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DEVELOPMENT OF NANO-MATERIAL BASED OPTICAL CHEMICAL
SENSORS INDICATING OXYGEN LEVELS IN PETROCHEMISTRY
RELATED WORKPLACES

ABSTRACT

In workplaces, especially in refineries, volatile petroleum solvents are usually in
the form of mixtures of alkanes, cyclic alkanes, alkenes and the aromatics. Such
atmospheres which are deficient in oxygen may not provide adequate sensory
warning of danger. Therefore correct and continuous monitoring of oxygen levels in
such environments is quite important. On the other hand, ruthenium (1) derivatives
are known as oxygen sensitive dyes and have intensively been used in the design of
optical chemical sensors. Most of the ruthenium dyes suffer from leaching from host
matrices due to the water solubilities. In order to provide the best host/dye
compatibility we used the amphiphilic ruthenium derivatives in silicon based
matrices. In this work, emission-based oxygen sensing properties of highly
luminescent ruthenium (I1) derivatives were tested in the presence and absence of
some volatile organics. Newly synthesized two orange-red emitting alkyl branched
ruthenium complexes were used along with silver nanoparticles (AgNPs) in two
different silicon based matrices for oxygen sensing purposes. The sensing materials
were fabricated in form of thin films and electrospun nanofibers. lonic liquid and
perfluorinated compounds were exploited as additives to enhance the response to
oxygen. Oxygen induced spectral changes at 630 nm were followed for both gas
phase and dissolved oxygen as the analytical signal. The oxygen sensitivities of the
probes were also tested by lifetime based and kinetic mode measurements.
Utilization of the amphiphilic Ru dyes in silicon along with AgNPs in the form of
electrospun fibers resulted in many advantages such as enhanced long term stability,
increased surface area, sensitivity and improvement in all sensor dynamics. Sensing
characteristics of the offered design were tested and calibrated in the presence of
vapors of benzene, toluene, ethylbenzene, hexane and xylene, which simulate

refinery related work places.
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PETROKIMYA SEKTORUNDE iSYERI ORTAMINDAKI OKSIJEN
SEVIYESININ ALGILANMASI iCiN NANO MALZEME ESASLI OPTIiK
KIMYASAL SENSOR GELISTIRILMESI

0z

Rafineri gibi is yerlerinde; ugucu ham petrol ¢oziiciileri genellikle de alkanlar,
siklik alkanlar, alkenler ve aromatiklerin karigimi bulunur. Bu tiir atmosferlerde
oksijen yetersizligi tehlikesine iligkin yeterli sensor uyarimi saglanamayabilir. Bu
nedenle, bu tiir ortamlarda oksijenin dogru ve devamli kontrolii ¢ok 6nemlidir. Diger
taraftan, rutenyum (II) tiirevleri oksijene duyarli boyalar olarak bilinmekte olup,
optik kimyasal sensorlerin dizayninda yogun olarak kullanilmaktadir. Bircok
rutenyum boyasinin suda ¢6ziiniir olmasindan dolay1 tutuklandigi matriksden akmasi
s6z konusudur. Bu problemin iistesinden gelmek i¢in boyanin yapisi degistirilirken
oksijene kars1 duyarlilifi azalmaktadir. Bu ¢aligmada, boya ve matriksin uyumuna
cok onem verilmis, parlak rutenyum (II) tiirevlerinin emisyona dayali oksijen
algilama 6zellikleri bazi ugucu organiklerin varliginda ve yoklugunda test edilmistir.
Yeni sentezlenmis iki farkli turuncu-kirmizi alkil dallanmis rutenyum
komplekslerinin oksijene duyarliklarini test etmek amaci ile iki farkli silikon
matriksde giimiis nanopargaciklari ile kullanilmistir. Kullanilan boyalarin alkil
dallanmis Ozelliklerinden dolayr boyalar, matriks icerisinde herhangi bir akma
olmadan basari ile enkapsiile edilmistir. Algilayict materyaller ince film ve elektro
egrilmis nanofiberler olarak iiretilmistir. Oksijene cevabini arttirmak i¢in iyonik sivi
ve perfloro bilesikleri katki maddesi olarak kullanilmigtir. 630 nm’de oksijen etkisi
ile gergeklesen spektral degisimler gaz haldeki ve ¢Oziinmiis oksijenin analizinde
analitik sinyal olarak izlenmistir. Problarin oksijene duyarligi lifetime ve kinetik
modda da test edilmistir. Ampifilik rutenyum boyalar1 AgNP’ler ile birlikte silikonda
elektro egrilmis fiberler formunda kullanildiginda uzun zamanli kararlilik, artmis
yiizey alani, hassaslik ve biitliin sensor dinamiklerinde iyilesme avantajlari elde
edilmistir. Onerilen tasarimlarin algilama 6zellikleri rafineri ve benzeri is yerlerinde
bulunan benzen, toluen, etilbenzen, hegzan ve ksilen buharlarinda test ve kalibre

edilmistir.
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CHAPTER ONE
INTRODUCTION

1.1 Air Quality and Oxygen Depletion in Refinery Related Workplaces

Oil refineries are industrial plants, which convert crude oil into variety of
petroleum products. Refinery operations are associated with the emission of a wide
variety of volatile organic compounds (VOCs) into the atmosphere, mainly
originating from production processes in the distillation, catalytic cracking,
alkylation and isomerization units, storage tanks, and distribution terminals
(Kalabokas, Hatzianestis, Bartzis, & Papagiannakopoulos, 2001). The transportation,
distribution and marketing of the refined products involve many distinct operations,
each of which represents a potential source of evaporation, loss and occupational

exposure problem for the workers (Singh, Ramteke, Juneja, & Pandya, 2013).

Refinery  workers  are  potential risk  groups  for  exposure
to benzene, toluene, ethylbenzene, and xylenes (BTEX) and the other volatile organic
compounds (VOCs) from routine sampling, operations, releases from large bulk
facilities, surface spills and pipeline leaks. BTEX is released into the environment by
a volatilization (evaporation) process. The most potential pathways to exposure the
VOCs include inhalation, and absorption through skin. Common exposure symptoms
to volatile organics include respiratory problems, skin and sensory irritation, central
nervous system depression and headache. Severe or prolonged exposure may result
in kidney, liver and blood system diseases. Benzene is identified as a human
carcinogen that can cause myeloid leukemia. All of these volatile organics may cause
oxygen depletion in the atmosphere of the refinery. In such conditions, accurate
determination of oxygen levels may not be possible. Therefore, the potential

interference effects of the subjective compounds should be considered.


http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Toluene
http://en.wikipedia.org/wiki/Ethylbenzene
http://en.wikipedia.org/wiki/Xylenes

1.2 Exposure Limits for Volatile Organic Compounds (VOCs)

The presence of VOCs is in inevitable in refinery related workplaces. They are
allowed to some extent to be present in the ambient air of the work place unless their
concentration over the limits. There may be several values and types of limits. Here
the exposure limits were given in terms of the conventions of Occupational Safety
and Health Administration (OSHA), American Conference of Governmental
Industrial Hygienists (ACGIH®), and The National Institute for Occupational
Safety and Health (NIOSH). The OSHA Personal Exposure Limits (PEL) was
given as Time-weighted average (TWA) and Short-term Exposure Limit (STEL).
The NIOSH limits were determined as Recommended Exposure Limit (REL) and
Immediately Dangerous to Life and Health concentration (IDHL) (Petrochemical
VOCs analysis, 2015). Both the PEL and TLV specify the maximum amount of
exposure a worker can have to a substance averaged over an 8-hour workday. The
limits are usually expressed in parts per million parts of air (ppm) or milligrams of
dust or vapor per cubic meter of air (mg/m®). On the other hand, the Short Term
Exposure Limit (STEL) is a term used by the ACGIH to express the maximum
concentration most workers can tolerate for a 15-minute exposure period without
adverse effects (with a maximum of four periods a day and at least 60 minutes

between exposure periods) (University of Wisconsin - Safety Department, n.d.).

In this work, an optical chemical oxygen sensor has been developed and the
interference effects of VOCs of benzene, toluene, xylene, ethyl benzene and hexane
on sensing ability of the oxygen have been tested and evaluated. The exposure limits

of benzene, toluene, xylene, ethyl benzene, and hexane were given in Table 1.1.


https://www.osha.gov/
https://www.osha.gov/

Table 1.1 The exposure limits of benzene, toluene, xylene, ethyl benzene, and hexane (TWA=Time-weighted average; TLV=Threshold Limit Value; STEL=Short-term

Exposure Limit; MCL=Maximum Contamination Limit, PEL=Personal Exposure Limit, REL=Recommended Exposure Limit; IDHL=Immediately Dangerous to Life

and Health concentration) (Petrochemical VOCs analysis, 2015).

Contaminant | OSHA(PEL) Exposure Limit ACGIH (TLV) Exposure | NIOSH (REL) Exposure | NIOSH In this
for General | for Construction | for Maritime Limit Limit (IDHL) | work
Industry Industry Exposur | (ppm)

e Limit

Benzene 1 ppm TWA with | 1 ppm TWA with | 1 ppm TWA with | 0.5 ppm TWA; 2.5 ppm | 0.1 ppm TWA; 1 ppm STEL | 800 ppm | 98900
a 5 ppm STEL; |a 5 ppm STEL; |a 5 ppm STEL; | STEL; Skin; Confirmed
0.5 ppm Action | 0.5 ppm Action | 0.5 ppm Action | human carcinogen
Level Level Level

Toluene 200 ppm (750 | 200 ppm (750 | 200 ppm (750 | 50 ppm (188 mg/m?*) TWA; | 100 ppm (375 mg/m*) TWA; | 500 ppm | 28900
mg/m?) TWA; | mg/m?®) TWA mg/m*) TWA; 100 | skin; Not a human | 150 ppm (560 mg/m?®) STEL
300 ppm Ceiling ppm Skin TWA carcinogen

Xylene 100 ppm (435|100 ppm (435 |: 100 ppm (435 | 100 ppm (434 mg/m?) | 100 ppm (435 mg/m*) TWA; | 900 ppm | 8110

(o-, p-, m-| mg/m?) TWA | mg/m®) TWA mg/m*) TWA TWA; 150 ppm (651 | 150 ppm (655 mg/m*) STEL

isomers) mg/m?) STEL; Not a human

carcinogen

Ethylbenzene | 100 ppm (435 100 ppm (435 | 100 ppm TWA,; 125 ppm | 100 ppm (435 mg/m?*) TWA; | 800 ppm | 13200

mg/m*) TWA mg/m*) TWA STEL; Confirmed Animal | 125 ppm (545 mg/m?®) STEL;

Carcinogen

Confirmed Animal

Carcinogen




1.3 Sensor Definition

A chemical sensor is a device that gives an analytical useful signal as a result of a
chemical interaction or process between the analyte and the sensor device. Chemical
sensors can be used for the qualitative or quantitative determination of the analytes of
the interest (Wolfbeis, 1991).

Mainly a chemical sensor has a specific chemical or molecular target to be
measured. There are a few definitions for optical sensors. According to the definition
of IUPAC (International Union of Pure and Applied Chemistry) a chemical sensor

has been defined as follows:

A chemical sensor is a device that transforms chemical information, ranging from
the concentration of a specific sample component to total composition analysis,
into an analytically useful signal. The chemical information, mentioned above,
may originate from a chemical reaction of the analyte or from a physical property
of the system investigated (Hulanicki, Glab, & Ingman, 1991, p.1248).

Chemical sensors contain two basic functional units: a receptor part and a
transducer part. Some sensors may include a separator, which is, for example, a
membrane. In the receptor part of a sensor the chemical information is transformed
into a form of energy which may be measured by the transducer (Hulanicki, Glab, &
Ingman, 1991).

The transducer part is a device capable of transforming the energy carrying the
chemical information about the sample into a useful analytical signal. The
transducer as such does not show selectivity. The receptor part of chemical
sensors may be based upon various principles (Hulanicki, Glab, & Ingman, 1991,
p.1248):



- Physical, where no chemical reaction takes place. Optical examples are those
based upon measurement of absorbance, refractive index, conductivity,

temperature or mass change.

- Chemical, in which a chemical reaction with participation of the analyte gives
rise to the analytical signal.

- Biochemical in which a biochemical process is the source of the analytical signal
(Hulanicki, Glab, & Ingman, 1991, p.1248).

According to the type of the transducer the chemical sensors can simply be
classified as electrochemical, optical mass sensitive and heat-sensitive, considering
to the type of transducer (Cattrall, 1997).

An optical chemical sensor normally consists of the following components:

1. A recognition unit, where a specific interaction between the recognition moiety
and the analyte takes place and the sensor becomes selective for the analyte;

2. The transducer unit that converts the recognition process into a recordable optical
signal,

3. Optical components, which mainly consists of a light source (Xenon lamp, a LED
or a laser), sometimes fiber optics; lenses, and/or filters;

4. A detector (a photodiode in miniaturized devices or a photo multiplier tube in
spectrophotometers), which detects the measured optical property;

5. Signal amplification, signal processing (conversion from optical to digital) and

readout.

Except that of these forms and components, there may be other specific elements

and designs.



1.3.1 Classification of Optical Chemical Sensors

Optical chemical sensors may be classified according to the structure of the
transducer. If the fiber optics were exploited in the design of the sensor, they called
as “fiber optic chemical sensors”. In another approach, they can be classified
according to their usage like gas sensors (oxygen, carbon dioxide etc.), cation sensors
(Ca(ll), Cu(ll), zZn(ll), Fe(ll) etc.), anion sensors, biosensors etc. In most of the

optical chemical sensors, one of the following parameters was measured.

a) Absorbance should be measured in a transparent medium, the absorptivity of the
chromophore or chromoionophore may change after interaction with the analyte.

b) Fluorescence may be measured for both transparent and opaque moieties. The
fluorescence intensity or the fluorescence lifetime of a fluoroionophore or an
emitting inorganic material may change after interaction with the analyte.

c¢) Reflectance can be measured in non-transparent moieties.

d) Luminescence is the intensity of light emitted after an excitation process.

e) Refractive index measured as the result of a change in solution composition.

f) Optothermal effect, the thermal effect observed after absorption of the light.

g) Light scattering, scattering of the light by a particle in solution or in vacuum.

1.3.2 Fiber Optic Sensors

An optical fiber is mainly a flexible, transparent material made of glass or plastic.
It works as a waveguide to transmit the light between the two ends of the fiber. Prior
to the analysis, in the beginning, optical fibers were widely used in field of
communication. Later, fibers were used for illumination, and produced in bundles so
that they used to carry the light, allowing viewing in confined spaces. Today,
specially designed fibers have been used for a variety of other applications, including

optical chemical sensors.

An optical fiber typically consists of a transparent core surrounded by a

transparent cladding material with a lower refraction index. Light is kept within the
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The spectral changes are due to the perturbation (by the interaction of the analyte
with ionophore) of photo induced processes such as electron transfer, charge transfer,
energy transfer, excimer or exciplex formation or disappearance (Valeur, & Leray,
2000).

1.4 Luminescence

1.4.1 Mechanism of Luminescence

Luminescence means emission of light by electronically excited atoms or
molecules. Electronic excitation requires the supply of energy. Various kinds of
luminescence, such as electroluminescence, chemiluminescence,
thermoluminescence and photoluminescence, are known and called by the source
from which energy is derived (Lakowicz, 1993; Parker, 1968; Schmidt, 1994).

The Perrin—Jablonski diagram is a good way for understanding the possible
processes: photon absorption, internal conversion, fluorescence, intersystem
crossing, phosphorescence, and delayed fluorescence and triplet—triplet transitions
(see Figure 1.2). The singlet electronic states were shown as Sp (fundamental
electronic state), S;; S, (excited electronic states); ... and the triplet states, Tq; To; ... :
Vibrational energy levels are associated with each electronic state. Among them
absorption is the fastest process (1x10™ s) with respect to all other transitions
(Lakowicz, 1993; Parker, 1968; Schmidt, 1994).
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Figure 1.2 The Perrin—Jablonski diagram (Valeur, 2002).

Because the majority of molecules are in the lowest level Sy at room temperature,
the vertical arrows indicating to absorption start from the Sy vibrational level.
Absorption of a photon may cause transition of electrons to one of the upper
vibrational levels of S;; S, or Sz (Lakowicz, 1993; Parker, 1968; Schmidt, 1994).

1.4.1.1 Internal Conversion

Internal conversion is a non-radiative transition between two electronic states in a
molecule or atom. It is sometimes called "radiationless de-activation”, because
no photons are emitted. The energy of the electronically excited state is given off to

vibrational modes of the molecule or to the solvent during collisions of the excited



molecule with the surrounding solvent molecules. The excitation energy is
transformed into heat (Valeur, 2002).

1.4.1.2 Fluorescence

Once a molecule arrives at the lowest vibrational level of an exited singlet state,
there are a few possible ways; one of which is to return to the ground state by photon
emission. Emission of photons from the S; to Sy relaxation is called fluorescence.
The lifetime of an excited singlet state is approximately 10 ° to 10 ' second therefore
the decay time of fluorescence is of the same order of magnitude. If fluorescence is
unperturbed by competing processes, the lifetime of fluorescence is the intrinsic
lifetime of the excited singlet state.

1.4.1.3 Intersystem Crossing

Intersystem crossing is a non-radiative transition between two isoenergetic
vibrational levels belonging to electronic states of different multiplicities (Valeur,
2002). For example, an excited molecule in the 0 vibrational level of the S1 state can
move to the corresponding vibrational level of the T, triplet state. Then vibrational
relaxation occurs and it drops to the lowest vibrational level of T;. Intersystem
crossing may be fast enough (107-10° s) to compete with other pathways of

fluorescence and internal conversion.

1.4.1.4 Phosphorescence

In case of phosphorescence, the absorbed photon energy undergoes an
unusual intersystem crossing into an energy state of higher spin multiplicity, usually
a triplet state. As a result, the energy can become trapped in the triplet state with only
classically "forbidden™ transitions available to return to the lower energy state.
Although forbidden and kinetically unfavored these transitions occur at significantly
slower time scales. Most phosphorescent compounds exhibiting triplet lifetimes on

the order of milliseconds, some compounds have triplet lifetimes up to minutes or

10



even hours. If the phosphorescent quantum yield is high, these substances will emit
significant amounts of light over long time scales, creating so-called "glow-in-the-
dark™.

Molecular fluorescence is a result of an excitation process that occurs in certain
molecules with long conjugated systems, joined aromatic cycles (polyaromatic
hydrocarbons or heterocycles). This kind of molecules is denoted as fluorophores,

fluorescent dyes.

In order to provide a fluorescent spectrum a photon energy should be supplied by
an external light source such as a Xenon lamp or a laser and absorbed by the
fluorophore, creating an excited electronic singlet state (S;"). The excited state exists
for a finite time (typically 1-10 nanoseconds). During this time, the fluorophore may
undergo some conformational changes or may be subject to a number of possible
interactions with its micro environment. The energy of S;" may be partially dissipated
from which the fluorescence emission originates. Not all the excited molecules return
to the ground state (Sp) emitting fluorescence. Other processes such as collisional
quenching, fluorescence resonance energy transfer (FRET) and intersystem crossing
(ISC) are possible.

While the fluorophore returning to its ground state, photon energy is emitted. Due
to energy lost during the excited-state lifetime, the energy of this photon is lower,
and therefore of longer wavelength, than the excitation photon. The difference in
energy or wavelength between excitation and emission photon is called the Stokes
shift (see Figure 1.3).

11
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Figure 1.3 Absorption and emission spectra of Rhodamine 6G with ~25 nm Stokes shift (Wikipedia,
2015).

1.4.2 Fluorescence Quenching

Fluorescence quenching is a bimolecular process and causes a decrease in
intensity of a fluorophore. Quenching can occur by different mechanisms like;
excited-state reactions, molecular rearrangements, energy transfer, ground-state
complex formation, and collisional quenching. Collisional quenching occurs when
the excited-state fluorophore is deactivated upon contact with some other molecule in
solution, which is called the quencher. In case of the collisional quenching the
excited fluorophore is returned to the ground state during a diffusive encounter with
the gquencher. The molecules are not chemically altered in the process. For collisional

qguenching the decrease in intensity is described by the well-known Stern-Volmer

equation (Lakowicz, 1983) : The Stern-Volmer equation can be written both in terms
of fluorescence intensities (1) and fluorescence lifetimes (7).

© =2 =14 Ky[Q] (2.1)
Ky = Tok (1.2)
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where [Q] is the quencher concentration, I and t are the fluorescence intensity and
lifetime, respectively, |, and 1, are the unquenched intensity and lifetime, and K is the
bimolecular quenching constant. The quantity Ky is referred to as the Stern-Volmer
constant. In case of collisional quenching, as the quencher concentration increases,
the emission intensity and lifetime of the fluorophore decreases. Collisional
quenching is also known as dynamic quenching. In the case of static quenching a
complex forms between the fluorophore and the quencher, and this complex is non-
fluorescent. The formation of this complex does not rely upon population of the
exited state (Lakowicz, 1999).

Self-quenching is the quenching of one fluorophore by another; it appears when
high concentrations of fluorophore are used. Fluorescence resonance energy transfer
(FRET) is a strongly distance-dependent excited-state interaction in which emission
integral of one fluorophore is coupled to the excitation integral of another.

1.4.3 Environmental Factors Effecting Fluorescence

Some environmental factors influence on fluorescence dynamics. The most

important ones are:

= Solvent polarity,
= Proximity and concentrations of species, and

= In aqueous solutions pH of the medium.

Fluorescence spectra of a molecule may be strongly dependent on solvent. This
characteristic is most often observed with fluorophores that have large excited-state
dipole moments. Interaction of such kind of molecules with polar solvents results
with spectral shifts in fluorescence spectra to longer wavelengths (Fluorescence
fundamentals, 2015).
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1.4.4 Fluorescence Lifetime

The fluorescence lifetime can be defined as the average time for a molecule to
remain in the excited state before emitting a photon. Each individual molecule emits
randomly after excitation. While some of the excited molecules fluorescing before
the average lifetime, others fluoresce long after the average lifetime. Fluorescence
lifetimes are generally on the order of 1-10 nanoseconds. However they can range

from hundreds of nanoseconds to the sub nanosecond time scale.

The decay of the excited state of a molecule to the ground state can be expressed

as,;
I(t) = lyexp() (1.3)

where, I is the intensity at the beginning of excitation and t is the lifetime. The
decay time is defined as the time for the intensity to drop by 1/e or to 37% of t.
Figure 1.4 shows a typical decay curve. The lifetime equation can be written in terms
of rate constants (k—radiative rate, kn- non radiative rate) as well as in terms of the

fluorescence quantum yield (o).

Each of the processes occurs with a certain probability, characterized by decay
rate constants (k). It can be shown that the average length of time t for the set of
molecules to decay from one state to another is reciprocally proportional to the rate
of decay: t = 1/k. This average length of time is called the mean lifetime, or simply

lifetime.

T = (p = kr+knr (14)
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Figure 1.4 Plots of single and multi-exponential decays (Terpetschnig, & Jameson, n.d.) .

Although the decay law is based on first order kinetics, in application, many
fluorescence decays may be more complex. Sometimes populations of excited
molecules are in inhomogeneous environments and quenching processes and other
environmental factors can lead to multi- or non-exponential decays. Plots of single
and multi-exponential decays are shown in Figure 1.4. In the case of multi-
exponential decays analogous analysis maybe necessary to find out the lifetimes and
their fractions. An increase in the number of fitted parameters (more than 3 lifetimes)
is an undesirable situation and is not recommended. In such cases average lifetime
(mean lifetime) can be calculated considering percentage distribution of each

component.

The fluorescence lifetime is an intrinsic molecular property and, within certain
constraints, independent of concentration. This means that changes in concentration,
whether caused by photo bleaching or diluting/concentrating the sample, would not
affect the lifetime value. This is in contrast to a steady state measurement, where a
change in intensity of the recorded emission would be observed (Time resolved

fluorescence lifetime measurements, 2014).
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Fluorescence lifetimes can be measurement in two different modes; time domain

and frequency domain.

In the time domain mode, molecules are excited by a very short pulse of light at
t=0 and immediately after the excitation, the decay of florescence intensity is
measured. This can be performed by Time Correlated Single Photon Counting

(TCSPC) approach.

fluorescence

fluorescence s
— excitation pulse

— excitation pulse 0.1 ]

0.1 4

0.014

I(B)/1(0), n*(®)/n*(0)
I(8)/1(0), n*(®)/n*(0)

0.01 4
t
) =
I(t) = I{(0)exp(-t / ) = IE)=1 (0) Z a;e
1E-3, ' !
. single- exponential decay multi- exponential decay (at least two
distinct lifetimes)

Figure 1.5 Schematic representation of single and multi-exponential decay curves.

1.4.4.1 Instrumentation for Time Correlated Single Photon Counting (TCSPC)

Time Correlated Single Photon Counting is a digital counting technique, counting
photons that are time correlated in relation to an excitation “light pulse”. The main
components for signal processing in TCSPC are constant fraction discriminators
(CFD), electrical delays (DEL), the Time-to-Amplitude Converter (TAC), Amplifier
(between the TAC and ADC), Analogue to Digital Converter (ADC) and digital

memory (Mem) (see Figure 1.6).
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Figure 1.6 The main components for signal processing in TCSPC (FLS920 Series, 2011)

In TCSPC the sample is repetitively excited using a pulsed light source and the
measurement builds a probability histogram relating the time between an excitation
pulse (START) and the observation of the first fluorescence photon (STOP) (FLS920

Series, 2011).

1.4.4.2 Frequency Domain Lifetime Measurement

In frequency domain measurement excitation light is harmonically modulated
with angular frequency f and then the phase angle was recorded. Fluorescence
lifetimes can be calculated from the phase shift @ (see Figure 1.7) (Wolfbeis, 1991).

tan® = 2nft T= t;;lf (1.5)
¢
= a
@
B \ b
E v,
15
time

Figure 1.7 Frequency domain lifetime measurement (Thorlabs, n.d.).
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1.4.5 Quantum Yield

The fluorescence quantum yield is a feature of fluorophore and it is important for
characterization of newly introduced fluorescent probes. The fluorescence quantum
yield is the ratio of photons emitted to photons absorbed through the fluorescence
(Lakowicz, 1999; Parker, 1968; Schmidt, 1994).

hotons
— P1oTONSem (1.6)
photonsgps

The quantum yield ¢ can also be described by the relative rates of the radiative k;
and non-radiative K, relaxation pathways, which deactivate the excited state
(Lakowicz, 1999; Parker, 1968; Schmidt, 1994).

Ky
¢ = kr+X Knr (17)

While the calculation of the absolute quantum vyield requires sophisticated
operations, the relative quantum vyield of the fluorophore by comparison with a
reference fluorophore quantum yield is determined more easily. There are two
approaches for measurement of relative quantum yield: single-point method and
comparative method.

In single-point method, the quantum vyield is calculated using the integrated
emission intensity of the same concentration of pair of a single sample and the
reference. Although this method is fast and easy, due to incorrect measurement of the
fluorophore’s absorbance at a single concentration value may not always be reliable.
The second is the comparative method of Williams et al., which involves the use of
multiple concentrations of well characterized references with known fluorescence
quantum yields. It is more time consuming, but provides a much higher precision by
calculating the slope of the line generated by plotting the absorption against the
fluorescence intensity for multiple concentrations of the fluorophore (Lakowicz,
1999).
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CHAPTER TWO
EXPERIMENTAL METHOD AND INSTRUMENTATION

2.1 Reagents

Oxygen sensitive fluorescent dyes utilized in this thesis were synthesized and
provided by Dr. Canan Varlikli. The dyes of [Ru(bpy).(4-dihexylmethyl-4’-heptyl-
2,2’-bipyridine)](PFs). and [Ru(bpy).(4,4’-bis(3-ethylheptyl)-2,2’-bipyridine)](PFs).
were encoded as CS91 and CS93, respectively. Synthetic route of the dyes was
published earlier (Oner, Sahin, & Varlikli, 2012).

Poly-1-trimethysilyl-1-propyne (poly(TMSP)) was purchased from ABCR
Company. Silicon was purchased from Alkim. The plasticizer, dioctyl phthalate
(DOP) was supplied from Aldrich. 1-buthyl-3-methylimidazolium tetrafluoroborate
([BMI'][BF;]) was from Fluka. The perfluorinated compounds (PFC);
nonadecafluorodecanoic acid was purchased from Alfa Aesar. Silver nitrate (99%
AgNQO3) and sodium borohydride (99% NaBH,) were purchased from Merck and
Aldrich Chemical Companies, respectively. Millipore ultra-pure water was used
throughout the studies. Glassware was cleaned by soaking in alcoholic KOH.
Oxygen and nitrogen gas cylinders were of 99.99% purity and obtained from Linde
Gas Company, Izmir, Turkey.

The calibration and metal sensing studies were performed by using atomic
absorption spectroscopy (AAS) certified reference standard solutions of Ag*, A",
Ba?*, Ca?*, Co*, Cr**, cu®, Fe*, Fe*, Hg, ¥, Hg*, Li*, K*, Mn*, Mg**, Na’,
NH,", Ni?*, Pb*, Sn?* and Zn?*. All standards were diluted with 0.01 M acetic
acid/acetate buffer of pH 5.0 and were prepared in polyethylene measuring flask to
avoid adsorption of metal ions. All of the experiments were carried out at room
temperature; 25 £ 1 °C. The pH of the solutions were monitored by use of a digital
pH-meter (ORION) calibrated with standard buffers of pH 12.00, 7.00 and 4.00 at

25+1 °C. All of the experiments were carried out at room temperature; 25 °C.
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2.2 Structural Specification of Ruthenium Dyes

Ru (I1) derivatives; [Ru(bpy).(4-dihexylmethyl-4’-heptyl-2,2’-bipyridine)](PFe)2
(CS91) and [Ru(bpy).(4,4’-bis(3-ethylheptyl)-2,2’-bipyridine)](PFs). (CS93) were

shown in Figure 2.1.

CS91 CS93

Figure 2.1 Structures of the exploited dyes [Ru(bpy).(4-dihexylmethyl-4’-heptyl-2,2’-
bipyridine)](PFs), (CS91) and [Ru(bpy).(4,4’-bis(3-ethylheptyl)-2,2’-bipyridine)](PFg), (CS93)
(Oner, Sahin, & Varlikli, 2012).

[Ru(bpy)2(L1)](PFe)2 (CS91);

Melting point: 136°C.

FTIR (KBr, cm™): 2956, 2926, 2859 (C-H), 1614, 1538, 1420, 1375 (bpy).

1H NMR (DMSO-dg) & ppm: 8.82 (d, J = 8.2 Hz, 4H), 8.75 (s, 2H), 8.15 (t, ] =7.6
Hz, 4H), 7.70 (d, J = 5.2 Hz, 4H), 7.52 (m, 6H), 7.38 (d, J = 4.9 Hz, 2H), 2.74 (t, J
=8.1 Hz, 4H), 1.58 (m, 4H),1.24 (m, 18H), 0.82 (m, 12H).

F NMR (Acetone-dg) & ppm: -68.6(d, 2Jp.c= 708 Hz).

1P NMR (Acetone-dg) Sppm: 78.9 (sept., 2Jp.r=708 Hz).

ESI-MS (m/z) [M-PFg " 967.36, [M-2PF¢]** 411.20.
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Elemental distribution calculated for CssHeoNgP2oF12RU: C, 51.84%: H, 5.44%:; N,
7.56%, and found: C, 51.81%:; H, 5.38%; N, 7.60%.

[Ru(bpy)2(L2)](PFs)2 (CS93);

FTIR (KBr, cm™): 2926, 2855 (C-H), 1614, 1540, 1422, 1376 (bpy).

1H NMR (DMSO-ds) dppm: 8.82 (m, 5H), 8.71 (s, 1H), 8.15 (m, 4H), 7.70 (d, 4H),
7.52 (m, 6H), 7.35 (t, 2H), 2.75 (m, 3H), 1.64 (m, 6H), 1.22 (m, 24H), 0.80 (m, 9H).
F NMR (Acetone-dg) & ppm: -68.6 (d, “Jp.r = 708 Hz).

1P NMR (Acetone-d6) =8ppm: 78.9 (sept., “Jp.r =708 Hz).

ESI-MS (m/z) [M-PFg]*995.39, [M-2PF¢ ] 425.21.

Elemental distribution calculated for CsoHesNeP2F12RuU: C, 52.68%; H, 5.66%; N,
7.37%, and found: C, 52.78%; H, 5.65%; N, 7.42% (Oner, Sahin, & Varlikli, 2012).

2.3 Fabrication of Silver Nanoparticiles

Colloidal silver nanoparticles were synthesized according to the literature method
(Solomon et al., 2007). A large excess of sodium borohydride was used to reduce the
ionic silver and to keep the silver nanoparticles apart from each other in a
coordinated form with the anions of BH4". A 10 mL volume of 1.0 mM silver nitrate
was added dropwise into the 30mL of 2.0 mM sodium borohydride solution in an ice
bath under magnetic stirring. Color of the colloidal solution turned pale yellow after
addition of the 2mL of silver nitrate and following purple and finally gray color
when all of the silver nitrate had been added (See Figure 2.2). The 6000 RPM
centrifuge (6000 RPM) method was used to separate the silver nanoparticles

dispersed in water for size distribution analysis.

Figure 2.2 Colloidal silver in various stages of aggregation, (A) clear yellow sol, (B) dark yellow sol,

(C) violet sol , and (D) grayish sol, as aggregation proceeds (Solomon et al., 2007).
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2.3.1 Characterization of Silver Nanoparticles

Average size distribution results of Ag nanoparticles have been recorded as 84.6
nm (%100). The plasmon resonance of the produced metallic silver (while in form of
yellow sol) yielded an absorption peak near 400 nm which corresponds to the particle
size of 50-70 nm. Phase composition and crystallinity characteristics of the
synthesized AgNPs were investigated by using X-ray diffractometer (see Figure 2.4).
The X-ray diffraction patterns correspond to silver with a crystalline face centered-
cubic (fcc) structure without any impurity. In order to determine the chemical
environment as well as the oxidation state of Ag NPs, we also performed XPS
measurements at the Ag 3d core levels (see Figure 2.5). The Ag 3d5/2 core level
binding energy for the synthesized particles appeared at 367.57 which are in good
agreement with binding energy of bulk metallic silver as shown earlier (Ozturk, et
al., 2014). Size distribution results of the fabricated AgNPs were shown in Figure
2.3.

....................................

..................................

Intensity (%)

1 10 100 1000 10000
Size (d.nm)

Figure 2.3 Size distribution analysis results of the fabricated AgNps.
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Figure 2.5 Ag 3d XPS spectra of Ag nanoparticles on ITO substrates.

2.3.2 Plasmon Absorption of Silver Nanoparticles
The specific colors of the colloidal silver solutions shown in Figure 2.2 are due to

the Plasmon absorbance of the silver nanoparticles. Incident light creates oscillations

in conduction electrons on the surface of the silver nanoparticles and electromagnetic
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radiation is absorbed. The wavelength of the plasmon absorption maximum of the
silver nanoparticles in solvent moiety can be used to estimate the particle size
(Solomon et al., 2007). Here the Plasmon resonance of the produced metallic silver

in different sizes was given in Figure 2.6.

0.2000

Abs.

0.0750 *

-0.0500 S . . . :
302.6 5513 800.0

Figure 2.6 The UV-Vis absorption spectra of the different size of AgNPs during production. a: in the
beginning of formation of AgNPs, b and c: particle diameter around 70 nm, d, e, f, g and h: average
particle diameter at 100, 170, 240-1000 nm. B and ¢ correspond to yellow sol and g and h correspond
to grey sol (Ozturk, et al., 2014).

2.4 Fabrication of Thin Films

We referred the sensing composites as cocktails. The cocktails were prepared in
25 mL of glass vials. Silicon or poly(TMSP), plasticizer, perfluorochemical, ionic
liquid, silver nanoparticles and the Ru dye were dissolved in tetrahydrofuran (THF).
The cocktails were mixed under magnetic stirring to provide homogeneity at
20.00°C. The resulting composites were spread onto a 125 um polyester support
(Mylar TM type) by knife coating technique or exposed to high voltage for
electrospinning. Compositions of the exploited sensing agents were shown in Table
2.1.
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Table 2.1 Compositions of the exploited sensing agents

Additives

lonic liquid (mg) | Perfluro compound (mg) AgNPs (mg) Dye
Matrix
poly(TMSP) | 24 5 4 mg CS91
poly(TMSP) | 24 5 2 4 mg CS91
poly(TMSP) | 24 5 4 mg CS93
poly(TMSP) | 24 5 2 4 mg CS93
silicon 24 5 4 mg CS91
silicon 24 5 2 4 mg CS91
silicon 24 5 4 mg CS93
silicon 24 5 2 4 mg CS93

2.5 Fabrication of Electrospun Nanofibers

2.5.1 Electrospinning Apparatus

A programmable syringe pump (Top Syringe Pump Top-5300) and a high voltage
power supply (Gamma High Voltage ES30) were used together for fabrication of

electrospun fibers. Figure 2.7 reveals the components of the electrospinning

apparatus.

The homogeneous poly(TMSP) and/or silicon solutions were placed in a 10 mL
plastic syringe fitted with a metallic needle of 0.4 mm of inner diameter. The syringe
is fixed vertically on the syringe pump (Top Syringe Pump Top-5300) and the
electrode of the high voltage power supply (Gamma High Voltage ES30) was
clamped to the metal needle tip. The feed rate of the cocktail was 2.0 mL/h; the
applied voltage was 28 kV. The electrospun fibers were collected on the surface of

the aluminum foil.
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Figure 2.7 The most frequently used electrospinning set-up.

2.6 Instruments

2.6.1 Spectrophotometer and Spectrofluorometer Apparatus

The absorption spectra of the solutions and sensor films were recorded by using a
Shimadzu 1801 UV-Visible (Japan) spectrophotometer. The steady state florescence
measurements of the solutions, sensor films and fibers were recorded by using
Varian Cary Eclipse and Edinburgh Instruments Spectrofluorometers. Fluorescence
lifetimes were measured by time resolved fluorescence spectrometer of Edinburg
Instruments of FLS920 which works on the principle of time correlated single photon
counting (TCSPC) method (see Figure 2.8). The samples were excited with
microsecond flash lamp. The excitation and emission slits were set to 5 nm. During
measurements, the Instrument Response Function (IRF) was obtained from a non-
fluorescing suspension of a colloidal silica (LUDOX 30%, Sigma Aldrich) in water,
held in 10mm path length quartz cell and was considered to be wavelength
independent. The lifetime parameters were recovered by iterative convolution
(reconvolution) with a weighted, nonlinear least-squares method using the measured
IRF and emission decay data. The reduced chi-square values and plots of weighted
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residuals were used to determine the ‘goodness of fit’ between the calculated and
measured decay curves. In all cases the calculated chi square values (3°) were less

thanl.2 and the residuals trace symmetrically distributed around the zero axes.

Figure 2.8 Time resolved fluorescence spectrometer of Edinburg Instruments of FLS920.

2.6.2 Gas Blender

Oxygen and nitrogen gases were mixed in the concentration range of 0-100% in a
gas diluter (Sonimix 7000A gas blending system) (see Figure 2.9). The total pressure
was maintained at 760 Torr (1 Torr = 133.322 Pa). The output flow rate of the gas
mixture was maintained at 550 mL.min"'. Gas mixtures were introduced into the

sensing agent containing cuvette via a diffuser needle under ambient conditions.

Figure 2.9 Gas blender and oxygen and nitrogen gases.
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2.6.3 Particle Size Distribution Analyzer

Size distribution analysis of the silver nanoparticles was performed with a Zeta

sizer instrument in dispersed form in triethanolamine (Malvern Instruments Ltd.).

2.6.4 X-Ray Diffractometer

X ray diffraction patterns of the fabricated AgNPs were determined with XRD
instrument from Thermo- Scientific. The diffraction patterns were recorded from 30
to 90° at a speed of 2°/min. The XPS analysis of the AgNPs was performed with Al-
Ka irradiation of a Thermo- Scientific instrument. The device was calibrated
according to gold; 4f;,. A 10°® mbar of vacuum was applied and 20 scans from a
single point were recorded. Pass energy and energy step size values were reported

as150 eV and 1 eV, respectively.
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CHAPTER THREE
OXYGEN SENSING STUDIES

3.1 Introduction

Monitoring of oxygen levels is of great importance in workplaces, environmental
and biomedical analysis as well as industrial processes (Wang, & Wolfbeis, 2013).
Accurate measurements of oxygen levels require development of reliable devices.
Most of the optical chemical oxygen sensors work on the principle of luminescence
quenching of organic dyes by gaseous or dissolved oxygen. Up to now, pyrene and
its derivatives (Fujiwara, & Amao, 2003), pyrenebutyric acid, quinoline and
phenanthrene (Ishiji, & Kaneko, 1995), transition metal complexes of osmium (Xu,
Kneas, Demas,& DeGraff, 1996), rhenium (Sacksteder, Demas, & DeGraff, 1993;
Hirao, & Fukuhara, 1998), platinum (Cywinski, et al., 2009; Wu, et al., 2010; Elosua,
Hernaez, Matias, & Arregui, 2015), iridium and palladium (Borisov, et al., 2009;
Toro, et al., 2010; Chu, & Chuang, 2015) , polypyridine complexes of ruthenium
(Roche, et al., 2010; Estella, et al., 2010; Jorge, et al., 2008; Wu, Song, Li, & Liu,
2010; Zhang, Lei, Mai, & Liua, 2011; Wang, et al., 2008; Zhang, Li, Lei, & Li,
2008), and metalloporphyrins have been used as oxygen sensitive molecular probes
(Gulino, et al.2006). Covalently assembled monolayer of 61-(p-hydroxyphenyl-
methano) fullerene molecules (Gulino, et al., 2005), platinum (1) complexes of
tetrakis(pentafluorophenyl)porphyrin  (Frecher, Borisov, Zhdanov, Klimant, &
Papkovsky, 2011) and octaethylporphine (PtOEP) with two other reference dyes
have been used for very low concentrations of oxygen (Wang, et al. , 2012). In
another study micro- and nanoparticles of TiO,and microparticles of different
materials have been used to investigate the phenomena underlying the role of matrix
materials on optrode performance along with platinum-tetra-fluoro-phenyl-porphyrin
(PtTFPP) (Chanti, Maier, & Porterfield, 2009). A combination of core-shell silica
nanoparticles and platinum (1I) meso-tetrakis (pentafluorophenyl) porphyrin
(PtTFPP) was used to measure dissolved oxygen concentrations in the range of 0-
40 mg/L (Chu, & Lo, 2010). Among them, the ruthenium (Il) polypyridine
complexes have been the most intensively utilized dye. They produce metal-to-ligand
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charge transfer (MLCT) excited states which are readily quenched by oxygen.
Additionally, their spectral response to oxygen in sol-gel and silicon based matrices
is well understood. However, most of them suffer from nonlinear calibration plots
within the measured oxygen concentrations, instabilities of the signal intensities, or
from leaching in wet moieties (Roche, et al., 2010; Wu, Song, Li, & Liu, 2010;
Zhang, Lei, Mai, & Liua, 2011). A short summary of the published ruthenium based
oxygen sensors in terms of sensitivities, working ranges, response times, detection
limits and long and/or short term photostability was given in Table 3.1. The matrix
material plays an important role in the stability and sensitivity of the sensor. The
oxygen-permeability directly influences the sensitivity. On the other hand, the
host/dye compatibility is another important issue and poor compatibility may result
in dye aggregate formation on either the micro- or nano-scale. Dye aggregates are
not visible and can be detectible with spectroscopic techniques. Depending on the
selected polymer, the ruthenium complexes possess moderate to high
photostabilities. In this work, silicon and poly(1-trimethylsilyl-1-propyne)
(poly(TMSP)) were chosen due to excellent oxygen solubilities, resistant
characteristics to water and harsh conditions, protecting abilities of the indicator
dyes from alterations providing an appropriate micro environment for them, and,
tailoring abilities on electrospinning conditions. On the other hand, it is known that
presence of the conducting metallic species like gold and silver is effective on
emissive spectral properties of nearby fluorophores. The excited fluorophores may
transfer their energy to the surface plasmon of proximal metal surfaces or particles,
which subsequently reradiate and may facilitate the detection ability of the molecular
probe. In this work, we utilized the silver nanoparticles (AgNPs) along with ionic
liquid as additives for fabrication of polymeric oxygen sensitive mesoporous
structures and electrospun nanofibers. The two amphiphilic red emitting ruthenium
complexes that contain symmetric and asymmetric branched alkyl chains on their
bipyridyl (bpy) ligands have been used for the first time. The ruthenium dyes of
[Ru(bpy)2(4-dihexylmethyl-4’-heptyl-2,2’-bipyridine)](PFs). (CS91) and
[Ru(bpy)2(4,4’-bis(3-ethylheptyl)-2,2’-bipyridine)](PFg). (CS93) were synthesized in
our labs according to the literature information (Oner, Sahin, & Varlikli, 2012). The

presence of branched alkyl groups on the bpy ligand is expected to increase the
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compatibility of the dyes with the silicon matrix. In contrast to the water-soluble
[Ru(bpy)s]** complexes, the offered dyes were not subject of leaching in water or in

flow systems.
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Table 3.1 A short summary of the Ru based O, sensing studies. (NR: not reported, Ref.: Reference)

phenanthroline)] dichloride

ORMOSILS, 3,3,3-
trifluoropropyltrime
thoxysilane
(TFP-TMOS)

PTEOS/TFP-TMOS
0.204 + 0.002 for
ETEOS/TFP-TMOS

fluorinated and

fluorinated matrices.

months24% and
27% signal drift
after 1 week of

storage

Sensitive dye/ measured Matrix materials Sensitivity Dynamic Detection limit/ Stability Ref.
parameter working range/ response time
working range

Ruthenium (4,7-diphenyl- trimethoxysilane sensitivity (Io/1 per 0-30% [O,] 0.16% O, for the sensor NR (Roche, et
1,10-phenanthroline)sCl, (TEOS) xerogel %0,) on glass, and 0.033% for al., 2010)

5% 0, 0.0064 (on the gold coated slide

gold), 0.0013 (on too0 t0 be 1.06+0.62 s for

glass); 50% O, the gold coated slide and

0.00011(on gold), 4.97+1.75 s for the

0.00015 (on glass) sensor on glass
[Ruthenium(I1)-tris(4,7- fluorinated and Kev ([0.%] ) 0-100 % [O,] 0.002% and 0.003% was monitored (Estella, et
diphenyl-1,10- non-fluorinated 0.208 + 0.003 for and 0-5 % [O,] oxygen for non- for 7 al., 2010)
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Table 3.1 A short summary of the Ru based O, sensing studies. (NR: not reported, Ref.: Reference) (cont.)

[Ru(ll)-tris(4,7-
diphenyl-1,10-

phenanthroline)]*

Sol-gel matrix and
core-shell CdSe—
ZnS semiconductor

nanocrystals

lo/1 [O,] 0.0080
Iy [T] —0.032
Sop [T]0.0068

0-100 % [O,]
and 0-30 % [O,]

0.1%[O,] (Reported
LOD for previous work
exploiting the same

composite)

Enhanced
photostability
with respect to
hydrolytic sol-
gels.

There are no

long-term

studies reported.

(Jorge, et
al., 2008)

[Ru(Bphen),bpy]**
(Bphen=4,7-diphenyl-1,10-
phenan- throline, bpy=2,20-
bipyridyl)

covalently grafted
to the backbones of
the ordered
functionalized
mesoporous MCM-
41

downward Stern—
Volmer plots
Lehrer model Kgy1
([0:%] ")
0.9655+0.1240

Effectively works
on 0-10 % [O;]

Response time is 1.2 s,
the recovery time is
about 29 s

NR

(W,
Song, Li,
& Liu,
2010)
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Table 3.1 A short summary of the Ru based O, sensing studies. (NR: not reported, Ref.: Reference) (cont.)

functionalized
mesoporous MSU-
3

(C) 65°C
7.1,2.3,and 2.13

under light
irradiation has

been reported

[Ru(Phen),Phen-Si]** (Phen | covalently grafted lo/l100 0-100 % [O] Ru/MSU-3 response; 7.5 | Short time (Zhang,

= 1,10-phenanthroline, to the backbones of | Ru/MSU-3 4.95 s, recovery; 20.5 s stability was Lei, Mai,

Phen-Si = 2-[4_-{3- the ordered Ru-MSU-3 9.80 Ru-MSU-3 response;5.6 | tested for 3200 | & Liua,

(triethoxysilyl)propyl}pheny | functionalized s, recovery; 20.2 s S. 2011)

1] imidazo [4,5-f]-1,10- mesoporous MSU-

phenanthroline) 3

[Rus(bpy)s(TMMB)]®* (1) two mesoporous 1/1 0-100% [O,] Response/recovery (s); NR (Wang, et

and [Ruz(phen)s(TMMB)]®* | silicate (MS) 3.17,5.39, 3.21, 5.00 2.85/ 26.6 al., 2008)

(2) (bpy ¥ 2,20-bpyridine, matrices. 2.38/33.25

phen % 1,10-phenathroline, 3.32/25.65

TMMB Y4 1,3,5-tris 2.40/28.50

[2-(20-

pyridyl)benzimidazoyl]meth

ylbenzene)

[Ru(bpy).(Bpy-Si)]** covalently grafted lo/1 recorded at 0-100% [O,] Response 3s, recovery The (Zhang,
to the backbones of | different temp. 21s at 10°C improvement of | Li, Lei, &
the ordered (A) 10°C, (B) 45°C and photostability Li, 2008)
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Table 3.1 A short summary of the Ru based O, sensing studies. (NR: not reported, Ref.: Reference) (cont.)

tris(2,2'- polymethyl 1.19 x 10 (% ') and 0-100% [O,] Response 4s, recovery long term (Oner,
bipyridyl)ruthenium(ll)chlor | methacrylate and 8.1x107 (%) 22s stability more Sahin, &
ide (Ru(bipy)s*") ethyl cellulose with than 3 years. Varlikli,
ionic 2012)
liquids/electrospun
nanofibers
4,7-diphenyl-1,10- tetraethoxysilane K (Pa™) NR too(X107) s NR (Mc
phenanthroline (TEOS) and TEOS R =2, 6.47x10° TEOSR =2, 40 Donagh,
Ligand and RuCl3.3H,0 tetramethoxysilane | TEOS R = 4, 5.02x10° TEOS R =4, 462 Bowe,
(TMOS). MTEOSR=2,7.8x10™% MTEOSR =2, 4.9 Mongey,
MTEOS R =4, 5.9x10™* MTEOS R =4, 4.9 &
Water: precursor ratio MacCraith
(R) , 2002)
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Table 3.1 A short summary of the Ru based O, sensing studies. (NR: not reported, Ref.: Reference) (cont..)

tris(2,2’-bipyridyl)ruthenium | acid-catalyzed Kgv values for 3 0.0-100% pO, response and NR (Williams,
(1) chloride tetraethyl ortho different sols; 0.0027, Excellent linearity | regeneration times were Winfield,
(Ru(bipy)s*") silicate (TEQS) 0.0072 and 0.0710 5and 10s. & Miller,

based sol-gel 1983)

matrix and 1-ethyl-

3-

methylimidazolium

tetrafluoroborate

(EMIMBF,)
[Ru(bpy),(4-dihexylmethyl- | poly(1- Ksv; 0-100% [O,] For Ag-free matrices: 3- | Long term This work
4’-heptyl-2,2’- trimethylsilyl-1- CS91 in silicon: 0.0151 12s stability; more
bipyridine)](PFs), (CS91) propyne) CS93 insilicon: 0.0150 For Ag containing than 8 months,
and [Ru(bpy)2(4,4’-bis(3- (poly(TMSP)) and CS91 in poly(TMSP): matrices: 4-15 s short term
ethylheptyl)-2,2°- silicon 0.011 stability;
bipyridine)](PFs), (CS93) CS93 in poly(TMSP): excellent,

0.0095 no leaching
after 10

measurements.




3.2 Spectral Characterization of Fluoroionophore

3.2.1 Absorption Spectra Related Characteristic

Absorption spectra of CS91 and CS93 were recorded in THF, silicon and in
poly(TMSP), both in the absence and presence of silver nanoparticles. Figure 3.1
and 3.2 reveal the absorption spectra of the dyes recorded in THF. The absorption
spectrum of the CS91 exhibited two maxima at 286 and 456 nm. The CS93 exhibited
similar behavior in THF and the two absorption maxima appeared at 281 and 455
nm, respectively (see Figure 3.1 and 3.2). Figures 3.3 and 3.4 reveal absorption
spectra of the dyes in solid matrices of silicon and poly(TMSP) both in the absence
and presence of AgNPs. Absorption maxima of the Ag-free CS91 dye appeared at
459 and 461 nm in silicon and poly(TMSP), respectively. High molar extinction
coefficients accompanied to the absorption bands observed around 460 nm. These
broad absorption bands centered around 460 nm can be assigned to MLCT.
However, when AgNPs were added into the matrix the absorption maxima exhibited
27 nm and 30 nm of blue-shift in poly(TMSP) and silicon, respectively. The reported
blue-shift can be attributed to plasmon absorption of the AgNPs competing with the
absorption of the Ru dye. The absorption spectra related characteristics of the dyes
were shown in Table 3.2.
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Figure 3.1 Absorption spectrum of CS91 dye in THF.
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Figure 3.2 Absorption spectrum of CS93 dye in THF.
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Figure 3.3 Absorption spectrum of poly(TMSP) embedded CS91 in the absence (a) and the presence

(b) of AgNPs.
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Figure 3.4 Absorption spectrum of silicon embedded CS93 in the absence (a) and the presence (b) of
AgNPs.

Table 3.2 The absorption spectra related characteristics of the dyes in different moieties.

Dye Matrix Nano Amaxt, Mmaxz (NM) €1, £ (molar extinction
silver coefficient) (Lxcm™xmol™)

CS91 poly(TMSP) | - 457,570 70 000, 2 000

Cs91 poly(TMSP) + 430 40 000

CSs93 poly(TMSP) - 456 60 000

Cs93 poly(TMSP) + 442 130 000

Cs91 silicon - 459 91 000

Cs91 silicon + 427, 460 82000, 1 100

CS93 silicon - 460, 540 52 000, 4 000

CS93 silicon + 460 83 000

CS91 THF - 456 90 000

CS93 THF - 455 100 000

3.2.2 Emission Spectra Related Characteristic

Excitation and emission spectra of the CS91 and CS93 were recorded in THF.

Figure 3.5 and 3.6 reveal the excitation and emission spectra of the dyes recorded in

THF. In all cases we excited the dye at 450 nm. The dyes exhibited emission maxima
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at 625 nm in THF. The emission spectra of the exploited dyes were recorded in
silicon and poly(TMSP), both in the absence and presence of silver nanoparticles.
The emission spectrum of the CS91 exhibited maxima at 632 and 630 nm in silicon
and poly(TMSP), respectively. The CS93 exhibited similar behavior in emission
wavelength in all of the exploited moieties. Table 3.3 shows emission spectra related
characteristics of the dyes in all of the exploited moieties in the presence and absence
of the AgNPs. The Stoke’s Shifts were extracted from excitation-emission data and
were shown 1 Table 3.3. Not only in the THF but also in solid phases the dyes
exhibited high Stoke’s Shifts ranging between 175-184 nm.
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Wavelength (nm)

Figure 3.5 Excitation and emission spectrum of CS91 dye in THF.
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Figure 3.6 Excitation and emission spectrum of CS91 dye in THF.
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Table 3.3 Fluorescence spectra related characteristics of the CS91 and CS93 in poly(TMSP), silicon
and in THF.

Dye Matrix Thin Nano | Amac (M) | Amac(nm) | Stoke’s Quantum
film/ silver shift  (AML) | yield
nanofiber | (mg) (nm) (PF)

CS91 | poly(TMSP) | TF - 450 630 180

CS91 | poly(TMSP) | NF - 450 632 182

CS91 | poly(TMSP) | TF + 450 634 184

CS91 | poly(TMSP) | NF + 450 634 184

CS93 | poly(TMSP) | TF - 450 632 182

CS93 | poly(TMSP) | NF - 450 638 188

CS93 | poly(TMSP) | TF + 450 632 182

CS93 | poly(TMSP) | NF + 450 632 182

CS91 | silicon TF - 450 632 182 0.58

CS91 | silicon NF - 450 628 178

CS91 | silicon TF + 450 634 184 0.87

CS91 | silicon NF + 450 632 182

CS93 | silicon TF - 450 632 182

CS93 | silicon NF - 450 628 178

CS93 | silicon TF + 450 630 180 0.78

CS93 | silicon NF + 450 628 178

CS91 | THF - - 450 625 175 0.43

CS93 | THF - - 450 625 175 0.46

3.2.3 Quantum Yield Calculations

Fluorescence quantum yield values, (¢r) were calculated employing comparative
William’s method (Williams, Winfield, & Miller, 1983). Alkaline solution of 8-
Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt (HPTS) in water was used as
reference standard whose fluorescence quantum yield is @f =0.75.

For this purpose, absorbance and emission spectra of five different concentrations
of reference standard and the employed CS91 and CS93 dyes were recorded. The
integrated fluorescence intensities were plotted vs. absorbance for reference and

employed dyes respectively. The ratio of the gradients of the plots is proportional
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to the quantum vyield. Equation 3.1 was used to calculate fluorescence quantum
yields (o). In the following Equation 3.1 ST and X are denote standard and sample,
respectively, and also Grad and n are the gradient of the plot and refractive index of
the solvent or polymer matrix material, respectively. Figures 3.7 and 3.8 show
absorbance vs integrated fluorescent intensity plots of the CS91, CS93 in THF and
silicon matrix in the absence and presence of AgNPs and HPTS in alkaline solution.

_ Grady ) n_)z(
PF = @sT (GradST (H§T 3.1)

33500 1 ¢ CS91in
2 y = 297519 + 3415,3 silicon (Ag-
§ 28500 R2 = 0.9659 y= 284483x + 1513 fI’EE)
= R2 = 0.9951 _
8 23500 - u y = 161698 + 33058 MCSOLin
g *  R2=08957 silicon
8 18500 - (AgNPs
§ contaning)
m = 152053 + 11472 Alkaline

13500 - y )
3 R? = 0.9993 HPTS
©
> 8500 -
= ®Cs9lin

3500 T T T T T THF
0.01 0.03 0.05 0.07 0.09 0.11 0.13
Abs.

Figure 3.7 The integrated fluorescence intensities vs absorbance values of HPTS in alkaline solution,

CS91 in THF and silicon matrix in the absence and presence of AgNPs.
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Figure 3.8 The integrated fluorescence intensities vs absorbance values of HPTS in alkaline solution,

CS93 in THF and silicon matrix in the absence and presence of AgNPs.

Quantum vyield calculations were performed in THF and silicon matrices for Ag-
free and Ag containing forms. ¢ values of 0.43 and 0.46 were found to be for CS91
and CS93 in THF, respectively. The CS91 exhibited ®f value of 0.87 in the presence
of AgNPs when embedded in silicon in form of thin film. The Ag-free composite of
CS91 vyielded an ¢f value of 0.58.Presence of AgNPs enhanced the quantum yield
1.5 fold with respect to the Ag-free forms. Table 3.3 reveals the calculated ¢ values
for the tested moieties.

3.2.4 SEM Images of Electrospun Membranes

The surface morphologies of the fibers and films were studied using scanning
electron microscope (SEM) instrument (FEI QUANTA FEG 250). The fibers and
porous surfaces fabricated exploiting the simple electrospinning technique; were
characterized with SEM photographs. While Ag containing cocktails resulting in a
porous structure, the Ag-free ones were in fiber forms. The SEM images of
electrospun membranes of different compositions at various magnifications were

shown in Figure 3.9.

While the silver containing cocktails were resulting with porous structures, the

Ag-free ones were in fiber forms. To our opinion, the high voltage extending to
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28000 V distinctly affected dielectric properties of the polymer in the presence of the
silver nanoparticles with respect to the Ag-free structures and therefore inhibited
formation of the continuous fibers.

In cases of porous structures and fiber forms, the empty spaces of the holes
within the structures allow satisfactory diffusion of O,. It was observed that the Ag-
free electrospun membranes made up of both, silicon and poly(TMSP) exhibited 3D
network structure with a random fiber orientation. The diameters of the poly(TMSP)
based fibers were around 450 nm. Usage of the silicon based matrix resulted in
thicker fiber structures with average diameters of 4 pum. This type of fibrous-
structure of the electrospun membrane provides higher surface area than that of
continuous thin films. Production of nano-scale fibers and further increase of the
surface area may be achieved by changing conditions of the electrospinning process
such as solvent composition, viscosity, concentration, temperature, humidity and
working distance, which results in either smaller diameter fibers or increased

porosity at the fiber surface (Ozturk, et al., 2014).

[/

15, 666 10m

Figure 3. 9 SEM photographs of electrospun nanofibers, micro fibers and mesoporous structures
under different magnifications. (a): the CS93 embedded in Ag-free poly(TMSP), (b): Ag containing
poly(TMSP), (c): Ag-free silicon, (d): Ag containing silicon.
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3.3 Oxygen Sensing Studies

3.3.1 Oxygen Sensing Studies in Clean Air

Oxygen induced spectral responses of CS91 and CS93 in silicon and poly(TMSP)
were recorded for increasing concentrations of oxygen between 0.0-100.0 %. The
oxygen sensitivity tests were performed for thin film and nanofiber forms of CS91
and CS93 both in the absence and presence of the AgNPs. Experimental results were
shown between Figure 3.10- 3.25 As expected, in all cases the composites exhibited
quenching behavior after exposure to oxygen. The quenching of the excited state

luminescence intensity of the dyes by oxygen molecules was monitored at 630 nm.
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Figure 3.10 Oxygen responses of the thin film of the CS91 dye in poly(TMSP) matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.11 Oxygen responses of the AgNPs including thin film of the CS91 dye in poly(TMSP)

matrix. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.12 Oxygen responses of the nanofibers of the CS91 dye in poly(TMSP) matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.13 Oxygen responses of the AgNPs including nanofibers of the CS91 dye in poly(TMSP)

matrix. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.14 Oxygen responses of the thin film of the CS91 dye in silicon matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.15 Oxygen responses of the AgNPs including thin film of the CS91 dye in silicon matrix.

Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.16 Oxygen responses of the nanofiber of the CS91 dye in silicon matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.17 Oxygen responses of the AgNPs including nanofiber of the CS91 dye in silicon matrix.

Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.18 Oxygen responses of the thin film of the CS93 dye in poly(TMSP) matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.19 Oxygen responses of the AgNPs including thin film of the CS93 dye in poly(TMSP)

matrix. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.20 Oxygen responses of the nanofibers of the CS93 dye in poly(TMSP) matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.21 Oxygen responses of the AgNPs including nanofibers of the CS93 dye in poly(TMSP)
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Figure 3.22 Oxygen responses of the thin film of the CS93 dye in silicon matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.23 Oxygen responses of the AgNPs thin film of the CS93 dye in silicon matrix. Oxygen
concentrations were shown in graphic for all results respectively.
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Figure 3.24 Oxygen responses of the nanofibers of the CS93 dye in silicon matrix. Oxygen

concentrations were shown in graphic for all results respectively.
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Figure 3.25 Oxygen responses of the AgNPs including nanofibers of the CS93 dye in silicon matrix.

Oxygen concentrations were shown in graphic for all results respectively.

Table 3.4 reveals the overall response of each composite towards oxygen in terms
of relative single change. Among them, the Ag containing CS93 embedded in silicon
in form of nanofiber exhibited the highest relative signal change of 63% when
exposed to oxygen. The dyes encapsulated in silicon matrices exhibited better
response compared to the poly(TMSP) (see Table 3. 4). The spectral response of the

dyes to oxygen has also been evaluated by Stern-Volmer analysis.
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Table 3.4 Emission spectra related characteristics

Dye Matrix Thin  film/ | Nano  silver | Response of the composites to
nanofiber (mg) oxygen (%)
Cs91 poly(TMSP) | TF - 38
Cs91 poly(TMSP) | NF - 48
Cs91 poly(TMSP) | TF + 38
Cs91 poly(TMSP) | NF + 54
CS93 poly(TMSP) | TF - 37
CS93 poly(TMSP) | NF - 44
CS93 poly(TMSP) | TF + 52
CS93 poly(TMSP) NF + 47
CS91 silicon TF - 50
Cs91 silicon NF - 59
Cs91 silicon TF + 44
Cs91 silicon NF + 59
CS93 silicon TF - 59
CS93 silicon NF - 59
CS93 silicon TF + 48
CS93 silicon NF + 63

3.3.2 Stern-Volmer Analysis of the Plots Recorded in Clean Air

The quenching of the excited state luminescence intensity of the dyes by oxygen
molecules was monitored at 630 nm. Triplet oxygen is able to quench efficiently the
fluorescence of ruthenium complexes via collisions with the fluorophore in its
excited state leading to a non-radiative energy transfer. This effect is called “dynamic
fluorescence quenching”. The degree of quenching relates to the frequency of
collisions, and therefore to the concentration, pressure, temperature and matrix
material of the sensor. If the luminescence quenching is purely dynamic, both, the

intensity and excited state lifetimes are related to the oxygen concentration by the
Stern—Volmer equation: where Iy and | are the luminescence intensities and Toand T

are decay times of the luminophore in the absence and presence of oxygen,
respectively. Kgy is the Stern—VVolmer constant, [O,] is the oxygen concentration and
kq is the quenching constant, which is related to the diffusion coefficient of oxygen

throughout the matrix. For an ideal homogeneous environment, a plot of the ratio of

54



lo/l or To/T versus [O,] yields a straight line with an intercept at 1 and a slope of Ksy,

which is a measure of sensor sensitivity.

If the luminophore is distributed in heterogeneous sites in the solid matrix, the
Stern—Volmer plot becomes nonlinear. In this work, the intensity based oxygen
induced Stern—Volmer plots of CS91 and CS93 were produced for Ag-free and Ag
containing matrices for oxygen concentrations in the range of 0.0-100.0% oxygen.
Figure 3.26 and 3.27 show the gathered Stern-Volmer plots of the CS91 and CS93 in
poly(TMSP) and silicon matrices, respectively. In all cases the dyes exhibited linear

or linearisable calibration plots for a large concentration range of 0.0-100.0%.
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Figure 3.26 Gathered Stern-Volmer plots of nanofibers and thin films of CS91 dye in polyTMSP

matrix.
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Figure 3.27 Gathered Stern-Volmer plots of nanofibers and thin films of CS93 dye in silicon matrix.

The Ksy values extracted from the slopes of the plots were shown in Table 3.5 for
all of the exploited moieties. The; Ksy value is an indicator of the sensitivity. The
greater the value of Ksv, the greater the sensitivity of the optical sensor. The Ag
containing CS91 in silicon has the highest Stern- Volmer constant. The nanofiber
form of Ag containing silicon embedded CS93 follows it. The regression coefficients
(R?) were also shown in Table 3.5. The best R? value of 0.9900 was reported for Ag
containing poly(TMSP) embedded CS91 in form of nanofiber. The calibration plots
of all forms of CS91 and CS93 were shown in Table 3.5.
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Table 3.5 The Stern Volmer plots for clean air and contaminated conditions, oxygen induced relative
signal changes, related regression coefficients and Ksv values extracted from the slopes of the plots.

Dye Matrix Thin | Nano | Stern-Volmer plots | Kg[0,%] * | Regression
film/ | silver | (clean air) coefficient
nanof | (mg)
iber

CS91 | poly(TMSP) TF - y=0.005x+1.050 0.0050 0.0975

Cs91 poly(TMSP) NF - y=0.0087x+1.0641 | 0.0087 0.9531

Cs91 poly(TMSP) TF + y=0.0068x+0.9451 | 0.0068 0.9736

Cs91 poly(TMSP) NF + y=0.011x+1.0 0.011 0.9900

CSs93 poly(TMSP) TF - y=0.0059x+0.9559 | 0.0059 0.9719

CSs93 poly(TMSP) NF - y=0.0080x+0.9349 | 0.0080 0.9627

Cs93 poly(TMSP) TF + y=0.0095x+1.049 0.0095 0.9714

Cs93 poly(TMSP) NF + y=0.0083x+1.112 0.0083 0.8912

Cs91 silicon TF - y=0.0098x+0.9896 | 0.0098 0.9962

Csa1 silicon NF - y=0.0137x+1.0346 | 0.0137 0.9946

CS91 silicon TF + y=0.0073x+1.0169 | 0.0073 0.9754

CS91 silicon NF + y=0.0151x+0.8282 | 0.0151 0.9649

CS93 silicon TF - y=0.0136x+1.0507 | 0.0136 0.9921

CS93 silicon NF - y=0.013x+1.061 0.0130 0.9740

CS93 silicon TF + y=0.0083x+1.1731 | 0.0083 0.9077

CS93 silicon NF + y=0.015x+1.009 0.0150 0.9790

3.3.3 Oxygen Sensing Studies under Volatile Organic Compounds

Oxygen sensing performance of the embedded CS91 and CS93 dyes was also
tested in the presence of vapors of refinery related species, benzene, toluene, ethyl
benzene, hexane and xylene. We exposed the sensor slides to the different
concentrations of volatile organic vapors in a closed desiccator with an internal
volume 5 L by placing 40 mL of solvent (contained in the small 50 mL beaker). The
vapors were obtained via ordinary evaporation at room temperature. The mean
laboratory temperature was 20°C (+0.7°C) throughout all experiments.
Concentrations of the gaseous were calculated using their partial vapor pressure at
20°C considering the Raoult’s law. The partial pressures were calculated in terms of

percent composition for all of the volatiles and were found to be 9.89, 2.89, 1.32,

57



0.81, 15.97 and 9.12 mmHg for benzene, toluene, ethyl benzene, xylene and hexane,
respectively. The response to oxygen was tested under given concentrations of
organic vapors. Figures between 3.28- 3.43 reveal oxygen responses of the thin film
and nanofiber forms of the sensing agents of CS91 and CS93 in silicon and

poly(TMSP). All tests were performed both in the absence and presence of AgNPs.
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Figure 3.28 Oxygen responses of the thin film of the CS91 dye in poly(TMSP) matrix in the presence

of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.29 Oxygen responses of the AgNPs including thin film of the CS91 dye in poly(TMSP)
matrix in the presence of VOCs. Oxygen concentrations were shown in graphic for all results
respectively.
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Figure 3.30 Oxygen responses of the nanofiber of the CS91 dye in poly(TMSP) matrix in the presence
of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.31 Oxygen responses of the AgNPs including nanofiber of the CS91 dye in poly(TMSP)
matrix in the presence of VOCs. Oxygen concentrations were shown in graphic for all results

respectively.
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Figure 3.32 Oxygen responses of the thin film of the CS91 dye in silicon matrix in the presence of

VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.33 Oxygen responses of the AgNPs including thin film of the CS91 dye in silicon matrix in

the presence of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.34 Oxygen responses of the nanofiber of the CS91 dye in silicon matrix in the presence of

VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.35 Oxygen responses of the AgNPs including nanofiber of the CS91 dye in silicon matrix in

the presence of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.36 Oxygen responses of the thin film of the CS93 dye in poly(TMSP) matrix in the presence
of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.37 Oxygen responses of the AgNPs including thin film of the CS93 dye in poly(TMSP)
matrix in the presence of VOCs. Oxygen concentrations were shown in graphic for all results

respectively.
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Figure 3.38 Oxygen responses of the nanofiber of the CS93 dye in poly(TMSP) matrix in the presence
of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.39 Oxygen responses of the AgNPs including nanofiber of the CS93 dye in poly(TMSP)
matrix in the presence of VOCs. Oxygen concentrations were shown in graphic for all results

respectively.
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Figure 3.40 Oxygen responses of the thin film of the CS93 dye in silicon matrix in the presence of

VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.41 Oxygen responses of the AgNPs including thin film of the CS93 dye in silicon matrix in

the presence of VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.42 Oxygen responses of the nanofiber of the CS93 dye in silicon matrix in the presence of

VOCs. Oxygen concentrations were shown in graphic for all results respectively.
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Figure 3.43 Oxygen responses of the AgNPs including nanofiber of the CS93 dye in silicon matrix in

the presence of VOCs. Oxygen concentrations were shown in graphic for all results respectively.

3.3.4 Stern-Volmer Analysis of the Plots Recorded Under VOCs

The Stern-Volmer plots were derived for each sensing moiety. The slops of the
plots recorded under organic volatiles exhibited slight drops with respect to the plots

recorded under clean air. However, from the Stern-Volmer constants it can be
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concluded that the offered composites exhibit computing responses to oxygen even
under organic volatiles. Figure 3.44 and 3.45 reveal representative Stern-Volmer
plots of nanofibers and thin films of CS91 and CS93 in poly(TMSP) and silicon
matrices in the presence of VOCs. The Stern-Volmer plots of all of the tested

moieties under contaminated conditions were given in Table 3.6.
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1.60E+00 - # Ag-free nanofiber

1.50E+00 -

1.40E+00 B Ag+nanofiber

3 1.30E+00 -

1.20E+00 1 A Ag-free thin film

1.10E+00 -

1.00E+00
® Ag+thin film

9.00E-01 - - - - . .

0 20 40 60 80 100 120
%0,

Figure 3.44 Gathered Stern-Volmer plots of nanofibers and thin films of CS91 dye in polyTMSP
matrix in the presence of VOCs
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Figure 3.45 Gathered Stern-Volmer plots of nanofibers and thin films of CS93 dye in silicon matrix in

the presence of VOCs.
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Table 3.6 The Stern VVolmer plots for contaminated conditions of volatile organics, oxygen induced
relative signal changes, related regression coefficients and Ksv values extracted from the slopes of the

plots.

Dye Matrix Thin Nano | Stern-Volmer plots | Ky [0,%] * Response of
film/ silver | (under organic the
nanofiber | (mg) | vapors) composites

to  oxygen
(%)

CS91 | poly(TMSP) | TF - y=0.0057x+1.0521 | 0.0057 37

CS91 | poly(TMSP) | NF - y=0.0055x+0.9779 | 0.0055 36

CS91 | poly(TMSP) | TF + y=0.0045x+0.9972 | 0.0045 30

CS91 | poly(TMSP) | NF + y=0.0057x+0.9976 | 0.0057 36

CS93 | poly(TMSP) | TF - y=0.0066x+0.9608 | 0.0066 40

CS93 | poly(TMSP) | NF - y=0.0048x+0.9357 | 0.0048 30

CS93 | poly(TMSP) | TF + y=0.0065x+1.0073 | 0.0065 39

CS93 | poly(TMSP) | NF + y=0.0071x+0.9880 | 0.0071 41

CS91 | silicon TF - y=0.0084x+1.0149 | 0.0084 45

CS91 | silicon NF - y=0.0097x+1.1359 | 0.0097 50

CS91 | silicon TF + y=0.0061x+1.1332 | 0.0061 40

CS91 | silicon NF + y=0.0087x+1.1789 | 0.0087 48

CS93 | silicon TF - y=0.0113x+1.0337 | 0.0113 53

CS93 | silicon NF - y=0.0143x+1.1487 | 0.0143 59

CS93 | silicon TF + y=0.0096x+1.0636 | 0.0096 48

CS93 | silicon NF + y=0.0164x+1.2772 | 0.0164 62

The silicon embedded CS93 exhibited the best Stern-Volmer constants and
relative signal changes both in the presence and absence of the AgNPs in nanofiber
forms. The silicon embedded CS91 exhibited competing results with CS93 for both
in the presence and absence of the AgNPs in nanofiber forms. Calculated relative
signal changes for poly(TMSP) embedded forms were less with respect to the silicon

based matrices (see Table 3.6).
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3.4 Lifetime Based Measurements

The fluorescence lifetimes were recorded in poly(TMSP) and in silicon in the
absence and presence of the silver nanoparticles for CS91 and CS93, respectively.
Similar experiments were also performed in the presence of VOCs. The dyes were
excited with a microsecond flash lamb and/or a laser light source at 450 and 467 nm
and the emissions were acquired at 630 nm (laser with 890 pico second pulse width).
The decay characteristics were measured in oxygen free and 100 % oxygen

containing moieties.

These lifetimes ranged between 172- 182 us for the short lifetime component and
between 1552- 2331 us for the long one. The contribution of the longer lifetime
component to mean lifetime was dominant and at an average of 70.0% both in the

absence and presence of the quencher.

In all cases, the exploited dyes exhibited shorter lifetimes in both components in
the presence of oxygen with respect to oxygen free moieties. However, the observed
drops in signal intensity in the presence of quencher were not enough to draw a
calibration plot for different concentrations of oxygen. In other terms the relative
signal change was not high enough to derive significant calibration plots in the
presence of quencher. Therefore, we did not utilize the life times as a calibration tool.
The figures between 3.46- 3.49 show the comparative lifetime measurements of the
poly(TMSP) embedded CS91 in both absence and presence of AgNPs under fully
oxygenated and oxygen free conditions. The CS93 exhibited similar experimental
results (see Figure 3.50- 3.53). From the figures it can also be concluded that there is

no significant difference between the results recorded under clean air and VOCs.
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Figure 3.46 Lifetime measurements of the poly(TMSP) embedded CS91 in the presence of AgNPs

under oxygen free condition(a) and fully oxygenated (b) in clean air.
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Figure 3.47 Lifetime measurements of the poly(TMSP) embedded CS91 under oxygen free
condition(a) and fully oxygenated (b) in clean air.
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Figure 3.48 Lifetime measurements of the poly(TMSP) embedded CS91 in the presence of AgNPs

under oxygen free condition(a) and fully oxygenated (b) in the presence of VOCs.
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Figure 3.49 Lifetime measurements of the poly(TMSP) embedded CS91 under oxygen free
condition(a) and fully oxygenated (b) in the presence of VOCs
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Figure 3.50 Lifetime measurements of the silicon embedded CS93 in the presence of AgNPs under
oxygen free condition (a) and fully oxygenated (b) in clean air.
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Figure 3.51 Lifetime measurements of the silicon embedded CS93 under oxygen free condition (a)
and fully oxygenated (b) in clean air.
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Figure 3.52 Lifetime measurements of the silicon embedded CS93 in the presence of AgNPs under

oxygen free condition (a) and fully oxygenated (b) in the presence of VOCs.
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Figure 3.53 Lifetime measurements of the silicon embedded CS93 under oxygen free condition (a)

and fully oxygenated (b) in the presence of VOCs.
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3.5 Response and Regeneration Characteristics

The response characteristics of CS91 and CS93 were tested in an alternating
atmosphere of O, and N,. Fig 3.50-3.81 illustrates response and regeneration
performances of CS91 in poly(TMSP) and CS93 in silicon for Ag-free matrices,
respectively. The data were acquired both for clean air and under volatile organic
compounds. The responses shown between the figures 31-65 are belong to clean air
and the ones between 66- 81 were recorded under vapors of organic volatiles. Almost
all of the Kinetic response curves exhibited a good performance in alternating
atmospheres of oxygen and nitrogen with a good reproducibility. The reproducibility
tests were applied during 1800 seconds for all of the sensing agents. They yielded
varying numbers of cycles ranging between 34- 41. This means 52.9 sec. and 43.9
sec of response- recovery time for the slowest and the fastest individual cycles,
respectively. Response time is defined as the time taken to attain 90% of the signal
intensity (tg0) When the gas is changed. The individual response times of Ag-free
forms were in the range of 3-12 s when going to higher O, concentrations.
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Figure 3.54 Kinetic results of the thin film of the CS91 dye in poly(TMSP) matrix.
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Figure 3.55 Kinetic results of the AgNPs including thin film of the CS91 dye in poly(TMSP) matrix.
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Figure 3.56 Kinetic results of the nanofibers of the CS91 dye in poly(TMSP) matrix.
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Figure 3.57 Kinetic results of the AgNPs including nanofibers of the CS91 dye in poly(TMSP) matrix.
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Figure 3.58 Kinetic results of the thin film of the CS91 dye in silicon matrix.
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Figure 3.59 Kinetic results of the AgNPs including thin film of the CS91 dye in silicon matrix.
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Figure 3.60 Kinetic results of the nanofiber of the CS91 dye in silicon matrix.
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Figure 3.61 Kinetic results of the AgNPs including nanofiber of the CS91 dye in silicon matrix.
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Figure 3.62 Kinetic results of the thin film of the CS93 dye in poly(TMSP) matrix.
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Figure 3.63 Kinetic results of the AgNPs including thin film of the CS93 dye in poly(TMSP) matrix.
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Figure 3.64 Kinetic results of the nanofibers of the CS93 dye in poly(TMSP) matrix.
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Figure 3.65 Kinetic results of the AgNPs including nanofibers of the CS93 dye in poly(TMSP) matrix.
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Figure 3.66 Kinetic results of the thin film of the CS93 dye in silicon matrix.
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Figure 3.67 Kinetic results of the AgNPs thin film of the CS93 dye in silicon matrix.
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Figure 3.68 Kinetic results of the nanofibers of the CS93 dye in silicon matrix.
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Figure 3.69 Kinetic results of the AgNPs nanofiber of the CS93 dye in silicon matrix.

The kinetic data shown in the Figures 3.59, 3.61, 3.63 and 3.66- 3.69 indicate the
best reproducibility performance without any drift. They exhibited low standard
deviation for the upper and lower signal averages under clean air conditions. Among
the figures between 3.50- 3.65 the figures of 3.50, 3.51, 3.53 and 3.60 indicate a drift

after repeated cycles which is an indicator of a bad regeneration performance.
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Figure 3.70 Kinetic results of the thin film of the CS91 dye in poly(TMSP) matrix in the presence of
VOCs.
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Figure 3.71 Kinetic results of the AgNPs including thin film of the CS91 dye in poly(TMSP) matrix in
the presence of VOCs.
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Figure 3.72 Kinetic results of the nanofiber of the CS91 dye in poly(TMSP) matrix in the presence of
VOCs.
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Figure 3.73 Kinetic results of the AgNPs including nanofiber of the CS91 dye in poly(TMSP) matrix
in the presence of VOCs.
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Figure 3.74 Kinetic results of the thin film of the CS91 dye in silicon matrix in the presence of VOCs.
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Figure 3.75 Kinetic results of the AgNPs including thin film of the CS91 dye in silicon matrix in the
presence of VOCs.
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Figure 3.76 Kinetic results of the nanofiber of the CS91 dye in silicon matrix in the presence of
VOCs.
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Figure 3.77 Kinetic results of the AgNPs including nanofiber of the CS91 dye in silicon matrix in the
presence of VOCs.
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Figure 3.78 Kinetic results of the thin film of the CS93 dye in poly(TMSP) matrix in the presence of
VOCs.
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Figure 3.79 Kinetic results of the AgNPs including thin film of the CS93 dye in poly(TMSP) matrix in
the presence of VOCs.
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Figure 3.80 Kinetic results of the nanofiber of the CS93 dye in poly(TMSP) matrix in the presence of
VOCs.
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Figure 3.81 Kinetic results of the AgNPs including nanofiber of the CS93 dye in poly(TMSP) matrix
in the presence of VOCs.
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Figure 3.82 Kinetic results of the thin film of the CS93 dye in silicon matrix in the presence of VOCs.
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Figure 3.83 Kinetic results of the AgNPs including thin film of the CS93 dye in silicon matrix in the
presence of VOCs.
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Figure 3.84 Kinetic results of the nanofiber of the CS93 dye in silicon matrix in the presence of
VOCs.
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Figure 3.85 Kinetic results of the AgNPs including nanofiber of the CS93 dye in silicon matrix in the
presence of VOCs.

Data acquired under contaminated conditions for the composites shown in Figure
3.84 and 3.85 exhibited the best results. Responses of the sensing agents shown in
figure 3.72, 3.76, 3.77 and 3.82 were also satisfactory. The poly(TMSP) embedded
CS91 dye exhibited large drift when exposed to alternating atmospheres of oxygen

and nitrogen under vapors of volatile organics (see Figure 3.70 and 3.71).

3.6 Results for Dissolved Oxygen

In order to test the impact of dissolved oxygen (dO,) on the sensitivity of
fluorescence signal of the CS91 and CS93 in response to the concentration of
dissolved oxygen, the flat bottomed flask is immersed in a water bath on a stirrer.
The temperature of the water bath was adjusted to 30 °C, 20 °C, 10 °C and finally to
5 °C. At each temperature, the water was saturated with 100% O,. dO, concentrations
of the solutions were calculated as 12.8, 11.3, 9.1 and 7.5 mg.L™, for the given
temperatures (see Table 3.7). The fluorescence spectra were recorded changing the
solutions having different concentrations of oxygen between 7.5-12.8 ppm. The
spectra were recorded for all of the test moieties for CS91 and CS93. Figures 3.86-

3.99 show the steady state response of the sensing agents towards dissolved oxygen.
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Table 3.7 Studied temperatures of the water bath for dissolved oxygen studies.
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Figure 3.86 Response of CS91 to dissolved oxygen. The dye is embedded in poly(TMSP) and is in
thin film form.
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Figure 3.87 Response of CS91 to dissolved oxygen. The dye is embedded in AgNPs including
poly(TMSP) and is in thin film form.
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Figure 3.88 Response of CS91 to dissolved oxygen. The dye is embedded in poly(TMSP) and is in
nanofiber form.
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Figure 3.89 Response of CS91 to dissolved oxygen. The dye is embedded in AgNPs including
poly(TMSP) and is in nanofiber form.
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Figure 3.90 Response of CS91 to dissolved oxygen. The dye is embedded in silicon and is in

nanofiber form.
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Figure 3.91 Response of CS91 to dissolved oxygen. The dye is embedded in AgNPs including silicon
and is in nanofiber form.
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Figure 3.92 Response of CS93 to dissolved oxygen. The dye is embedded in poly(TMSP) and is in
thin film form.

? = 12.8 ppm
c
g =113 ppm
=9.1 ppm
==7.5ppm
0 T T T T T

504 554 604 654 704 754
Wawelength (nm)

Figure 3.93 Response of CS93 to dissolved oxygen. The dye is embedded in AgNPs including
poly(TMSP) and is in thin film form.
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Figure 3.94 Response of CS93 to dissolved oxygen. The dye is embedded in silicon and is in thin film
form.
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Figure 3.95 Response of CS93 to dissolved oxygen. The dye is embedded in AgNPs including silicon
and is in thin film form.
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Figure 3.96 Response of CS93 to dissolved oxygen. The dye is embedded in poly(TMSP) and is in

thin nanofiber form.
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Figure 3.97 Response of CS93 to dissolved oxygen. The dye is embedded in AgNPs including
poly(TMSP) and is in thin nanofiber form.
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Figure 3.98 Response of CS93 to dissolved oxygen. The dye is embedded in silicon and is in thin

nanofiber form.
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Figure 3.99 Response of CS93 to dissolved oxygen. The dye is embedded in AgNPs including silicon

and is in thin nanofiber form.

The related calibration graphs were derived for all of the exploited moieties. In all
cases the CS91 and CS93 responded to dO, without any leaching after 10
measurements. Figure 3.86- 3.101 reveals representative dO, response of the CS91
and CS93 in poly(TMSP) and silicon, respectively. Almost all of the composites
exhibited good slopes (see Table 3.8), which is an indicator of high sensitivity, and

satisfactory linearity within the measured concentration range. Among them the thin
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film form of silver containing CS93 in silicon exhibited the highest sensitivity

(m=9.133) to the dissolved oxygen (see Figure 3.105).
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Figure 3.100 Gathered Stern-Volmer plots of nanofibers and thin films of CS91 dye in polyTMSP

matrix for oxygen dissolved studies.
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Figure 3.101 Gathered Stern-Volmer plots of nanofibers and thin films of CS91 dye in silicon matrix

for oxygen dissolved studies.
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Figure 3.102 Gathered Stern-Volmer plots of nanofibers and thin films of CS93 dye in poly(TMSP)
matrix for oxygen dissolved studies.
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Figure 3.103 Gathered Stern-Volmer plots of nanofibers and thin films of CS93 dye in silicon matrix

for oxygen dissolved studies.
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Table 3.8 The Stern Volmer plots for dissolved oxygen studies, oxygen induced relative signal

changes, related regression coefficients and K, values extracted from the slopes of the plots.

Dye Matrix Thin Nano Stern-Volmer plots Ko [0,%] *

film/ silver (clean air)

nanofiber | (mg)
CS91 | poly(TMSP) TF - y=3.5388x-0.2572 3.388
CS91 | poly(TMSP) NF - y=5.3629x-26.451 5.3629
CS91 | poly(TMSP) TF + y=3.9422x-2.4603 3.422
CS91 | poly(TMSP) NF + y=3.524x-6.446 3.524
CS93 | poly(TMSP) TF - y=3.0012x+5.1375 3.0012
CS93 | poly(TMSP) NF - y=3.4379x-68.502 3.4379
CS93 | poly(TMSP) TF + y=10.049x-68.502 10.049
Cs93 poly(TMSP) NF + y=0.941x+30.652 0.941
Cs91 silicon NF - y=2.2352x+19.729 2.2352
Cs91 silicon NF + y=2.0849x+11.984 2.0849
Cs93 silicon TF - y=2.2386x+27.166 2.2386
CS93 silicon NF - y=1.8819x+30.304 1.8819
CS93 silicon TF + y=5.6642x-24.525 5.6642
CS93 silicon NF + y=1.5214x+33.88 1.5214

3.7 Selectivity Studies and Interference Effects

In order to examine the cross sensitivities of the CS91 and CS93 dye to other
cations , the sensing agents were treated with 10° M concentrations of Ag*, AI*",
Ba2+, Ca2+, C02+, Cr 2+’ Cu2+, Fe 2+’ Fe3+, Hg+, ng+1 K+, Mg2+, Mn2+, Na2+, Ni2+,
Pb*, Sn** and Zn** cations in acetic acid/acetate buffer solutions at pH 4.0. Figure
3.106 and 3.107 reveal that both the CS91 and CS93 dyes exhibit cross sensitivity to
Hg (1) ions. Also CS91 has sensitivity to Fe (Ill) ion. However, the cross

sensitivities of the dyes to the major cations of water like Ca**, K*, Mg?*, and Na?*

are considerably less than that of the sensitivity towards dissolved oxygen.
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Figure 3.104 Response of CS93 dye in THF to 10"° M of different metal cations in acetic acid/acetate
buffer solutions at pH 4.0.
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Figure 3.105 Response of CS91 dye in THF to 10° M of different metal cations in acetic acid/acetate
buffer solutions at pH 4.0.
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CHAPTER FOUR
CONCLUSION

In workplaces, especially in refineries, volatile petroleum solvents are usually in
form of mixtures of VOCs; alkanes, cyclic alkanes, alkenes (olefins) and the
aromatics. In such atmospheres correct and continuous monitoring of oxygen levels
Is quite important. On the other hand, ruthenium dyes have been extensively used in
the detection of oxygen. However, most of the water soluble ruthenium dyes may not
be compatible with polymeric matrices in terms of encapsulation and may suffer
from leaching in aqueous media. They mainly employed for gas sensing purposes.
While chemically bonding the dye to the matrix can eliminate leaching, the sensing

ability of the dye may diminish.

The silicon based matrices are probably the most extensively used matrices in the
design of oxygen sensors due to the excellent diffusibility and spectral transperency.
In order to provide the best host/dye compatibility we used the amphiphilic
ruthenium derivatives CS 91 and 93 in silicon based matrices for the first
time.Therefore, in the offered designs the poly(TMSP) and silicon doped ruthenium
derivatives (CS91 and CS93) along with AgNPs have been efficiently used in
measurement of both gaseous and dissolved oxygen. The CS91 and CS93 exhibited
the highest signals in silicon matrix, in the presence of AgNPs, and when they were
in form of nanofibers. The alkyl branched dyes were not subject to leaching even
under flow systems, organic volatiles and harsh conditions. Both of the exploited
dyes exhibited similar emission based spectral response to oxygen. The exploited
dyes were highly stable, can be excited with a blue LED and show excellent
compatibility with other solid state optics like cheap optical fibers due to the high

Stoke’s Shift values extending to 180 nm.

Most of the oxygen sensing studies suffer from nonlinear calibration plots within
the measured oxygen concentrations, instabilities of the signal intensities, or from
leaching in wet moieties (Roche, et al., 2010; Wu, Song, Li, & Liu, 2010; Zhang,
Lei, Mai, & Liua, 2011). The CS91 and CS93 exhibited good Stern VVolmer constants
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and more linear calibration graphics with respect to other studies (see Table 3.1). The
higher Stern-Volmer constants can be concluded as the higher sensitivity to the

oxygen.

Sensing characteristics of the offered design have been tested and calibrated in the
presence of vapors of benzene, toluene, ethylbenzene, hexane and xylene, which
simulate refinery related work places. The studied concentrations of VOCs were
much higher than the exposure limits that are given by OSHA and ACGIH (see the
Table 1.1). The responses of the dyes to oxygen did not change dramatically with
respect to the signals attained under clean air. Therefore the oxygen sensing
composites can be used even under high concentrations of VOCs to measure the
oxygen concentrations accurately. The exploited dyes of CS91 and CS93 in
embedded form can also be utilized to detect dissolved oxygen in the concentration
range between 7.5-12.8 ppm. The cross sensitivity of the dyes towards major cations
of water is negligible. The offered composite can be employed for both, gas phase
and dissolved O, measurements even in refinery conditions for the accurate

measurement of oxygen.
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