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Abstract

Oxygen (O2) molecule is of paramount importance in nature, and it takes part in several
biological and chemical activities such as energy generation, cellular respiration, and food
deterioration, to name a few. Detection of O2 concentration is of extreme importance in many
application fields to monitor the above-mentioned activities. In the last decade, optical oxy-
gen sensors have become a popular research topic due to the need for continuous, reversi-
ble, and non-destructive Oz sensing. Rational design of Oz sensing materials, optimal inte-
gration of reporter luminophore chemistry with the other sensor components (encapsula-
tion matrix, support material, additives), and simple fabrication procedures are the main
bottlenecks and challenges in producing simple and affordable optical O2 sensors with
stable and predictable sensing performance. The traditional approach, such as developing
metal ion-based luminophores and integrating these sensing units into organic/inorganic
matrix have shown their utility in many optical O2 sensor systems. However, a high degree
of toxicity of metal ions hampers the effective use of such systems in many application
areas. Therefore, it is crucial to develop purely organic optical Oz sensors to overcome the
above-mentioned problem. Although a few studies investigate the O2 sensing performance
of organic optical Oz sensors, their narrow Oz sensitivity range and poor reversibility are
two main drawbacks of these sensors. In this thesis, | study improving the O2 sensitivity
range of organic optical Oz sensors with good sensing reversibility by developing diamine-
based organic O2 sensing material and embedding these indicators within a polymer ma-

trix.

In the first part, | focused on fabricating a diamine-based organic O2 sensing unit with a
rigid crosslinking network. Firstly, a new luminophore was synthesized through a one-pot
hydrothermal synthesis using p-phenylenediamine (PPD) and urea. As-synthesized nano-
particles show multi-emissive behavior with three main emission centers. The multi-emis-
sion was attributed to the ensemble of chemical structures resulting from self-oxidation of
p-phenylenediamine under oxidative conditions. Each emissive state shows oxygen
quenching within the range of 0-8% O2. To improve that O2 sensing range, | selected using

highly rigid linkers, instead of urea, between each diamine unit. Therefore, imidization
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Abstract

chemistry was used to enhance the structural rigidity of the PPD-based sensing unit. |
could obtain an Oz sensitivity range of 0-16% Oz, whereas the similar system could only
detect Oz in the range of 0-8% O2. | found that the structural rigidity leads to efficient room-
temperature phosphorescence (RTP) mechanism, enabling O2 quenching at higher O2

concentrations.

In the second part, | focused on polymer matrix selection, O2 permeability and the shape
of the sensor on O2 sensing performance. Polyimide-based O2 sensing materials were
separately embedded into conventional poly(vinyl alcohol) (PVA) and PVA hydrogel film
to investigate the O2 sensitivity range. Luminophores integrated into PVA hydrogels show
Oz2 response at physiological Oz range (0-21% O2). This improvement was attributed to the
high O2 permeability of PVA hydrogel compared to conventional PVA polymer. Finally, the
response time of my sensor was enhanced when the luminophores were embedded into
wet-spun PVA hydrogel fiber due to its high surface-to-volume ratio. The fabricated metal
ion-free, purely organic sensors that enable continuous, repetitive, and fast detection of O2
within a physiological Oz sensing range are appealing, especially for monitoring packaged

food, biomonitoring, and biosensing applications.

Keywords

Carbon Nanodots, Room-Temperature Phosphorescence, Optical Oxygen Sensor, Lumine-
scence Quenching, Polymer Matrices



Zusammenfassung

Das Sauerstoffmolekul (Oz2) ist in der Natur von Uberragender Bedeutung und nimmt an
verschiedenen biologischen und chemischen Aktivitaten teil, wie z. B. der Energieerzeu-
gung, der Zellatmung und dem Verfall von Lebensmitteln, um nur einige zu nennen. Die
Erfassung der O2-Konzentration ist in vielen Anwendungsbereichen von grof3er Bedeutung,
um die oben genannten Aktivitaten zu Uberwachen. Im letzten Jahrzehnt sind optische Sau-
erstoffsensoren zu einem beliebten Forschungsthema geworden, da eine kontinuierliche,
wiederholbare und zerstorungsfreie O2-Messung erforderlich ist. Rationales Design von O2-
Sensormaterialien, optimale Integration der Reporter-Luminophorchemie mit den anderen
Sensorkomponenten (Verkapselungsmatrix, Tragermaterial, Additive) und einfache Herstel-
lungsverfahren sind die grof3ten Engpasse und Herausforderungen bei der Herstellung ein-
facher und erschwinglicher optischer O2-Sensoren mit stabiler und vorhersagbarer Sensor-
leistung. Der traditionelle Ansatz, wie die Entwicklung von Luminophoren auf Metallionen-
basis und die Integration dieser Sensoreinheiten in eine organische/anorganische Matrix,
hat seine Nutzlichkeit in vielen optischen O2-Sensorsystemen gezeigt. Allerdings behindert
eine hohe Toxizitat der Metallionen den effektiven Einsatz solcher Systeme in vielen An-
wendungsbereichen. Daher ist es entscheidend, rein organische optische O2-Sensoren zu
entwickeln, um das oben erwahnte Problem zu Gberwinden. Obwohl einige wenige Studien
die O2-Erfassungsleistung von organischen optischen O2-Sensoren untersuchen, sind der
fehlende O2-Empfindlichkeitsbereich und die schlechte Reversibilitat zwei Hauptnachteile
dieser Sensoren. In dieser Arbeit untersuche ich die Verbesserung des O2-Empfindlichkeits-
bereichs von organischen optischen O2-Sensoren mit guter Sensorreversibilitdt durch die
Entwicklung von organischem O2-Sensormaterial auf Diaminbasis und die Einbettung dieser

Indikatoren in eine Polymermatrix.

Im ersten Teil konzentrierte ich mich auf die Herstellung einer diaminbasierten organischen
O2-Sensoreinheit mit einem starren Vernetzungsnetzwerk. Zunachst wurde ein neues Lu-
minophor durch eine Ein-Topf-Hydrothermalsynthese unter Verwendung von p-Phenylendi-
amin (PPD) und Harnstoff synthetisiert. Die so synthetisierten Nanopartikel zeigen ein multi-

emittierendes Verhalten mit drei Hauptemissionszentren. Die Mehrfachemission wurde auf
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Zusammenfassung

das Ensemble chemischer Strukturen zurtickgefuhrt, die aus der Selbstoxidation von p-Phe-
nylendiamin unter oxidativen Bedingungen resultieren. Jeder emittierende Zustand zeigt
eine Sauerstoffloschung im Bereich von 0-8% O2. Um diesen O2-Erfassungsbereich zu ver-
bessern, wahlte ich die Verwendung von hochsteifen Linker, anstelle von Harnstoff, zwi-
schen den einzelnen Diamineinheiten. Daher wurde die Imidisierungschemie verwendet, um
die strukturelle Steifigkeit der PPD-basierten Sensoreinheit zu erhdhen. Wir konnten einen
O2-Empfindlichkeitsbereich von 0-16% O:2 erreichen, wahrend das ahnliche System nur Oz
im Bereich von 0-8% O2 erkennen konnte. Ich fand heraus, dass die strukturelle Steifigkeit
zu einem effizienten Raumtemperatur-Phosphoreszenz (RTP)-Mechanismus fuhrt und

dadurch ein O2-Léschen bei hdheren O2-Konzentrationen ermoglicht.

Im zweiten Teil konzentrierte ich mich auf die Auswirkungen der Auswahl der Polymermatrix
und der Form des Sensors auf die O2-Sensorleistung. Polyimid-basierte O2-Sensormateria-
lien wurden separat in konventionellen Poly(vinylalkohol) (PVA) und PVA Hydrogel Film ein-
gebettet, um den O2-Empfindlichkeitsbereich zu untersuchen. Die in PVA-Hydrogelen inte-
grierten Luminophore zeigen eine O2-Antwort im physiologischen O2-Bereich (0-21% O2).
Diese Verbesserung wurde auf die hohe O2-Durchlassigkeit des PVA-Hydrogels im Ver-
gleich zum herkdmmlichen PVA-Polymer zurtckgefuhrt. Schliel3lich wurde die Ansprechzeit
meines Sensors verbessert, wenn die Luminophore in nassgesponnene PVA-Hydrogel-Fa-
sern eingebettet wurden, aufgrund des hohen Oberflachen-Volumen-Verhaltnisses. Die me-
tallfreien, rein organischen Sensoren, die eine kontinuierliche, wiederholte und schnelle De-
tektion von Oz innerhalb eines physiologischen O2-Sensorbereichs ermdglichen, sind ins-
besondere fiir die Uberwachung von verpackten Lebensmitteln, Biomonitoring und Biosen-

sorik-Anwendungen interessant.

Stichworte

Kohlenstoff-Nanopunkte, Raumtemperatur-Phosphoreszenz, optischer Sauerstoffsensor,
Lumineszenz-Abschreckung, Polymermatrizen
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Chapter 1

Introduction

Note: This sub-chapter has been adapted from "CHAPTER 2:New Polymer-based Sensor
Materials and Fabrication Technologies for Large-scale Applications" , E. Armagan, D.B
Papkovsky, C. Toncelli, in Quenched-phosphorescence Detection of Molecular Oxygen: Ap-
plications in Life Sciences, 2018, pp. 19-49. E. Armagan conducted the literature review and

took part in writing of this book chapter.

The continuous progress in the synthesis of new organic phosphorescent reporter
dyes and nanostructures with sensitivity to molecular oxygen (O2) has produced a growing
toolbox of optical transducers with a variegated response to Oz, brightness, lifetime ranges,
photostability, accessible functional groups, sensor material types/formats’. In liquid me-
dia, such long-decay emitting transducers can undergo quenching by triplet-triplet annihi-
lation (once they are at close inter-molecular distances). Their photoluminescence is often
affected by other quenchers or environmental parameters, thus preventing the generation
of strong optical signals and predictable operation as Oz sensors. On the other hand, en-
capsulation of Oz2-sensitive phosphors in solid matrices helps to overcome these problems
and facilitates sensor handling and reuse, thus providing a convenient solution for the trans-
lation of the basic O2 quenching concept to commercial sensors®3-%. Phosphor type and
encapsulation process can be tailored to the required application, with variable sensor

shape, fine structure, and size spanning the nano-, micro, and macroscale.

While nanosensors are usually engineered with a sophisticated surface chemistry to
interact with a specific interface?, the development of planar film sensors, sensor dots, opti-
cal fibers, or assay vessels compromises the generation of a homogenous sensor material
and a cost-efficient fabrication and integration process '°6. However, trade-offs are usually
required between sensor complexity and analytical performance, ease of fabrication, con-
trollability and scaling up capabilities of the sensor fabrication procedure, integration of ox-
ygen sensors in specific applications, and measurement setup, especially for large-scale

packaging applications’-58.

16



Such a need is particularly prominent to control the exposure of O2-sensitive items
and evaluate any packaging failures. Pharmaceutical, electronic, and food industries rou-
tinely produce consumer goods that must be protected and maintained in an inert atmos-

phereb’.

Modified atmosphere packaging (MAP) in food is often applied to reduce the O2 con-
tent in packaging, typically below 0.5% 5. However, fresh red meat is packaged under high
O2levels (40-60%) to improve its color and appearance. Improper gas flushing, trapped air,
poor sealing or permeation of O2 via the packaging material, or accidental damage can alter
O: levels and lead to fast product degradation®. Integrated Oz sensors could help to identify
packaging failure at any stage, in a non-destructive manner, and in each single packaged
product. This application requires low-cost, calibration-free sensors working accurately and
robustly on a disposable and continuous basis, and which allow easy integration in various

types of packages and products throughout the whole supply chain.

The encapsulation medium regulates Oz accessibility, enhances and preserves phos-
phor stability under different physical, mechanical, thermal, or light conditions, does not in-
terfere with luminophore operation while shielding it from external interferences and stabi-

lizing with covalent or non-covalent interactions from leaching, migration, or aggregation4-
6,9

A customized solution, which includes sensor design, fabrication, and integration, is
often needed to optimally match the key requirements and operational specifications of each
particular application. For example, sensors for trace Oz detection or near-anoxic condi-
tions'% use different luminophores and encapsulation media than those utilized in standard
industrial process control and packaging*-® where a broader O2 dynamic range is required.
In addition, different temperature and humidity operational windows, as well as spatial ho-
mogeneity and spatial resolution, are needed. While mapping is not generally required for

O2 sensors in packaging®’, it is fundamental for the development of O2 sensitive paints’.

Sensors for large-scale applications require continuous, high volume production pro-
cesses, minimal number of components and fabrication steps, use of environmentally
friendly solvents, biocompatible and safe materials, and ingredients, low energy consump-
tion during the entire sensor fabrication cycle, high reproducibility, and uniformity of individ-

ual sensors to enable calibration-free (or factory-calibrated) operation, high robustness and
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flexibility'.>6. Casting a physical mixture of luminophore and polymer solution (liquid precur-
sor ‘mixture’) onto a substrate to produce thin-film solid-state sensor coatings can satisfy
many of these requirements'4-%. However, the performance of many such sensors, includ-
ing those produced commercially, is often jeopardized by micro-heterogeneities, cross-sen-
sitivity, drift or instability of calibration, difficulties in process control, and production of stand-
ardized and identical batches of sensors®. This obviously affects sensor robustness, repro-

ducibility, accuracy, signal intensity, spatial homogeneity, and production costs.

More sophisticated material processing, such as solvent crazing'"'2, encapsulation
in mesoporous membranes'3'4 electrospinning’®-'8, and wet-spinning'®, despite requiring
more complex equipment facilities, have the potential to improve the homogeneity of sensor
micro-environment, enlarge the operational range and sensitivity of conventional O2 sen-
sors. Parallel to this, research in enhancing the matrix/phosphor compatibility by non-cova-
lent interactions between the two components has produced sensibly lower phosphor leach-
ing, formation of mixed polymer phases with support material, higher spatial and in-depth

homogeneity of the resulting O2 sensors?°.

1.1 Brief History of Oz Sensing

1.1.1 Electrochemical Oxygen Sensor

In the last decades, continuous monitoring of oxygen (O2) concentration gained a lot
of interest in a wide variety of research areas, such as biomedical applications, food pack-
aging industry, and aerospace industry?'?2. One of the most extensively used O2 sensors
was invented by Leland Clark in 1962, the so-called “Clark Electrode” (Figure 1.1). This
technique is based on an electrochemical reaction between anode and O2 molecules reach-
ing the cathode through an oxygen-permeable membrane. Subsequently, the oxygen is re-
duced at the cathode of the sensor and creates a measurable electric signal. The O2 con-
centration is then measured by detecting the variation in electrical currents at different Oz
concentrations. The advantage of the Clark electrode is good sensitivity towards O2 mole-
cules, which can detect O2 concentration value up to 0.5 ppm. That makes Clark electrode
as the gold standard for oxygen sensing?®. However, many drawbacks of Clark-type elec-
trochemical oxygen sensor limit the use of this electrode: i) destructive technique (consump-
tion of the analyte) ii) high cross-sensitivity of interfering molecules (chlorine, carbon dioxide,

ozone, or nitric oxides) iii) low shelf-life (up to 6 months)?3. Long-emitting optical probes, by
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contrast, could provide a valuable alternative as O2 sensors for the reversible and non-de-

structive measurement of O2 concentration??.
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Figure. 1.1 Schematic lllustration of Clark-type electrochemical Oz sensor2%.

1.1.2 Optical Oxygen Sensors

An optical oxygen sensor is a type of oxygen sensor which measures the oxygen
concentration by the change of optical properties with respect to the analyte concentration.
The working principle of the optical oxygen sensor is based on the change of luminescence
intensity or lifetime at varying O2 concentrations. There are two types of luminescence in
nature: Fluorescence and Phosphorescence. Fluorescence is one of the luminescence phe-
nomena, which is the emission of light by the radiative relaxation between a singlet excited
state and a singlet ground state (Figure 1.2). The other type of luminescence is phospho-
rescence, where emission occurs by the radiative relaxation between the triplet excited state

and the singlet ground state (Figure 1.2). However, the electron should change its spin be-

19



fore it jumps from the singlet excited state to the triplet excited state, known as an intersys-
tem crossing. This process involves spin-forbidden transitions; therefore, there must be an
efficient spin-orbit coupling (SOC) in the luminophore that makes intersystem crossing en-
ergetically more favorable. In the presence of quencher molecules (e.g., oxygen), the ana-
lyte starts to collide with luminophores, and subsequently, there is an energy transfer be-
tween the excited luminophore's triplet state and the excited singlet state of quenchers by
dynamic collision? (Figure 1.2). This process is called "Luminescence quenching." The lu-

minescence intensity is maximum under anoxic conditions.
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Figure. 1.2 Perrin-Jablonski Diagram which illustrates the fluorescence and phosphorescence emission, in-
tersystem crossing between singlet excited state and triplet excited state, and quenching process in the

presence of quencher molecules?s.

The luminescence signal mostly shows non-linear behavior with respect to oxygen
concentration. These probes exhibit higher sensitivity at hypoxia conditions; vice versa, the
sensor sensitivity decreases as the analyte concentration increases. This can be further
explained by the Stern-Volmer relationship, which clarifies the photophysical kinetics of the
quenching process between excited luminophore and analyte molecules. The energy trans-

fer between two species can be represented by a reaction mechanism below;
A¥+Q — 3 AHQ*

where A is luminescent species, Q is quencher molecules, and * denotes an excited state.
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The Stern-Volmer quenching constant, which determines the limit of detection of an

optical sensor, was calculated in accordance with the Stern-Volmer Equation.
1
°/1 =1+ Ke.[02] (1)

where lpand | represent the luminescence intensities in the absence and presence of Oz,
respectively. Ksv is the Stern-Volmer quenching constant, and [O2] is the oxygen concentra-
tion in the environment. This equation can be fitted with respect to the intensity or lifetime
values of the luminophores (Figure 1.3). The fitted curve can be used as the calibration

curve of the optical oxygen sensor.
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Figure. 1.3 Intensity curve of luminophores with respect to Oz concentration and respective Stern-Volmer

curves?s,

Generally, organometallic compounds containing heavy-metal ions are utilized as
commercial probes for optical oxygen detection. The presence of the heavy metal ion allows
an efficient spin-orbit coupling related to the energy transfer to the excited triplet states of
the luminophore, thereby leading to long-lived emission features. Herein, the critical problem
is the dispersion of these luminophores into a matrix without incurring any self-quenching
processes®. In recent years, several processing technologies have been used to tackle this
issue, such as printing of polymeric mixture in the organic solvent, adsorption, polymeriza-

tion/curing, sol-gel method, nano and microprecipitation, solvent crazing, and coextrusion?>.
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Unfortunately, these sensors are not viable for application in the life sciences as well
as in food packaging due to: i) high sensor cost® (10-50 € per sensor), ii) high level of

toxicity (dark-toxicity)?* and iii) lack of photostability?°.

The presence of heavy-metal ions in the organometallic complex is the main reason
for the problem, which leads to the commercial viability; on the other hand, the development
of room temperature phosphorescent probes by solely utilizing organic emitters is a chal-
lenging task. Hence, in the last decades, many studies have been done to develop metal-
ion-free long-emitting optical probes, such as phosphorescent carbon nanodots (PCNDs)
and low-molecular organic emitters?6. Organic compounds are used in both approaches that
show low band gap and efficient energy transfer between the excited singlet state and the
excited triplet state of these luminophores?®. Therefore, many different organic moieties,
such as aromatic carbonyls?’-34, aromatic amines3%-37, N-aromatic heterocycles (e.g., phen-
azine383°, carbazole*®4?, quinoline*3), B -diketonate boron complexes*®, aromatic di-acids

and di-esters**, persulfurated benzene cores with tolyl substitutents*®, have been utilized as
building blocks to synthesize organic phosphorescent oxygen sensors. On the other hand,
these organic photoemitters must be embedded into a rigid matrix to eliminate the vibrational
modes (rotational or translational vibration) by forming either covalent cross-linking*® or non-
covalent interactions*’#® that enhance the degree of crystallinity and encapsulation within

the rigid framework?°.

1.2 Purely Organic Luminophores

To have non-toxic, cost-effective, and photostable luminescence, purely organic lu-
minophores have been widely studied since 2004 as a promising alternative to traditional
luminescent nanostructures (i.e semiconductor quantum dots, metal nanoclusters, inorganic
nanocomposites, and metal-doped nanomaterials) in various technical applications, such as
bioimaging, food packaging, and drug delivery®®51. In recent years, a wide variety of bio and
chemo-sensors have been designed by utilizing these luminophores as optical probes.
Thanks to their low in-vitro®? and in-vivo toxicity®3, these nanomaterials are particularly suit-
able in sensing for biomedical or food-related applications. In addition, they can be used as

a promising alternative in bio- or chemo-sensors thanks to their superior photostability,
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which prevents signal drift and provides a long shelf-life. Furthermore, cost-efficient precur-
sors and synthesis make them a good candidate in the fabrication of various types of sen-
SOrs.

Traditionally, common organic luminophores are described as a 3-D core-shell nano-
composite with a partly crystalline carbon frame surrounded by a wide variety of functional
groups (e.g. amine, carboxyl, hydroxyl, or thiol) according to the carbogenic precursor. In-
terestingly, variation in the surface functional groups alters the nature of the surface defects,
in turn related to the optical properties of the network. Thanks to their versatility in surface
chemistry, these materials can also be utilized by cross-linking them via covalent or non-
covalent interactions. Self-quenching phenomena induced by cross-linking are relatively
low, whereas, in conventional planar aromatic dyes, 1-11 stackings and other non-covalent

interactions strongly reduce their quantum yields.

1.2.1 Synthesis of Luminescent Organic Materials

In recent years, purely organic luminophores have been extensively studied as a
promising alternative to luminescent nanostructures®®. The synthesis method of organic lu-
minophores is divided into two categories: i) Top-Down Approach and ii) Bottom-Up Ap-
proach. In the top-down approach, luminophores are obtained from big sp? carbon struc-
tures, such as graphene, graphite, carbon nanotubes, or fullerenes through different pro-
cesses such as laser ablation, chemical ablation, or microwave irradiation®#5%. However, the
low quantum yield and harsh synthesis conditions make these luminophores impractical for
various applications. For example, Sun et al. synthesized carbon nanodots (CNDs) using
laser ablation of graphite with a quantum yield between 4%-10% 6. In contrast, CNDs are
synthesized by the carbonization of low-molecular-weight precursors through hydrothermal
or solvothermal reactions®”-%8,

Hydrothermal synthesis is one of the most facile methods for producing water-soluble
organic luminophores. With this technique, the small precursors are undergoing condensa-
tion reactions in solution at high temperatures (150-200 “C) and high vapor pressures. Citric
acid is one of the commonly used precursors for the synthesis of luminophores®®. For ex-
ample, Qu et al. hydrothermally synthesized CNDs using citric acid in the presence of NaOH,
and the so-formed CNDs showed a quantum yield of 22%°°. However, the carbonization of
citric acid yields low quantum efficiencies, usually below 25%. Hence, numerous studies

have been carried out to improve the brightness of organic luminophores. A good strategy
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to enhance the luminescence of these materials is increasing the reaction temperature,
which stabilizes larger clusters®'. Nevertheless, carbonization at temperatures higher than
230 C enables the synthesis of graphitic carbon structures at the expense of unsaturated
clusters, decreasing the overall luminescence.

On the other hand, in recent years, it has been found that when N-passivating groups
are being utilized as co-precursors during the organic luminophore synthesis, the resulting
structures show higher quantum yields. Indeed, Zhou et al. improved the quantum efficiency
of citric acid-based CNDs by adding triethanolamine precursors, which resulted in a quan-
tum yield of 52%52. Recently, urea has also been suggested as a carbon source for this
scope with the presence of pyrrolic nitrogen stemming from amide bond formations and
dehydration reactions®64. In addition, aromatic precursors alone, such as aromatic di-
amines, have displayed multi-color emission. For example, Yuan et al. synthesized multi-
emissive CNDs (blue, green, and orange) by using various naphthalene derivatives as car-
bon sources®. Besides, phenylenediamines are among the most commonly used aromatic
precursors to synthesize multi-emissive organic luminophores. It was shown that orange
and red emissive luminophores could be prepared from heating p-phenylenediamine with
formamide and phosphorus acid solution®%’. To investigate the importance of chemical
isomerism on the optical properties of luminophores, Jiang et al. studied that CNDs prepared
by different isomers of phenylenediamine (meta, ortho or para) have a different color of
emission®. Recently, there was one study that combined urea and p-phenylenediamine to
produce multi-emissive CNDs. In their study, they indicated that different optical properties
are seen with respect to the degree of surface oxidation state. Indeed, by increasing it, the
band gap of CNDs reduces, which results in a red shifting of the fluorescence emission
spectra®®.

1.2.2 Organic Carbon Nanodots with Long-lived Emission

While low-molecular emitters generally display challenging synthetic routes and low
chemical inertness, phosphorescent carbon dots have been used as promising candidates
for the development of photostable”™ and bio-inert”! optical probes. Many studies in the last
few years have produced phosphorescent CNDs by utilizing moieties that display an efficient
SOC and having rigid structures for the suppression of vibrational modes. For the require-
ment of having an efficient SOC, the precursors which contain aromatic carbonyls’? or nitro-

gen-rich amine/diamine moieties’® have been utilized as an alternative to heavy metal ions.
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For example, Li et al.*” synthesized phosphorescent CNDs using a nitrogen-rich precursor
which reacts with urea/biuret moieties to form the PCNDs matrix. Furthermore, Jiang et al.”®
reported that CNDs synthesized from diamines (m-phenylenediamine) showed a triple mode
emission (photoluminescence, up-conversion photoluminescence, and phosphorescence)

after being inserted into a pon vinylalcohol matrix (Figure 1.4)
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Figure. 1.4 Intensity curve of luminophores with respect to the Oz concentration, and the respective Stern-

Volmer curves’3.

To avoid non-radiative pathways, CNDs are generally embedded into a rigid inorganic
or organic matrix (for more detailed information see chapter 1.3). As an example of an inor-
ganic matrix, Wang et al.”* synthesized phosphorescent CNDs and encapsulated the as-
prepared CNDs within mesoporous silica microspheres. As such, they fabricated an inten-
sity-based optical oxygen sensor which unfortunately responds only to low O2 concentra-
tions. It was also shown that phosphorescent CNDs could be obtained by dispersing CNDs
into potash alum matrix, which lead to phosphorescent CNDs with a millisecond phospho-
rescence lifetime*®. On the other hand, the organic matrix, such as urea/biuret*’, polyure-
thane*® and poly vinyl alcohol matrix”+75 | have been used to embed CNDs with similar re-

sults in the phosphorescence lifetime (millisecond-second).
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However, for most applications, it is actually needed to monitor oxygen concentra-
tions up to 21% Oz2. As the extent of oxygen quenching is related to the luminescence lifetime
(longer lifetime translates in a higher number of collisions with oxygen molecules), it would
be very appealing to reduce the lifetime to values similar to the commercial optical oxygen

sensors (i.e.~ (' S)

1.3 Physical Entrapment of Luminophores within Organic Matrices
Note: This sub-chapter has been adapted from "CHAPTER 2:New Polymer-based Sensor

Materials and Fabrication Technologies for Large-scale Applications" , E. Armagan, D.B
Papkovsky, C. Toncelli, in Quenched-phosphorescence Detection of Molecular Oxygen: Ap-
plications in Life Sciences, 2018, pp. 19-49. E. Armagan conducted the literature review and

took part in writing of this book chapter.

The concept of physical entrapment of luminophores within a matrix is generally sim-
pler and more cost-efficient than systems involving a covalent or coordinative bridging be-

tween the luminophore and the matrix'276-78,

Traditionally, sensor coatings were fabricated by casting a liquid mixture containing
a hydrophobic luminophore, hydrophobic polymer, or its organo-silica precursor in a non-
polar organic solvent onto a suitable substrate, such as the surface of the glass slide, a tip
of optical fiber or a polyester film2. After solvent evaporation, the luminophore becomes ef-
ficiently entrapped within the polymer, which forms a thin Oz -permeable film on the corre-
sponding substrate. Recently, the addition of water-soluble components within the sensor

formulation has enabled the simultaneous formation of mesoporous O2 sensing coatings’®.

A modification of this approach is when a luminophore dissolved in organic solvent
(i.e., without matrix polymer) is applied directly on a micro-structured solid polymeric matrix
(e.g., mesoporous microparticles® or membranes®’) and let the luminophore molecules dif-
fuse into its depth. The process, which can be facilitated by solvent optimization to enhance
polymer swelling and/or by high temperature accelerating luminophore diffusion, should be
designed such that it does not alter the final mechanical integrity and properties of the matrix
(solvent compatibility) and provides uniform dyeing of the matrix. Such microporous®?, mi-
crofibrous'®, and microparticle®® materials acting as both sensor substrate and encapsula-

tion matrix, on the one hand help to match the mechanical properties of the coating with the
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substrate, therefore providing higher adhesion at the interface, whereas on the other hand
provide homogeneous micro-environment and/or dispersibility (powder form) of the lumino-

phore emitter.

Indeed, often the mechanical and adhesion properties of the preferred type of sensor
coating do not match the ones required by the application, as well as Oz permeability, sen-
sitivity, etc. Then it is necessary to add an intermediate step where the sensor material is
produced in a micro-encapsulated form (e.g., phosphorescent microparticle powder) and
then dispersed in a carrier media such as silicone rubber®*. The latter provides the sensor
coating with good O2 permeability, mechanical and chemical stability, adhesion to the sup-

port material.

High-density networks of nanocavities can also be formed in-situ by stretching a semi-
crystalline polymer film or fiber in a physically active liquid environment (PALE), the so-called
solvent crazing®. By dispersing the luminophore in the PALE, efficient encapsulation of the
luminophore and staining of the host polymer can be achieved by simple means, driven by

diffusive processes.

The luminophore can also be entrapped in a matrix via layer-by-layer assembly of
oppositely charged polymeric layers doped by luminophore molecules (LbL method)®. Fur-
thermore, sensors with high Oz accessibility, high sensitivity, and fast response were pro-
duced by electrically-induced adhesion to charged substrates via electrophoretic deposi-

tion®” and electrospinning of fibers 88 under the applied external electric field.

A number of O2-sensitive nanostructures were recently described®®. Their integration
in the sensor material usually proceeds by one of the above methods; however, since often
these sensors do not exhibit phosphorescence before matrix integration, the reactivity of the
functional moieties while anchoring them to the matrix and luminophore’s surface chemistry
should be taken into account. Spatial resolution in sensor fabrication and patterning of indi-
vidual sensors (e.g., via photolithography processes) is a crucial requirement for their inte-

gration in microfluidic devices®°2.

1.3.1 Casting of Polymer Mixture
The casting of polymer/luminophore mixture represents a proper fabrication method,

and it is still the most widely used route to produce large quantities of sensor films and

27



coatings on planar supports or partly on optical fibers®*-%. The latter is utilized when there
is a need to detect O2 in cumbersome regions or where the use of conventional planar
sensors is precluded . Coating of curved surfaces is more complex than the planar coun-
terparts; therefore, it requires tighter control of the mechanical properties of the matrix (i.e.,
adhesion, flexibility, to name a few). Different casting techniques are employed in the fabri-
cation of conventional Oz sensors, including drop coating, knife casting, dip coating, and
spin coating. Drop coating involves the deposition of mixture aliquots on clean substrate
surfaces with subsequent spreading and passive drying by solvent evaporation. The sensor
quality and thickness, in this case, will be mainly determined by the mixture viscosity, poly-
mer concentration, solvent polarity, the support surface chemistry, the volume of mixture

applied and environmental parameters (temperature, humidity, convection, etc.).

O2 sensors in packaging applications have some add-on requirements, such as the
production of discrete, small-size sensors in specific locations of the substrate (to reduce
sensor price and facilitate its visualization and access for the measurement), correct inte-
gration within packaging multi-layer laminates, without any negative impact on sensor per-
formance %. This imposes stricter guidelines on sensor materials and manufacturing pro-
cesses and significant restrictions on price (cent per sensor range). As a result, many poly-
meric materials have been utilized as matrices for O2-sensitive luminophore, the most com-

mon being polystyrene, ethyl cellulose, polysulfone, and fluorinated polymers (Figure 1.5).
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Figure. 1.5 Chemical structures of common polymer matrices utilized for luminophore encapsulation'5®

Researchers often use this matrix to test new luminophores %-1%, as polystyrene is
soluble in a wide range of organic solvents (i.e. tetrahydrofuran 103.107.108 " tgJyene 100.109,

chloroform 99:101,102,104-106,110,111 "1h yty| acetate ''2). Polystyrene can be utilized with mixtures
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of different emitters or coupled with organic photodetectors 199, systems operating in rati-
ometric mode "9, additives (singlet oxygen scavengers) which reduce signal drift %7, or in-
tegrated into a multi-sensing device 2. Sensor sensitivity can be tuned by changing the
substituent in the para position of the phenyl ring or introducing fluorine atoms in both o-
positions 3. Thus, polystyrene modified with t-butyl groups showed approximately 4-fold
higher sensitivity than unsubstituted polystyrene. The presence of fluorine atoms signifi-
cantly increased sensor photostability, which is already high for fluorinated luminophores
14 Due to the easiness of functionalization of phenyl halogens on the polymer skeleton,
referenced dyes can be coupled to the backbone to obtain Forster resonance energy trans-
fer pairs between the embedded temperature-sensitive and oxygen-sensitive phosphors,

respectively 115,

Ethyl cellulose (EC) is another promising material with high optical transparency, sol-
ubility in many organic solvents, and O2 permeability similar to polystyrene 1¢-122, However,
this hydrophilic polymer shows strong cross-sensitivity to humidity, with O2 sensitivity re-
duced by 50 % at 85 % relative humidity (RH) compared to 0 % RH. Indeed, EC varies its
O2 permeability upon the entrapment of water molecules within the matrix 23. Also, cross-

sensitivity to temperature is more pronounced than Ormosils-based coatings®e.

Polysulfones (PSU) are also a promising alternative to PS and EC as this polymer
matrix shows high optical clarity (though only when the membranes are not produced in the
air) 124, chemical stability, moderate Oz permeability, and low cross-sensitivity to humidity
1251t has been shown 124.126-128 that polysulfone membranes can be utilized to determine
the thermodynamic parameters of the oxygen quenching process and model sensor calibra-
tion. Polysulfone-based coatings with high mechanical and thermal stability can withstand

sterilization by autoclaving '2°, without changing their O2 sensing properties.

Plasticized poly(vinyl chloride) membranes were employed to develop a dual analyte
dissolved O2/pH sensor based on one phosphorescent porphyrin luminophores with multi-
receptor functionalities. In this case, the proton permeability of the membrane was enhanced
by adding a borate salt within the formulation '3°. However, plasticizers and other additives
make the sensor structure more complex and difficult to reproduce and stabilize (batch to

batch variability and signal drifting by leaching of low-molecular-weight compounds).
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Other polymers, namely poly(norbornene) 3!, poly(thionylphosphazene) 132, cellulose
acetate butyrate 33, AMPES-C '3*, and poly(1-trimethylsily-1-propyne) 35136, offer a possi-
bility to change O2 permeability and allow O2 sensing in different dynamic ranges. In partic-
ular, poly(1-trimethylsilyl-1-propyne) (PTMSP) have shown ten-fold higher O2 permeability
than conventional gas permeable poly(dimethyl siloxane) (PDMS) films '35, Non-functional-
ized poly(norbornene) has similar O2 permeability to PS, which can be tuned by varying the

steric hindrance of the side groups 131,

Fluorinated methacrylates 76137-141 and other fluoropolymers such as poly(hex-
afluoropropylene) 78, poly(tetrafluoroethylene) (PTFE) 42, Aflas 78, Hyflon 81.142 and Nafion
80 have remarkably enhanced the sensitivity to O2 for a given luminophore and led to solid
sensors with better photostability. Indeed, they display extremely high Oz permeability,
thanks to the limited inter-molecular interactions due to shorter C-F bond lengths compared
to C-H ones. Increasing the content of fluorinated methylene side groups of polymethacry-
lates further enhances their sensitivity to O2 and reduces cross-sensitivity to temperature
140 Since fluoropolymers show high chemical inertness, they are particularly useful for the
detection of Oz in chemically aggressive environments 7°. For example, combining an alu-
minum chelate with a PTFE matrix has recently achieved the highest sensitivity to O2 with

a limit of detection of 5 ppb in the gas phase or 7 pM in solution 42,

As a general remark, even though the casting of a physical mixture of polymer and
luminophore permits an easy upscaling, simple and cost-efficient processing, and a varie-
gated response to Oz, accuracy, robustness, and reproducibility of the resulting sensors are
quite average, and it is not easy to generate factory-calibrated sensors by this technique.
Indeed, variations in sensor morphology and micro-environment, interactions between the
sensor and support materials (mixed polymer phases), significant volume contraction and
associated mechanical stress upon drying of the polymeric mixture, non-uniformity of coat-
ings, and other factors lead to pronounced heterogeneity, complex sensor behavior (non-
linear Stern-Volmer plots and Oz calibration), variable read-out of O2 concentration, and pos-

sible delamination.

1.3.2 Spinning for fiber optic oxygen sensors
Conventional fiber spinning is a fabrication technique where polymer fibers can be

produced with the diameters down to nanometer range via wet-spinning, dry-spinning, melt
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spinning or gel spinning. In recent years, conventional fiber spinning techniques have been
utilized for the physical entrapment of O2-sensitive luminophores within polymer matrices.
Nano- and micro- Oz-sensitive fibers produced by this technique display high O2 sensitivity
and short response time due to their large surface area-to-volume ratio and nanoporous

scaffold architecture 43,

O2 sensors were first produced by using the electrospinning technique, where an
electric field between the sample dispenser and collector was used to draw charged threads
of a polymer solution. In one of the pioneer studies, a mixture of polystyrene and a Eu(lll)
complex as feeding electrospinning solution were used to fabricate fiber-based optical O2
sensor'#. High sensitivity (lo/l1o0 = 15.56), good linear Stern—Volmer characteristics, and
short response/recovery time (t| of 7 s and t1 (s) of 14 s) were obtained. Sensible improve-
ment of the response time and sensitivity to Oz was later confirmed for Cu(l) ™5, Ir(Ill) 16:146,
or Eu(lll) 144147148 complexes. Comparison with conventional casted films of polysty-
rene/fluorinated Pd(Il)-porphyrins revealed that the response time was decreased by two
orders of magnitude (from several seconds to less than 40 ms) while sensor sensitivity and
signal intensity were unaltered '4°. Two complexes of Re(l) were integrated into poly(vi-
nylpyrrolidone) electrospun fibers, albeit due to the water solubility of the polymer, the sen-
sors were strongly affected by humidity 15151, Additives, such as plasticizers, water-miscible
and immiscible ionic liquids, and perfluorinated compounds, which enhance O2 solubility in
the matrix, allowed the electrospinning of ethyl cellulose and poly(methylmethacrylate) for-
mulations '%2. The resulting sensors showed high stability over three years, probably due to
stabilizing the ruthenium oxidation state by the perfluorinated compound. Encapsulation of
a referencing dye for ratiometric intensity sensing mode is also compatible with the electro-

spinning technique 3.

Co-axial electrospinning was performed to obtain a fiber with a poly(dimethy! silox-
ane) (PDMS) core in which the luminophore was encapsulated and a poly(caprolactone)
(PCL) shell, which preserved the mechanical integrity of PDMS during the curing process
and also enhanced biocompatibility of the fiber '%4. Core-shell fibers can also be used to
encapsulate different layers of up-converting nanoparticles and O2-sensitive dye in an elec-
tro-optical handshake fashion. The use of up-converting nanoparticles minimizes light ab-
sorption and scattering effects of biological tissues on the sensor '%. It is essential to men-

tion that even such high nanostructure complexity can be achieved in a one-step process
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by utilizing different electrospinning setups and feeding devices. Nanoporous poly(caprolac-
tone) fibers were impregnated by soaking them in a solution of an Oz2-sensitive dye to gen-
erate a phosphorescent scaffold suitable for cell growth, contactless monitoring, and live

imaging of O2 8.

Microfluidic wet-spinning is a wet-spinning process that confines the polymer and
coagulant solutions within co-axial laminar flows. This process enables good control of
the diffusion interface between two laminar flows, resulting in the solidification of poly-
mer solution in a controlled manner?®4. In addition, microfluidic wet-spinning offers an
advantage of a mild spinning environment, compared to the electrospinning technique,
which enables the spinning of natural polymer without using any harsh solvents?%°. Var-
ious hydrogel fibers, such as alginate, collagen, and chitosan, can be fabricated using
microfluidic spinning, resulting from the co-axial laminar flow of core (pre-polymer solu-
tion) and sheath fluids (crosslinking agents)?%6-2%9, Microfluidic wet-spinning offers sev-
eral morphological advantages, such as high porosity and large pore size, which play a

critical role in Oz diffusion through the polymer matrix260.261,
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Chapter 2
Scope of the Thesis

2.1 Motivation

Oxygen sensing has been a topic of intensive study in many fields, such as food moni-
toring, cell biology, biomedicine, and environmental monitoring. Particularly, optical O2 sen-
sors have attracted significant attention from many biological, medical, and packaged food-
related applications, where the detection of O2 changes in a continuous, reversible, non-
toxic, and non-destructive manner is in high demand. Organic sensing units have been re-
cently integrated into polymer matrices to have purely organic optical O2 sensors to meet
these demands. However, the main limitations of this type of sensor are limited sensing
range and unsatisfactory reversibility. In this regard, a few studies have focused on improv-
ing the sensing range of organic optical O2 sensors by synthesizing different organic sensing
units. Nevertheless, they could only sense the whole physiological O2 range (0-21% Oz2) with

unsatisfactory sensor reversibility.

Synthesizing new diamine-based luminophores with rigid crosslinking chemistry might
enhance spin-orbit coupling efficiency and inhibit unwanted non-radiative recombination,
leading to efficient room-temperature phosphorescence (RTP). | expect that the efficient
RTP mechanism facilitates the energy transfer between my sensing units and oxygen mol-
ecules. Understanding the effect of using highly rigid luminophores on the extent of oxygen

quenching will help to elucidate the importance of having rigid crosslinkers in these systems.

The type of polymer matrix, where luminophores were integrated, plays an essential
role in the O2 sensing performance. Although many polymer-based optical oxygen sensors
have been published in the literature, there have been a few studies on the O2 sensing
performance of the organic luminophores embedded into the hydrogel network. Investiga-
tion of the effect of using hydrogel matrix on O2 sensing performance may open a new path-
way for the intelligent food packaging system. Integrated hydrogel optical oxygen sensor
could help identify packaging failure at especially high humidity levels where many polymer
matrices' structural integrity is significantly affected. Furthermore, the shape of a polymer

matrix is critical for oxygen diffusion kinetics due to the change in the surface-to-volume
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ratio. Elucidating the effect of surface-to-volume ratio on O2 diffusion rate may help to fabri-
cate a high-speed O:2 sensor that broadens the application field of purely organic optical O2

Sensors.

2.2 Objective

The thesis aims at fabricating a purely organic optical O2 sensor with broad-range and
reversible oxygen sensing. For this purpose, approaches will be developed to synthesize
new diamine-based sensing units with rigid crosslinking chemistry and embed these lumi-
nophores into polymer matrices. With these methods in place, the influence of rigidity on the
O:2 sensing performance will be investigated. Furthermore, the Oz sensitivity of synthesized
luminophores embedded into conventional polymer and hydrogel will be compared to un-
derstand the effect of the type of polymer matrices. Finally, the correlation between the sur-
face-to-volume ratio and Oz sensing performance will be analyzed by fabricating hydrogel
fibers with different diameters. This work will provide a better understanding of the effect of
luminophore rigidity on the O2 quenching mechanism and the importance of the selection of

polymer matrices and the shape of sensors on O2 sensing performance.

Chapter 3: Synthesizing a new diamine-based luminophores from urea and p-phe-
nylenediamine via hydrothermal synthesis technique to have purely organic optical

O:2 sensing.

The synthesis parameters of the new luminophore system will be established to optimize
the optical properties. Subsequently, the origin of luminescence and ensemble of hydrother-
mal products will be investigated using mass distribution analysis. The chemical analysis
will be performed on luminophores to understand the evolution of nanostructures. The opti-
cal properties will be investigated to have a correlation between the kinetic of hydrothermal
synthesis and emission behavior. Finally, the O2 sensing performance of each luminophore
will be investigated in terms of O2 sensitivity, reversibility, and response time. These inves-
tigations will give insights into the effect of using urea-based crosslinker between diamine

units on O2 sensing performance.

Chapter 4: Investigating the effect of using rigid polyimide linkers between dia-

mine-based sensing units on the improvement of Oz sensitivity.
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This chapter aims at synthesizing a rigid sensing unit utilizing polyimide chemistry to
enable the efficient RTP mechanism. Therefore, the imidization process will be investigated
using chemical characterization. Chemical analysis will be combined with optical character-
ization to understand the effect of the polyimide network on emission behavior. The Oz sen-
sor test will be performed on optimized polyimide-based nanoparticles to elucidate the im-
pact of structural rigidity on the O2 sensitivity range. Finally, the best performing nanoparti-
cles will be selected for further O2 sensing performance tests. These investigations will high-
light the importance of using a highly rigid network to fabricate organic optical O2 sensors

for further studies.

Chapter 5: Investigating the effect of polymer matrix selection and sensor shape

on O2 sensing performance.

This chapter aims to fabricate hydrogel-based organic optical O2 sensors to investigate
the effect of polymer matrix selection on the Oz sensitivity range. Furthermore, the microflu-
idic wet-spun hydrogel fiber containing polyimide-based luminophores will be produced with
different diameters to understand the correlation between surface-to-volume ratio and sen-
sor response rate. These investigations will help to fabricate a new hydrogel-based O2 sen-

sors with a broad-range and fast O2 sensing.
Chapter 6: Conclusion and outlook

The conclusion will comprise a short summary of my findings and the outcome of the
thesis. The future research strategies for purely organic optical O2 sensors will also be dis-

cussed in this chapter.
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Chapter 3
Reversible oxygen sensing based on
multi-emission fluorescence quenching

Note: This chapter has been published in "Reversible oxygen sensing based on multi-emis-
sion fluorescence quenching", E. Armagan, S. Thiyagarajan, K. Wei, A. Gursoy, G. Fortu-
nato, E. Amstad, R.M. Rossi, C. Toncelli, Sensors 20, 477 (2020). E. Armagan performed
the fluorophores synthesis and its chemical, optical and sensor characterization by ESI-
QTOF, Maldi-TOF, LC-MS, Fluorescence spectraphotometer, lifetime analysis, UV-Vis,
AFM as well as sensor performance test. E. Armagan also analysed all the data and wrote

the manuscript with the input from all authors.
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3.1 Abstract

Oxygen is ubiquitous in nature, and it plays a key role in several biological processes, such
as cellular respiration and food deterioration, to name a few. Currently, reversible and non-
destructive oxygen sensing is usually performed with sensors produced by photosensitiza-
tion of phosphorescent organometallic complexes. In this chapter, | propose a novel route
of optical oxygen sensing by fluorescence-based quenching of oxygen. This system involves
a set of multi-emissive purely organic emitters. These were produced through a one-pot
hydrothermal synthesis using p-phenylenediamine (PPD) and urea as starting materials.
The origin of the multi-emission has been ascribed to the diversity of chemical structures
produced as a result of oxidative oligomerization of PPD. A Bandrowski's base (BB) (i.e.,
trimer of PPD) is reported as the main component at reaction times higher than 8 hrs. This
indication was confirmed by electrospray-ionization quadrupole time-of-flight (ESI-QTOF)
and liquid chromatography-mass spectrometry (LC-MS) analysis. Once the emitters are em-
bedded within a high molecular weight poly(vinyl alcohol) matrix, the intensities of all three
emission centers exhibit a non-linear quenching provoked by oxygen within the range of 0-
8 % Oz2. The detection limit of the emission centers are 0.89 %, 0.67 % and 0.75 % Oz,
respectively. This oxygen-dependent change in fluorescence emission is reproducible with
negligible cross-interference to humidity; however, it has unsatisfactory reversibility (up to
three tested 0-21 % Oz2 cycles). The cost-effectiveness, metal-free formulation, cross-refer-
encing between each single emission center, and the relevant oxygen range are all appeal-
ing features, making these sensors promising for the detection of oxygen, e.g., in packaged

food products.
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3.2 Introduction

Oxygen participates in several biological processes, including food spoilage or in the
plant, animal, and human metabolism'%6.1%7_ |t is, therefore, crucial to develop a simple sens-
ing method to detect local changes in oxygen concentration in a reversible and non-destruc-
tive fashion (e.g., without consuming the analyte during the measurement).

In this respect, optical sensing is the most appealing system for oxygen monitoring since
it can be reversible and miniaturized for detecting local concentration shifts. Photoemitters
exhibiting oxygen sensitivity mostly undergo quenching of long-lived emissive states, such
as phosphorescence and delayed fluorescence, provoked by energy transfer with oxy-
gen'®®. These emission modes can only be triggered by a strong spin-orbit coupling (SOC)
to enable the otherwise quantum-mechanically forbidden transition from the excited singlet
to the excited triplet state'°. As for now, specific organic ligands coordinated to heavy metal
ions, such as Pd(lIl), Pt(Il), or Ru(ll), represent the exclusive commercial solution to trigger
oxygen sensitivity'6%-163_ On the other hand, several applications, such as food quality as-
sessment, require the use of disposable oxygen sensors that have to be mass-produced
with alternatives that are more cost-effective.

The development of metal-free oxygen sensors with relevant detection windows for
monitoring oxygen in a physiological oxygen range is still an unmet challenge. Purely organic
emitters can display room-temperature phosphorescence (RTP) when directly connecting
heteroatoms to aromatic moieties (bromo-aldehydes'®*, di-ketones'%51%6 di-acids and di-
esters %) and at the same time inhibiting their internal molecular motions. This can be in-
duced, for example, by crystallization-enhanced RTP 166.167 aggregation-induced intersys-
tem crossing '8, encapsulation within rigid cages ', or the rigidification of the emission
centers by non-covalent'®* and covalent '7° interactions with a matrix. However, the com-
plexity of the synthetic pathways to achieve the desired oxygen sensitivity precludes the
viability of these emitters in terms of commercial exploitation.

An interesting twist of this strategy is offered by embedding bottom-up assembled car-
bon nanostructures (e.g., carbon nanodots, CND) in hydrogen bonding matrices, such as
poly(vinyl alcohol) (PVA) 71172 polyurethane 73, and potash alum 74, by establishing co-
valent cross-linking with the matrix 75176 or by encapsulating the optical probes within rigid
mesoporous cages 77178, In particular, red-emissive RTP CNDs can be obtained by hydro-
thermal synthesis of aromatic di-amines 7918 and encapsulation within a poly(vinyl alcohol)

(PVA) matrix 8. However, their phosphorescence is rather long, in the order of several
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milliseconds, which translates into highly sensitive oxygen sensors, only applicable for ex-
tremely hypoxic environments.

Alternatively, fluorescence-based quenching using aromatic amines, such as (-car-
bolines '8 and acridines '8 has been demonstrated as a promising strategy for oxygen
sensing. This peculiar sensing mechanism is related to the formation of charge-transfer
complexes between the contact radical ion pair state 3(2M**,20%) when mixed with the lo-
cally excited (LE) states '84. However, fluorescence-based quenching is still not well under-
stood and remains unexplored in the literature.

Hereby, it has been demonstrated that an ensemble of hydrothermal products from urea
and p-phenylenediamine gives rise to multi-emissive oxygen sensors once integrated into a
poly(vinyl alcohol) (PVA) matrix. Moreover, these sensors can achieve oxygen sensing in a
reversible manner, quenching the fluorescence intensity in the range of 0-8 % Oa.

Despite the complexity of the reaction pathways during the hydrothermal synthesis, it
has been identified by electrospray ionization coupled with quadrupole time of flight (ESI-
QTOF) and liquid chromatography coupled with mass spectrometry (LC-MS) Bandrowski’'s
base as the main component at 16 hrs reaction times. This chapter represents the first ex-
ample of a multi-emissive oxygen probe with a fluorescence-based oxygen-quenching
mechanism. This work has the potential to set an industrially-viable approach for the devel-
opment of purely organic fluorescence-based reversible oxygen sensors.

3.3 Experimental Section

3.3.1 Materials

P-phenylenediamine (PPD) (Sigma-Aldrich, =99%) and urea (Sigma-Aldrich, =99%)
were used as received. Potassium Bromide (KBr) of analytical grade (=99%) was pur-
chased from Merck for the FT-IR studies. HPLC graded acetonitrile (ACN) (Sigma-Aldrich,
=99.9 %) and ultra-pure water (milli-Q) have been used as eluent for both LC-MS and flash

chromatography. Mowiol 40-88 (Mw ~205000 Da) was purchased from Sigma-Aldrich for
the embedment of the optical sensor. Oxygen (99.99 % purity, H2O< 2 ppm) and nitrogen
(99.8 %, H20< 40 ppm) tanks were purchased from Carbagas.

3.3.2 Synthesis of the Fluorophores

100 mg of PPD and 100 mg of urea were placed in a round-bottom flask in the presence

of 25 mL of water. Subsequently, the solution was vigorously mixed by sonicating for 30 min
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at RT, either in air or nitrogen atmosphere. Afterward, the solution was transferred to a pol-
ytetrafluoroethylene (PTFE) lined synthesis autoclave reactor (Parr Instrument, Acid Diges-
tion Vessel) with a volume of 50 mL. For the de-oxygenated conditions, the solution was
degassed by bubbling nitrogen under sonication, and the Teflon chamber was flushed with
nitrogen before transferring the solution. The PTFE lined autoclave reactor was then placed
in an oven and maintained at 160 °C for different reaction times (Table 3.1). The products
were then freeze-dried for 24 hours. Accordingly, the products are named as U-PPDx, Uy,
PPDz, D-Um, D-PPDn, and D-U-PPDo, respectively, where x, y, z, m, n, and o represent
the reaction time, U-PPD represents the used reactants for the synthesis (U: urea and PPD:
p-phenylenediamine. To synthesize U16 and PPD16, | have utilized the same procedure but

with a concentration of the single precursor equal to 8 mg /mL.

Sample Name | Reaction Atmosphere | Reaction Precursors Final/Initial

Time (hrs) Mass (%)
U-PPD2 Air 2 Urea-PPD 71.2
U-PPD4 Air 4 Urea-PPD 56.6
U-PPD6 Air 6 Urea-PPD 53.8
U-PPD8 Air 8 Urea-PPD 56.8
U-PPD16 Air 16 Urea-PPD 57.5
u16 Air 16 Urea 32.7
PPD16 Air 16 PPD 51.8
D-U16 Nitrogen 16 Urea N.D.2
D-PPD16 Nitrogen 16 PPD N.D.2
D-U-PPD16 Nitrogen 16 Urea-PPD N.D.2

Table 3.1. Hydrothermal reaction condition for producing urea and PPD derived fluorophores. 100 mg urea
and 100 mg PPD in 25 mL water were placed in an autoclave reactor. The reaction time was kept between 2
hrs and 16 hrs. The final mass was divided by the initial total mass of precursors to calculate the percentage

of obtained mass. 2 Not determined

3.3.3 Characterization of the Fluorophores

Molecular weight analysis of U-PPD16 and its isolated compounds were performed
with ESI-QTOF, MALDI-TOF, and LC-MS. A mid-mass positive method ESI-QTOF was
combined with mass spectroscopy for U-PPD2, U-PPD4, U-PPD6, U-PPD8, and U-PPD16
samples within the range from 100 m/z to 1000 m/z. For MALDI-TOF experiments, MALDI-
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TOF UltraFlex LP 5-20 kDa using a 10/1 trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-pro-
penylidene] malononitrile (DCTB): Na matrix for U-PPD2 and U-PPD8 samples. LC-MS
measurements, a mid-mass polar method coupled with UV-Vis detector was chosen to
study the mass separation range between 200-1000 m/z for U-PPD2, U-PPD8, U-PPD16,
and isolated compounds of U-PPD16.

Compounds corresponding to different emission centers were isolated from multi-emis-
sive fluorophores by flash chromatography using a three-way pump (Buchi Sepacore, C-
601) connected to a pump controller module (Buchi, C-610) coupled to an Ultrapure Silica
Reverse Phase column (Buchi Cartridge, RP18ec). 500 mL solutions of ACN/water in differ-
ent percentages (5%, 15%, 30%, 50%, 90% and 100%) were used as mobile phase/eluent.
A sample containing 4% w/v U-PPD16 in 50/50 ACN: water was injected by a valve into the
reverse phase column. FT-IR spectrum was recorded with Varian- 640-IR (Portmann Instru-
ments GmbH). The conventional KBr pellet procedure (0.05% w/w of samples in KBr) was
used for all samples. The FT-IR absorbance spectrum was recorded at a frequency range
of 400-4000 cm-! with 4 cm™* resolution.

The chemical composition of the fluorophores was characterized using X-ray photoelec-
tron spectroscopy (XPS, Physical Electronics, PHI VersaProbe Il). The energy resolution
and pass energy were 0.8 eV/step and 187.85 eV for survey scans and 0.125 eV/step and
29.35 eV for high-resolution scans, respectively. Carbon 1s at 284.5 eV was used as a ref-
erence to correct for charge effects. Samples were pressed onto Indium foil (Alfa Aesar,
99.99% purity).

AFM images were obtained with Nanosurf Ambient AFM variant (Flex-AFM) by utilizing
AFM probe of SHR150 (BudgetSensors) with spring constants of 5 N/m and resonant fre-
quency of 150 kHz. Aqueous solutions of U-PPD2, U-PPD4, U-PPD6, U-PPD8, and U-
PPD16 with con-centration 0.005% and volume of 50 uL were drop-cast onto mica sheets
(Science Services, 15x15 mm and 0.2 mm thickness) and completely dried for 2 hours at
room temperature before starting the AFM measurement.

The UV-Vis absorption spectra for all samples were measured at room temperature with
SynergyMx, Biotek Instruments GmbH in the wavelength range 250 nm — 800 nm with 2 nm
increments.

Fluorescence measurements were performed by Horiba Jobin Yvon FluoroMax-4 for all
samples. A concentration of 0.005% w/v was utilized for all samples since it gives the highest

fluorescence emission. A range of excitation and emission wavelengths of 300-600 nm and
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300-800 nm were used, respectively. A slit width of 5 nm was used for all samples for both
excitation and emission wavelengths. Lifetime measurements for all samples were per-
formed by Horiba DeltaPro for U-PPD2 and U-PPD16 at excitation wavelengths of 366 nm.
LUDOX solution was used to calculate the instrument response factor (IRF). The quantum
yield of U-PPD16 was measured directly with a spectrofluorometer (JASCO FP-8500)
equipped with a 100 mm-diameter integrating sphere.

3.3.4 Preparation of Polyvinyl Alcohol (PVA)/U-PPD16 Film

A solution of 0.005% w/v of U-PPD16 containing 5% w/v Mowiol 40-88 in water was
prepared and vigorously stirred at 60 “C for 12 hours. 1.5 mL of this solution was drop-casted
on a polystyrene petri dish (d= 14 cm) and dried at 50 "C for 24 hours to let the water evap-
orate. The resulting films had a thickness of 200+20 um.

3.3.5 Oxygen Sensor Performance Test of Polyvinyl Alcohol (PVA)/U-PPD16 Film

To measure the oxygen response, oxygen/nitrogen ratios of 0%, 1%, 2%, 4%, 8%, and
21% were purged within the spectrofluorometer chamber by mixing pure N2 and Oz gas with
a flow-mixer setup (OxiQuant S, Envitec). Before each measurement, the sample was equil-
ibrated at 100% N2z for 30 minutes before it was purged with the targeted O2/N2 ratio for
another 30 minutes.

Fluorescence measurements of U-PPD16 embedded in PVA films were performed
within excitation wavelengths and emission wavelengths of 300-600 nm and 300-800 nm,
respectively. A slit width of 5 nm was used for all samples for both excitation and emission

wavelengths.

3.4 Results and Discussion

3.4.1 Chemical characterization of the multi-emissive optical probes

To investigate the mass distribution and relative concentrations of the individual fluoro-
phores in the hydrothermal products synthesized with urea and PPD, | have used multiple
mass spectroscopic techniques, namely MALDI-TOF, ESI-QTOF, and LC-MS. MALDI-TOF
of U-PPD2 and U-PPD8 did not show any compound with m/z higher than 1000 Da, as
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shown in Figure 3.1. This size corresponds to globular particles with a diameter of approxi-
mately 0.66 nm '8,
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Figure 3.1 MALDI-TOF analysis of U-PPD2 (a) and U-PPD8 (b)

In addition, three main reaction products were indicated by ESI-QTOF in the lower molecular
weight region (100-1000 m/z), namely compound A (560.985 m/z), B (426.946 m/z), and C
(319.166 m/z), as shown in Figure 3.2a. Remarkably, the three components persist during
the entire analyzed time range, although their relative intensity varied.
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If the reaction time is increased above 8 hrs, compound C (319.166 m/z) constitutes the
main product. This mass is consistent with the molecular weight of Bandrowski's base, a
trimeric stable PPD oligomer produced by the self-polymerization of PPD with oxidizing
agents under alkaline conditions (Figure 3.2b) 8. Indeed, the relative intensity of the peak
attributed to Bandrowski's base was only ~8% for U-PPD2, whereas it reached up to 50%
for U-PPD16 (Figure 3.2a). The presence of Bandrowski's base as the main product at
higher reaction times was also confirmed with LC-MS (Table 3.2 a-b). Combining these find-
ings, we assume that the formation of the Bandrowski's base predominantly occurs as the

reaction proceeds.
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Figure 3.2. (a) Relative chemical composition (%) of products obtained during the hydrothermal synthesis
with urea and PPD at different reaction times as determined by ESI-QTOF, namely compound A (560.985
m/z), B (426.946 m/z) and C (319.166 m/z) (b) Oxidative oligomerization of PPD to Bandrowski's base,

(c) different oxidative states of Bandrowski's base.
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Peak Number

Dominant Molecular

Retention Time (min)

Area % Total

Weight (Da)
#1 3193 1.49 1.13
#2 138.9 1.94 11.14
#3 138.9 2.05 19.98
#4 213.1 2.22 10.69
#5 213.1 231 19.17
#6 Multiple 2.45 6.82
#7 586.5 2.53 6.45
#8 543.5 2.71 14.59
#9 Multiple 4.79 8.39
#10 131.6 5.94 1.62
(@)
Peak Number Dominant Molecular Retention Time (min) Area % Total
Weight (Da)
#1 Multiple 0.57 7.73
#2 319.3 1.65 39.21
#3 214.1 1.81 2.54
#4 410.3 2.10 5.83
#5 410.3 2.15 6.51
#6 205.2 2.19 10.38
#7 408.1 2.27 3.00
#8 213.2 2.41 14.99
#9 340.5 2.52 5.48
#10 340.5 2.75 4.32
(b)

Table 3.2 LC-MS peak analysis of U-PPD2 (a) and U-PPD8 (b) with the molecular weight, retention time, and

area % of each peak among all peaks.

The measured particle size determined by AFM decreases as a function of the reac-

tion time (du-ppp2 = 4.3£0.2 nm, du-ppps = 3.4+0.2 nm, du-ppps = 3.0£0.3 nm) up to 16 hrs

where no particle could be observed anymore, as shown in Figure 3.3.

These results indicate that multi-emissivity might be related to the presence of low

molecular weight fluorophores. A possible reason for the formation of such particles is the
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non-covalent self-assembly of fluorophores bearing different chemical structures in this

study by AFM for reaction times < 8 hrs.
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Figure 3.3 Dynamic mode AFM images of U-PPD2 (a), U-PPD6 (b), U-PPD8 (c) and U-PPD16 (d).

To understand which other molecules are synthesized at shorter reaction times and partially
retained even after 16 h, | characterized U-PPD samples collected at different reaction times
(from 2h to 16h) with FT-IR (Figure 3.4). FT-IR results showed that the symmetric -(C=0O)NH
stretching vibrations (amide 1) of the urea bond'®” at 1594 cm™" almost disappeared at the
reaction times between 2h and 4h. Simultaneously, the intensities of the peak corresponding
to C=0 stretching vibrations of the carbonyl group of urea at 1675 cm™' decreased as the
reaction proceeded. By contrast, peaks corresponding to symmetric and asymmetric NH2
stretching vibrations of primary amines of PPD located at 3328 cm™' and 3372 cm™ 8 in-
creased in intensity as the reaction proceeded. A simultaneous decrease of urea functional
units accompanied by an increase of amine units may suggest that polyaromatic ureas were
synthesized at shorter reaction times (U-PPD2), then converted back to PPD (U-PPD4, U-
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PPD6, and U-PPD8), which subsequently formed oligomers of aromatic di-amines at longer
reaction times (U-PPD16). This finding is also in agreement with previously reported reaction

pathways involved in high-temperature reactions of the single components or their mixtures
189

—2H

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber(cm™1)

Figure 3.4. FT-IR spectra of U-PPD at 2, 4, 6, 8 and 16 h reaction time.

To get information on elemental composition and relative abundancy of functional groups
for each hydrothermal product, | performed XPS on the U-PPD samples collected at different
reaction times from 2 h to 16 h. XPS high-resolution region scans confirmed the set of struc-
tures of the fluorescent products suggested by ESI-QTOF, namely urea precursors, poly-
aromatic urea units, unreacted and oligomerized PPD. Four different C1s signals located at
284.5 eV, 285.5 eV, 286.6 eV, and 288.5 eV were fitted and ascribed to C-C/ C-H, C-N,
C=N, and N-C=0 in agreement with previous literature '9°-192 (Figure 3.5). The relative
atomic concentration of carbon (C1s) remained constant (~71%) over the entire synthesis,
whereas nitrogen (N1s) concentration decreased by 7% as the reaction proceeded from 2
to 16 hrs, suggesting the elimination of nitrogen-rich volatile products, such as ammonia
(Table 3.2). This may indicate the release of nitrogen-rich volatile products due to the de-

composition of polyaromatic urea units.
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Sample Name C% 0% N%

U-PPD2 69.11 7.64 23.24
U-PPD4 69.86 7.7 22.44
U-PPD6 | 71.54 11.76 16.7
U-PPD8 | 71.45 10.65 17.9
U-PPD16 | 71.76 10.52 17.72

Table 3.2. Elemental composition of U-PPD2, U-PPD4, U-PPD6, U-PPD8 and U-PPD16 by XPS.

In addition, the N1s peak can be fitted with two main peaks, ascribed to amino (-NH2) (398.9
eV) and amide (-CONH2/-CONHR/-CONR) (399.9 eV) functionalities 193194 (Figure 3.6a-e).
Interestingly, by monitoring their relative concentration change as a function of time, | could
observe that the amide bond ratio among N-rich moieties decreases up to a reaction time of
6 hrs and stabilizes thereafter (Figure 3.6f). This may indicate that the predominant urea-
bonds formed between aromatic moieties are partly decomposed, resulting in PPD mono-
mers that can subsequently form PPD trimers, thereby displaying different oxidative states

for the nitrogen.
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Figure 3.6 High resolution XPS spectra of N1s for U-PPD2 (a), U-PPD4 (b), U-PPD6 (c), U-PPD8 (d) and
U-PPD16 (e). XPS analysis of U-PPD samples from 2 h to 16 h indicating the the change of N fraction

from amino (black) and amide (red) groups with respect to the reaction time (f).
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3.4.2 Optical characterization of the multi-emissive fluorophores

To investigate the relationship between chemical structures and optical properties of the
fluorophores, | monitored the evolution of each emission center by recording multi-emission
fluorescence patterns for U-PPD at reaction times of 2, 4, 6, 8, and 16h. Four emissive
states were measured at a reaction time of 16 h (Aexct =303 nM, Aem1 =358 nm, Aexc2 =320
nM, Aem2=390 nmM, Aexc3 =360 NM, Aem3 =516 NmM, Aexc4 =480 nm, Aems =618 nm) (Figure 3.7a).
A quantum yield of 25.1 % was determined for U-PPD16, consistent with the literature where
24% was reported 9.
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Figure 3.7 (a) 2D fluorescence surface color map of kinetic samples for U-PPD at reaction times of 2, 4,
6, 8 and 16 hrs (from bottom to top), 2D contour color map of U-PPD16 (b) and U-PPD8 (c) highlighting

the third (Aexca =360 nm, Aem3 =516 nm) and the fourth (Aexcs4 =480 nm, Aems =618 nm) emission center.

Bandrowski's base has been identified as the major component of samples collected at a
reaction time of 16 hrs. Therefore, this compound was synthesized according to a previous
protocol, and | recorded its fluorescence spectrum % (Aexc= 580 nm, Aem= 610 nm) (Figure
3.8). While the fluorescence emission of U-PPD16’s fourth emission center is similar to that
of Bandrowski's base, its excitation is blue-shifted by 100 nm in the present hydrothermal

reaction (Figure 3.7b-c). This blue shift indicates an increase in the optical bandgap, which
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might be related to energy transfer processes that occur with the other fluorophores present
in the reaction medium.
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Figure 3.8 2D fluorescence color map of Bandrowski's base synthesized according to a previous literature
method.

To investigate the chemical structures of the fluorophores corresponding to the other three
emission centers (Aexct =303 Nm, Aem1 =358 NM, Aexc2 =320 nm, Aem2=390 NmM, Aexc3 =360 nm,
Aem3 =516 nm), | characterized the fluorescence emission of hydrothermal products from the
individual precursors as well as from the mixture. The samples for spectrum recording were
collected at a reaction time of 16 hrs from the hydrothermal vessel, where either air or oxy-
gen-free headspaces were used (Figure 3.9). For pure D-PPD16 synthesized under an ox-
ygen-free atmosphere, | observed an excitation peak at Aexc =360 nm and an emission peak
at Aem =520 nm (Figure 3.9a). The emission peak was red-shifted if the reaction atmosphere
was air (PPD16 (Aexc =360 nm and Aem =540 nm)) (Figure 3.9b). This may indicate that oxi-

dative oligomerization of PPD is predominantly occurring under air conditions, resulting in

red-shifting of the emission peak due to the increased 1T conjugation. The emission pattern
of D-PPD16 and PPD16 strongly resembles the third emission peak of U-PPD16 located at

Aexc3 =360 nm, Aem3 =516 nm, which suggests that oligomeric forms of PPD might be respon-
sible for this emission center.
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Figure 3.9 2D fluorescence color map of PPD16 (a), D-PPD16 (b), U-PPD16 (c) and D-U-PPD16 (d).

The coexistence of two emissive states within different oligomeric forms of PPD can be
related to the redox equilibrium between PPD and benzoquinone di-amines moieties. This
is further confirmed by the increased fluorescence intensity of U-PPD (by 76%) at Aems =
516 nm, compared to D-U-PPD16 (Figure 3.9c,d). Absorption studies further confirmed the
presence of both benzenoid rings of the oligomeric derivatives of PPD 97 with TT—11* transi-
tions at 292 nm and 312 nm and quinoid rings in p-phenylene quinone diimine (PPQD) 198
with T—11* transition at 415 nm. Furthermore, at higher reaction times, oligomerization of
PPQD is observed by the occurrence of broader adsorption located at 485 nm (t = 16 h).
Indeed, this absorption band at 485 nm is consistent with the absorption of Bandrowski’s
base (i.e., 480 nm at a pH value of 7.5) '°° (Figure 3.10). This finding is also consistent with
the 2D contour color maps of U-PPD16 and U-PPD8, showing the evolution of the fourth

emission center (Aexca = 480 nm, Aemsa = 618 Nm) as the reaction proceeds, as shown in
Figure 3.7b,c.
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Figure 3.10 UV-Vis spectra of U-PPD at 2, 4, 6, 8 and 16 hrs reaction time.

The fluorescence intensity ratio between the second emission center (Aexc2 = 320 nm,
Aem2 = 390 nm), which appears as early as U-PPD4, and the first emission center (Aexct =
303 nm, Aem1 = 358 nm) strongly increases at longer reaction times, as indicated in the 2D
fluorescence contour plots (Figure 3.7). This may suggest that PPD is slowly converted back
from aromatic polyurea compounds. Indeed, the PPD precursor (p-phenylenediamine) emis-
sion is located at 385 nm (Figure 3.11). Moreover, it is possible to assign the first emission
center (Aexct = 303 nm, Aem1 = 358 nm) to aromatic polyurea compounds. Despite their higher
conjugation, the relatively high optical bandgap might be due to multiple orbital nodes among

their structures.
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Figure 3.11 2D fluorescence contour plot of p-phenylenediamine.

To investigate the formation of a new energy pathway with respect to the reaction time,
lifetime measurements were performed for U-PPD2 and U-PPD16. The lifetime biexponen-
tial decay curve for U-PPD2 at an excitation wavelength of 366 nm was bi-exponential (11 =
0.43 ns, 12 = 3.27 ns; Taverage = 0.58 ns). Interestingly, | observed an additional component
with longer lifetimes for U-PPD16. The average lifetime of U-PPD16 increased approxi-
mately six-fold (11 = 0.55 ns, 12 = 3.21 ns, 13 = 6.15 nS; Taverage = 3.01 ns) (Table 3.3). This
could be due to the formation of new oligomeric structures of PPD and its derivatives at
increasing reaction times.

The excitation-dependent emission pattern observed for all emission centers is likely
due to the broad structural distribution of PPD-derivatives, similar to what has been simu-
lated with low molecular weight polycyclic aromatic moieties for citric acid-based CNDs 2%,
Isolation of the compounds corresponding to the three emission centers by flash chroma-
tography further confirmed the different chemical nature of the fluorophore mixture. The oli-
gomeric PPD compounds with an emission center located at 511 nm were extracted by
collecting the fractions with 5% v/v ACN in water as eluent. The other two compounds with
emission centers related to the single PPD precursor (Aem2 = 402 nm) and Bandrowski’'s

base (Aem2 = 606 Nnm) nm were eluted with 15% v/v of ACN in water (Figure 3.12).
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Lifetime (ns) | Amplitude
Ti 0.43 70.28 %
T2 3.27 29.72 %
Average 0.585
(@)
Lifetime (ns) | Amplitude
Ti 0.55 6.66 %
T2 3.21 41.37 %
Ts 6.15 51.97 %
Average 3.01
(b)

Table 3.3 Lifetime measurements of U-PPD2 (a) and U-PPD16 (b)
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Figure 3.12 2D fluorescence color map of isolated compounds with emission centers located at Aexc= 340 nm,
Aem =402 nm (@), Aexc = 420 nm, Aem = 511 nm (b) and Aexc = 520 nm, Aem = 606 Nm (c).
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3.4.3 Fluorescent PVA Films and their Multi-Emissive Oxygen Sensing Properties

The previously reported solvothermal synthesis of CNDs from m-phenylenediamine 81,
ethylenediaminetetracetic acid '7!, and isophorone di-isocyanate 172 resulted in a set of
multi-emissive fluorophores. To test whether the fluorophores synthesized here also display
RTP emission when embedded into a PVA matrix (Mowiol 40—88), | measured the lumines-
cence emission before and after encapsulating them within the matrix.

The emission centers previously located at Aexc2 = 320 nm, Aem2 = 390 NM, Aexc3 = 360
NM, Aem3 = 516 NnM, Aexc4 = 480 Nnm, Aems = 618 nm underwent blue-shifts in the emission by
80 nm, 100 nm and 60 nm, respectively (Figure 3.13). Meanwhile, their intensity increased
by 21%, 56%, and 32%, respectively (Figure 3.13 vs. Figure 3.7). Similarly, an increased
intensity has been observed for CNDs synthesized from ethanediamine precursors if they
were embedded into PVA films and fibers 2°'. A blue shift has been observed in a similar
system where CNDs synthesized from m-phenylenediamine were embedded into a PVA

matrix, and the blue shift was ascribed to the absence of any solvent relaxation 8.

5.D00E+05
4 500E+05

- 4.D0DE+05

I~
@
o

- 3.501E+0S

440

I 3.001E+05
L 2501E+05

400 -

[ 2001Es05

360

- 1.501E+05

- | 1 nozE+DS

i 5.018E+04
200.0

Figure 3.13 2D fluorescence contour plot of the PVA films with U-PPD16 embedded within the polymer matrix.
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To investigate the possible oxygen sensing property of these multi-emissive fluorescent
PVA films, | recorded their 2D fluorescence contour plots at 0, 1, 2, 4, 8, and 21% Oz (Figure
3.14a—c). Fluorescence quenching was observed for all three emission centers when the
O2/Nz2 ratio increased up to 8% of O2. The resultant Stern-Volmer plots were fitted to the
second-order polynomial function, as shown in Figure 3.14d (R? equal to 0.964, 0.928, and
0.941 for 1st, 2nd, and 3rd emission center, respectively). The limit of detection (LOD) was

calculated according to the extrapolated concentration at which the signal is three times the
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averaged standard deviation (30) of the fluorescence intensity. The LOD of each emission
center was 0.886%, 0.669% and 0.755% Oz, respectively. The fitting showed a non-linear
calibration plot which confirms that the sensor microenvironment plays a role in the colli-
sional quenching between the luminescent dye and oxygen 2°2. To exclude any irreversible
photo-oxidation processes, | performed up to three 0-21% O:2 cycles (Figure 3.14f). The
unsatisfactory reversibility was observed for each emission center due to the ease of photo-
oxidation of p-phenylenediamine-based oligomers under oxidative conditions.

To test the sensor cross-interference to ambient relative humidity and CO2, we recorded
the 2D fluorescence contour plots of fluorescent PVA films under ambient air and O2/N2 dry
gas mixture conditions. The emission wavelength and intensity did not change for all three
emission centers when the fluorescent PVA films were exposed to ambient air conditions
and subsequently purged with O2/N2 dry gas mixture at an oxygen pressure of 21 kPa (Fig-
ure S9). The lack of interactions between the emission centers and water/ CO2 was con-
firmed by the retention of the fluorescent features.

To investigate the quenching mechanism, | also performed lifetime measurements un-
der air and argon atmosphere upon excitation at 366 nm. The average lifetime of fluorescent
PVA films (Taverage= 6.6 ns in argon and Taverage= 0.4 ns in air) was shorter compared to that
of phosphorescence (from us to s) (Figure 5e). This confirms that fluorescence quenching
is triggered by oxygen, although no transition to the triplet state is observed. While the exact
nature of this mechanism is still under debate, similar behavior has already been observed
in other N-rich aromatic rings such as B-carbolines'® and acridines'®3. This is reputed to
occur as a result of the formation of charge-transfer complexes between the contact radical
ion pair state 3(?M"*,202) when mixed with the locally excited (LE) states'8. These inter-
mediate energy level states possibly enable the energy matching with the triplet ground state

and excited singlet state bandgap of molecular oxygen.
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Figure 3.14 Fluorescence intensity of polymer films composed of U-PPD16 embedded in a PVA matrix

(Mowiol 40-88) as a function of the oxygen concentrations (%) for the emission centers of 310 nm (a),

400 nm (b) and 550 nm (c). (d) Non-linear Stern—Volmer calibration plot of each emission center and 2nd

order polynomial fit. (e) Fluorescence emission decay curve of the functional PVA film under air and argon.

(F) Reversibility of oxygen sensing by the functional PVA film for each emission center during three con-

secutive 0—21% Oz cycles.
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Although the precise underlying mechanism remains unclear, we demonstrate the ex-
ample of multi-emissive optical oxygen sensing. Such a feature is particularly advantageous
for the reversible and non-destructive monitoring of oxygen. Future studies will verge on
understanding the exact role of aromatic amines in oxygen quenching once they are em-

bedded within a hydrogen bonding matrix.

3.5 Conclusion

Multi-emissive fluorophores were produced through a hydrothermal synthesis with urea and
PPD as starting materials. From ESI-QTOF analysis, | identified three main components
whose ratios vary as a function of the reaction time. At longer reaction times (t >8 h), Band-
rowski’s base, a trimer of PPD, constitutes the main component. Once U-PPD16 is embed-
ded in a PVA matrix, it has been demonstrated that the films undergo oxygen-induced fluo-
rescence quenching at all three emission centers. The quenching follows the non-linear
Stern—Volmer plots and gives a LOD of 0.886%, 0.669%, and 0.755% Oz for each emission
center, respectively. However, the oxygen sensor showed unsatisfactory reversibility during
only up to three cycles, which could limit the use of the multi-emissive optical oxygen sensor
in long-term applications. Thanks to the cost-effective and metal-free formulation, these sen-
sors have the potential to be used in food packaging to monitor the oxygen concentration
by cross-referencing each single emission center to the relevant dynamic oxygen range. In
addition, this work opens up new perspectives in the development of fluorescence-based

optical oxygen sensors
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Chapter 4

Reversible and Broad-Range Oxygen Sens-
ing Based on Purely Organic Long-Lived
Photoemitters

Note: This chapter has been published in " Reversible and Broad-Range Oxygen Sensing
Based on Purely Organic Long-Lived Photoemitters", E. Armagan, K. Wei, G. Fortunato, E.
Amstad, R.M. Rossi, ACS App. Poly. Mater., 3, 2480-2488 (2021). E. Armagan performed
the fluorophores synthesis and its chemical, optical and sensor characterization by FT-IR,
HR-TEM, Fluorescence spectraphotometer, lifetime analysis, as well as all sensor perfor-
mance test. E. Armagan also analysed all the data and wrote the manuscript with the input

from all authors.
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4.1 Abstract

Purely organic optical reversible Oz sensors that can work with a broad O2 concentration
range and robust reversibility are of growing importance for a wide variety of application
areas, for example, life sciences and food packaging. In the previous chapter, | developed
multi-emissive urea-linked di-amine based luminophores with an O2 sensitivity range of O-
8% O2. However, their unsatisfactory sensor reversibility hinders the use of these sensors
in long-term applications. Therefore, | hereby developed a purely organic optical Oz sensor
by embedding polyimide-based photoemitters within a poly(vinyl alcohol) (PVA) matrix. The
photoemitters are synthesized through one-pot hydrothermal reactions. They have a lifetime
of room temperature phosphorescence (RTP) of up to a few microseconds (us) when they
are embedded into the polymer matrix. These results demonstrate that the photoemitters
have higher sensitivity and broader sensing range to Oz if they are synthesized with longer
reaction times because they possess a more rigid polyimide structure. The Oz sensor with
such optimized photoemitters embedded in the polymer matrix exhibits continuous and
broad-range O2 sensing in the range of 0-16% O2. The Stern-Volmer quenching constant

(Ksv) was calculated to be 0.2351 kPa" for the linear response range of 0-4% O-.

Moreover, the O2 sensor can be repetitively used at least ten times in the linear range (0-
4% O2) or beyond the linear range (up to 21% O2). The good reversibility was attributed to
the photo and chemical stability of polyimide nanoparticles. The metal-free, purely organic
sensors that enable continuous and repetitive detection of O2 within a relevant Oz sensing
range are appealing, especially for monitoring packaged food, biomonitoring, and biosens-

ing.

62



4.2 Introduction

Purely organic photoemitters with room temperature phosphorescence (RTP) are
promising materials for O2 sensing, thanks to their low cost, ease of production, and efficient
recombination pathway at room temperature. RTP has been observed when heteroatoms of
purely organic photoemitters are bonded to aromatic compounds such as aromatic di-ke-
tones,?% di-acids, di-esters?%4, and di-amines, 2 or functionalized with heavy halogen atoms
such as chlorine,?% bromine??, and iodine?®. The quantum yield (QY) of such RTP photo-
emitters can be improved by inhibiting their internal molecular motions in various ways, in-
cluding the development of crystallization-enhanced systems,?%4.299 the induction of aggre-
gation-induced intersystem crossings,?'? the encapsulation of organic photoemitters within
rigid cages?'! and structural rigidification through covalent?'? or non-covalent interactions?'3-
215 Although a wide range of purely organic long-lived photoemitters with RTP has been
developed, only a few studies have investigated their O2 sensing performance.?'%-218 For
example, various phosphorescence QY was achieved with a difluoroboron dibenzoylme-
thane-poly(lactic acid) solid-state sensor where the heavy halogen atom effect was em-
ployed, resulting in a linear dependency on the O2 concentration up to 1% O2. However, the
O2 calibration curve displays non-linearity beyond 1% O2 concentration, rendering the broad
range calibration within an O2 concentration of 1-100% difficult?’®. DeRosa et al. developed
Difluoroboron B-Diketonate Polylactide photoemitters that display a linear dependency on
the O2 concentration within the full range if functionalized with iodide (1)?%°. However,
B-Diketonate based compounds can undergo photodegradation during UV exposure, lead-
ing to poor photostability of these luminophores and hence, a poor sensing reversibility??".

In the previous chapter, | studied purely organic para-phenylenediamine (PPD) based
photoemitters embedded in a high molecular weight poly(vinyl alcohol) (PVA) matrix. Their
fluorescence is quenched within the range of 0-8% 02%?2. However, the non-linear calibration
curve and unsatisfactory reversibility have hampered their further use. In this study, | intro-
duce a new purely organic solid-state optical O2 sensor composed of polyimide-based RTP
photoemitters, which are embedded in a PVA matrix to repetitively enhance the O2 response.
The photoemitters were synthesized from mellitic acid (MA) and PPD by using polyimide
chemistry, thus named MA-PPD. Thanks to the structural rigidity and strong intermolecular
interactions, polyimides have an improved RTP quantum yield?23-225, |n particular, | embed-
ded the most efficient RTP photoemitter, MA-PPDG6, in a PVA matrix that inhibits the inter-

molecular motion via the abundance of hydrogen bond donor and acceptor groups, thereby
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improving phosphorescence emission. The resulting Oz sensor can reversibly detect Oz in
the range of 0-16% without significant losses in sensitivity: it has a linear dependence on
the O2 concentration in the range of 0-4% O2 and a non-linear dependency in the range of
4-16% Oo.

4.3 Experimental Section

4.3.1 Materials

PPD (299%) and mellitic acid (MA) (299%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and Tokyo Chemical Industry (Tokyo, Japan), respectively, for the synthe-
sis of luminophores. Ultra-pure water (Milli-Q) was used as a solvent for the reactions. Po-
tassium Bromide (KBr) was obtained from Merck (Darmstad, Germany) for the pellet prep-
aration. PVA polymer (Mowiol 40-88, Mw ~ 205,000 Da) was obtained from Sigma-Aldrich.
Oxygen (02) (99.99%), nitrogen (N2) (99.8%), and carbon dioxide (CO2) (99.99%) were pur-

chased from Carbagas (Zurich, Switzerland) for the sensor performance studies.

4.3.2 Synthesis of the Luminophores

A PPD and MA precursor mixture (1 mg/mL) was prepared in a 3:1 molar ratio in ultra-
pure water. The prepared mixture solution was vigorously stirred for 30 minutes at room
temperature. Subsequently, the solution was transferred to a polytetrafluoroethylene (PTFE)
lined synthesis autoclave reactor (Parr Instrument, Acid Digestion Vessel) with a volume of
50 mL. The autoclave reactor was placed in a pre-heated oven (Series ED Avantgarde Line,
BINDER, Spain) at 180 °C for different reaction times. The products, MA-PPDx, were then
dried in a freeze-dryer (Alpha 3-4 LSC basic, Martin Christ, Germany) for 24 hours, resulting
in MA-PPDx, where MA, PPD, and x represent mellitic acid, para-phenylenediamine, and

reaction time (in hours), respectively.

4.3.3 Characterization Techniques

Fourier Transform Infrared (FT-IR) spectra were obtained with a Varian-640-IR (Port-
mann Instruments GmbH, Biel-Banken, Switzerland) operated in the wavenumber range of
400-4000 cm™ with 2 cm™* spectral resolution. The pellets were prepared by mixing 0.05%

w/w KBr into MA-PPDx powder for the quantitative FT-IR analysis.
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The relative imide/amide content obtained from quantitative FT-IR analysis was cal-
culated as follows: C-N peak of amide and imide group was deconvoluted in the wave-
number range of 1350-1450 cm-! using Gaussian fitting with a multi-curve peak analyzer in
OriginLab. Afterward, the area under each deconvoluted peak was calculated with the inte-
gration tool in OriginLab to obtain the relative imide/amide content.?%%

X-Ray Photoelectron Spectroscopy (XPS) was performed on a PHI VersaProbe I
(Physical Electronics, Chanhassen, MN, USA) to investigate the chemical composition of
the luminophores. The spectra were recorded with the energy resolution of 0.8 eV/step and
pass energy of 187.85 eV for survey scan, and the energy resolution of 0.125 eV/step and
pass energy of 29.35 eV for high-resolution scans. Carbon 1s at 284.5 eV was used as a
reference to correct the charge effects. The samples were prepared by pressing MA-PPDx
powders onto Indium foil (Alfa Aesar, 99.99% purity, Kandel, Germany).

The relative imide/amide content obtained from quantitative XPS analysis was calcu-
lated as follows: The data were analyzed using the CasaXPS (Casa Software Ltd, UK). The
N1s peaks were deconvoluted into three main peaks, corresponding to amide, imide, and
protonated N functionalities.??”?28 The area under each deconvoluted peak was calculated
to determine the relative imide/amide abundance.

Prior to the High-Resolution Transmission Electron Microscopy (HR-TEM) measure-
ment, 0.05% (w:v) of a MA-PPDx solution was drop-casted on TEM grids (Carbon film-
coated, 400 mesh, Cu) ( Electron Microscopy Sciences, PA, USA). The HR-TEM images
were obtained with a JEOL JEM-1400 Plus (JEOL Ltd., Tokyo, Japan) operated at an accel-
eration voltage of 120 kV with the detector of JEOL CCD camera Ruby.

The photoluminescence (PL) of MA-PPDx luminophores in an aqueous medium or a
polymer matrix were measured with a Horiba Jobin Yvon FluoroMax-4 (Horiba Jobin Yvon
GmbH, Bensheim, Germany). To determine the concentration for the highest PL intensity, a
concentration series of 0.005%, 0.01%, 0.02%, 0.03%, 0.05%, 0.1%, 0.2% and 0.5% (w:v)
was used for all MA-PPDx. The excitation range of 280-600 nm and emission range of 300-
800 nm were used with the slit width of 3 nm.

The lifetime of all MA-PPDx was quantified with a Horiba DeltaPro (Horiba Jobin Yvon
GmbH, Bensheim, Germany) at the excitation wavelength of 510 nm. LUDOX solution was

used to calculate the instrument response factor (IRF).
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4.3.4 Fabrication of PVA/MA-PPDx Films

The solution was prepared by adding 0.05% (w:v) of MA-PPDx and 5% PVA powder
(Mowiol 40-88) to ultra-pure water. Subsequently, the mixture was vigorously stirred at 60
°C for 12 h. 1 mL of the solution was dropped on a polystyrene Petri dish and dried at 50 °C

for 24 h to evaporate the water.

4.3.5 02 Sensor Performance Test of PVA/MA-PPDx Films

To test the oxygen sensitivity, a custom-built environmental chamber located in the
spectrofluorometer chamber was purged with an O2/N2 gas mixture containing 0%, 1%, 2%,
4%, 8%, 12%, 16% and 21% O2. The gas fluxes were controlled with a flow-mixer setup
(OxiQuant S, Envitec GmbH, Wismar, Germany). Specifically, before each measurement,
the film was kept at 100% N2 flow for 20 minutes. Subsequently, it was purged with the
targeted O2/N2 mixture for another 20 minutes. Photoluminescence measurements were
obtained at the desired O2/Nz ratio by exciting the sensors in a range of 280-600 nm and
recording an emission spectrum in the range of 300-800 nm.

The lifetime analysis was performed with a Horiba DeltaPro (Horiba Jobin Yvon
GmbH, Bensheim, Germany) for all PVA/MA-PPDx films at the excitation wavelength of 510
nm under standard air and anoxic environment (100% N2).

To test the sensor reversibility, the Oz concentration in the custom-built chamber was
switched between 0 and 4% Oz or between 0 and 21% Oz for 10 times. The measurement
chamber was purged with a mixture of N2/COz2 at the ratio of 60:40 or N2/CO: at the ratio of
100:0 to investigate the sensor cross-sensitivity towards COz2. Similarly, the chamber was
respectively kept under 80% and 20% relative humidity level at room temperature while

purging with constant N2/Oz flow at the ratio of 79:21 to test the cross-interference of humid-

ity.
4.4 Results and Discussion

4.4.1 Chemical Characterization of MA-PPD photoemitters

MA-PPD photoemitters were synthesized for different durations as described in the method
and according to the literature??’. The photoemitters synthesized with different reaction
times, named MA-PPDx with x indicating the reaction time in hours, were evaluated based
on chemical and optical characterization. Nanometer-sized particles with diameters of 3 nm

were synthesized at a constant precursor concentration of 1 mg/mL,?%® as shown in the HR-
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TEM images in Figure 4.1 and summarized in Table 4.1. Note that the reaction time does
not affect the average size of the photoemitters, indicating that the nanoparticles reach the

final size in the first two hours.
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Figure 4.1 High resolution transmission electron microscopy images. (A) MA-PPD2, (B) MA-PPD4,
(C) MA-PPD8 and (D) the size distribution of one hundred MA-PPD6 nanoparticles.

Sample Name Average Nanoparticle Size (nm)
MA-PPD2 3.22+0.57
MA-PPD4 3.16+£0.68
MA-PPD6 3.29+0.51
MA-PPDS8 3.09+0.93

Table 4.1 Average nanoparticle size obtained by HR-TEM for all MA-PPDx samples
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Figure 4.2 Synthesis and characterization of MA-PPD luminophores. (A) Reaction scheme between

PPD and mellitic acid; (B) TEM image of MA-PDD6; (C) FT-IR spectra of MA-PPDx; (D) The chemical
structure of the MA-PPD luminophores.

. Imide/Amide Relative Content Lifetime (ns)”
Sample Name Reaction
Time (h)
FT-IR XPS [02]= 0% [02]=21%
MA-PPD2 2 0.73+0.04 1.19+0.16 4.506 £0.217 2.832 +£0.081
MA-PPD4 4 1.17+0.08 2.69+0.23 5,812+ 0,456 3.215+0.412
MA-PPD6 6 1.39+0.09 10.13+0.18 17.067 +£0.72 5.611+£0.289
MA-PPDS 8 1.384+0.05 10.02+0.29 16.379 £ 0.545 5.581 +£0.447

Table 4.2 Imide/amide relative content and PL lifetime of MA-PPDx luminophores.
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To understand the evolution of the functional groups and investigate the time-depend-
ent polyimide formation, | performed FT-IR on my photoemitters. All the peaks observed in
MA-PPD2 were preserved as the reaction proceeded up to 8 hours, as shown in Figure 4.2c
and summarized in Table 4.2. This result indicates that all types of functional groups are
formed within the first two hours. The peak at 1775 cm™ (a) and 1718 cm™* (b), attributed to
the symmetric and asymmetric carbonyl (C=0) stretching, showed the successful imide for-
mation. The presence of the peaks corresponding to the C=0 stretching of the amide bond
and N-H in-plane bending of amide at 1627 cm (c) and 1556 cm™! (d) indicates that the final
structure is composed of a mixture of imide and amide bonds (Figure 4.2d). To quantify the
ratio of imide and amide bonds, | analyze the intensities of the C-N stretching vibrations
located at 1422 cm™ (e) and 1385 cm™' (f). The intensities of the C-N stretching vibration
peak, characteristic for imides, increased, whereas that of the C-N stretching vibration peak
of amides decreased until the reaction time reached 6 hours. Indeed, the relative imide/am-
ide content increased by 90.4% when the reaction time was prolonged from 2 to 6 hours
and plateaued thereafter, as shown in Table 4.2 and Table 4.4. This result indicates that the

imide formation within MA-PPD nanoparticles is terminated within 6 hours.

Type of the bonds Mode MA-PPD2 | MA-PPD4 | MA-PPD6 | MA-PPDS
C=0 (amide) Stretching 1623 cm! 1625 cm! 1627 cm’! 1627 cm’!
C-N (imide) Stretching 1382 cm! 1384 cm! 1385 cm'! 1385 cm!
C-N (amide) Stretching 1421 cm! 1423 cm! 1422 cm'! 1421 cm’!
C=0 (imide) Symmetﬁ; stretch- | 151 oyt 1719 cm! 1718 cm! 1718 cm!
C=0 (imide) Asymmetric 1774 cm! 1774 cm! 1775 cm’! 1775 cm’!
Stretching
N-H ( amide) In-plane bending 1557 cm’! 1558 cm! 1560 cm'! 1560 cm'!

Table 4.3 Type of the bonds for each MA-PPDx samples obtained by FT-IR
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Imide/Amide Ratio
Sample Sample 1 Sample 2 Sample 3 Average Standart
Name Deviation
MA-PPD2 0.69 0.77 0.73 0.73 +0.04
MA-PPD4 1.24 1.19 1.08 1.17 +0.08
MA-PPD6 1.31 1.37 1.49 1.39 +0.09
MA-PPD8 1.39 1.33 142 1.38 +0.05

Table 4.4 Imide/Amide relative ratio of MA-PPD2, MA-PPD5, MA-PPD6 and MA-PPD8 obtained by FT-IR
(n=3)

To investigate the evolution of the elemental composition of the functional groups in
the MA-PPDx samples, | quantified the concentration of each chemical element with XPS.
The elemental analysis shows no significant change in the carbon concentration. By con-
trast, the nitrogen concentration increases from 5.5 % to 11.1%, whereas the oxygen con-
centration decreases from 31.6% to 25.6% as the reaction proceeds from 2h to 6h (Table
4.5). No significant change was observed at longer reaction times (8h), well in agreement
with my FT-IR analysis. The decrease in the elemental oxygen concentration might be due
to the loss of hydroxyl (—OH) groups during the imide formation (Figure 4.2d). To combine
the elemental composition analysis with the deconvoluted high-resolution XPS, | decom-
posed the C1s peak into four peaks at 284.4 eV, 285.4 eV, 287.3 eV, and 288.2 €V that |
attributed to the sp? carbon, C-N group, carbon (amide), and carbon (imide) respectively.??°
To quantify the evolution of imide groups, the N1s peaks were deconvoluted into three main
peaks, corresponding to amide (-CONH2/-CONHR/-CONR) (398.9 eV), imide (399.8 eV),
and protonated N (401.3 eV) functionalities??”-228. This analysis reveals an increase in the
relative imide/amide ratio from 1.19 to 10.13 as the reaction proceeds from 2 to 6 hours and
plateaued thereafter (Table 4.6). These results are in excellent agreement with my FTIR

results.
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Sample Name C% 0% N%
MA-PPD2 62.92 31.63 5.45
MA-PPD4 63.07 293 7.62
MA-PPD6 63.14 25.58 11.09
MA-PPD8 63.09 25.67 11.04

Table 4.5 Type of the elements for each MA-PPDx samples obtained by XPS

Imide/Amide Ratio
Sample Sample 1 Sample 2 Sample 3 Average Standart Deviation
Name
MA-PPD2 1.37 112 1.08 1.19 +0.16
MA-PPD4 2.55 295 2.57 2.69 +0.23
MA-PPD6 10.09 9.97 10.33 10.13 +0.18
MA-PPD8 10.35 9.81 99 10.02 +0.29

Table 4.6 Imide/Amide relative ratio of MA-PPD2, MA-PPD4, MA-PPD6 and MA-PPDS8 obtained by XPS (n=3)

4.4.2 Optical Characterization of MA-PPD photoemitters

To investigate the effect of imide formation on the photoluminescence behavior, | rec-
orded the photoluminescence spectra of MA-PPDx samples dispersed in aqueous solutions.
| limited my characterization to samples synthesized during 2-6 hours because | did not
observe any significant difference in their composition thereafter any more. | did not observe
any significant positional change in the photoluminescence spectra (Aexc= 585 nm, Aem= 609
nm) when samples were excited between 280-600 nm, as shown in Figure 4.3a-c. If excited
at the wavelength of Aex= 585 nm, the spectra of aqueous solutions displayed a red emissive
behavior, consistent with other polyimide luminophores??4239, The charge-transfer (CT) in-

teraction between electron-donating amines and electron-accepting carboxyl has been re-
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ported to lower the energy gap between the excited and ground state, resulting in red pho-

toemission. It is noteworthy that, while the position of the emission peak is preserved, the

photoluminescence (PL) intensity increased from 332,311 (u.a) to 1,002,938 (u.a) as the

reaction proceeds from 2 h to 6 h. This result suggests that the increase in PL intensity of

MA-PPD is related to the new imide groups that form at longer reaction times.
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Figure 4.3 Photoluminescence contour plots of MA-PPDx as a function of their synthesis time (x
=2, 4, or 6 h). (A-C) MA-PPDx in aqueous solutions. (D-F) MA-PPDx embedded in PVA films.



To understand the effect of the microenvironment on the optical properties of MA-
PPD, | recorded the photoluminescence spectra of MA-PPD nanoparticles embedded within
a high molecular weight PVA matrix (Figure 4.3 d-f). Compared to MA-PPD in aqueous so-
lutions (Aem= 609 nm), slightly blue-shifted emissive states (Aem= 597 nm) were observed
when excited at 570 nm. The blue shift has been observed in a similar system where lumi-
nophores synthesized by phenylenediamine were encapsulated within a PVA matrix. This
behavior was ascribed to the absence of the solvent-relaxation effect??!. Similar to MA-PPD
dispersed in aqueous solutions, | did not identify any significant positional shift of the emis-
sive peaks from MA-PPDx (x = 2, 4, or 6) nanoparticles if embedded in PVA films (Figure
4.3 d-f). This result demonstrates that the interaction between the polyimide groups of MA-
PPD photoemitters with water and the PVA matrix has negligible effects on the intrinsic op-

tical properties and chemical structure of MA-PPD nanoparticles.

4.4.3 Oz Sensing Performance

The key characteristic of O2 sensors is their O2-dependent photoluminescence. To
quantify this parameter, | dispersed MA-PPD in an aqueous solution or embedded them in
a PVA film and recorded their photoluminescence spectra at oxygen concentrations of 0%
and 21%. Aqueous solutions of MA-PPD nanoparticles did not show any Oz concentration-
dependent photoluminescence, as shown in Figure 4.4. By contrast, MA-PPD nanoparticles
embedded in a PVA film displayed a strongly increased PL intensity with decreasing oxygen
concentration. To quantify this increase, | determined the ratio between the PL intensity at
0% and 21% Oz concentration as lox/I21%. For PVA/MA-PPD2, PVA/MA-PPD4, PVA/MA-
PPD6 and PVA/MA-PPD8 samples, lox/l21% was 1.84, 2.37, 3.39 and 3.27 respectively (Fig-
ure 4.5a). Such a clear O2 dependent photoluminescence might be due to the strong inter-
molecular interactions between embedded nanoparticles and the polymer matrix, which
barely affects the MA-PPD chemical structure but eliminates the non-radiative triplet-singlet
ground state recombination. These results demonstrate the advantage of embedding MA-
PPD nanoparticles in a PVA matrix if they are used as O2 sensors.

73



Fluorescence Intensity (u.a.)
[Ou]=21% 1.100E+6

Fluorescence |ntensity (u.a.) 600

(=]
H

1.100E +6

&h

3
o
o
=}

8.250E+5 8.250E+5

&

=
on
(=
(=]

5.5006+5 5.500E+5

400

8

2.T50E «5 2. T50E+5

e
on
[=]

(¥
S
Excitation Wavelength (nm)
g

Excitation Wavelength (nm)
-
=

0.000 0.000

300 400 500 600 700 800 400 500 600 OO 8OO
Emission Wavelength (nm) Emission Wavelength (nm)

Figure 4.4 Fluorescence contour plot of MA-PPD6 nanoparticles in aqueous solution at [O2]= 0% and
[O2]= 21%.

My results indicate that MA-PPD-containing PVA matrices are excellent Oz sensors.
To understand the O2 sensing mechanism, | quantify the PL lifetime as a function of the O2
concentration within a range of 0-21% Oz, as summarized in Table 4.2. At 21% Oz, all sam-
ples exhibit room-temperature phosphorescence (RTP) with a lifetime value (1) of a few mi-
croseconds. The short phosphorescence lifetime indicates the presence of an efficient RTP
mechanism, as previously shown.??' Based on these results, | quantified the PL lifetime ratio
To%/T21%, wWhere To% and T21% indicate the PL lifetime measured at 0% and 21% Oz, respec-
tively. This ratio was 1.59, 1.81, 3.04, and 2.93 for PVA/MA-PPD2, PVA/MA-PPD4, PVA/MA-
PPD6, and PVA/MA-PPD8 sensors, respectively. Note that the lifetime ratios of the last two
samples are very similar, in good agreement with my FTIR results, confirming that the com-
position of MA-PPD remains unchanged when the synthesis time exceeds 6h. Combining
this result with those of the FT-IR and XPS analysis, | note that within the first 6 hours of
reaction time, the O2 response of MA-PPD increases with its formation time and plateaus
thereafter. This increased efficiency can be attributed to the increased conformational rigidity
of MA-PPD nanoparticles that eliminates non-radiative recombinations, thereby enabling ef-

ficient O2 RTP quenching.
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Figure 4.5 Oxygen sensing performance of PVA/MA-PPD sensors. (A) Relative PL intensity of
PVA/MA-PPDx sensors between 0% and 21% Oz; (B) PL spectra of PVA/MA-PPD6 sensor at different
Oz concentrations; (C) Maximum PL intensity of PVA/MA-PPD6 sensor at different O2 concentrations; (D)

Stern-Volmer Plot of PVA/MA-PPD6 sensor.
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Maximum PL intensity (cps)

Oxygen Sample 1 Sample 2 Sample 3 Average Standart
Conc (%) Deviation
0 1030334 1199532 1162084 1130650 +88871.05
1 903942 944562 886410 911638,66 +29830.1

2 779423 748328 835427 787726,33 +44139.14
4 576473 650432 574619 600508,33 +43245.39
8 479923 502822 406231 462992 +£50472.26
12 362232 431222 407359 400271 +35036.91
16 372832 365437 297769 345346,33 +41368.46
21 381232 332942 316410 343528 +33682.64
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Table 4.7 Maximum PL intensity (cps) of three different MA-PPD6/PVA films and its standard deviation
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Figure 4.6 Lifetime decay curve of MA-PPDG6 nanoparticles embedded in PVA film at [O2]= 0% and [O2]=
21%.

To quantify the O2 sensing performance, | analyzed the chemically most stable and
performing sample, namely PVA/MA-PPDG6. | measured the emission spectra within an Oz
concentration range of 0-21%, as shown in Figure 4.5b. The emissive state of MA-PPD6

was quenched until the Oz concentration reached 16%, as shown in Figure 4.5c, indicating
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that my sensors can be used within this Oz range. Note that the O2 sensing range has pre-
viously been much narrower: similar systems could only detect O2 in the range of 0-8%32%2. |
assign my sensor's broader O2 sensing range (0-16%) to the efficient RTP mechanism that
shortens the phosphorescence lifetime, thereby enabling O2 quenching at higher O2 con-
centrations??0.

To quantify the sensitivity, | fitted the Stern-Volmer plot to a first-order polynomial
function between 0-4% O2 (R? = 0.998, Figure 4.7b). The excellent quality of the fits indicates
that my sensors display a linear response to the O2 concentration up to 4%. It has been
previously discussed that the linear calibration curve is desirable for simple one-point instru-
ment calibrations that enable the use of the standard calibration cards for the sensors.?32
The Stern-Volmer quenching constant was calculated in accordance with the Stern-Volmer

Equation.
I
0/[ =1+ K. [0;]

Where lo and | represent the luminescence intensities in the absence and presence of Oz,
respectively. Ksv is the Stern-Volmer quenching constant, and [O2] is the oxygen concentra-
tion in the environment. The Stern-Volmer constant (Ksv) was calculated to be 0.2351 kPa™’
for the linear response range of 0-4% Oz. It is also noteworthy that, within a broader range
of O2 concentration (0-21%), instead of linear fitting, the second-order polynomial function
fits the data well (R? = 0.986, Figure 4.7a), indicating a non-linear response above 4% Ox.
This behavior could be attributed to the inhomogeneity of the microenvironment in the poly-

mer film.233
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Figure 4.7. Stern-Volmer fitting of RTP quenching. (A) Fitting in the linear quenching region (0-4% O2)

and non-linear quenching region (4-16% O2); (B) Zoomed in version of linear quenching region (0-4% O3).

Figure 4.7-Note

Second-order Polynomial Fitting with Equation 1 was used for the range of 0-21% O:, and the

fitting result is given in the table.

f(x) = Ax? + Bx + C (Equation 1)

Value Standart Error
Intercept (C) 1.07 0.119
A 0.183 | 0.054
B -0.003 | 0.003
R-square 0.986

First-order Polynomial Fitting with Equation 2 was used for the range of 0-4% O2, and the

fitting result is given in the table:

f(x) = Ax + B (Equation 2)
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Value

Standart Error

Intercept (B) 0.986 |0.013
Slope (A) 0.235 | 0.005
R-square 0.998

The usefulness of O2 sensors strongly depends on their ability to repetitively sense

O2 without significant losses in sensitivity. To assess the reversibility of my O2 sensors, |

cycled the Oz concentration between 0% and 4% for 10 times, as shown in Figure 4.8a, and

similarly between 0% and 21% also for 10 times, as shown in Figure 4.8b. | did not observe

any significant decay in the sensitivity, indicating that no noticeable photo-oxidation pro-

cesses occur within 10 cycles due to the great photo and chemical stability of the polyimide

network.
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Figure 4.8 O sensing features of PVA/MA-PPD6 sensor. (A-B) Sensing reversibility of PVA/MA-PPD6
sensor exposed to 10 concentration cycles of 0 - 4% or 0 - 21% Oz; (C) Sensing cross-interference of

humidity and CO- towards Oz; (D) time-dependent sensing response to a 0-21-0% Oz cycle.
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Figure 4.9 Representative PL spectra for reversibility test within the range of (A) 0-4 Oz and (B) 0-
21% Oa.

The reliability of the O2 sensors is crucial for developing marketable sensors. To as-
sess the reproducibility of our Oz sensors, we measured the sensor-to-sensor reproducibility
with five different sensors fabricated under the same experimental conditions. The variation
of lox/121% of fabricated sensors was less than 2% (Figure 4.10a). Indeed, this variation of
the PL intensity is statistically insignificant. Batch-to-batch reproducibility was assessed by
characterizing five batches containing five different sensors for each batch. The maximum
deviation of low/l21% between different batches was 9.8% (Figure 4.10b). These results indi-
cate that the PVA/MA-PPD6 sensor possesses the best sensor-to-sensor reproducibility,
shown in Figure S10A. This good reproducibility enables the operation of our sensors in

batch calibration mode.
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Figure 4.10 Sensor Reproducibility of the PVA/MA-PPD6 sensor. (A) Sensor to sensor reproducibility of 5
sensors fabricated under the same experimental condition; (B) Batch to batch Reproducibility of 5 batches

obtained from the average PL intensity change (low/l21%) of 5 different sensors.

Oz2 sensors are only truly useful if they also operate in the presence of other types of
gases. To test the influence of other atmospheric parameters such as humidity and COz2, we
quantify the sensing performance of our sensors in the presence of 20% and 80% relative
humidity, or in the presence of 0% and 60% COz, as shown in Figure 4.8c. We did not ob-
serve any significant PL response of the MA-PPDG6 sensor to humidity or COz, as revealed
by the ratio between the maximum and minimum PL intensity (Imax/Imin~1) when changing
the humidity or CO2 within the range of 20-80% relative humidity and 0-60% COz2, respec-
tively. This result indicates that cross-interferences between O2 and humidity or CO2 can be
neglected in our PVA/MA-PPDG6 sensors.

The temperature dependence of my O2 sensor shows a slight positive slope as tem-
perature increases (Figure 4.11a). For the linear response range (0-4% O3), the tempera-
ture-dependent Stern-Volmer constant change (AKs/AT) was found to be 0.0077 kPa™' °C-"
for the temperature range of 5-30°C (Figure 4.11b). The constant value enables the simple
correction for the sensor calibration at different temperatures. The increase in Oz sensitivity
with respect to temperature can be attributed to several reasons, including 1) the solubility
of oxygen in the PVA matrix, 2) the diffusion rate of oxygen into the PVA matrix, and 3) the

dynamic quenching constant.?34
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Figure 4.11 Temperature dependence of O sensitivity of MA-PPD6/PVA at the range of (A) 0-4 O2
and (B) 0-21% O:a.

To test the speed of the sensor to O2 concentration change, the response time of the
PVA/MA-PPD6 sensors was measured within one cycle of 0%-21%-0% O2. Upon exposure
to 20% Oz2, the time required to reduce the PL intensity by 95% (Atosmin) was 427 seconds,
as shown in Figure 4.8d. The long response time is due to the low oxygen permeability of
the PVA matrix and significant film thickness (~100 um) that hinders O2 molecules from
reaching the photoemitters.?3% Although the long response time limits the application area of
my sensors, | believe that the continuous, broad-range and reversible sensing make the
purely organic O2 sensors promising for the detection of Oz, for example, in packaged food

where fast response times are not critical.
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4.5 Conclusion

A purely organic rigid optical O2 sensor was developed by embedding polyimide-based na-
noparticles within a high-molecular-weight PVA matrix. My results indicate that the sensitiv-
ity of the composite strongly depends on the concentration of the imides present in the pho-
toemitters and increases with increasing reaction time. If the photoemitters are embedded
in a PVA matrix, they strongly interact with it, thereby limiting the non-radiative recombina-
tion, such that their photoluminescence is efficiently RTP quenched by O2 molecules. The
PVA/MA-PPD6 sensors can monitor Oz in a broad range up to concentrations of 16% with
a linear response between 0% and 4% O2 and non-linear response between 4% and 16%
O2. Moreover, such sensors are resistant to photobleaching and atmospheric inference,

making them promising materials for detecting Oz in the field of food packaging.
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Chapter 5

Hydrogel Based Optical Oxygen Fiber
Sensor via Phosphorescence Quenching by
02 molecules
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5.1 Abstract

The continuous, non-destructive and fast monitoring of O2 molecules has become of in-
creasing interest in a wide variety of application areas, for example, packaged food moni-
toring, biosensing, biomonitoring, and environmental studies. However, a high level of tox-
icity of conventional optical O2 sensors creates a need for replacing their sensing unit with
organic components. In the previous chapter, | found out that integrating the organic sensing
materials into thick and oxygen impermeable polymer film hinders the O2 diffusion through
the center of the matrix, however, resulting in a limited Oz sensitivity range (0-16% O2) and
slow response rate of the O2 sensor. Therefore, | hereby developed new organic optical O2
sensors by embedding polyimide-based photoemitters within a wet-spun PVA hydrogel fi-
ber. The PVA hydrogels show no significant change in gel strength after the photoemitters
are embedded into the gel network. The PVA hydrogel fibers have been fabricated with
various fiber diameters by the microfluidic wet-spinning technique. Each PVA hydrogel fiber
has been tested with regard to different oxygen concentrations (0-21% O2). The Oz sensor
with polyimide-based photoemitters embedded in the hydrogel fiber exhibits continuous and
broad-range O2 sensing in the range of 0-21% O2 due to the high oxygen permeability of
PVA hydrogel. The Oz sensitivity strongly depends on the fiber diameter, decreasing with

increasing PVA hydrogel fiber diameter.

Moreover, the response time of each hydrogel fiber was investigated to understand the ef-
fect of the surface-to-volume ratio on the O2 diffusion rate. | reduced the response time by
half (At=89s to At=41s) simply decreasing the hydrogel fiber diameter (dfiber=605um to
driver=243um). In this chapter, to my best knowledge, the impact of surface-to-volume ratio
and O2 permeability of hydrogel matrix on O2 sensing performance of purely optical oxygen
fiber has been investigated for the first time in the literature. The metal-free formulation,
physiological O2 sensitivity range (0-21% Oz2), and relatively fast response time are appeal-

ing features, especially for integrated biomonitoring or biosensing applications.
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5.2 Introduction

The ubiquitous oxygen molecule plays a critical role in most biological activities, such
as cell respiration and food deterioration, to name a few?%7-240, Different techniques have
been developed for the sensing of oxygen molecules in a gas or liquid medium?4%-24!. The
optical oxygen sensor is one of these techniques based on fluorescence or
phosphorescence quenching by oxygen molecules. Optical oxygen sensors offer many
advantages over the other types of oxygen sensors, such as i) no consumption of analytes,
i) real-time monitoring, iii) low signal drift, iv) high reversibility, and v) long shelf-life 241.
Optical oxygen sensors have been developed to overcome the limitations of the
electrochemical oxygen sensor, destructive monitoring, and consumption of analytes, and
are widely used, for example, as chemical®*'-?43, biological®*4245, and environmental?*6
sensors.

Optical oxygen sensors consist of two main components in the fabricated sensors:
An analyte sensitive sensing unit and an organic/inorganic support matrix. For the
luminescence quenching caused by oxygen, the emission intensity or lifetime decay of the
sensing unit is a function of the oxygen concentration. The dynamic quenching between
luminophores and oxygen molecules was first explained by Stern and Volmer in 1919247,
The Stern-Volmer quenching constant, which determines the limit of detection of an optical
sensor, was calculated following the Stern-Volmer Equation;

o/, =1+K,,.[0,) (1)
where lo and | represent the luminescence intensities in the absence and presence of Oz,
respectively. Ksy is the Stern-Volmer quenching constant, and [O2] is the oxygen concentra-
tion in the environment. This equation can be fitted to the intensity or lifetime values of the
luminophores. The fitted curve can be used as the calibration curve of the optical oxygen
Sensor.

The response rate of optical oxygen sensors strongly correlates with the diffusion
kinetics of oxygen molecules between the environment and the support matrix. Traditionally,
the optical oxygen sensors are prepared by casting solution mixture onto a carrier medium,
resulting in a polymer film. The diffusion kinetics highly depends on the thickness of the

polymer film. Because the Oz diffusion within the polymer films is slower than in air, thicker
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polymer films lead to a slower response rate of the O2 sensor?*. The response rate can only
be increased by decreasing the thickness of the polymer matrix, however, at the expense of
the signal-to-noise ratio. Thus, the optimized polymer film thickness is determined by the
trade-off between the luminescence intensity and sensitivity of the sensor such that the re-
sponse time of optical oxygen sensors is typically below a few minutes. Optic fibers have
emerged as optical oxygen sensors in the last decade to enhance the O2 sensitivity and
sensor response time due to their higher surface-to-volume ratio?*°. Oz fiber sensors were
first produced by using a mixture of polystyrene and an Eu(lll) complex as feeding elec-
trospinning solution?®. High sensitivity (lo/l100 = 15.56), promising linear Stern—Volmer
characteristics, and short response/recovery times (t| of 7 s and t1 (s) of 14 s) were
obtained. A noteworthy improvement of the response time and sensitivity to O2was later
achieved for Cu(1)?%", Ir(l11)?%2, or Eu(l11)?°1.253 complexes due to the efficient SOC of a
heavy metal ion. However, the high-level toxicity of such metal ions hampers the use of
these sensors in a wide variety of application areas. Therefore, organic sensor materials
have been integrated into polymer fibers to overcome the toxicity issue. To my best
knowledge, no study investigates the full O2 sensing performance of purely organic lu-
minophores integrated into polymeric optical fibers.

Microfluidic wet-spinning is a wet-spinning process that confines the polymer and
coagulant solutions within co-axial laminar flows. This process enables reasonable con-
trol of the diffusion interface between two laminar flows, resulting in the solidification of
polymer solution in a controlled manner?%4. In addition, microfluidic wet-spinning offers
an advantage of a mild spinning condition that enables the spinning of natural polymer
without using any harsh solvents?®®. Various hydrogel fibers, such as alginate, collagen,
and chitosan, can be fabricated using microfluidic spinning, resulting from the co-axial
laminar flow of core (pre-polymer solution) and sheath fluids (crosslinking agents)?%6-
259 Microfluidic wet-spinning offers several morphological advantages, such as high po-
rosity and large pore size, which play a critical role in Oz diffusion through the polymer
matrix260.261

In the previous chapter, | showed the polyimide-based photoemitters embedded
in a high molecular weight poly(vinyl alcohol) (PVA) matrix that quenches their fluores-
cence within the range of 0-16% 02252, However, the long response time (~7.5 min) has
hampered their further use. The long response time is due to the low oxygen permeability

of the PVA matrix and significant film thickness (~100 um) that hinders O2 molecules from
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quickly reaching the photoemitters. To address this limitation, in this chapter, | embedded
polyimide-based photoemitters into PVA hydrogels using the microfluidic wet-spinning tech-
nique. The resulting O2 sensor can reversibly detect O2 molecules in the range of 0-21% O2
with a linear calibration curve. Notably, the response time was significantly enhanced by
embedding the photoemitters into polymer hydrogel fibers ( t= 41s ) due to high O2 perme-

ability and surface-to-volume ratio.

5.3 Experimental

5.3.1 Materials

P-phenylenediamine (PPD) (299%) and mellitic acid (MA) (=299%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and Tokyo Chemical Industry (Tokyo, Japan), respec-
tively, for the synthesis of luminophores. Ultra-pure water (Milli-Q) was used as a solvent for
the reactions. Potassium Bromide (KBr) was obtained from Merck (Darmstad, Germany) for
the pellet preparation. Norbornene-functionalized polyvinyl alcohol (nPVA) was synthesized
as previously reported?®3. 1,4-Dithiothretiol (297%) and a-Hydroxy-4-(2-hydroxyethoxy)-a-
methylpropiophenon (Irgacure 2959) (98%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Oxygen (O2) (99.99%), nitrogen (N2) (99.8%), and carbon dioxide (CO2)
(99.99%) were purchased from Carbagas (Zurich, Switzerland) for the sensor performance

studies.

5.3.2 Synthesis of the Luminophore

A PPD and MA precursor mixture (1 mg/mL) was prepared in a 3:1 molar ratio in
ultra-pure water. The prepared mixture solution was vigorously stirred for 30 minutes at room
temperature. Subsequently, the solution was transferred to a polytetrafluoroethylene (PTFE)
lined synthesis autoclave reactor (Parr Instrument, Acid Digestion Vessel) with a volume of
50 mL. The autoclave reactor was placed in a pre-heated oven (Series ED Avantgarde Line,
BINDER, Spain) at 180 °C for different reaction times. The products, MA-PPDx, were then
dried in a freeze-dryer (Alpha 3-4 LSC basic, Martin Christ, Germany) for 24 hours, resulting
in MA-PPDx, where MA, PPD, and x represent mellitic acid, para-phenylenediamine, and

reaction time (in hours), respectively.
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5.3.3 Preparation of Pre-Polymer Solution

Gel precursors were prepared by dissolving 10% nPVA precursor in 0.005% Irgacure
2959 and various MA-PPD Iluminophore concentrations (0.01%, 0.05%, and 0.1%),
subsequently adding DTT crosslinker solution until a thiol-to-ene stoichiometric ratio
reaches 4:10 in distilled water. Then, the as-prepared solution was kept in the dark

environment to protect from light irradiation.

5.3.4 Characterization of the Luminophore and Hydrogel

Fourier Transform Infrared (FT-IR) spectra were obtained with a Varian-640-IR (Port-
mann Instruments GmbH, Biel-Banken, Switzerland) operated in the wavenumber range of
400-4000 cm™! with 2 cm™* spectral resolution. The pellets were prepared by mixing 0.05%

w/w KBr into MA-PPDx powder for the quantitative FT-IR analysis.

The photoluminescence (PL) of MA-PPDx luminophores in an aqueous medium or a
polymer matrix were measured with a Horiba Jobin Yvon FluoroMax-4 (Horiba Jobin Yvon
GmbH, Bensheim, Germany). To determine the concentration for the highest PL intensity, a
concentration series of 0.005%, 0.01%, 0.02%, 0.03%, 0.05%, 0.1%, 0.2% and 0.5% (w:v)
was used for all MA-PPDx. The excitation range of 280-600 nm and emission range of 300-
800 nm were used with the slit width of 3 nm.

The lifetime of all MA-PPDx was quantified with a Horiba DeltaPro (Horiba Jobin Yvon
GmbH, Bensheim, Germany) at the excitation wavelength of 510 nm. LUDOX solution was
used to calculate the instrument response factor (IRF).

For the mechanical analysis of hydrogels, in-situ photo-rheometry (Anton-Paar, MCR
301) was used to monitor the hydrogel formation after UV radiation (10 mW/cm?) at 25 °C,
gap thickness of 500 um, a shear strain of 1% and frequency of 1Hz. Time-sweep of storage
modulus (G and loss modulus (G") were collected until G’ reaches a plateau. For the am-
plitude sweep test, the gap thickness and frequency were kept at 500 um and 1 Hz, respec-
tively. The shear strain increased from 0.1% to 100%. For the frequency sweep test, the gap
thickness and shear strain were kept constant at 500 ym and 1%, whereas the frequency
changed from 0.05 Hz to 100 Hz. AFM studies were performed with Nanosurf Ambient AFM
variant (Flex-AFM) by utilizing AFM probe of Olympus cantilever (OMCL-TR400PSA-3) with

spring constants of 0.08 N/m, resonant frequency of 34 kHz, and tip radius of 15 nm.
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5.3.5 Microfluidic Wet-Spinning of nPVA/MA-PPD6 fibers

For the microfluidic spinning process, as-prepared gel precursors containing nPVA,
Irgacure2959, DTT, and MA-PPDG6, were used as core flow. The 2 wt% alginate solution
was prepared for the sheath flow as a protection layer. The core and sheath fluids were
loaded into 2 mL syringes (Injekt Bbraun). Subsequently, loaded syringes were connected
to three microfluidic syringe pumps (neMESYS 290N, Cetoni, Germany). The connected
syringes were then attached to a Y-shaped microfluidic PDMS chip using blunt needle (STE-
RICAN, 18G). The core and sheath solution were simultaneously introduced into a Y-shaped
microfluidic chip at increasing core-to-sheath flow ratio (Qcore:Qsheath) from 1:9 to 9:1 with the
total flowrate of 200 uL/min. The core and sheath flows were collected at 0.7 wt% CaCl2
solution for the coagulation of alginate solution. Subsequently, as-prepared fibers were kept
under 365 nm UV radiation for 5 minutes for the curing of core solution, containing gel pre-
cursors. Finally, the protection layer, coagulated alginate, was soaked at 25% NaCl solution

for the shell removal. As-prepared core fibers were kept in distilled water for further analysis.

5.3.6 The O sensing performance of the nPVA/MA-PPDE6 fibers

To test the oxygen sensitivity, a custom-built environmental chamber located in the
spectrofluorometer chamber was purged with an O2/N2 gas mixture containing 0%, 1%, 2%,
4%, 8%, 12%, 16%, and 21% O2. The gas fluxes were controlled with a flow-mixer setup
(OxiQuant S, Envitec GmbH, Wismar, Germany). Specifically, before each measurement,
the fibers was kept at 100% N2 flow for 2 minutes. Subsequently, it was purged with the
targeted O2/N2 mixture for another 2 minutes. Photoluminescence measurements were ob-
tained at the desired O2/Nz ratio by exciting the sensors in a range of 280-600 nm and re-
cording an emission spectrum in the range of 300-800 nm.

The lifetime analysis was performed with a Horiba DeltaPro (Horiba Jobin Yvon
GmbH, Bensheim, Germany) for fibers at the excitation wavelength of 510 nm under stand-

ard air and anoxic environment (100% N2).

To test the sensor reversibility, the Oz concentration in the custom-built chamber was
switched between 0 and 21% Oz for ten times. The measurement chamber was purged with
a mixture of N2/COz2 at the ratio of 60:40 or N2/COz2 at the ratio of 100:0 to investigate the
sensor cross-sensitivity towards COz. Similarly, the chamber was respectively kept under
80% and 20% relative humidity level at room temperature while purging with constant N2/O2

flow at the ratio of 79:21 to test the cross-interference of humidity.
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5.4 Results and Discussion

5.4.1 Reproducibility of MA-PPD6 nanoparticles

MA-PPD photoemitters were synthesized as described in the previous chapter and
according to the literature?®2. Similar to Chapter 4, the photoemitters synthesized through a
hydrothermal reaction, named MA-PPD6 with 6 indicating the reaction time in hours, were
evaluated based on their chemical and optical characterization. Nanometer-sized particles
with average diameters of 3 nm were synthesized at a constant precursor concentration of

1 mg/mL, as shown in the HR-TEM images in Figure 5.1.
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Figure 5.1 High-resolution transmission electron microscopy images. (A) MA-PPD6 and (B) the size

distribution of one-hundred MA-PPD6 nanoparticles.

To confirm the successful formation of the expected functional groups of MA-PPD6,
| performed FT-IR on our photoemitters. Figure 5.2 shows the FT-IR spectra of previously
synthesized and as-synthesized MA-PPD6 nanoparticles. The peaks at 1775 cm™ and 1718
cm-, attributed to the symmetric and asymmetric carbonyl (C=0) stretching, showed suc-
cessful imide formation. The presence of the peaks corresponding to the C=0 stretching of
the amide bond and N-H in-plane bending of amide at 1627 cm' and 1556 cm™! indicates
that the final structure is composed of a mixture of imide and amide bonds. Furthermore,
the C-N stretching vibrations of imide and amide, located at 1422 cm™' and 1385 cm™ re-
spectively, indicate the mixture of amide and imide composition. Therefore, FT-IR analysis
reveals that MA-PPD6 nanoparticles were successfully synthesized as described in the pre-

vious literature?62,
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Figure 5.2 FT-IR spectra of MA-PPD6 nanoparticles for synthesized in the previous chapter (chapter 4)

and as-synthesized.

To confirm the photoluminescence emission of as-synthesized MA-PPD6 nanoparti-
cles, | recorded the photoluminescence spectra of MA-PPD6 nanoparticles dispersed in
aqueous solutions. | observed photoluminescent emission at Aexc= 585 nm, Aem= 609 nm
when samples were excited between 280-600 nm, as shown in Figure 5.3. The as-prepared
MA-PPD6 nanoparticles show a consistent photoluminescence behavior, as described in
chapter 4.
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Figure 5.3 Photoluminescence contour plots of MA-PPD6 nanoparticles in aqueous medium for the pre-

vious chapter (chapter 4) and as-synthesized.
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5.4.2 Viscoelastic Properties of PVA hydrogel

To understand the gelation kinetics and mechanical strength of the hydrogel network,
| performed rheometer analysis on our gel precursor to investigate the viscoelastic proper-
ties of the norbornene functionalized PVA hydrogel network. The precursor was prepared
as described in the method and gelled under UV irradiation to form an intact hydrogel, as
confirmed with rheology and shown in Figure 5.4a. Upon UV exposure, nPVA hydrogels that
contain MA-PPD6 nanoparticles formed instantly. Time-sweep analysis revealed an aver-
age gelation time below 20 s for all nPVA hydrogels regardless of the nanoparticle concen-
tration, as shown in Figure 5.4b. The storage moduli (G') of nPVA hydrogels was 12 kPa
independent of the nanoparticle concentration (Figure 5.4c). Thus, the storage moduli of our

nPVA hydrogels are in good agreement with previously synthesized nPVA gels?%4.
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Figure 5.4 Rheometer Analysis of PVA hydrogel containing MA-PPD6 luminophore. (A) Preparation
of a pre-polymer solution before rheometer measurement and its final form after the analysis. (The figure
is adapted from [28]). (B) Time-sweep of gel storage moduli (G') at varying MA-PPD6 concentrations (0%,
0.01%, 0.05% and 0.1%), 10% nPVA, DTT as crosslinker (thiol-to-ene= 4:10), 0.005% photoinitiator). (C)
Zoom-in version of the time-sweep analysis. (D) Frequency-sweep of PVA hydrogel network between 0.5
Hz and 100 Hz. (E) Amplitude-Sweep of PVA hydrogel network between the shear strain of 0.1% and
100%.

To investigate the gel strength, | performed frequency-sweeps and amplitude-sweeps
on my nPVA hydrogel network. In the range of 0.5 Hz to 100 Hz, G' was independent of the

angular frequency, as shown in Figure 5.4d. These results indicate the covalent cross-linking
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of the polymers within the network instead of transient non-covalent cross-linking. Similarly,
| did not observe significant changes in G’ if shear strained, as shown in Figure 5.4e. These
results indicate that my nPVA gels behave solid-like, indicating that the network is highly

structured regardless of the nanoparticle concentrations.

5.4.3 Characterization of wet-spun fibers

The performance of optical fibers strongly depends on their dimensions. To quantify
this parameter, | performed flow-mapping experiments of core and sheath precursors for
different core/sheath flowrate ratios (Qcore/ Qsheath) before the wet-spinning process. The
core solution consisted of PVA polymer, whereas the sheath solution was alginate in an
aqueous solution. The solutions were mixed with red eosine (core) and methylene blue
(sheath), respectively, to enhance the image contrast. Figure 5.5 demonstrates the change
of the core diameter as a function of the Qcore/ Qsheath ratio. The diameter of the core flow
increased almost linearly from 160 um to 600 pm as the Qcore/ Qsheath ratio increased from
1:9 and 9:1. This linear relation facilitates the deliberate tuning of the fiber dimensions, and
hence, accelerates the wet-spinning. In addition, the faster fabrication process inhibits the
self-photopolymerization of gel precursors before fiber formation occurs with the coagulation

of sheath alginate solution in CaCla.
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Figure 5.5 Flow-mapping analysis of core (red) and sheath (blue) flow to investigate the core diameter at
various Qcore/ Qsheatn ratio.

To compare the actual and expected fiber diameters obtained from flow-mapping
analysis, optical microscopy was used to take the images of all wet-spun fibers. The visually
measured fiber diameter increased almost linearly with the Qcore/ Qsheath ratio from 240 um

to 605 uym, as shown in Figure 5.6 and summarized in Table 5.1. This result is in good
agreement with my flow-mapping analysis.
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Figure 5.6 Optical microscopy analysis of nPVA/MA-PPD6 hydrogel fibers. (A) Comparison between ac-

tual and expected fiber diameter at increasing Qcore/ Qsheath ratio. Optical microscopy image of wet-spun fibers
at Qcore/ Qsheath= 1:9 (B), 2:8 (C), 6:4 (D) and 9:1 (E).
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Fiber Diameter (um)
1:9 243.6+11.5
2:8 292.3+12.8
< 3:7 347.6+26.3
§ 4:6 387.4+13.7
(/2]
(e} 5:5 441.9+8.3
—
g 6:4 463.7+6.1
(8}
(e} 7:3 497.7+16.9
8:2 531.2+21.1
9:1 605.6+16.4

Table 5.1 nPVA/MA-PPD6 wet-spun fiber diameter at different Qcore/ Qsheatn ratio.

To investigate the elastic properties of nPVA gel fibers, atomic force microscopy has
been performed on each wet-spun fiber-containing different concentrations of MA-PPDG6 lu-
minophores. The force vs. indentation depth curve of wet-spun fibers was obtained using
the contact mode of AFM, as shown in Figure 5.7a. To calculate the elastic moduli of PVA
gel fibers, the Hertz contact mechanic model, well-suited for soft materials, was selected to
fit the force vs. indentation depth curve 26°, The Hertz model is;

F:S L _VR&3 (1)

1—p2

where F is applied force, E is elastic modulus, p is Poisson's ratio, R is the radius of the
probe, and & is the indentation of the sample. A Poisson's ratio of 0.44 was assumed, as
previously calculated for PVA hydrogels?%®. Figure 5.6a shows the fitted Hertz model as a
red line. The elastic modulus of my nPVA hydrogels containing 0.5% MA-PPD6 was calcu-
lated as 21.91£0.13 kPa. No significant change in elastic modulus was observed for different
MA-PPDG6 concentrations, indicating that the nanoparticles do not significantly affect the
elastic properties of nPVA gel fibers (Figure 5.7b).

98



20000

M
iy
1

16000 -

Force (nN}
g

=

Young's Modulus (kPa)
|_._|

—
[==]

0 01 02 03 04 05 0 002 004 005 008 01
Indentation Depth (um) Concentration (%)

Figure 5.7 AFM analysis for the elastic properties of PVA hydrogel fibers containing MA-PPD6. (A)
Force vs. Indentation depth curve fitted with The Hertz Model. (B) Young Modulus of PVA hydrogel fibers with
different MA-PPD6 concentration.

E moduli can also be determined from the storage (G') moduli using;

E=2G(14+pn) and G=VG?+G"? (2)

where E is elastic modulus, G is shear modulus, u is Poisson's ratio, G' is shear storage
modulus, and G" is shear loss modulus. For a Poisson's ratio of 0.44, E moduli correspond
to 22.5 kPa based on Equation 2. The calculated E moduli are in good agreement with the

values obtained from AFM analysis.

5.4.4 The O2sensing performance of nPVA/MA-PPD6 hydrogel fibers

The key characteristic of O2 sensors is their O2-dependent photoluminescence. To
quantify this parameter, we performed photoluminescence measurement on nPVA/MA-
PPD6 hydrogel fibers, having different fiber diameters for O2 concentrations between 0%
and 21%. The PL intensity of MA-PPDG6 nanoparticles embedded in a nPVA fiber increases
with decreasing oxygen concentration. To quantify this increase, we determine the ratio be-
tween the PL intensity at 0% and 21% O:2 as lo%/l21%. For nPVA/MA-PPD6 hydrogel fibers
produced at Qcore/Qsheath=9:1, 8:2, 7:3, 6:4, 5:5, 4.6, 3.7, 2:8, and 1:9, lox/l21% was 3.85, 3.97,
4.07,4.12, 4.21, 4.34, 4.38, 4.47 and 4.51, respectively (Figure 5.8d). The maximum lo%/

l21% value of 4.51 is 53% higher than those of the previously reported organic optical O2
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sensor films that have a similar sensing range of 0-21% 02252267 Such a significant increase
is ascribed to the high porosity and surface-to-volume ratio of wet-spun hydrogel fibers that

facilitate the Oz diffusion through the sensing unit.
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Figure 5.8 Oxygen sensitivity of nPVA/MA-PPD6 hydrogel fiber between 0% and 21% O2 concentration with

increasing fiber diameter.

| observed a linear decrease of the Oz sensitivity as the fiber diameter increases (Fig-
ure 5.8d) with R? of 0.991. The relationship between fiber diameter and luminescence inten-

sity as shown below;

10%/ = —0.08d + 4.62

Ir19,

where lox is luminescence intensity at 0% Oz, l21% is luminescence intensity at 21% O2, and

d is fiber diameter (um).
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To investigate this behavior, | performed oxygen permeability measurement on
nPVA/MA-PPD6 hydrogel films with different film thicknesses, similar to produced fiber di-
ameter. Therefore, nPVA/MA-PPD6 membranes with a wall thickness from 250 uym to
650um were fabricated by drop-casting technique. The resultant oxygen transmission rate
(OTR) vs. nPVA/MA-PPDE6 film thickness was fitted to the second-order polynomial function
with R? of 0.995. The Oz diffusion through the nPVA membrane was decreased three times
as wall thickness increased from 250 ym to 650 pym, as shown in Figure 5.9a. Figure 5.9b
combines the O2 sensitivity of nPVA/MA-PPD6 hydrogel fiber and Oz permeability of nPVA
hydrogel film. The lo%/l21% vs. OTR was fitted to the second-order polynomial function (R?
equal to 0.991). The oxygen sensitivity increases parabolically with increasing Oz permea-
bility, reaching the saturation point because the maximum number of MA-PPD6 lumino-
phores colliding with O2 molecules. This behavior might explain the decrease of O2 sensi-
tivity at increasing fiber diameters. A thick hydrogel network might prevent O2 molecules
from reaching the luminescent nanoparticles at the center of the fibers within the investi-

gated timeframe.
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Figure 5.9 (A) Oxygen permeability analysis on nPVA/MA-PPDG6 films with different film thickness (B) Oxygen
permeability of nPVA film vs Oz sensitivity of nPVA/MA-PPDG6 fiber for similar film thickness and fiber diameter.

To quantify the O2 sensing performance, | analyzed the best performing sample,
nPVA/MA-PPDG6 hydrogel, with a fiber diameter of 243 ym. | measured the emission spectra
within an O2 concentration range of 0-21%, as shown in Figure 5.10a. The emissive state of

MA-PPD6 was quenched until the O2 concentration reached 21%, as shown in Figure 5.10a,
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indicating that my sensors can be used within this O2 range. Note that the O2 sensing range
has been significantly improved compared to previous systems, which can detect up to 16%
02262, | assign the broader Oz sensing range (0-21%) of my sensor to the high O2 permea-
bility and the surface-to-volume ratio of wet-spun fibers obtained by microfluidic wet-spin-
ning®%®. To quantify the sensitivity, | fitted the Stern-Volmer plot to a first-order polynomial
function between 0-21% O2 (R-square = 0.999) (Figure 5.10a). The limit of detection (LOD)
was calculated according to the extrapolated concentration at which the signal is three times
the averaged standard deviation (30) of the fluorescence intensity. A detection limit of 320
ppm was achieved with good linearity in the range of 0-21% O2. The excellent quality of the
fits indicates that my sensors display a linear response to the Oz concentration up to 21%.
It has been previously discussed that the linear calibration curve is desirable for simple one-
point instrument calibrations that enable the standard calibration cards for the sensors?%.
The Stern-Volmer quenching constant was calculated in accordance with the Stern-Volmer

Equation.

I

0/[ =1+ K. [0;] (4)
where lo and | represent the luminescence intensities in the absence and presence of Oz,
respectively. Ksv is the Stern-Volmer quenching constant, and [O2] is the oxygen concentra-

tion in the environment. The Stern-Volmer constant (Ksv) was calculated to be 0.171 kPa™'!

for the linear response range of 0-21% Os-.
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Figure 5.10 O, Sensor Features of nPVA/MA-PPD6 hydrogel fiber. (A) The Stern-Volmer Fitting of
nPVA/MA-PPDG6 fibers. (B) Sensing cross-interference of humidity, CO2 and ammonia towards O:. (C) Sensing
reversibility of PVA/MA-PPDG6 sensor exposed to 10 concentration cycles of 0 - 21% Oa.

To investigate the cross-interference of different atmospheric gases, such as humid-
ity, CO2, ammonia towards my optical Oz sensors, | measured luminescent intensity change
of my optical sensors in the presence of 20% and 80% relative humidity, in the presence of
0% and 60% COg, or in the presence of 0 and 200 ppm ammonia, as shown in Figure 5.10b.
The result indicates that no significant PL intensity change was observed for nPVA/MA-
PPD6 hydrogel fibers when changing the humidity, CO2, or ammonia concentration in the
measurement chamber. The maximum and minimum PL intensity (Imax/Imin) ratio was calcu-
lated 1.03, 1.04, and 1.02 within the range of 20-80% relative humidity, 0-60% COz2 and 0O-
200 ppm ammonia, respectively. This indicates that nPVA/MA-PPD6 hydrogel fiber can be

used for reliable Oz sensing without any cross-interference of other atmospheric gases.
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The repetitive detection of O2 concentration without significant signal loss is crucial
for the long-term use of optical O2 sensors. Therefore, | investigated the reversibility of my
O2 sensors by cycling the Oz concentration between 0% and 21% Oz ten times, as shown
in Figure 5.10c. The result demonstrates that no significant signal loss was observed within
ten cycles, indicating no noticeable photo-oxidatation in nPVA hydrogel fibers containing
MA-PPD6 sensing unit.
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Figure 5.11 Response time of nPVA/MA-PPD6 hydrogel fiber. (A) The response time (red) and surface-
to-volume ratio (black) of nPVA/MA-PPD6 fibers with different fiber diameter. (B) The response time vs.

Surface-to-volume ratio of nPVA/MA-PPDG6 fibers were fitted to first-order polynomial equation.

To test the speed of the sensor response to O2 concentration changes, the response
time of the PVA/MA-PPD6 sensors was measured within one cycle of 0%-21%-0% O2. Upon
exposure to 21% Oz, the time required to reduce the PL intensity by 95% (Atgsmin) was 41
seconds for the thinnest nPVA/MA-PPDG6 hydrogel fiber, as shown in Figure 5.11a. The re-
sponse of MA-PPD6 nanoparticles is significantly faster than those of previously reported
similar polyimide-based organic optical O2 sensor?2. Such a clear improvement in response
time is attributed to the high Oz permeability and the surface-to-volume ratio of PVA hydro-
gels. Indeed, | observed a linear relationship between the response time and the surface-
to-volume ratio of the sensors with R? of 0.985, as shown in Figure 5.10b. The greater sur-
face area facilitates the O2 transportation into the sensing unit, leading to fast response of

the optical oxygen sensor.
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Figure 5.12 (A) Temperature dependence of O: sensitivity of nPVA/MA-PPD6 hydrogel fibers. (B) O:2
permeability of nPVA/MA-PPDG6 films at different temperatures.

To test the effect of temperature on the sensor performance of nPVA/MA-PPD6 hy-
drogel fibers, | measured the O2 sensitivity of our sensor between 5°C and 30°C. The tem-
perature dependence of our O2 sensor shows a positive slope as the temperature increases
(Figure 5.12a). For the desired response range (0-21% O2), the temperature-dependent
Stern-Volmer constant change (AKs/AT) was found to be 0.0096 kPa' °C-" for the temper-
ature range of 5-30°C (R? equals to 0.985). The positive temperature coefficient of
nPVA/MA-PPDG6 sensor is in good agreement with the previously fabricated optical O2 sen-
sors?70271 | also performed an oxygen permeability test for nPVA/MA-PPD6 hydrogel films
with a thickness of 250 um between 5-30°C to investigate the O2 diffusion kinetics. OTR of
nPVA/MA-PPD6 hydrogel films vs. temperature was fitted to the first-order polynomial equa-
tion (R? equals 0.984). | observed a significant increase in Oz transportation through the
membrane at elevated temperatures (Figure 5.12b). One reason for the increase in Oz sen-
sitivity at high temperatures could be the higher oxygen diffusion rate into the nPVA hydrogel
network. Other possible reasons could be 1) the solubility of oxygen in the PVA matrix and
2) the dynamic quenching constant, as previously discussed in the literature?’2. Cross-sen-
sitivity of the sensor on temperature change has to be known when using these sensors,
especially in biomonitoring and food packaging applications, where the sensors were gen-
erally used at low or high temperatures. The linear temperature dependency enables the

simple correction for the sensor calibration at different temperatures.

105



5.4 Conclusion

A purely organic optical O2 hydrogel fiber sensor was fabricated by embedding polyimide-
based nanoparticles within a norbornene-functionalized PVA hydrogel matrix via microfluidic
wet-spinning. My results indicate that the O2 sensitivity of nPVA hydrogel fibers is signifi-
cantly higher than the conventional PVA-based polymer matrix containing polyimide nano-
particles. The Oz2 sensitivity of nPVA hydrogel fiber drastically decreases with increasing
fiber diameter due to the thick hydrogel network, resulting in low O2 permeability. The
nPVA/MA-PPD6 sensors can detect Oz in the whole physiological range up to concentra-
tions of 21% O2 with an excellent linear response. Furthermore, the high surface-to-volume
ratio and porosity of my nPVA hydrogel fiber enable efficient Oz transportation through the
hydrogel network, leading to a drastic decrease in response time. Such metal-free sensors
are resistant to photobleaching and atmospheric interference with continuous and fast Oz
sensing, making them appealing for detecting Oz in the food packaging industry or integrated

biomonitoring.
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Chapter 6

Conclusion

More than thirty years of research in optical Oz sensors have produced a plethora of
luminophores, encapsulation matrices, designs, and processes to fabricate active elements
for O2 sensing. However, physical encapsulation of the sensing unit in organic or inorganic
matrices through mixture formulations and casting of sensor coatings, although it looks sim-
ple, has limitations in terms of sensor reproducibility, heterogeneity, luminophore leaching,
process control, and overall costs. In this thesis, | study how to fabricate purely organic
optical O2 sensors for broad-range, continuous, reversible, and fast sensing without any

significant limitations.

In the first part of this work, | studied how to improve the range of O2 sensitivity of
organic optical O2 sensors by increasing the structural rigidity of the O2 sensing unit. There-
fore, | synthesized different diamine-based luminophores where | changed the crosslinker
molecules between each diamine-based luminophores. Crosslinking the sensing unit with a
highly rigid polyimide network leads to an O2 response range of 0-16% Oz, whereas | could
obtain only 0-8% O2 response if urea is used as linker molecules between diamine-based
luminophores. | found out that structural rigidity plays a significant role in the O2 quenching
range of optical O2 sensors due to suppressing the non-radiative recombination, resulting in
an efficient RTP mechanism. | also show that the polyimide-crosslinked sensing material
exhibits good sensor reversibility, indicating that no noticeable photo-oxidation occurs in
long-term use. Moreover, no significant cross-interference between the other atmospheric
gases, such as humidity or CO2, was observed, enabling my optical sensor reliable for only
O:2 sensing for desired applications. However, the slow response time (~7.5 min) of PVA
encapsulated polyimide-based optical O2 sensor, due to the low Oz permeability of PVA

matrix, limits the use of these sensors, especially in biosensing or biomonitoring

In the second part of this work, | studied enhancing Oz sensitivity and response time
of previously fabricated polyimide-based optical Oz sensors. Therefore, | changed the poly-

mer matrix, which encapsulates the sensing unit, to have efficient Oz diffusion using porous
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and O2 permeable nPVA hydrogel matrix. | demonstrated that the O2 sensitivity of MA-PPD6
nanoparticles was improved by 53% when embedded into nPVA hydrogel instead of the
conventional PVA matrix. | also show that the O2 permeability greatly influences the O2 sen-
sitivity and operational range of optical Oz sensors. Thick nPVA/MA-PPD6 hydrogel fiber
exhibit a drastic decrease in Oz sensitivity due to the limited Oz diffusion through the hydro-

gel network.

Moreover, nPVA/MA-PPDG6 hydrogel fiber can detect O2 concentration up to 21% Oz
with a linear response, enabling simple one-point sensor calibration. | also investigated the
effect of the surface-to-volume ratio on the sensor response rate. The best performing
nPVA/MA-PPD6 hydrogel fiber shows a response time of 41 s, significantly faster than that
of MA-PPD6 embedded into conventional PVA film. High structural porosity and the high
surface-to-volume ratio of fibers accelerate O2 transportation within the hydrogel network,
leading to a quick reading of O2 concentration by organic optical Oz fiber sensors. This anal-
ysis indicates the importance of polymer matrix selection and shape of the sensor to have

broad-range and fast optical O2 sensors.

Such metal ion-free optical Oz sensors with continuous, broad-range, and reversible
sensing can be a good candidate for monitoring the modified atmosphere packaging, where
minimum sensor toxicity and broad-range sensing (typically between 0.5% and 40% O2) is
required. Integration of my optical O2 sensors into packaging could facilitate monitoring
packaging failure at any stage, in a non-destructive manner, and each packaged product.
Furthermore, the simple one-point calibration and good reversibility enable my optical O2

sensors to operate accurately and continuously for long-term use.

The future study can be enhancing the Oz sensitivity range up to the concentration of
40-60% O2, where red meat products are mostly packaged to improve their color and ap-
pearance. For example, controlling the porosity and microarchitectural features of nPVA hy-
drogel network may help to tune the Oz2 diffusion rate, leading to control over the operational
range of my optical O2 sensors. Moreover, fabricating the nPVA/MA-PPD6 hydrogel sensors
with different shapes, such as micro/nanotubes or micro/nanocapsules, might improve the
response time of my optical Oz sensors that can enable ultra-fast O2 detection, especially

for biomonitoring and biosensing applications.
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06-09/2013 Summer Internship- Chemical Engineering in Massachusetts Institute of Technology (MIT),

supervised by Karen Klincewicz Gleason

e Fabricating anti-biofouling surfaces by initiated chemical vapor deposition technique

2012-2016 Teaching Assistantship- Sabanci University

e Nature of Science 1 (NS 101) Teaching Assistantship

e Nature of Science 2 (NS 102) Laboratory Assistantship

e Material Characterization (MAT 405) Teaching Assistantship

e Surface Chemistry (MAT 401) Teaching Assistantship

e Introduction to Nanoscience (MAT 406) Teaching Assistantship

Awards

Sabanci University Full Honor Scholarship

Sabanci University High Honor List

Sabanci University M.Sc Full Honor Scholarship
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