layer’s thickness. However, despite the results possible with ink-jet-printing, 
this method is not compatible with liquid sol-gels. This is on account of 
the evolving nature of sol-gel materials which continually age and eventually
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form glassy materials which then clog and block the ink-jet print head*
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Figure 9.5: MTEOS-based sol ink-jet-printed on a glass substrate

9.5 Gravure-printing

Gravure-printing is a technique used for high-volume printing of fast-drying 
inks. Gravure-printing is the deposition technique used by the commercial 
company GSS This company produces 02-sensitive sol-gel-based sensor 
elements printed on adhesive labels. For this work, GSS have provided two 
such samples, produced from an MTEOS-sol.

Figure 9.6, compares the Stern-Volmer plot obtained from each of the 
samples. In this figure, the Stern-Volmer plots overlap almost completely, 
indicating excellent reproducibly in 0 2 sensitivity.

1GSS (Gas Sensing Solutions) is a DCU campus company that emerged from earlier sol- 
gel work in this group. See the company website for more information: http://www.gss.ie
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Gravure-printing is particularly suited for use with liquid-sols as its non- 
contact technique overcomes the issues highlighted with ink-jet-printing, where 
the aging sol-gel material could clog and block the print head.

Oj Concentration (%)

Figure 9.6: Comparing the Stern-Volmer plots of samples produced by 
gravure-printing

9.6 Conclusions

This chapter has summerised a number of deposition techniques. Dip-, 
spin- and stamp-coating have been presented as laboratory-based techniques. 
Good reproducibility in terms of layer thickness and O 2 response, is possible 
with both dip- and spin-coating. Stamp-coating has been shown to be much 
less reproducible.

Pin-printing has been presented as it offers the possibility of high-throughput 
testing techniques.

Ink-jet-printing, while producing good quality layers, has been found to 
be unsuitable for use with sol-gel liquids used in this work.
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Gravure-printing is reported here as the industrial solution to sol-gel depo
sition. This technique has provided samples yielding excellent reproducibility 
in O2 response.
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Chapter 10

Conclusions

The overall aim of this thesis was the characterisation and optimisation of 
novel materials intended for luminescence-based O 2 sensing applications in 
the bio-pharm industry. The following list details the specific objectives 
required of this work (as outlined in Chapter 1) and how each was addressed 
in order to meet the ultimate goal.

• the 0 2 sensitivity of sol-gel-derived sensor layers was optimised through 
the use of various organosilicon precursors. This approach was under
taken as the origin of O2 sensitivity was found to lie with the transport 
of O2 through the microstructure of the material. As the organic prop
erties of the materials were altered, corresponding variations in the 
resulting 0 2 response of that material were observed.

•  0 2 -sensitive materials capable of withstanding steam-sterilisation, with
out requiring recalibration, are a prerequisite for sensors intended for 
bio-fermenter applications. This was achieved through the use of the 
organosilicon precursor ETEOS, coupled with a curing program, which 
afforded the resulting glass the flexibility required to withstand the 
pressures within the autoclave.

•  the performance of the sensor layers in the presence of ethanol was 
investigated, since this is a likely interférant in a bio-fermenter. All
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sensor layers examined were found to experience an interference effect 
in the presence of ethanol. This was has been shown to be a function 
of the materials average pore size.

• the effects of photobleaching were countered through the use of the 
fluorinated organosilicon precursor TFP-TMOS. Using this precursor, 
a sol-gel-based material was produced which limited the effects of pho
tobleaching. Such a material is suited to the prolonged periods of 
exposure to excitation light that are likely in long-term monitoring ap
plications.

• O2 sensing has been executed here via phase fluorometry. The im
plementation of this technique has been optimised. The advantage of 
the phase fluorometric technique has been outlined in this work, high
lighting that this technique lends itself to miniaturisation and the use 
of low-cost electronic components, since the sensor platform will be 
designed for a commercial application.

Overall, this work has satisfied the industrial requirements by exploiting 
the versatility of the sol-gel route. Future work should include, optimising the 
R-value to produce membranes of suitable pore size in order to realise sen
sor layers immune to solvent cross-sensitivity. Following this, trails should 
be carried out to determine the performance of these sensor layers in the 
environment for which they are intended. These trials should include a com
parison of O2 sensitivity of these sensors during operation along side com
mercially available sensors. It is possible that some additional optimisation 
may be required following the field trials, however the sol-gel-based sensor 
layers should provide a real alternative to commercially available optical and 
electrochemical counter-parts.

In addition, multi-analyte possibilities can now be explored since depo
sition of the liquid sols in this work has proved possible with patterning 
techniques such as gravure-printing.

The two-site Demas model has been employed throughout this work as 
it sufficiently fits all the quenching data obtained from each of the samples
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and so provides a platform for comparison. However, this model requires two- 
point calibration. The quenching data of some of the samples in this work can 
be well described by the single-site Stern-Volmer model. The fit to the Stern- 
Volmer model for PhTEOS-, ETEOS-, PTEOS- and OTEOS:TEOS-samples 
yields R2 >  0.98, and so it would be interesting to pursue the implementation 
of single-point calibration sensors based on these materials.
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