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Abstract

Environmental pollution by ionic species has become one of the greatest challenges to the
sustainable development of communities. Increasing amounts of these ionic species in the
environment is associated with several detrimental effects to human health and ecological
systems. Proper detection and monitoring of these ionic species is essential. Considering the
diversity of the ions and the fact that the available sensors are limited, it is clear that there is
need for a rapid and low-cost method for recognition and monitoring of these ions.
Fluorescence based methods are ranked among the most powerful transduction systems to
signal chemical recognition events. Fluorescent polymers containing triazolyl coumarin units
in the polymer backbone or as pendant groups were therefore designed and investigated as
potential sensors for these ions.

Three methods were used to incorporate triazolyl coumarin units into the polymers. The first
method involved polymerization of the vinyl monomer containing the triazolyl coumarin unit.
The second method involved AA-BB step-grow click polymerization of diazide and dialkyne-
functionalized monomers. The third method involved post-polymerization functionalization of
an azide-functionalized polymer with an alkyne functionalized coumarin derivative. In each
method, formation of the triazole ring was achieved using a Cu(l)-catalyzed 1,3-dipolar
cycloaddition (CUAAC) reaction.

The photophysical properties of the polymers and their starting monomers were investigated
and compared. Polymers with triazolyl coumarin units in the backbone or as pendant groups
were found to have higher absorption and emission intensities than their corresponding
monomers while polymers resulting from functionalization of azide-functionalized polymer
were found to exhibit improved photophysical properties compared to the starting azide-

functionalized polymer.

The chemosensing potential of the polymers was investigated through absorption and emission.
The polymers were found to be selective towards different metal ions (Fe**, Hg?* and AI**) and
anions ('OH and F°). The mechanisms of interaction between the polymers and ions were
investigated by comparing the absorption and emission spectra of the polymers to those of their
monomers in the presence of an ion of interest. In some cases the mechanism of interaction
was supported by *H NMR and FT-IR.
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Introduction

1.1 Background

Due to growing interest in understanding natural biochemical mechanisms and the rate of
release of toxic contaminants into the environment, chemical sensing has become a prerequisite
in our technology-driven society. Several other fields such as security, chemical processing,
food processing and pharmaceuticals also require sensor systems for continuous monitoring of
chemical species.>?® Chemical sensors are generally considered to be miniaturized devices that
can qualitatively and quantitatively detect the presence of specific compounds, classes of
chemicals or specific chemical reactions.* On the other hand, molecular sensors
(chemosensors), some of which form a basis for chemical sensor devices, are defined as abiotic
molecules that reversibly bind an analyte and signal its presence by some physical means.® It
has been reported that chemical sensing can be employed as a simple and sensitive method for
detecting a variety of analytes, which cannot be normally detected using traditional methods.
Such analytes include complex samples and biological systems.® Chemical sensing employs
different transduction methods to signal the presence of an analyte. Commonly used methods

include optical absorption, fluorescence and redox potentials.’

Information regarding various neutral and ionic species (cations and ions) which are of great
importance, and those which are harmful, is now better understood. Of great need are sensors
that can sense and monitor those chemical species over a broad range of often-regulated
concentration in environment and biological systems. Typical techniques that have been
developed and employed for the detection of ions are mainly based on flame photometry,
atomic absorption spectroscopy, inductively coupled plasma mass spectroscopy, ion sensitive
electrodes, electron microprobe analysis and neutron activation analysis.®°® However, some of
these techniques are costly, destructive, often require large samples and continuous monitoring

is a challenge.

In an attempt to find inexpensive, reliable and simple ways of detecting ions in different
environments, fluorescence-based methods were found to be promising methods for chemical
recognition and monitoring.!® These methods are often much simpler to use and offer many
benefits compared to other techniques which, include high sensitivity, high selectivity, short
response time and local observation (fluorescent imaging spectroscopy). Furthermore, by using

fluorescence, remote chemical monitoring can also be performed.!!



Due to several adverse physiological and environmental effects associated with high
concentrations of some chemicals, they have become an object of strict regulation. Major
research efforts have been recently dedicated to the design of novel fluorescent sensors with
improved sensing capabilities towards analytes in different environmental conditions. Despite
the notable evolution of molecular and ionic probe design, an efficient detection system

remains a huge challenge.

Most of the current molecular and ionic probes are of low molecular weight and only a few
qualify to be in the macromolecule range. Due to low chemical and thermal resistance, as well
as difficulties in separation and recovery associated with the low molecular weight
chemosensors, a physical immobilization support is often needed for their applicability. A
physical support does not only contribute to the good mechanical properties, but also minimizes
the tendency of the sensing molecules to migrate. To avoid complications associated with
synthesizing probes and immobilizing them on a physical support, polymers with host binding
sites as part of their backbone, or as part of their pendant structure, were found to be more
suitable alternatives. These polymeric materials have good thermal and mechanical properties
and they also offer an outstanding and permanent immobilization method which allows them

to be processed into end-user materials such as coatings and films.214

1.2 Human and ecological significance of ions and their

detection

Environmental pollution by ionic species has been recognized as one of the biggest challenges
to the sustainable development of communities.®® A tremendous increase in global energy
usage, the widespread use of organic and inorganic chemical products, and the unwanted
release of toxic inorganic and organic chemical species in the form of industrial waste, have
led to a serious need for advanced monitoring technologies for environment protection,

remediation and restoration.

It has been highlighted by experts that industrial processes release millions of different
pollutants into the ground, atmosphere and to the aquatic ecosystem.’® Among the listed
pollutants, ionic species make up the majority of human and environmental contaminants. Most
of the pollution can be attributed to industrial activities, mining, refinery, farming and chemical
storage. In addition, most of these contaminants are not biodegradable and can reach water

resources, where they may present ecological and human-health threats.
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1.2.1 Examples of pollutant ionic species

Highly toxic lead (Pb?") ions are discharged into the environment from materials such as
batteries, gasoline and pigments.” Pb poisoning is one of the most prevalent metal
contamination to human health and the environment. Pb exposure may lead to damage of
neurological and reproductive systems, cardiovascular diseases and developmental disorders,

especially in young children.'®

Cadmium (Cd?") is a highly toxic transition metal, commonly used in paints, solar panels,
corrosive resistant steel electroplating, batteries and as a plastic stabilizer.’® The
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) in the
USA has listed Cd as seventh in its priority list of top 275 hazardous materials.?’ The main
source of exposure to Cd is tobacco and through food. However, inhalation of Cd-containing
dust is considerably much more dangerous. The occupational exposure standards of Cd were
previously set at 100-200 pg/m?3, but have been narrowed down to 2-50 ug/m?® in the last 40
years.?! Exposure to Cd is associated with increased risk of cardiovascular diseases, cancer and

damage to the liver and kidneys.?

Mercury (Hg) is one of the most toxic and widespread pollutants in the environment, and bio-
accumulates through the food chain. It is released into the environment from natural sources
and human activities such as gold production, coal plants, thermometers, barometers, caustic
soda and mercury lamps. Mercuric ion (Hg?") is a caustic and carcinogenic material with high
cellular toxicity.® Natural biomethylation of Hg?* ions in an aquatic environment can lead to
the formation of methylmercury, a primary form of mercury.?* The latter bio-accumulates in
animal and human bodies through food chains, and can cause brain damage and other chronic
diseases. Levels of Hg?* are therefore an object of strict regulation. A provisional tolerable
weakly intake for methylmercury set by a meeting of the joint Food and Agriculture
Organization and Wold Health Organization (FAO/WHOQO) Expert Committee on Food
Additive (JECFA) is 1.6 ug/kg body weight.>

Aluminium ions (AI**) are widely spread ions in natural water and many plants. Most exposure
is through food and water. High levels of exposure to AI** may cause Alzheimer’s disease,
Guamanian amyotrophic lateral sclerosis and Parkinsonism dementia.?® The limiting
concentration of these ions in drinking water was set by WHO technical reports in 2010
between 0.1-0.2 mg/L.%’
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Some metals can be classified as “trace elements” in human and other mammals due to their
essentiality and very limited quantities in the body. These metals include vanadium (V), iron
(Fe), manganese (Mn), chromium (Cr), copper (Cu), zinc (Zn), cobalt (Co) and molybdenum
(Mo). Trace elements act as essential part of biological structures, but can be toxic at
concentrations beyond those necessary for their biological functions. Similarly, some anions
are essential and are required at limited quantities in humans and animals. Some of them can
be even toxic at low concentrations. Fluoride ions (F") are common in biological systems and
are clinically useful for osteoporosis treatment and enhance mineral deposition in bones.?
Excess F ions can be associated to many pathologies in humans, such as dental and skeleton

fluorosis, osteoporosis, metabolism dysfunctions and cancers.?®

Recurrent use of highly toxic cyanide (CN°) in industrial processes such as gold mining,
electroplating, and manufacture of organic chemicals and polymers, results in unwanted
discharge of this pollutant into the environment.*® Furthermore, cyanide can be generated from
biochemical processes and natural substances found in some foods and plants such as cassava,
lima beans and almonds.®! Cyanide in the blood stream of the humans can lead to vomiting,

loss of conscious and eventually death.®

Some anions can be used in environmental monitoring by measuring their levels in the
medium. For example, chloride ions (CI") measurement which helps in monitoring of landfills
for leaks, tracing the movement of pollutants within natural water bodies and detection of salt
water intrusion into drinkable ground or surface water.3> Measurement of nitrate ion (NO3’)
levels is widely used to trace pollution from agriculture, ** in aquaculture to check waste build-

up and in surveying nutrient levels in natural water body.3*

From above discussion and examples, it is clear that a need exists for reliable, inexpensive and
simple methods for detecting and quantifying ions in different media for real-time monitoring

of the environment, biological and industrial samples.
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1.3 Aim of the study

Fluorescent polymers incorporating triazolyl coumarin systems in the backbone or as pendant
units form the basis of this project. In addition to the inherent fluorescent properties, the
polymers possess well-defined binding sites for ions.® Binding of specific ions on the sites
alters the inherent spectral properties of the polymers, resulting in detectable changes in their
absorption and emission. The aims of the study were to synthesize fluorescent triazolyl
coumarin-based polymers from azide and alkyne functionalized monomers, triazole-containing
vinyl monomers and an azide-functionalized polymer with alkyne functionalized coumarin
molecules. In all the cases, a Cu(l) catalyzed 1,3-dipolar cycloaddition reaction of azides and
alkynes (click reaction) was used to introduce the triazole ring in polymerizable vinyl
monomers or as linkage in the case of linear polymers and azide-functionalized polymers.
Three different methods such as radical polymerization, step-growth click polymerization
system and post-polymerization functionalization were applied in the synthesis of polymers.

The photophysical properties of each polymer and its starting monomer/materials were
investigated and compared. The chemosensing potential of the synthesized polymers for metal
ions and anions were investigated using absorption, emission, FT-IR and NMR spectral

analysis.

1.4 Organization of the thesis

This work is divided into five chapters. In chapter one, the background of this study is discussed

and aims are briefly underlined.

Chapter two gives a summary of the reported literature related to this work. This summary
includes: signal transduction modes in chemosensor systems, different mechanisms that are
used in chemosensing and typical examples, an account on chemosensors that use the triazole
ring as a receptor unit, a coumarin fluorophore and the effect of substituents on its absorption

and emission.

Chapter three deals with polymers with pendant triazolyl coumarin systems, in which the
triazole and the coumarin are in direct conjugation. The full synthesis, characterization and

chemosensing studies will be discussed.
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Chapter four gives an account on polymers with pendant bridged triazolyl coumarin units in
which the triazole and the coumarin are linked with functional linkages. Hydroxyethylene and
amino-methylene are two functional linkages which are investigated in this chapter. The
synthesis and the effect of functional linkages on the chemosensing of the polymer will be

discussed in detail.

Chapter five deals with linear polymers with conjugated triazolyl coumarin units in the
backbones. Their synthesis using AA-BB step-growth click polymerization using diazide-
functionalized coumarin monomers and dialkyne-functionalized monomer and how their
functionalization affects their photophysical properties, as well as their chemosensitivity will

be discussed.
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Chapter 2 Signal transduction modes and polymer
based chemosensors

2.1 Introduction

A chemosensor, as a molecule that signals the presence of the analyte through changes in its
macroscopic properties, must possess the ability to selectively recognize a given analyte and
allow a quantitative and qualitative determination of the analyte. A typical chemosensor
consists of two major components; a signalling and a receptor units, which are connected

together either by linkage or integration (Figure 2.1).

The signalling subunit acts as a signal transducer which translates the recognition events into
a measurable signal. The signal arises from the perturbation of electronic and photoinduced
processes such as: electron transfer, charge transfer, energy transfer, and excimer formation or

disappearance, due to the binding of the guest analyte to the sensing molecule.

@ O

Signalling  Receptor  Analyte Sensor-analyte complex
unit unit

Figure 2.1: A schematic representation of a chemosensor binding to an analyte

The receptor subunit is responsible for recognizing and binding an analyte of interest with high
selectivity and efficiency. Recognition involves the formation of weak interactions such as
reversible covalent interactions and non-covalent interactions (hydrophobic interaction,
hydrogen bond, electrostatic and metal-analyte interaction) between receptor and target.? Those
interactions are usually governed by receptor topology, characteristics of the analyte, and the

nature of the solvent.3

Depending on the operating principle of transducer, chemosensors can be categorized into two
major classes: electrochemical chemosensors and optical chemosensors.* The former are
characterized by the presence of a redox active unit in the binding site of the sensor and signals
are reported as changes in electrochemical properties, while the latter report the binding events

as change in optical properties.
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2.2 Optical chemosensors

Optical chemosensors can be split into two categories; fluorogenic (fluorescent) chemosensors
and chromogenic (colorimetric) chemosensors. The former is extensively used and it signals
the presence of analytes by emission of light, while the latter signal through the absorption of
light. Although colorimetric chemosensors offer qualitative and quantitative information of the
analyte through the change in colour of receptor molecules, their sensitivity is lower compared
to fluorogenic chemosensors. In fluorescence measurements, emitted light is proportional to
the concentration of the analyte, whereas in absorption measurements analyte concentration is
proportional to the absorbance. The latter compares the ratio between the light intensity
measured before and after passing through the sample. Fluorescence looks at the light emitted
after applying an incident light on the molecule. The fluorescent signal can be optimized by
increasing the intensity of the incident light which is not the case for absorbance. This feature
enables fluorescence methods to detect analyte concentration at picomolar levels, while
absorbance measurements can only detect analyte concentration up to the micromolar scale.
Furthermore, fluorogenic chemosensors are known for their high speed, simplicity and safety
parameters, which make them suitable for biological systems.®

Recently, there has been a lot of research interest in finding new optical chemosensors with
improved sensitivity and selectivity, which can be applied either in solutions or in biological
medium. Some researchers in this field have also turned their attention to polymer-based
optical chemosensors. The latter exhibited improved sensitivity and selectivity due to their
inherent collective properties that enable them to be sensitive even to minor perturbations.
Recent examples include the coumarin-based polymeric chemosensor 1 for cyanide ions in
biological solution developed by EI Acharia and co-workers.® (Figure 2.2). This water soluble
chemosensor was obtained from a radical copolymerization of a coumarin-dicyano vinyl
monomer containing both sensing and receptor units and a glycol-conjugated methacrylate
derivative which enhanced water solubility of the polymer. The detection limit for cyanide ions
was determined to be 1.17 pmol L and the polymer showed both colorimetric and fluorometric

changes in biological solutions.
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HO OH

CN 1
Figure 2.2: Coumarin-based polymeric chemosensor 1 for cyanide ion detection.

2.2.1 Fluorogenic chemosensors

Fluorescent chomosensors are systems that change their fluorescence properties in response to
analytes binding with their receptors. They are mainly organic materials that can interact with
target analytes actively or passively.” Active interaction refers to a sensing system in which the
analyte-receptor complex occurs in the ground state, while passive interaction refers to any

kind of excited-state photophysical interaction between the analyte and receptor molecule.

Fluorescent systems that ‘actively’ sense the analyte can be designed in different ways
depending on the arrangements of the signalling unit (fluorophore) and binding site or reactive
site. It can also be designed based on the mode of interaction between the analyte and receptor.
From the design of the chemosensor, one can predict the changes in the fluorescence signal
which may occur when interacting with target analyte. Those changes can mostly be detected
as amplification or quenching of the fluorescent signal and/or shifting in the emission

wavelength.

Five different approaches have been applied in pursuing synthetic receptors design. These are

listed below:

i) Fluorescent ligand: This approach mostly involves aromatic or heterocyclic ring systems,
usually substituted with potentially analyte-chelating functional groups. This system acts
simultaneously as a recognition and a signaling unit (see for example compound 2 in Figure
2.3).8
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ii) Intrinsic fluorescent probe: The approach involves a receptor which is in direct electronic

conjugation with a signalling subunit (compound 3 in Figure 2.3).°

iii) Composite “Fluorophore-spacer-receptor”. In this approach the receptor and signalling

subunits are largely separated by a spacer (compound 4 in Figure 2.3).1

iv) Displacement approach: This approach is based on a competitive assay in which a receptor-
fluorophore ensemble is selectively dissociated in the presence of specific competitive analyte
capable of interacting efficiently with a receptor. The dissociation is accompanied by a change

in optical properties of the fluorophore.!

v) Chemodosimeter: This approach relies on specific analyte-induced chemical reactions
which result in new chemical compounds with concomitant changes in chromogenic or
fluorogenic behaviour.? Owing to the irreversibility of the reaction which occurs during the
process, this sensing technique cannot be strictly categorized as chemosensing, therefore the
terms chemodosimeters or chemoreactants is mostly applied. Nevertheless, in all sensing
processes chemosensing terminology is preferred. Compound 5 in Figure 2.3 is an example of

a chemodosimeter used for CN- detection.®®

OH N7 | OZNIN>_/
|\ N N\) @

/N OH

AR TS S Ot
Et,N 0o~ "0

o o
_/ S
3

Figure 2.3: Examples of different synthetic receptors systems.
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2.2.2 Mechanism of fluorescence sensing

Considering the critical roles that fluorogenic chemosensors play in many fields which include
environmental monitoring, process control and medical diagnosis, it is clear that there is a large
gap between the analytes that need to be detected and the availability of chemosensors. With
that in mind, a clear understanding of chemosensor structure and functionality at the molecular
level is important. This can help illuminate and improve the design of previously reported

fluorogenic chemosensors.

The recent designs explore novel mechanisms of interaction between recognition and signalling
subunits or utilise basic photophysical mechanisms at molecular level combined with some
supramolecular chemistry principles. Several conventional mechanisms have been developed
and widely used in the detection of chemical stimulus through changes in fluorescence
properties. Typical ones are photoinduced electron transfer (PET),!* charge transfer (CT),®
energy are transfer (ET),% and excimer/exciplex formation.” As supramolecular chemistry is
still a fertile discipline, a number of emerging novel design principles have been currently

investigated.

It has been shown that the photophysical properties of the molecule can be affected by
conformation restriction in different environments. Many researchers have used this
phenomenon and a number of small molecules have been recently designed and applied as
fluorogenic chemosensors. So far, the emerging sensing mechanisms emanating from the
conformation restriction phenomenon include aggregation induced emission (AIE),*® and C=N
isomerization '® In addition to these novel mechanisms based on the conformation restriction
phenomenon, other environment dependent mechanisms have been developed. The latter is
based on the transfer of a proton within the excited state and is named “excited-state

intramolecular proton transfer” (ESIPT).?

2.2.2.1 Photo-induced electron transfer (PET)

Photo-induced electron transfer (PET) is regarded as one of the most studied and widely
applied mechanism in the development of luminescence-based chemosensors. The mechanism
mimics the well-studied light-induced mechanisms occurring in some plants and bacteria
during photosynthesis.?* It derives its name from the fact that the process involves an electron
transfer after absorption of light. In fact, when a fluorophore absorbs the light, an electron is

promoted from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
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molecular orbital (LUMO). Depending on the chemical groups or receptors in the vicinity of
fluorophore, the excited state relaxation to the ground state of fluorophore can occur in different
ways than the usual relaxation process which results in fluorescence emission. This is because
a fluorophore in its excited state can act as good electron donor or good electron acceptor. It
can transfer a promoted electron to the other molecular orbital having energy between the
HOMO and LUMO of the fluorophore or can accept electron from the same molecular orbital
into its semi-vacant HOMO orbital. Those orbitals which donate electrons to, or accept
electrons from, excited fluorophores are provided by the receptors which can be connected to
a fluorophore via bonding (in the case of PET type chemosensors) or from another chemical

system, usually known as a quencher.#

In the instance where a full orbital is provided between the HOMO and LUMO of a fluorophore
(in the case of a donor group), electron transfer from the full orbital to the semi-vacant HOMO
of fluorophore can occur when the fluorophore is irradiated (Figure 2.4). A stable ground state
is restored by a further electron transfer from the LUMO of fluorophore to the semi-vacancy
of donor group. This process results in a decrease of emission intensity or absence of
fluorescence (fluorescence quenching) because the usual transition from the excited state to the
ground state, which results in fluorescence emission, is overtaken by non-radiative pathways.

LUMO
4 hv + %
\—‘> f\
HOMO % REC¢E|PTOR HOMO +

FLUOROPHORE x
LUMO %\v
HOMO %

Figure 2.4: PET mechanism showing the interaction between LUMO and HOMO of the

LUMO

fluorophore and the external molecular orbital of the receptor.

Similarly, when an empty orbital is introduced between the HOMO and LUMO of a
fluorophore (in the case of an acceptor group), non-radiative de-excitation leading to
fluorescence quenching occurs. In this case, an electron in the excited state is transferred to the
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lower energy empty orbital of the receptor followed by further relaxation to the semi-vacant
HOMO orbital of the fluorophore, regaining its original ground state. This alternative pathway

results in the dissipation of the excitation energy in a non-radiative fashion.

Designers for PET-based chemosensors took advantage of the properties of the PET
mechanism to target analytes which can cause the appearance or disappearance of molecular
orbital energy levels between the HOMO and LUMO of fluorophores. As a result, fluorescent

“turn-off” and “turn-on” PET based chemosensors were developed.??

In a fluorescent “turn-on” (off-on) chemosensor, the weak or non-fluorescing flourophore
becomes more fluorescent in the presence of an analyte. These types of chemosensors are
characterized by receptors with high energy non-bonding electron pairs. When a chemosensor
is in its unbound state, the PET process is active via rapid intra-molecular electron transfer
(IET) from the HOMO of the donor group to the semi-vacant HOMO of the fluorophore
(Figure 2.5). This leads to fluorescence quenching since the excited fluorophore is forced to
follow the non-radiative pathway. However, when a chemosensor interacts with an electron
deficient analyte, the energy of the donor group’s HOMO becomes lower than that of
fluorophore’s HOMO and IET is disrupted. As a result, the usual relaxation pathway of the

fluorophore which causes fluorescence emission is restored.

LUMO + LUMO |

/_;H_ HOMO ) hy
E | HOMO + E | nomo
_I_ _H_ Howo

EXCITED FREE EXCITED BOUND
FLUOROPHORE RECEPTOR FLUOROPHORE RECEFTOR

Figure 2.5: Fluorescent “turn-on” type PET chemosensor in terms of frontier molecular

orbitals.

Fluorescent “turn-on” PET-based chemosensors are widely used as probes for various chemical
entities in abiotic and biological systems.2® Apart from small molecules which have been
extensively studied and applied as fluorescent “turn-on” PET chemosensors, polymeric
versions have emerged recently. An example is a proton and Ni?* polymeric chemosensor 6a

(Scheme 2.1) developed by Wang and co-workers.?? The chemosensor was generated through

JMV Ngororabanga NMMU Page 14



a radical copolymerization of an acrylic monomer bearing a coumarin moiety, with water
soluble N-vinylpirrolidone. The blue fluorescent copolymer displayed efficient fluorescent
“off-on” in the pH range, 3.02 to 12.08. The same fluorescent enhancement was also observed

in the presence of Ni?* ions.

This fluorescent enhancement in the polymer was attributed to a piperazine unit attached to a
coumarin moiety which can perform the dual functions of binding the analyte (H*, Ni**) and
acting as a PET electron donor. Once piperazine binds the Ni?*/H* ions, the internal electron
transfer to the excited coumarin fluorophore is disrupted, resulting in fluorescence

enhancement.

=
5
o)
‘3

)

Protonated chemosensor Coordinated chemosensor

Scheme 2.1: A fluorescent “turn-on” PET polymeric chemosensor for detection of proton and
Ni%*.

In contrast to fluorescent “turn-on” PET chemosensors, the presence of the target analytes in
fluorescent “turn-off” (on-off) PET chemosensors significantly decreases their emission
intensity. In other words, when the target analyte coordinates with a receptor, the redox
potential of the receptor is altered and the LUMO energy level of the receptor-analyte complex
is lowered. This decrease in energy leaves the LUMO energy level of the receptor-analyte

complex between the LUMO and HOMO energy level of the fluorophore, which favours a
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non-radiative relaxation pathway. Since the excitation energy of the fluorophore is dissipated,
fluorescence quenching is observed in these types of chemosensors. The mechanism for a
fluorescent “turn-off” type PET chemosensor, in terms of frontier molecular orbitals, is
illustrated in Figure 2.6.24

— MO [
LUMD LUNICY _l_/’\

N
E by E
L
HOMO HOMO
| HOMO
HOMO

EXCITED FREE EXCITED BOUND
FLUOROPHORE RECEPTOR FLUOROPHORE RECEFTOR

LUMO

Figure 2.6: Fluorescent “turn-on” type PET chemosensor in terms of frontier molecular

orbitals.

A naphthalimide-based polymer 7a is a clear example of a sensor exhibiting “on-off”” behaviour
in the presence of F~ ions.?® In a particular case depicted in Scheme 2.2, naphthalimide acts as
a fluorophore subunit and urea as the receptor. The copolymer, which displays a green
fluorescence in the absence of F ions, is completely quenched in the presence of F~ions. The
reason for this quenching is assigned to the formation of an anion-receptor hydrogen bonding
complex which increases the reduction potential of the receptor and makes the IET process

more feasible.

7a b
Blue fluerescence Non-fluerescence

Scheme 2.2: A fluorescent “turn-on” PET polymeric chemosensors for F~ ions.
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2.2.2.2 Intramolecular charge transfer (ICT)

An intramolecular charge transfer signalling mechanism (ICT) has been extensively used in
cationic sensing, in which a ratiometric signal was often produced from the binding events.?
In contrast to PET mechanism, ICT involves a fluorophore which is linked to the receptor via
a conjugated system in such way that one end acts as an electron donor (electron rich group),
while the other acts as an electron acceptor (electron deficient group). This results in a “push-

pull” w-electron system when the fluorophore is in the excited state.

The presence of an analyte can either enhance or reduce the “push-pull” character resulting in
a blue or red shift, in both absorption and emission spectra. In other words, if the electron-
donating end (e.g. an amino group) interacts with the analyte, the electron-donating ability of
the group decreases, resulting in perturbation of the conjugated system. This leads to a blue
shift in both absorption and emission as shown in Figure 2.7. On the other hand, when an
analyte binds an electron accepting end (e.g. a carbonyl group), the electron-accepting
character of the group increases, resulting in improved ICT upon excitation. As a result a red
shift in absorption and emission spectra is observed.® Furthermore, in some cases, changes in
quantum vyield and lifetime are also detected upon cation binding.?” Charge dipole moments
can be used to further explain how the photophysical properties change when an analyte
interacts with either end of the probe (Figure 2.7).28 Upon excitation, the electron donating end
of the free probe becomes positively charged due to the ICT process. The interaction of an
analyte with this end leads to a stronger destabilization of the excited state compared to the
corresponding ground state. As a result, the energy gap between the ground and excited states
becomes broad and a blue shift in both absorption and emission is observed. On the other hand,
when interaction takes place between an analyte and the electron accepting end of the probe,
the excited state becomes more stable than the ground state. This results in a decrease in the
energy gap between the ground and excited states causing a red-shift in both absorption and

emission.
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Figure 2.7: Shifts in ICT mechanism due to analyte binding.?®

Due to a ratiometric detection offered by ICT mechanism, a number of ICT-based fluorescence
chemosensors have been designed for quantitative determination of different target analytes in
even more complex applications such as imaging in living cell and tissues. This is due to the
fact that ratiometric detection eliminates most of the detection ambiguity by self-calibration
using two emission bands. Examples of this type of fluorescent sensing include small molecule-

based ratiometric fluorescence probes for cations, anions, and biomolecules.*

As mentioned earlier on, any alteration on ICT mechanism can lead to the changes in quantum
yield. The triazole-containing polymer 8a reported by Zhao and co-worker. is an example of a
chemosensor which undergo such changes in the presence of target analytes.3! The polymer
which initially exhibited fluorescence quenching due to relay energy transfer (ENT),
sensitization and charge transfer, has become more emissive in the presence of Cd?*, H* and
Zn?*. This is due to the disruption of ICT mechanism between the triazole and aminophenyl

group due to the presence of the analytes as depicted in Scheme 2.3 below.
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Scheme 2.3: ICT based polymeric chemosensor for Cd?*, H* and Zn?* 3!

2.2.2.3 Energy transfer (ET)

Energy transfer (ET) sensing mechanism involves the energy transfer between a pair of
chromophores where one acts as an energy donor (the excited-state), while other acts as energy
acceptor. Depending on the interaction and distance between energy donor and energy
acceptor, ET can be divided into two classes, which are fluorescence resonance energy transfer
(FRET), also known as Forster energy transfer, and electronic energy transfer (EET), also

known as Dexter energy transfer.?

Initially, when an acceptor is not a quencher type system, the energy of the excited donor
chromophore which emits light at relatively a short wavelength, can be used to excite an
acceptor chromophore emitting at a longer wavelength, as shown in Figure 2.8. The ratio of

those two emissions can be affected by the analyte binding.
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Figure 2.8: Forster type and Dexter energy transfer.

In order to get an efficient transfer of energy, several factors must be considered. In the case of

FRET (Forster energy transfer) mechanism the efficiency of energy transfer is governed by:33

i.  The distance between the two fluorophores, which must be in the range 10-100A.
ii.  Relative orientation of the transition dipoles of the donor and acceptor chromophores.
iii.  Spectral overlap between the emission spectrum of the donor chromophore.
iv.  The absorption spectrum of the acceptor chromophore.
On the other hand, efficient EET (Dexter) requires appropriate relative energy levels between
donor and acceptor, specific characteristics of the spacer (conjugation) and a shorter distance

between donor and acceptor (<10A).%*

i) Forster energy transfer

Fluorescence resonance energy transfer or Forster energy transfer (FRET) is one of the widely
used chemical strategies in ratiometric imaging. It was firstly introduced by Theodor Forster
in 1948, and it involves the coupling of long range dipoles to allow an exchange of energy from
an excited donor chromophore to the acceptor chromophore. The energy transfer occurs
through space, i.e. with no direct overlap implication.3®® The excited-state energy exchange
results in a stable electronic ground state for the donor and emission then occurs at the centre
of the acceptor fluorophore, as shown in Figure 2.9. In other words, an electron in the HOMO
of the acceptor chromophore is promoted to the LUMO by the energy liberated during donor
chromophore de-excitation (Figure 2.8). Since a strong correlation between energy absorbed
by the acceptor chromophore and energy emitted by the donor chromophore is a requirement
for efficient FRET to occur, a significant spectral overlap between emission spectrum of the
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donor and absorption spectrum of the acceptor is necessary. Because of this requirement,
FRET-based chromophore pairs are commonly connected via a non-conjugated spacer so that

the energy transfer may occur through space.

r‘\ Emission

r
- >

{ Aliphatic
Absorption

Figure 2.9: Schematic representation of FRET mechanism from a donor to an acceptor.

Upon excitation, an electron in the chromophore is promoted to a higher energy level and
ground state is then restored through different de-excitation mechanisms such as emission
processes, non-radiative processes or energy transfer processes. Representing the rate constant
of donor emission and energy transfer process with ks and K, respectively, the Foster equation

can be described as follows:

K = {9000(ln 10)k 2 J} K

T 5 4
1287 n NAr6

f

Where; n: Refractive index of the medium Na: Avogadro’s number; k?: Orientation factor; J:

Overlap integral; r: Distance between donor and acceptor.

From the equation, only three factors need to be modulated for a successful small molecule-
based FRET chemosensor design. Those factors include; orientation factor (k?), overlap
integral (J) and distance between donor and acceptor (r). Orientation factor (k?) indicates the
relative orientation in space of transition dipoles of the donor and acceptor chromophore, it
ranges from 0 to 4 and is usually applied to the synthetic small molecules based FRET
sensors.®® For perpendicularly orientated donors and acceptors, k? is 0, where the donor and
acceptor are in parallel orientation, k? is 1 and for parallel transition dipoles, k? is 4.
Furthermore, k? can be counted as 2/3 when both donor and acceptor are small molecule based
fluorophores undergoing random motions. The overlap integral (J) indicates the spectral

overlap between emission of the donor and absorption of the receptor (Figure 2.10). It is

lineally proportional to ktas shown in Foster equation. Distance between donor and acceptor
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(r) is a highly used factor to control FRET efficiency. In the Forster equation kr is inversely
proportional to the sixth power of the distance between the donor and receptor and this has
been confirmed from experimental work using different lengths of proline-based
polypeptides.3®

Donor emission Acceptor Absorption

//\ i
/ & / \

a

4 \\_/S{ectral overlap\ \

A (nm)

Absorption/Emission

Figure 2.10: FRET spectral overlap.

As FRET mechanism involves transfer of excited-state energy from the donor to the acceptor
chromophore, a decrease in donor emission and donor lifetime is observed, thus FRET can
only be monitored using donor wavelength. However, most of FRET-based chemosensors
utilize the photophysical characteristics of both chromophores to produce a ratiometric
chemosensor by measuring the emission of the donor and sensitized emission of the acceptor
chomophores. Consequently, a FRET ratio, which can be reported as either acceptor/donor or
donor/acceptor, represents the ratio of sensitized acceptor emission and donor emission.

Generally, a FRET-based chemosensor consists of two chromophores (donor and acceptor) and
an analyte binding unit (receptor) which interacts with the analyte and results in some structural
modifications. The latter affects the distance between the two chromophores and/or dipolar
orientations resulting in an enhanced or reduced FRET process. An example of a chemosensor
system exhibiting the FRET mechanism, is a water soluble cationic polyfluorene 9a bearing
boronate-protected fluorescein for detection of hydrogen peroxide (H202) and glucose in serum
(Scheme 2.4).3" In this polymer, fluorene units act as donors while fluorescein units act as
acceptors. The fluorescein units are generated from the deprotection reaction of the boronate-
protected non-fluorescent in the lactone form with H.O. Consequently, the polymer, which
initially displays a blue donor emission due to the absence of FRET process shows a green

fluorescence in the presence of H2O, due to enhanced FRET process, from the fluorene unit to
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the fluorescein unit. Since H.O> can be also generated from catalytic oxidation of 3-D-(+)-

glucose by glucose oxidases (GOx), glucose can also be detected using the same probe.

FRET

. Acceptor chromophore

Scheme 2.4: Polyfluorene-bearing boronate protected fluorescein for the detection of (H20>)

and glucose in serum.

ii) Dexter energy transfer

Dexter type energy transfer, also known as through bond energy transfer (TBET), is another
energy transfer-based sensing mechanism which mainly relies on the orbital interactions
between the donor and acceptor chromophores. The orbital interactions can be attained directly
or through a bridge.*® This type of sensing mechanism is commonly observed from the systems
in which donor and acceptor chromophores are linked via electronically conjugated bonds
(Figure 2.11). The latter reduces the chances of donor and acceptor to adopt a planar
conformation and allows the energy transfer to occur through connecting bond(s) without any
need for spectral overlap, like in Forster type energy transfer.3® Unlike the FRET mechanism,
which involves exchange of excited state energy through space, Dexter energy transfer involves
electron exchange between two HOMOs and two LUMOs from both donor and acceptor
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chromophores (Figure 2.8) resulting in non-radiative decay. For this reason, a short distance

(<10 A) between donor and acceptor is required.

TBET

N

r Emission
S
Conjugation

Absorption

Figure 2.11: Dexter type energy transfer between a donor and an acceptor.

If ke represents energy transfer constant, the efficiency of energy transfer by Dexter energy

transfer process can be summarized as;
ki = K Jexp(-2Rpa/L)

Where; K: orbital interaction; J: overlap integral between donor emission and acceptor
absorption; Rpa: donor acceptor separation; L: Van Del Waals radii.

From the equation, it is clear that the efficiency of energy transfer in a Dexter-based signalling
system decreases exponentially as the distance between the donor and acceptor increases.
Therefore, chemosensors based on this energy transfer mechanisms are highly dependent on

distance.

As the spectral overlap between emission of the donor and absorption of the receptor is
excluded among the requirements of Dexter-type energy transfer system, a large wavelength
difference between emission peaks of the donor and acceptor can be obtained when energy is
transferred to the acceptor chromophore. This can enhance the imaging resolution when

appropriate chromophore pairs are connected.

An example of such a system is the coumarin-rhodamin 10a, a ratiometric probe for Hg?*,
developed by Zhang and co-workers for bioimaging applications (Scheme 2.5).4C Through
TBET mechanism and dual-switch design, the probe resulted in two well separated emission
peaks with a wavelength difference of 110 nm. A high energy transfer efficiency and a large
signal-to-background ratio was also detected. These features allowed this probe to exhibit good

sensitivity towards Hg?* in biological systems, as well as in aqueous solutions.
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Scheme 2.5: Coumarin-rhodamin TBET system for ratiometric detection of Hg?*.

2.2.2.4 Excimer and exciplex formation

During the excited state lifetime, fluorophores with flat and highly n-delocalized systems such
as pyrene and anthracene can form an excited dimer when two fluorophores are in close
proximity to each other. This results in two fluorescence bands from the monomer (free
fluorophore) and the excited complex. Depending on the nature of interacting fluorophores,
excited complexes can be divided into two categories; excimer and exciplex. The former results
from the excited state interaction of two fluorophores with the same structure in their ground
states, while the latter involves the interaction between different fluorophores.

Generally, the emission spectrum of an excimer/exciplex appears at a lower energy compared
to the monomer emission spectrum. Their fluorescence intensity ratios depend on molecular
mobility and microviscosity.** The presence of an analyte can encourage either the
excimer/exciplex formation or disruption and the effect can be observed in the emission
spectrum. Therefore, by monitoring monomer and excimer/exciplex fluorescence intensities

ratio, analyte recognition can be achieved.

A typical chemosensor in this category is the novel fluorogenic calix[4]triazacrown-5 (Figure
2.12) bearing two pyrene amide groups and one coumarin amine group developed by Kim and
co-worker for selective F~ ions detection.*? The chemosensor 11 displayed exciplex
fluorescence emission at 425 nm with significantly enhanced intensity due to H-bonding
between the azacrown unit and two pyrene amide groups which enables the pyrene unit to get
closer to the coumarin unit resulting in an overlap. The presence of F~ induces changes in
conformation resulting in exciplex rupture. Fluorescence quenching and a decrease in exciplex

emission intensity at 425 nm is observed due to this interaction.
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Figure 2.12: Pyrene-coumarin-based calix fluorophore emitting exciplex for F~ ions detection.

2.2.2.5 Aggregation-induced emission

Several highly fluorescent single molecule and polymeric organic materials exhibit
fluorescence quenching in their highly concentrated solutions and also in their aggregated
forms. The effect has been described as an aggregation-caused quenching mechanism (ACQ).*3
The mechanism has extensively limited the range of applications of several organic
fluorophores as sensory materials (chemosensors and biosensor) and as organic light emitting
diodes (OLEDs).** A number of structural modifications, such as attachment of a branched
chain, bulky cyclic species and dendritic wedges to the fluorophore via covalent linkage have
been applied to avoid this nuisance effect.*®> Nevertheless, abnormal behaviour was noted from
some organic molecules which are practically non-fluorescent in solution, but become strongly
fluorescent in their aggregated states. This uncommon fluorescence incident was firstly
observed from a solution of 1-methyl-1,2,3,4,5-pentaphenylsilole by Tang and co-worker in
2001 and was named as aggregation induced emission (AIE).*® The molecule, which were
approximately non-emissive in pure ethanol, displayed 333 times increment in quantum yield

(@r) when the water fraction was increased to 90%.

From experimental and theoretical investigations carried out by Tang and co-workers on
various molecules, it was denoted that the intramolecular rotation in AIE molecules is the main
cause of deactivating excited states, which results in non-emissive decay in certain solvents.
However, when intramolecular rotation is restricted in the aggregated state, the AIE process is

triggered and strong fluorescence emission is observed.*’
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Due to this uncommon fluorescence feature, efficient organic light emitting diodes (OLEDS),
as well as sensitive and selective bio/chemosensors, have been developed using the AIE
principle. In Figure 2.13 are some examples of chemosensors which use AIE as their

recognition mechanism. These sensors have been used in a number of applications including;

i. Detection of volatile organic compounds (compound 12).%8
ii. Fluorescent turn-on chemosensor for Hg?* (compound 13).4°
iii. CN~ion detection in aqueous solution (compound 14).>°

vi. Biomolecules detection (DNA and bivine serum albumin) (compound 15).%!
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Figure 2.13: AIE based chemosensors.

2.2.2.6 C=N isomerization

C=N isomerization features among recently developed fluorescence sensing techniques. It was
firstly reported in 2007 based on the investigation of photophysical behaviors of
conformationally restricted molecules.>? From those studies, C=N isomerization was found to
be an ultimate decay process of excited states in the systems with unbridged C=N bond, which
usually results in non-emissive decay. However, an investigation conducted on their
counterparts (covalently bridged C=N structures) showed opposite results with fluorescent
enhancement. The latter was attributed to C=N isomerization restraint in the excited state.
Further studies on the photophysical properties induced by C=N isomerization showed that the
presence of appropriate guest analytes can inhibit C=N isomerization, making it a turn-on
fluorescence chemosensor system for that analyte. Guest analytes interaction leading to the
inhibition of C=N isomerization can occur in various ways including complexation,®

removal,>* and hydrogen bond formation (Figure 2.14).%°
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Figure 2.14: Mode of analyte interactions which lead to the inhibition of C=N isomerization.

Examples of chemosensors which use this fluorescent sensing mechanism include: a
fluorescent turn-on probe for bisulfite ions which involves hydrogen bond formation to inhibit
C=N isomerization (compound 16 in Scheme 2.6),% a coumarin-based probe for selective
detection of Zn?* which uses a complexation approach to initiate fluorescent turn-on sensing
in both aqueous as well as in biological system (compound 17 in Scheme 2.6)>” and a xanthene-
based probe for hypochlorous acid recognition which uses the removal approach to inhibit C=N

isomerization (compound 18 in Scheme 2.6).>
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Scheme 2.6: Different types of C=N isomerization-based chemosensors.

2.2.2.7 Excited state intramolecular proton transfer (ESIPT)

The excited state intramolecular proton transfer (ESIPT) signalling mechanism has contributed
to the design of fluorogenic chemosensors over the past few decades.®® The chemosensors that
emerged from this mechanism displayed beneficial photophysical properties such as intense
lumiscence, large Stokes shifts and photostability.>® Owing to the large Stokes shift, ESIPT
fluorophores exhibit almost complete absence of spectral overlap between absorption and

emission which makes them suitable for use in fluorescent probing.

The ESIPT mechanism requires a transfer of a proton from hydroxyl or amino group to a
neighbouring hydrogen acceptor at a distance less than 2 A. This transfer occurs via a six or
five membered ring hydrogen bonding configuration.®® Numerous studies describe ESIPT as a
faster process than electron transfer (sub-picosecond timescale) and the rate of proton transfer
is environment reliant.®* For example, in nanocavities of cyclodestrin or in emulsion, it occurs

at a very slower rate. Furthermore, investigation of ESIPT-based molecules showed a separate
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dual fluorescence as a result of a three energy level system including a ground state, a normal

excited state and a tautomer excited state. The dual fluorescence is as a result of tautomerism.

Due to the environmental dependence of ESIPT processes, which can lead to the changes in a
dual fluorescence depending on the nature of surrounding environment, many ESIPT
molecules and polymers have been investigated for their sensing capabilities in the presence of
different analytes.®> An example is the z-conjugated polymer with 2,5-bis(benzoxazol-2'-
yl)benzene-1,4-diol fluorene units (Figure 2.15) developed by Pang and co-workers for anionic
species detection.®® The polymer exhibited large Stokes shift (~200nm) due to the EISPT
mechanism. In the presence of ionic species such as "OH, AcO™ and F~ a red shift in absorption
from ~ 421 nm to 510-540 nm and an increase of fluorescence quantum efficiency by the factor

~20 was also detected.
eelavs

OH

Figure 2.15: ESIPT-based polymeric chemosensor for anions.
2.3 Fluorescent polymers

Generally, when small molecule-based probes are produced, the next step is to incorporate
them in/onto a solid support to improve their processability. Physical entrapment of those
molecules into a polymer matrix is the most common method that has been applied so far to
immobilize the sensitive probes.% However, this method generates inhomogeneity in the
material which results in stability problems due to the leaching of the fluorescent sensitive
probe molecules. The latter lowers the lifetime and reproducibility of the sensor and limits its
application in commercial devices. As an alternative, a permanent immobilization of sensitive
probes which leads to stable material has been achieved via incorporation of sensing

components (receptor and fluorophore) into the polymer backbone.

Compared to the small organic molecules, fluorescent polymer-based chemosensors offer
many crucial advantages. For instance, small molecule chemosensors are characterized by low
sensing performance levels (sensitivity and selectivity), compared to their polymer

counterparts. This is based on the fact that receptor-analyte interactions in small molecules
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which rely on feeble interactions (e.g. hydrogen bonding), are greatly affected by solvents and
usually result in impairment in aqueous environment due to the competiveness of water
molecules. On the other hand, polymeric chemosensors provide numerous options to combine
analyte-receptor interactions with intra/interchain polymer interactions and solvent-polymer
interactions in solution and solid states, as well as in their swelled and gel states. Furthermore,
due to the intra/interchain polymer interactions and solvent-polymer interactions which can
interfere with the sensing events, hydrophilic or hydrophobic environments can be created for
pendant or main chain receptors units through structural modifications. Another important
feature which is mainly noted in conjugated polymer-based chemosensors is an existence of
collective properties due to electronic communication between receptors across the polymer
chains. This allows those chemosensors to be sensitive to even minor perturbations as shown

in Figure 2.16.

Conjugated polymer sensor Molecular sensor

Analyte lO Analyte lO
- Co—qo—ao—an—ao|- O
R O B )

Complete fluorescent quenching Partial fluorescent quenching

Figure 2.16: Comparison between small molecule-based chemosensors and conjugated

polymer-based chemosensors in term of sensitivity.

Permanent immobilization of fluorescent components into polymeric materials can be achieved
either after polymerization, when the synthesized polymer has reactive functional groups, or
via polymerization of fluorescent monomers.®® The former technique has been initially utilized
for natural polymers such as cellulose to produce sensitive polymeric materials.®® However,
the technique has been extended to synthetic polymers with molecular and ionic sensing
capabilities.®” In polymeric chemosensors, target analyte recognition can be performed in
different ways. Primarily, it can be performed through the interaction between target analytes
and receptors situated in the polymer pendant chains or polymer backbone, or through

conformation changes induced by the analyte in polymer-solvent system. In addition, due to
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collective properties in the polymer chains, the two effects can merge to form another analyte
recognition mode. Depending on structure and receptor types, polymeric chemosensors can be

classified as side-chain polymers, conjugated polymers, imprinted polymers and dedrimers.

2.3.1 Side-chain polymer based chemosensors

Most of the polymeric chemosensors of this type are produced mainly by conventional free
radical polymerization techniques or post-polymerization labelling methods, in which highly
efficient reactions (such as click reactions) are required to overcome the coiling nature of
polymers in solution.%® On these polymers, optoelectronic properties of the polymers with
sensing components (receptor and fluorophore) on the side chains are mostly not dictated by

the degree of polymerization or the number of repeating units.

Based on various potential properties such as permeability, solubility, mechanical strength,
polarity and biocompatibility, a series of polymeric probes for molecular and ionic species with
sensing components on the side-chain have been developed and applied in different
environments. For example, a reusable thermoresponsive co-polymer 20a with coumarin-
spyropyran conjugate was developed by Shiraishi and co-workers for detection of cyanide ions
in water.%® The polymer utilizes coumarin conjugate spiropyran as a sensing component, while
poly-N-isopropylacrylamide serves as a thermoresponsive unit. The co-polymer which is fully
soluble in water at a temperature below 30°C, exhibited selective recognition of cyanide ions
in water under UV-light irradiation with a fluorescence turn-on response. This results from a
nucleophilic interaction between cyanide ions and the photoformed merocyanide form of the
coumarin-spiropyran conjugate, which concentrate n-electrons on the coumarin units (Scheme
2.7). The co-polymer was successfully applied in the quantification of cyanide ions in water at
very low concentrations (>0.5uM). Its recovery was achieved through a high temperature (>40

°C) centrifugation method.
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Scheme 2.7: A reusable thermoresponsive co-polymer with coumarin-spyropyran conjugate

for cyanide ion detection.

An example where post-polymerization labelling method has been utilized to introduce a
sensing units into polymer structures is the water soluble co-polymer 23a, developed by Liu
and his teammates for the Hg?* ions detection in water.”® The reporting unit of this co-polymer
includes rhodamine B which has been incorporated on the side chains via post-polymerization
labelling method (Scheme 2.8). In the presence of Hg?* ions, a notable fluorescence
enhancement and visible colour change from colourless to pink was detected. These
observations were attributed to fact that, Hg?" ions induce a highly conjugated rhodamine
system through spirolactam ring-opening.

N

Et,N NEt,
O‘O o
o
H

NEt, 23a 23b

NEt,

Non-fluorescent Fluorescent

Scheme 2.8: Highly sensitive and selective turn-on fluorescent polymeric chemosensor for

Hg?* in pure water.
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Besides sensitive materials produced via conventional polymerization methods of fluorescent
monomers, new techniques involving directionally confinement of sensing units in a physical
space (surface or surfactant aggregate) have been recently developed. A number of receptor
units have been combined with different materials including glass and gold surfaces,’ silica

particles,’? and quantum dot,” to produce new sensing systems.

2.3.2 Conjugated polymers based-chemosensors

Conjugated polymers (CPs) are characterized by the presence of sp- or sp?-hybridized atoms
in the main chain as single and multiple bonds alternate across the polymer backbone. This
feature allows CPs to exhibit potential optical and optoelectronic properties due to inherent
semi-conductive behaviour generated from the interactions between orbitals. The latter result
in a semi-conductor band structure with a valence band (populated band) and a conduction
band (vacant band). Owing to CPs electronic structures of extensive n-systems, described as
molecular wire by Swager,’* and their typical semi-conductive properties, CPs found
application in various fields including; organic light emitting diodes (OLED),” field effect

transistors,’® photovoltaics,’” batteries "8 and actuators.”

Recently, CPs applications have been extended to fluorescent sensing and many conjugated
systems have been investigated for their chemosensory capabilities.®® In comparison to non-
polymeric sensor systems, CPs exhibit ultra-high sensitivity due to the efficient transfer of
excitation energy between the receptors across the polymer backbone.” The functional
characteristics of CPs can be expressed through conformational changes of the conjugated
system induced by the interaction with the analytes or electron density changes within the

polymer backbone.

Since CPs receptors are linked via conjugation, self-amplification of fluorescent signals can be
obtained in CP-based chemosensors when the CP‘s electronic system is disrupted by the
analyte. Figure 2.17 describes CP signal amplification upon analyte binding, as a result of

electron’s delocalisation along the polymer backbone.
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Figure 2.17: CP signal amplification upon analyte binding.

The above diagram represents a common PET fluorescent quenching mechanism in CP-based
chemosensors. Upon photon irradiation, a CP electron is promoted to the higher energy
conduction band and then migrates across the polymer chain due to conjugation. The presence
of an analyte induces the formation of a trapping site in the system by introducing an empty
orbital between valence and conduction bands. This leads to an excited state relaxation process,
whereby a promoted electron is required to go through the LUMO of the quencher on its way
to ground state. Since excitation energy is dissipated during this process, a non-radiative

relaxation process is obtained and the CP can no longer fluorescence.

Owing to the outstanding sensitivity and availability of different transduction methods such as
changes in wavelength (absorption and emission), intensity, lifetime and energy transfer,
numerous CP based fluorogenic chemosensors have been investigated for different target
analytes. These analytes include ions (cactions and anions),®! neutral compounds®? and
biological samples.®3 Additionally, CPs based on other transduction methods such as
potentiometry, conductometry and colorimerty have also been investigated.?* Figure 2.18

illustrates some examples of CPs with chemosensing applications.

i. Fluorogenic chemosensor for Hg?* (compound 24),%
ii. Chromogenic chemosensor for I~ (compound 25).%
iii. Fluorogenic chemosensor for sugars and biological molecules (compound 26).87

iv. Fluorogenic chemosensor for explosive nitroaromatic compounds (compound 27).%8
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Figure 2.18: Examples of CPs with chemosensing applications.

2.3.3 Molecular imprinted polymer based-chemosensors

Fluorescent molecular imprinted polymers (MIP) are an important class of fluorescent
polymers. These materials came as a supplement to the molecular imprinting method
introduced by Dickey in 1945, and their performance is based on the “lock and key” model
employed by enzymes for substrate recognition.®® In comparison with other synthetic probes,
MIPs offer an easy synthetic route since their synthetic method do not require a fore-
understanding of the three dimensional structure of the target analyte, as well as the total

synthesis of the probe.

Molecular imprinted polymers are generally produced via a template-directed synthesis. The
method involves a template molecule (analyte) and functionalized monomers that assemble
around the template molecule. In the presence of a cross-linking agent, the functional
monomers undergo a copolymerization reaction with a cross-linker resulting in a polymer
matrix around the template. In the early stage, the monomers and imprint molecule interact
through their functional groups and are kept in the same position by a highly cross-linked
polymer matrix generated from polymerization reaction. Removal of the template molecule
from the binding sites leads to a vacant recognition site which is complementary in shape, size

and functionality to the original template molecule, as shown in Figure 2.19. The created
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vacant site enables the MIPs to have “molecular memory” which allows a selective recognition

of template molecule or structurally chemical analogues.

i
— /—- —
/ . Template
Pre-arrangement ' k Polymerization removal
Template N
molecule

Imprinted polymer with
specific binding sites

Figure 2.19: Summary of polymer imprinting process.

The first system where the recognition properties of MIP was coupled with fluorescent reporter
groups was reported in 1998.%° In this work, by Powell and co-workers, a polymer imprinted
with cyclic adenosine monophosphate (CAMP) in the presence of trans-4-[p-(N,N-
dimethylamino)styryl]-N-vinylbenzy-I-pyridinium chloride as the fluorescent monomer was
synthesized. The polymer, whose signalling unit was part of the created recognition sites,

displayed a fluorescent quenching in presence of cAMP in agueous medium.

For the past few years, many reports on the fluorescent imprinted polymers for the detection
of amino acids,® saccharides,® and other analytes °® have been reported. Although analyte
recognition results in fluorescent quenching in most of the cases, fluorescent imprinted
polymers exhibiting fluorescent intensity enhancement upon analyte binding have been
recently reported. For example, the MIP reported by Ng and Narayanaswamy for the detection
of AI** jons in aqueous medium (Scheme 2.9).%* The polymer incorporates 8-hydroxyquinoline
sulfonic acid as the fluorescent unit and displayed an “off-on” fluorescent response in the
presence of AIP* through flow cell analysis. The polymer also exhibited a linear response up to
1.0x10* M with a detection limit of 3.62 puM.

AP*removal

AP* binding

28a 28b

Polymer with template Polymer without template

Scheme 2.9: Representation of imprinted process for AI**-imprinted polymer.
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2.3.4 Dendrimer-based chemosensors

Luminescent dendrimers form a special class of fluorescent polymers. These macromolecules
exhibit well-defined morphology and unique characteristics, which allow the incorporation of
specific chemical units for recognition of ions or neutral molecules. Topologically, dendrimers
consist of three different sections: the core, branches and the surface. Fluorescent units can be
integrated into any of those sections, uncovalently hosted in the dendrimers cavities, or

connected to the dendrimers surface.

For the past few years, a number of systems in which dendritic structures are coupled with
luminescence have been reported. These systems have found applications in various fields
which include biological * and chemical sensing.*® Figure 2.20 depicts a poly(amine ester)
dendrimer 29 which has been used as fluorogenic chemosensor for AI**, Cu?* and Zn?* in

acetonitrile.%’

29

Figure 2.20: Poly(amine ester) dendrimer for AI**, Cu?* and Zn?* detection.

2.4 Triazole-based chemosensors

Since fluorescent chemical sensors depend on binding events or chemical reactions that induce
changes in the photophysical properties of the fluorophore unit (reporter), a proper design for
the receptors capable of interacting with the analytes to induce significant changes in the
reporter, is highly desirable. Despite a significant growth in chemosensor design and synthesis,
much more needs to be done in this field as some reported chemsensors exhibit poor sensitivity
and are easily hampered by competing analytes. Therefore, a major effort in developing
fluorogenic chemosensors with higher sensitivity and selectivity towards various target

analytes is necessary.

JMV Ngororabanga NMMU Page 38



To date, several receptor systems such as Schiff bases, crown ethers, bipyridines, di-2-
picolylamines (DPA), urea etc., have been incorporated into different chemosensor systems
along with various fluorophores. The incorporation of receptor systems is meant to improve
the sensitivity and selectivity of the chemosensor systems. However, further research work is
needed to develop novel, reliable and highly selective chemosensors for biological,
environomental and medicinal applications.

Recently, new sensing systems, which involve click-derived triazoles as receptors have
emerged.®® The highly yielding and regioselective Cu(l)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition (CuUAAC), which is an typal click reaction, is usually used for the synthesis of

triazole-containing systems (Scheme 2.10).%

N/
_ \/[ \
R\// n Ny—R Cu(l) N/N
Terminal alkyne  Organic azide 1,4-disubstituted triazole

Scheme 2.10: Cu(l) catalyzed 1,3-dipolar cycloaddition reaction of azide and alkyne.

In addition to the synthetic simplicity and modular nature of this reaction, the afforded 1,2,3-
triazole (click triazole) structure can play an important role in chemosensing. This was
supported through the investigations carried out on triazole-containing systems such as oligo-
triazoles and macrocyclic triazophane.'® In those reports, it was demonstrated that the click
triazole motif possesses the ability to act as hydrogen bond acceptor through lone pair of the
middle nitrogen atom or as a hydrogen bond donor through a polarized triazole C-H bond. This
clearly indicates that the click-triazole ring has the ability to effectively bind to both cations

and anions.

Recently, several researchers have been inspired by the features of the click triazole. A number
of cation and anion chemosensors with the click triazole ring acting as the receptor unit have
been developed.!%! These special features of the click triazole were also translated into triazole-
containing polymeric materials to obtain an array of polymers with optoelectronic,
pharmaceutical and biomedical applications.% However, in the field of macromolecules, there

is a lack of exploration around these types of polymers in terms of sensing applications.
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To date very few triazole-containing polymers with chemosensing capabilities have been
reported. For instance; a highly conjugated polymer was reported by Zhu and co-workers
(compound 33 in Figure 2.21).1% The polymer showed a higher sensitivity and selectivity
towards Hg?** ions with “turn-off” fluorescent response when solutions of metal ions in
acetonitrile were added to the polymer solution in chloroform. Furthermore, this report

suggested the contribution of the triazole unit to binding of Hg?*.

Recently, a chiral poly(imine-triazole) was reported as a fluorescent “turn-on” chemosensor
for Zn?* ions by Jiang and associates (compound 34 in Figure 2.21).1% The polymer was
synthesized using AB type clickable monomer (S)-2-[(2-azido-1-phenylethylimino)methyl]-
5-propargyl-oxyphenol (AMPP) via a metal-free AB click reaction.!% The possible interaction
patterns between polymer and Zn?* ions were investigated by comparing the emission spectra
of the repeating unit with that of the triazole-containing N-salicylidene derivative, which is
structurally close to the repeating unit. This triazole-containing model compound exhibited a
high fluorescence enhancement response (12 folds) compared to the repeating unit (7 folds),

suggesting the interaction of triazole ring with Zn?*.

OBu

BuO 33

Figure 1.21: Triazole-containing polymer for Hg?* and Zn?*recognition.

Despite the hydrogen bond abilities of the 1,2,3-triazole ring, which can allow triazole-
containing materials to interact with anions, not much has been done so far in the field of anion
sensing. This can be attributed to the interferences from foreign analytes which tamper with
the selective detection of anions. To date, most of the click triazole-containing chemosensors
that have been reported for anion recognition are based on small molecules or oligomeric

compounds.
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A chromogenic chemosensor which utilises 1,2,3-triazole motif and amide functionality to
create binding sites for halides have been reported by Haridas and co-workers (Figure 2.22).1%
The addition of F ions to CHCI3: DMSO (98:2 v/v) solutions of the compound 35a induced
intense colour change from yellow to orange compared to other halides. This observable
chromogenic response was attributed to the interaction between F~ ions and the recognition
subunit via hydrogen bonding formation between; F~ ions and C-H of triazole ring, F ions and

N-H of amide and F ions and C-H of 1,3-disubstituted benzene ring.

3
N\\_ //|I @, \'\%;/ //u‘
" s

Figure 2.22: Triazole containing chromogenic chemosensor for F ions.

Another example is the recently reported tris(triazole) tripodal receptor 36 which acts as a
selective probe for citrate ions (Figure 2.23).1%7 This probe contains 1,3,5-trisubstituted-2,4,6-
triethylbenzene scaffold with a highly flexible arms incorporating 1,2,3-triazole motifs as
recognition sites and pyrene as the reporter unit. Upon photon irradiation at A = 345 nm, the
probe exhibited two emission bands at 386 nm and 405 nm which were assigned to monomeric
pyrene emission. A structureless red-shift band at 486 nm was assigned to pyrene excimer
emission. In the presence of citrate ions the probe displayed a slight quenching of pyrene
excimer band intensity and enhancement of monomeric pyrene emission band with a quantum
yield of 1.87 more than that of the free probe. This observations were only detected upon

addition of citrate ions suggesting a selective recognition of the probe towards citrate ions.
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Figure 2.23: Triazole containing fluorogenic chemosensor for citrate ions.

Furthermore, 1,2,3 triazole-containing polymers were also reported to show molecular
recognition properties. For example, polymer 37 with tetraphenylethene as the fluorescent unit
was reported by Tang and co-workers for explosive compounds detection (Figure 2.24).1%8
Usually polytriazole preparation from fluorogenic repeating units leads to the fluorescent
quenching of the resulting polymer due to formation of aggregates. However, in this polymer,
the emission of practically non-emissive tetraphenylethene units is boosted by an aggregation
induced emission phenomenon (AIE) and it was quenched by picric acid during polymer

recognition tests towards explosive compounds.

R= _O(CHz)G_ or _CHZ_

37

Figure 2.24: Triazole based polymer for the detection of explosive compounds.
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2.5 Coumarin derivatives

Coumarin comounds, are a large and important group of organic compounds that have been
widely investigated as an ideal component for various high-technological applications such as
electronic and photonic applications,*® fluorescent probes and sensors.''® Coumarins are
naturally occurring compounds, and the basic coumarin was first isolated and reported in the
1820’s from Tonka beans (Dipteryx odorata).!** The parent molecule known as 2H-chromen-
2-one or 1-benzopyran-2-one consists of fused pyrone and benzene rings with a carbonyl group
at position 2 as shown in Figure 2.25. Due to the extended m-conjugation of benzopyrone
system, coumarins display excellent chromogenic and fluorogenic properties including a high
degree of sensitivity to their local environments such as polarity and viscosity.*? The synthesis
of coumarins has been attained via several methods such as the Knoevenagel,''® Perkin,'

Pechmann,*® Refomatsky,''® and the Wittig'!’ reaction.

1
8a O

Figure 2.25: Coumarin structure showing the numbering of carbon.

Besides the inherent photochemical features of the coumarins, their commercial value and
applicability in different disciplines have been enhanced by their biocompatibility, high
fluorescence quantum vyield, relative ease of synthesis, excellent light stability and solubility.
Furthermore, it was demonstrated that the absorption and emission of the coumarins can be
tuned via the manipulation of substituents on the coumarin structure.'*® For instance, the
addition of electron donating groups to position 7 of the coumarin moiety results in a “push-
pull” of the m-electron system as shown in Figure 2.26. This leads to the extended =-
conjugated system between an electron-donating group of position 7 and the electron-accepting
carbonyl group to produce a charge-transfer complex.!*® The ionization potential of the
electron-donating group and the electron affinity of the electron-accepting group have a major
effect on the specific charge-transfer transition energy of the system. Since the carbonyl group
forms a part of the coumarin structure, the charge-transfer character of the coumarin system
can be enhanced by optimizing the nature of the electron-donating group towards ionization
potential.
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Furthermore, from photophysical property studies of coumarin compounds conducted in the
late 1950s by Wheelock, it was demonstrated that the addition of electron-donating group in
the 4, 6, or 7 position or electron accepting group in the position 3 results in the fluorescence
shift to longer wavelength.*® Such properties of the coumarin motif have been the driving force
in the exploitation of coumarins as powerful components in chromogenic and fluorogenic

systems.

Figure 2.26: Coumarin “push-pull” n-electron system
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Chapter 3 Polymers with conjugated triazolyl coumarin
units as pendant group

3.1 Introduction

As fluorescence remains one of the most powerful transduction processes to signal a chemical
recognition event, numerous fluorescent compounds with different receptor units are currently
being investigated for their sensing capabilities. These include fluorescent compounds with the
coumarin units adjacent to the 1,2,3-triazole ring (conjugated triazolyl coumarin) which
showed applications in different fields such as fluorescent imaging and ions chemosensing.!
Due to the simplicity of the Cu(l)-catalyzed alkyne-azide 1,3-dipolar cycloaddition reaction
(CuAAC) (click reaction), which is mainly used in the synthesis of these compounds, their
applications have been extended to DNA labelling where the coumarin-triazole system acts as
a fluorescent dye.® Generally, the synthesis of these compounds involves a non-fluorescent
azide substituted coumarin system which becomes strongly fluorescent after reacting with an
alkyne containing substrate via the CUAAC reaction.* The fluorescent changes accompanying
triazole ring formation are the basis for bioimaging applications in this reaction as a fluorescent

signal is triggered once the coumarin-triazole unit is formed.

Since the nature of substituents at positions 3 and 7 are well known to alter the fluorescence
properties of the coumarin motif, a number of substituted coumarins with a triazole ring in
position 3 were synthesized and investigated for their chemosensing capabilities. For instance,
a water-soluble coumarin-based fluorescent probe 1 for hydrogen peroxide in water was
developed by Wang and co-workers (Figure 3.1).° The probe incorporates a 1,2,3-triazole ring
in position 3 and a pinacol-protected borane in position 7 of the coumarin backbone. The
addition of H.O> induces the oxidation of boronate resulting in the enhancement of the triazolyl
coumarin’s system fluorescence. This effect was less noticeable in the presence of other oxygen

reactive species such as 0%, OH and "OCl.
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Figure 3.1: 1,2,3-Triazole-coumarin based fluorescent probe for hydrogen peroxide detection.

The conjugated triazolyl coumarin system has been also coupled with other chemical structures
such as sugars in order to exploit the triazole ring and has found applications in the
chemosensing field. Examples include coumarin glycoligands 2, 3 and 4, that act as selective
turn-on and turn-off probes for Ag* ions in both aqueous and buffer media.® These types of
chemosensors involve two 7-hydroxycoumarins connected to the glucoside moiety by means
of 1,2,3-triazole rings which also play a role as receptors for Ag* ions. By varying the positions
of the triazolyl coumarin system around the glucosyl nucleus three triazolyl coumarin-
substituted glycoligands were obtained as shown in the Figure 3.2. Though all three exhibited
a selective response towards Ag*, their fluorescence responses were reversed depending on the
position of the triazolyl coumarin system. The addition of Ag* ions quenched the fluorescence
of glycoligand 2 whereas the fluorescence of glycoligands 3 and 4 were greatly enhanced by
the presence of Ag* ions. From fluorescence and NMR titrimetric studies, it was concluded
that the divergence was caused by the distinct coordination modes of conformationally
constrained glycoligands with Ag* ions.

OMe

HO O

m %& %
{Q - §F—§}OH
@?%

OH OMe

Figure 3.2: Triazolyl coumarin substituted glycoligands for selective recognition of Ag* ions

in aqueous solution.
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Although almost all chemosensors involving the triazolyl coumarin system are small
molecules, specific functionalization of the coumarin motif can allow incorporation of the
triazolyl coumarin system into polymeric materials. Here, we describe the incorporation of
conjugated triazolyl coumarin units as a pendant group for polymeric materials and we

investigate the chemosensing capabilities of the resulting polymers.

3.2 Monomer synthesis

In order to incorporate a conjugated triazolyl coumarin unit into a polymer chain, monomers
containing both the triazolyl coumarin unit and the functionality which allows polymerization
of the monomers had to be synthesized. Coumarin-based vinyl monomers 10 with a 1,2,3-
triazole ring at position 3 were designed and synthesized. For a better understanding on how
the 1,2,3-triazole ring interacts with various ions, a coumarin-based monomer 16 with a free
1,2,3-triazole ring (away from other binding sites) at position 7 was also synthesized. Both
monomers 10 and 16 were prepared via a multiple step synthesis. Vinyl monomer 10 was

prepared from 4-(diethylamino)-2-hydroxybenzaldehyde as shown in Scheme 3.1.

\j\‘ CHO \/N\Oio/v[() \b/N © o
a
N _—
OH 6 Z NO, 7 - NH,

- N lc

AN e N N
B = e P
N3
— — 8
o O
o (@]
10 9

Scheme 3.1: Synthesis of vinyl monomer 10; a) Ethyl 2-nitroacetate, AcOH, piperidine,
Butanol, reflux; b) SnCl,, HCly, rt; ¢) NaNO., KOAc, NaNsz, HCly; d) 3-Butyn-2-ol,
CuS04.5H20, PMDETA, NaAsc, THF, rt; d) PTSA, Toluene, 110°C.
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The monomer precursor 9 was synthesized according to literature procedures.” The click
reaction of the azide-functionalized coumarin derivative 8 with 3-butyn-2-ol was done in THF
as solvent. The reaction was carried out in the presence of a catalytic amount of CuSO4.5H-0,
sodium ascorbate to reduce Cu(Il) to Cu(l) and N,N,N’,N”,N"-pentamethyldiethylenetriamine
(PMDTA) ligand for stabilizing the in situ-generated catalyst Cu(l).** Monomer precursor 9
was subjected to dehydration reaction in toluene using p-toluenesulfonic acid (PTSA) as the

dehydrating agent to yield desired vinyl monomers in good yield.

The second vinyl monomer 16 was prepared from 3-aminophenol as shown in Scheme 3.2.
The synthesis of 7-azido-4-methylcoumarin 14 was achieved in a good yield under acidic
conditions through diazotization-azidation of 7-amino-4-methylcoumarin which was
synthesized according to the reported procedure.® Monomer precursor 15 and vinyl monomer

16 were synthesized following the same procedures used for 9 and 10.

¢

O

o—
NH, NH
Q= Qe OOy
—_— — > C
/ G
11 OH 12 OH 13 14
d
OH
\
N\\ N
\ DR

Scheme 3.2: Synthesis of vinyl monomer 16 a) C;HsOCOCI, EtO, rt b)
CH3COCH2COO0C2Hs, H2SO4:C2HsOH (7:3), rt ¢) HClayg, NaNO2, NaNs d) 3-Butyn-2-ol,
CuS04.5H,0, NaAsc, PMDTA, THF, rt e) PTSA, Toluene, 110°C.
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The structures of the two vinyl monomers 10 and 16 were confirmed by NMR and mass

spectroscopy. The *H NMR spectra of both monomers showed splitting patterns characteristic

for vinyl functionality between 5.2 and 6.1 ppm along with the coumarin-triazole unit as shown
in Figures 3.3 and 3.4. (For the 3C NMR spectra of monomers 10 and 16 and *H NMR spectra

of coumarins 6, 7, 8, 13, 14 and 15 see appendices Figure A.1

O;JNH

H

CDCl:

1

y /\ .

-A.9)

I

ECEE N N
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N

T T T T T T T T T
g ] 4

Figure 3.3: 'H NMR of the monomer 10 in CDCls.

[ppm]

Figure 3.4: 'H NMR of the monomer 16 in CDCls.

T T
2 [ppm]
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3.2.1 Absorption and fluorescence properties of the monomers

In order to understand the impact of the triazole ring on the absorption and emission properties
of the coumarin system in monomers 10 and 16, 7-diethylamionocoumarin 17 without the
triazole ring was synthesized. Compound 17 was synthesized according to a reported procedure
from 4-(diethylamino)-2-hydroxybenzaldehyde as shown in Scheme 3.3.° The structure of the
7-diethylamionocoumarin 17 was confirmed by 'H NMR spectroscopy (Appendix Figure
A.10) and its absorption and emission properties were compared with that of monomers 10 and
16.

O T
/\N OH COOEt b F
N 17

Scheme 3.3: Synthesis of the 7-diethylaminocoumarin; a) Piperidine and ethanol, b) HCI and
AcOH.

Figure 3.5 shows the absorption and emission spectra of monomers 10 and 16, and the 7-
diethylaminocoumarin 17 in DMF. Notable from the absorption and emission properties of
these compounds is the impact of the triazole ring on the coumarin-conjugated systems and its
involvement in the photoinduced electron transfer mechanism (PET) which leads to
fluorescence quenching. Monomer 10 and 7-diethylaminocoumarin 17 have similar coumarin
systems. However, when a triazole ring was incorporated at position 3 in the coumarin system
of monomer 10, a bathochromic shift in both absorption and emission spectra was observed.
This suggests that the incorporation of the triazole ring into the conjugated system extents the
conjugation. The shift was also accompanied by an increase in the absorption intensity in
monomer 10 compared to 7-diethylaminocoumarin 17. Contrary to the increase in absorption
intensity in monomer 10 after the addition of the triazole ring, its emission intensity decreased
compared to that of 7-diethylaminocoumarin 17. This suggests that the triazole ring is
involvedin the PET mechanism by transferring the lone pair of electrons from the nitrogen to
the excited coumarin fluorophore.® This transfer leads to the decrease in the emission intensity

since the usual relaxation process which results in fluorescence emission is disrupted.

In the case of monomer 16 where the triazole ring is placed at position 7 of the coumarin
system, a bathochromic shift and a decrease in intensity in both the absorption and emission

spectra were observed compared to 7-diethylaminocoumarin 17. Due to the electron deficiency
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of the triazole ring and the lone pair of electrons on the nitrogen which can participate in the
PET process, the incorporation of a triazole ring in position 7 of coumarin system has a negative
impact on the conjugation of the coumarin system as well as on the relaxation process of the
coumarin fluorophore. This effect leads to a blue shift and a decrease in intensity in both
absorption and emission spectra of monomer 16 compared to 7-diethylamionocoumarin 17
which has an electron donating diethylamiono group at position 7 of the coumarin system.

These observations are in agreement with Wheelock’s findings in the 1950s.!
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Figure 3.5: a) Absorption and b) Emission spectra of monomers 10 and 16, and 7-
diethylamionocoumarin 17. The experiments were performed in DMF at 350 nm with a

concentration of 1.7x10° M for absorption and 10" M for emission analysis.

3.3 Polymer synthesis

Polymerization of the vinyl monomers 10 and 16 was accomplished via radical polymerization
in which a degased system was required to avoid interference of oxygen with the free radical
species (Scheme 3.4 and 3.5).12 Azobisisobutyronitrile (AIBN) was used as an initiator, and
polymerization process was completed in 48 hrs in DMF at 70°C. The reaction mixtures were

diluted with ethanol, and polymers were precipitated by dropwise addition of a minimum
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Scheme 3.4: Free radical polymerization of monomer 10 and 16.

amount of water.
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Scheme 3.5: RAFT polymerization of monomer 10 and 16.

The structures of polymers 18 and 19 were confirmed by *H NMR and FT-IR spectroscopy.
Figures 3.6 and 3.7 illustrate the assignment of proton signals in the *H NMR spectra of
polymers 18 and 19 respectively. Notable in both spectra is the disappearance of the proton
signal between 5.2 and 6.1 ppm in the monomer (characteristic for the vinyl functional group)
and the appearance of proton signals in the alkyl resonance range. These observations confirm
the conversion of the terminal alkene functionality in monomers 10 and 16 to alkyl chains
during polymerization. Due to the low solubility of polymer 19, the average molecular weight
and polydispersity index could not be determined from size exclusion chromatography
experiments. On the other hand, average molecular weight and polydispersity index of polymer

18, were determined to be 2.17 x 103 and 1.92 respectively.

Alkyl chains

Coumarin-triazole <~j

s ) . ) ) ) ‘ ' ) ) : ' ) T em

Figure 3.6: 'H NMR spectrum for polymer 18 in CDCls.
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Figure 3.7: 'H NMR spectrum for polymer 19 in DMSO-ds.

The structures of polymers 18 and 19 were further confirmed using FT-IR spectroscopy.
Figure 3.8 shows the comparative FT-IR spectra of the monomer 10 and 16 and their polymers.
Notable in the spectra of the polymers is the disappearance of the terminal alkene stretchings
at 3145 cm™ and 3148 cm™ in polymers 18 (Figure 3.8 a) and 19 (Figure 3.8 b) respectively.
This confirms once again a successful conversion of terminal alkene groups in the monomers

into alkyl chains in the polymers.

Polymer
Monomer
a b
=CH =CH H
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
1
Wavenumber cm Wavenumber cm-

Figure 3.8: Comparative FT-IR spectra of a) Monomer 10 and polymer 18 and b) Monomer

16 and polymer 19.

3.4 Absorption and fluorescence properties of the polymers

The effect of polymerization on the photophysical properties of the monomers was
investigated. This was achieved by comparing the absorption and emission properties of DMF
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solutions containing specific quantities of the monomers, and DMF solutions containing the
respective polymer 18 or 19 with an equivalent number of repeating monomer units. In both
cases (Figure 3.9), the polymers and their respective monomers showed the same absorption
and emission behaviour. However, the polymers absorbed and emitted more than their
respective monomer units. This could be attributed to the cooperative effect of chromophores
from the pendant chains.®® Furthermore, the removal of the alkene functionality during
polymerization increases the electron-withdrawing effect of the triazole ring which can
decrease the ability of the triazole nitrogen to quench the fluorescence of the coumarin via the
PET mechanism. When polymer 18 was compared to its monomer 10, up to an 8 fold increase
in absorption and a 7 fold increase in emission were observed (Figure 3.9 a and b). In polymer
19 compared to its monomer 16, a 22 fold increase in absorption and a 5 fold increase in
emission were observed (Figure 3.9 c and d).
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Figure 3.9: a) Absorption and b) Emission spectra of monomer 10 and polymer 18 (Repeating
units concentration: 3 x 10°® M for absorption and 3 X 10° M for emission); and c¢) Absorption
and d) Emission spectra of monomer 16 and polymer 19 (Repeating units concentration: 6x10°

%M for absorption and 9.5 X 10'M for emission. Emission was performed at 350 nm.

In order to establish the chemosensing capabilities of polymers 18 and 19, differences in the
photophysical properties of the two polymers were investigated. Figure 3.10 shows the

absorption and emission spectra of polymers 18 and 19 in DMF. Both polymers exhibited
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single absorption bands which are attributed to the n to =* transition from the carbonyl group
and a «t to =* transition in the coumarin system. Polymer 18 showed a maximum absorption at
407 nm while the maximum absorption of polymer 19 was at 324 nm. The differences in the
absorption spectra of the polymers suggests different electronic arrangements in the coumarin

chromophores from the two polymers.

Same as in the absorption spectra, the emission spectra of both polymers 18 and 19 showed
single emission bands at 486 and 433 nm respectively. In both absorption and emission spectra
of the two polymers, it was noted that polymer 18 absorbs and emits light at longer wavelengths
compared to polymer 19. These observations could be attributed to the increased charge-
transfer character of the coumarin system in polymer 18 compared with polymer 19. In polymer
18, the tertiary amine, which is a strong electron-donor is in position 7 of the coumarin system
and the electron-withdrawing carbonyl and triazole groups, are in positions 2 and 3
respectively. This structural arrangement results in an enhanced “push-pull” electronic system
when the coumarin chromophore is excited and the effect is translated into a red shift in both

absorption and emission spectra.

(@ (b)
Polymer 19 Polymer 18
2 Polymer 19
600
Polymer 18 -
15 =
c
g 8 400
< £
51 g
G £
w
1]
205 g 200
g
o
=2
0 w 0
304 354 404 454 370 420 470 520 570
Wavelength (nm) Wavelength (nm)

Figure 3.10: a) Absorption and b) Emission spectra of polymers 18 and 19 in DMF. Excitation
was performed at 350 nm. Concentrations used in terms of the repeating units: Emission (1.4
X 10®M and 1.4 x 107 M for polymers 18 and 19 respectively), and Absorption (3 X 10° M
and 6 x 10°° M for polymers 18 and 19 respectively).

3.4 Chemosensing studies of polymer 18 and 19

Since the triazole ring can act as a Lewis base through the middle nitrogen atom,* its presence
along with the carbonyl group in polymers 18 and 19 makes them potential metal ion
chemosensors, prompting further investigation. Binding of the polymers with different metal

ions including monovalent, divalent and trivalent ions such as Na*, Ca?*, Ag*, AI**, Ba?*, Cr®*,
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Cu?*, Fe®*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni%* and Pb?* were investigated through absorption
and emission spectral analysis under similar experimental conditions. Furthermore, the 1,2,3-
triazole ring possesses the ability to be involved in hydrogen bonding with anions through its
polarized triazole C-H bond; therefore chemosensing capabilities of polymers 17 and 18 were
also investigated in the presence of anions which included H2PO4, F, CI', Br, HSO4’, ClO4’,
OH, I, NO3,, AcO™ and CN". Due to the limited solubility of the polymeric materials, all the
studies were performed in DMF, which is a more polar solvent. In all chemosensing studies,
solutions of nitrate and tetrabutylammonium salts were used as cation and anion source

respectively.

3.4.1 UV-Vis analysis

The chemosensing capabilities of polymers 18 and 19 towards metal ions were initially
investigated by UV-Vis spectral analysis. This was achieved at room temperature by mixing
the DMF solutions of polymers 18 and 19 with the aliquots of listed metal ions and anions. As
shown in Figure 3.11, all the metal ions and anions tested, except Fe**, did not show any
significant changes in the absorption band at 407 nm for polymer 18. Fe*" induced a small
increase in the intensity of the absorption band. On the contrary, the addition of the same
concentration of both metal ions and anions to the DMF solution of polymer 19 showed some
variations in the responses as shown in Figure 3.12. As noted for polymer 18, no significant
change in the absorption band at 324 nm was observed for polymer 19 in the presence of the
metal ions under investigation, except for Fe3* (Figure 3.12 a). Fe3* induced an increase in
absorption in polymer 19, much higher compared to polymer 18. This suggests that polymer
19 efficiently interacts with Fe**, more so than polymer 18. Additionally, polymer 19 showed
some interaction with Cu®* which resulted in an increase in absorption. In the presence of
anions (Figure 3.12 b), weak variations in the intensities of the absorption bands were observed

but no conclusive selective response was noted from any of the tested anions.
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Figure 3.11: Absorption spectra of polymer 18 (1.5 X 10 g/L) in the presence of the aliquot
(6.5 X 10°M) of a) metal ions (Na*, Ca®*, Ag*, AI**, Ba®**, Cr¥*, Cu®*, Fe*', Hg?*, Mn?*, Co?*,
Zn%*, Cd?*, Ni** and Pb?*), and b) anions (H.PO4*, F-, CI, Br,, HSO4, ClOs, OH", I, NOs,
AcO and CN").
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Figure 3.12: Absorption spectra of polymer 19 (5 x 102 g/L) in the presence of the aliquot
(6.5 X 10°M) of a) metal ions (Na*, Ca?*, Ag*, AI**, Ba®*, Cr¥*, Cu®*, Fe*', Hg?*, Mn?*, Co?*,
Zn?*, Cd?*, Ni?* and Pb?"), and b) anions (H.PO4*, F, CI, Br,, HSOx4’, ClOs, OH", I, NOg,
AcO and CN").

3.4.2 Fluorescence analysis

The chemosensing capability of polymers 18 and 19 were also investigated using emission
spectral analysis in the same way and using the same ionic species as applied in the UV-Vis
spectral analysis. An excitation wavelength of 350 nm was used for both polymers. For
polymer 18, most of the metal ions generally showed some interaction resulted in alteration of
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emission spectrum. Exceptional changes in the emission band at 486 nm were observed in the
presence of Fe3*and Cu?* and could be attributed to the transfer of excitation energy from the
fluorophores to the metal d-orbital and/or charge transfer from the fluorophores to the metal
ion which resulted in a fluorescence quenching response (Figure 3.13 a).!® The presence of
Fe3* induced up to a 78 % quenching effect in the emission band while Cu?* induced up to 50%
quenching. On the other hand, the presence of anions did not significantly affect the

fluorescence band of polymer 18 (Figure 3.13 b).
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Figure 3.13: Emission spectra of polymer 18 (1.9 X 10 g/L) in the presence of the aliquot (0.5
uM) of a) metal ions (Na*, Ca?*, Ag*, AI**, Ba?*, Cr¥, Cu?*, Fe**, Hg?', Mn?*, Co?*, Zn?*,
Cd?*, Ni?* and Pb?*) and b) anions (F, CI', Br, HSO4", ClO4, OH", I, NOs", AcO™ and CN").

Excitation was performed at 350 nm.

The presence of metal ions, except Fe*, showed negligible changes in the emission band at
433 nm for polymer 19 implying that the interactions were negligible (Figure 3.14 a). The
presence of Fe** induced a fluorescence quenching response up to 80% in the emission band of
polymer 19. As for polymer 18, the presence of anions induced negligible changes in the

fluorescence spectra of polymer 19 (Figure 3.14 b).
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Figure 3.14: Emission spectra of polymer 19 (1.5 x 10 g/L) in the presence of the aliquot (0.4
uM) of a) metal ions (Na*, Ca?*, Ag*, AI¥*, Ba?*, Cr*, Cu?*, Fe®*, Hg?*, Mn?*, Co?', Zn?*,
Cd?*, Ni?* and Pb?*) and b) anions (F, Cl', Br, HSO4", ClOs, OH", I, NOs", AcO™ and CN").

Excitation was performed at 350 nm.

Despite the observed higher sensitivity towards Fe* ions by both polymers, their sensitivities
towards other metal ions were different. In polymer 19, all the metal ions except Fe** showed
a negligible interaction with polymer 19 while in polymer 18, some metal ions such as Hg?*,
Co?* and Cu?* exhibited levels of interaction which led to visible quenching of the emission
band. These observations suggest different binding modes of the two polymers towards the

metal ions.
3.4.3 Titration experiments of polymer 18 and 19 with Fe®*ions

To further investigate the sensitivity of polymers 18 and 19 towards Fe**, UV-Vis and
fluorescence titration experiments were performed. Variations in the absorption spectra of
polymers 18 (Figure 3.15 a) and 19 (Figure 3.15 b) with increasing amounts of Fe** ions were
observed. Notable was that the addition of Fe** aliquots to the DMF solution of both polymers
resulted in a gradual increase in the intensities of the absorption bands of the two polymers.
The response was greater in polymer 19 than in polymer 18. This confirms that both polymers

interact with Fe3* with different levels of sensitivity.
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Figure 3.15: Changes in the absorption spectra of a) polymer 18 and b) polymer 19 in DMF
upon addition of Fe3* aliquots (0.02 uM). Concentrations of 1.5 x 1072 g/L and 5x1072 g/L were

used for polymer 18 and 19 respectively.

Fluorescence titrations of polymers 18 and 19 using Fe* were performed in DMF solutions.
As shown in the Figure 3.16, the addition of Fe** aliquots induced a gradual decrease in the
emission bands of both polymers. When 3.24x10* M of Fe** was added to the DMF solution
of polymer 19 (Figure 3.16 b), the fluorescence at 433 nm was almost completely quenched.
In contrast to the polymer 19, the addition of Fe3* ions to the DMF solution of polymer 18

reached a saturation point with 78% quenching when 8 x 10”7 M of Fe®* had been added.
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Figure 3.16: Emission spectra of a) polymer 18 (1.9 X 10“g/L) and b) polymer 19 (1.5 x 1073
g/L) in DMF in the presence of increasing amounts of Fe®* (0-0.8 uM for polymer 18 and 0-

324 uM for polymer 19). An excitation wavelength of 350 nm was used.
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Using titration information data of polymers 18 and 19, plots of F/F, (where Fo and F are
fluorescence intensities in the absence and in the presence of Fe®*) against concentration of
Fe3* were plotted (insets in Figure 3.16). In polymer 18, linearity between F/F, and [Fe3*] was
found in the 0.2-0.5 umol/L range with a correlation coefficient of R?=0.9978, while in polymer
19 this was observed between 33 and 98 umol/L with a correlation coefficient of R2=9981. The
detection limit of each polymer was calculated according to the IUPAC definition
(CoL=3Su/m), where Sy represents the standard deviation of a blank solution and m the slope.!®
The detection limits were found to be 1.7x107 M and 4x10° M for polymers 18 and 19
respectively (For detection limit calculation see Appendices). The differences in the detection
limits could be attributed to the higher fluorescence intensity associated with polymer 18

(approximately 10 times more fluorescent than polymer 19).
3.4.4 Competitive studies

To investigate the effect of other metal ions on the interaction between the polymers and Fe®*,
competitive studies were performed. This was achieved by using Fe** ions mixed with two
equivalents of other metal ions. The emission spectra were recorded in DMF at 350 nm for
polymer 18 and 19. As shown in Figure 3.17, the fluorescence quenching responses induced
by the presence of Fe®* ions in polymer 18 (Figure 3.17 a) and polymer 19 (Figure 3.17 b)
were not significantly affected by the presence of two equivalents of other metal ions. The
higher sensitivities of polymers 18 and 19 towards Fe** and the formation of stable complexes
with minimal interference from the presence of other metal ions makes these types of polymers

potential “on-off” selective chemosensors for Fe3* ions.

Fluorescence intensity
~
(e}
(]
Fluorescence intensity
[ ) w B w (=2} ~
o o o o o (=]
(] (=] o (] [} o

—
o
=}

T

TR R I
& NN FE Q&QQ,QQQ}‘\\\QQ\,\S\V\@ (/b\-é@\

200 Fe®*
100 1
0 i

F AN DN adasasSaS
O AN R DY DY QY O DY O RN O R O AN B D
& S F R FEFSEETES SRS

(=)

TN Pt

Figure 3.17: Fluorescence responses of a) polymer 18 (1.9x10* g/L) and b) polymer 19
(1.5x103 g/L) in the presence of metal ions (0.5 uM for polymer 18 and 0.4 uM for polymer
19) Na*, Ca?*, Ag*, AI¥*, Ba?*,Cr¥, Cu?*, Fe%*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni*" and Pb?*
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(blue bars) and in the presence of a mixture of Fe** (0.5 uM for polymer 18 and 0.4 uM for
polymer 19) with two equivalents (1 uM for polymer 18 and 0.8 uM for polymer 19) of other

metal ions (black bars). Excitation was performed at 350 nm.
2.4.5 Sensing mechanism of polymers 18 and 19 toward metal ions

Since both polymers 18 and 19 showed higher sensitivity towards Fe** and also considering
that more than one binding site is present in each polymer, the task was to find the binding sites
from the polymers which are involved in binding the Fe®*. Although the presence of Fe®*
induced fluorescence quenching in both polymers, the presence of some metal ions such as
Cu?*, Hg?* and Co?* showed some level of interaction which leads to visible fluorescence
quenching in polymer 18 compared to polymer 19. This suggested different affinities in the
two polymers towards metal ions. In order to analyse these different affinities and gain an
insight on the interaction between the polymers and Fe3*, fluorescence responses of 7-
diethylaminocoumarin 17, monomer 10 and monomer 16 were investigated in the presence of

those metal ions that induced visible fluorescence quenching responses in polymer 18.

The choice of 7-diethylaminocoumarin was based on the fact that the molecule possesses all
the binding sites present in polymer 18 and in its starting monomer 10 except for the triazole
ring. Furthermore, 7-diethylaminocoumarin also has a carbonyl group which is in the same
chemical environment as the carbonyl group in polymer 19 and its starting monomer 16.
Therefore the comparison of the fluorescence responses of the 7-diethylaminocoumarin 17,
monomer 10 and 16 can provide an insight into how polymers 18 and 19 interact with the metal
ions as well as the effect of the interchain interactions on the binding of the metal ions.

The emission spectra of the three compounds were recorded under the same conditions as their
corresponding polymers and using the same excitation energy. As shown in Figure 3.18, the
presence of the four metal ions (Fe®*, Cu?*, Hg?* and Co?*) induced almost the same responses
in 7-diethylaminocoumarin 17, monomer 10 and 16 emission bands. As observed for their
corresponding polymers, higher responses were also observed in the presence of Fe3* for the

monomers.

Since all the three compounds exhibited strong fluorescence quenching in the presence of Fe*
as observed in their corresponding polymers, it is likely that the same binding mode is used
when Fe** interacts with each one of the three compounds as well as their corresponding

polymers. To achieve the same binding mode, the same binding sites must be involved in metal
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ion coordination. Hence it can be concluded that the common binding site in compound 10, 16
and 17, as well as in their corresponding polymers is the carbonyl group, and the contribution
from the triazole ring is minimized. Since the quenching induced by the presence of Cu?*, Hg?*
and Co?* in the polymer 18 could not be observed in its repeating unit 10, the quenching in the
polymer 18 can be attributed to the interchain aggregation induced by the presence of those
metal ions.'”!8 As the same effect was not observed in polymer 19, it can be concluded that the
triazole ring environment in polymer 18 played a role in the sensitivity towards those metal
ions (Cu?*, Hg?* and Co?").
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Figure 3.18: Emission spectra of a) 7-diethylamionocoumarin 17 (0.033 pM), b) monomer 10
(0.67 uM), ¢) monomer 16 (0.083 pM) in the presence of Fe**, Cu?*, Hg** and Co?* (0.01 M).

Excitation was performed at 350 nm.

The interaction between Fe3* with the carbonyl functional group was confirmed using FT-IR
titration experiments and the results are presented in Figure 3.19. This was conducted by
adding aliquots of Fe** to dimethylsulfoxide solutions of polymers 18 and 19 and an aliquot
was collected for FT-IR analysis from the mixture after each addition. Notable from both
polymers is that the intensity of the FT-IR peak at 1690 cm™ gradually increases with addition
of Fe*" while the other peaks are not significantly affected. Since this peak was assigned to the

carbonyl group, it is clear that the carbonyl group is involved in binding Fe3".
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Figure 3.19: Changes in the FT-IR spectra of polymers 18 and 19 (10 g/L) with addition of
1pL aliquots of Fe** (0.1 M).

3.4 Conclusion

Two polymers with conjugated triazolyl coumarin units as pendant groups have been
synthesized through multiple step syntheses. Their chemosensing capabilities for metal ions
and anions were investigated in DMF solvent and both polymers showed higher sensitivity
towards Fe®* ions. An investigation that was carried out on their starting monomers and a
reference molecule (7-diethylaminocoumarin 17) indicated the carbonyl functionality as the
possible main binding site for the Fe* ions. This observation was further confirmed through
FT-IR titration experiments. The fluorescence quenching in the presence of Fe3* was attributed
to the transfer of excitation energy from the coumarin fluorophore in the polymers to the metal

d-orbital and/or charge transfer from polymer to metal ion.

3.5 Experimental

3.5.1 General information

All chemicals and solvents were purchased from Sigma Aldrich or Merck and were used
as received without further purification. Reactions were monitored by thin layer
chromatography (TLC) on pre-coated silica gel 60 Fzs4 aluminum sheets (0.063 - 0.2
mm/70 - 230 mesh) and column chromatography was performed using silica gel (particle
size 0.040-0.063 mm).

'H NMR and *3C NMR spectra were measured on a Bruker Advance DPX 400 (400 MHz)

using TMS as an internal standard. NMR samples were prepared in deuterated solvents
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(CDClIz or DMSO-ds) and all samples were run at 300 K. Coupling constants (J) and
chemical shifts (8) are expressed in Hz and parts per million (ppm) respectively.

FT-IR spectra were recorded in the range 4000-500 cm™ using Opus software (version 6.
5. 6) on a Bruker Platinum Tensor 27 ATR-IR spectrophotometer. The elemental analysis
for carbon, hydrogen and nitrogen was performed using a Vario EL (Elementar Analysen

System GmbH) instrument.

The melting point data were determined using a Lasec Hot Stage apparatus. The UV-Vis
absorption spectra were recorded on a Perkin Elmer Lambda 35 UV-Vis spectrometer
using a 1 cm quartz cell while emission spectra were recorded on a Perkin Elmer LS 45
fluorescence spectrometer. Stock solution of the polymer and starting monomers were
prepared by dissolving the samples in DMF, and the solutions were diluted to the desired
concentrations. For the polymers mass/vol concentration was used, while for starting
monomer molarity was used. The solution was further diluted to 7 x 10°.Stock solutions

of various cations and anions were prepared using nitrate and tetrabutylammonium salts.

3.5.1 Synthesis of vinyl monomer (10)
Compounds 6 to 8 were synthesized according to procedures available in the literature.’
3.5.1.1 7-(Diethylamino)-3-nitro-2H-chromen-2-one (6)

Yield: 75%. 'H NMR (CDCls, 400 MHz): 5 = 8.73 (s, 1H), 7.45 (d, J = 8.24 Hz, 1H), 6.72 (d,
J =9.08 Hz, 1H), 6.51 (s, 1H), 3.41 (q, J = 6.04 Hz, 4H), 1.20 (t, J = 6.04, 6H). 13C NMR
(CDCls, 400 MHz): 5 = 162.31, 151.56, 149.45, 145.68, 137.21, 129.01, 111.57, 105.03, 45.81,
12.90.

3.5.1.2 3-Amino-7-(diethylamino)-2H-chromen-2-one (7)

Yield: 61%.H NMR (CDCls, 400 MHz): § = 7.14 (d, J = 8.56 Hz, 1H), 6.72 (s, 1H), 6.57 (m,
2H), 3.89 (s, 2H), 3.39 (q, J = 6.84 Hz, 4H), 1.20 (t, J = 6.84 Hz, 6H). 3C NMR (CDCls, 400
MHz): § = 160.43, 156.89, 154.35, 139.37, 129.64, 113.67, 112.14, 111.08, 105.69, 45.41,
12.63.

3.5.1.3 3-Azido-7-(diethylamino)-2H-chromen-2-one (8)

Yield: 64%. 'H NMR (CDCls, 400 MHz): & = 7.20 (d, J = 9.04 Hz, 1 H), 7.11 (s, 1H), 6.60 (d,
J=8.96 Hz, 1H), 6.52 (s, 1H), 3.41 (q, J = 6.04 Hz, 4H), 1.22 (t, J = 6.04 Hz, 6H). 3C NMR
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(CDCls, 400 MHz): 6 = 158.34, 152.78, 151.89, 149.98, 149.34, 128.47, 118.18, 112.95,
111.02, 45.67, 12.70.

3.5.1.4 7-(Diethylamino)-3-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one
9)

A mixture of 3-azido-7-(diethylamino)-2H-chromen-2-one (8) (2.10 g, 8.10 mmol), 3-butyn-
2-ol (0.90 mL, 12 mmol), CuSO4.5H20 (0.39 g, 1.6 mmol) and sodium ascorbate (0.39 g, 1.9
mol) in THF (100 mL) were stirred at RT for 72 h. THF was removed under reduced pressure
and the crude product was dissolved in EtOAc. The mixture was washed with water and then
concentrated to give a product which was purified by column chromatography over silica gel
(EtOAC: Hexane, 70:30) to afford a yellow solid in 71 % yield. m.p. 142-145°C. IR vmax (CM
1): 3313 (OH), 2969 (N-Et2). *H NMR (CDCl3, 400 MHz): = 8.40 (s, 1 H), 8.30 (s, 1H), 7.34
(d, J =8.72 Hz, 1H), 6.61 (d, J = 8.72 Hz, 1H), 6.49 (s, 1 H), 5.09 (s, 1H), 3.39 (q, J = 7.04
Hz, 4H), 1.58 (d, J = 6.44 Hz, 3H), 1.17 (t, J = 6.75 Hz, 6H). 3C NMR (CDCls, 400 MHz): &
=156.97, 155.82, 151. 99, 151.58, 134.79, 129.99, 121.06, 116.91, 110.06, 107.08, 97.06,
63.17, 45.00, 22.97, 12.41. Anal. Calc. for C17H20N4O3: C: 62.18, H: 6.14, N: 17.06. Found:
C: 62.17, H: 6.30, N: 17.59.

3.5.1.5 7-(Diethylamino)-3-(4-vinyl-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one (10)

In a two-necked round-bottomed flask equipped with a Dean Stark apparatus, 7-
(diethylamino)-3-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one (9) (0.51 g,
1.54 mmol) and 20% para-toluenesulfonic acid (0.05 g, 0.31 mmol) in toluene (100 ml) were
refluxed at 130°C for 24 h. The reaction mixture was cooled to room temperature and then
neutralized with sodium hydroxide solution (30 mL, 3 M). The organic layer was collected,
washed with water (3 x 30 mL) and dried over anhydrous Na;SO4. The solvent was removed
under reduced pressure and the crude product was purified by column chromatography over
silica gel (Hexane: EtOAc, 70:30) to afford a yellow solid product in 50% yield. m.p. 149-
151°C. 'H NMR (CDCls, 400 MHz): § = 8.48 (s, 1H), 8.33 (s, 1H), 7.33 (d, J = 8.52 Hz, 1H),
6.67 (dd, J = 11.20 Hz, 1H), 6.61 (d, J = 8.48 Hz, 1H), 6.48 (s, 1H), 5.92 (d, J = 17.6 Hz 1H),
5.32 (d, J = 11.16 Hz, 1H), 3.38 (q, J = 6.36 Hz, 4H), 1.17 (t, J = 6.36 Hz, 6H). 3C NMR
(CDCls, 400 MHz): 6 =156.92, 155.79, 151.56, 146.19, 134.48, 129.98, 125.45, 121.00,
116.84, 116.39, 110.08, 107.10, 97.03, 45.00, 12.42.
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3.5.2 Synthesis of vinyl monomer (16)

3.5.2.1 7-Amino-4-methyl-2H-chromen-2-one (13):3*H NMR (CDCls, 400 MHz): § = 7.29
(d, J = 8.44 Hz, 1H), 6.50 (s, 2H), 5.94 (s, H), 4.09 (s, 2H), 2.27 (s, 3H). 3C NMR (CDCls,
400 MHz): 6 = 160.0, 154.68, 151.88, 143.93, 126.01, 117.10, 115.32, 114.03, 107.18, 18.64.

3.5.2.2 7-Azido-4-methyl-2H-chromen-2-one (14)

7-Amino-4-methyl-2H-chromen-2-one (13) (1.00 g, 5.70 mmol) was dissolved in 30 mL HCI
solution (1M) and the mixture was kept in ice until its temperature was below 5°C. To the
cooled mixture, NaNO> (2.00 g, 28.50 mmol) was added and the mixture stirred for 30 minutes.
Then NaN3 (1.86 g, 28.50 mmol) was slowly added to allow the azidation reaction to take place.
After 30 min of stirring, the resulted precipitate were filtered off, washed with water and dried
under reduced pressure to afford the azide-functionalized product 14 in 64% vyield. m.p. 103-
107°C. IR vmax (cm™): 2124.79 (N3), 1697.50 (C=0). *H NMR (CDCls, 400 MHz): & = 7.50
(d, J =8.04 Hz, 1H), 6.90 (s, 1H), 6.89 (d, J = 8.04 Hz, 1H), 6.16 (s, 1H), 2.35 (s, 3H). 3C
NMR (CDClz, 400 MHz): 6 = 160.0, 154.68, 151.88, 143.93, 126.01, 117.10, 115.32, 114.03,
107.18, 18.64.

3.5.2.3 7-(4-(1-Hydroxyethyl)-1H-1,2,3-triazol-1-yl)-4-methyl-2H-chromen-2-one (15)

A mixture of 7-azido-4-methyl-2H-chromen-2-one (14) (0.1 g, 0.5 mmol), 3-butyn-2-ol (0.06
g, 0.5 mmol), CuS0O4.5H20 (0.02 g, 0.05 mmol), sodium ascorbate (0.03 g, 0.15 mmol) and
PMDETA (0.03 g, 0.15 mmol) in THF (100 mL) was stirred at room temperature for 72 h.
THF was removed under reduced pressure and the crude product dissolved in chloroform. The
mixture was washed with water and then concentrated to afford a yellow solid product in 80 %
yield. m.p. 170-175 °C. IR vmax (cm™): 3152 (C=C-H), 1719.73 (C=0), 1618 (C=C) .'H NMR
(CDCls, 400 MHz): & = 8.83 (s, 1H), 8.00-7.98 (m, 2H), 6.47 (s, 1H), 5.46 (d, J = 4.72 Hz,
1H), 4.82 (q, J =5.92, Hz, 1H), 2.48 (s, 3H), 1.49 (d, J =6.48 Hz, 1H). *3C NMR (CDCls, 400
MHz): 6 = 159.95, 154.60, 154.13, 153. 24, 139.18, 127.68, 120.39, 119.73, 115.79, 115.03,
107.66, 61.98, 24.05, 18.56. Anal. Calc. for C14H13N3Os: C: 61.99, H: 4.83, N: 15.49. Found:
C:61.94, H: 4.82, N: 11.46.

3.5.2.4 4-Methyl-7-(4-vinyl-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one (16)

In a two-necked round-bottomed flask equipped with a Dean-Stark apparatus, 7-(4-(1-
hydroxyethyl)-1H-1,2,3-triazol-1-yl)-4-methyl-2H-chromen-2-one (15) (0.5 g, 1.84 mmol)
and para-toluenesulfonic acid (0.35 g, 2.03 mmol) in toluene (100 mL) were refluxed at 130°C
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for 24 h. The reaction mixture was cooled to room temperature and then neutralized with
sodium hydroxide solution (30 mL, 3 M). The organic layer was collected, washed with water
(3 x 30 mL) and dried over anhydrous Na,SO4. The solvent was removed under reduced
pressure and the crude product purified by column chromatography over silica gel (Hexane:
EtOAc, 50:50) to afford yellow solid in 56% yield. m.p. 203-207 °C. IR vmax (cm™): 3152
(C=C-H), 1719 (C=0), 1618 (C=C) .!H NMR (CDCl3, 400 MHz): § = 8.02 (s, 1H), 7.84-7.76
(m, 2H), 7.70 (s, 1H), 6.81 (dd, J =11.24 Hz, 1H), 6.38 (s, 1H), 6.09 (d, J =16.92 Hz, 1H), 5.50
(d, 3 =12.04 Hz, 1H), 2.51 (s, 3H), C NMR (CDCls, 400 MHz): § = 159.93, 154.24, 151.50,
147.42, 138.93, 126.26, 124.81, 119.89,117.85, 117.67, 115.84, 115.66, 108.18, 18.69.

3.5.3 7-(Diethylamino)-2H-chromen-2-one (17)

Compound (17) was synthesized according to procedures available in the literature.® 'H NMR
(CDCls, 400 MHz): § = 7.54 (d, J = 9.28 Hz, 1H), 7.26 (d, J = 8.76, 1H), 6.57 (d, J = 8.80 Hz,
1H), 6.50 (s, 1H), 6.04 (d, J = 9.28 Hz, 1H), 3.42 (g, J = 7.08 Hz, 4H), 1.22 (t, J = 7.08 Hz,
6H). *C NMR (CDCls, 400 MHz): § =162.26, 156.75, 150.69, 143.66, 128.74, 109.21, 108.64,
108.29, 97.56, 44.78, 12.43.

3.5.4 Radical polymerization of monomer 10 and 16

To a Schlenk, flask a mixture of vinyl monomer 10 or 16 (0.21 mmol) and
azobisisobutyronitrile (AIBN) (4.29 x 10 mmol) in DMF (4 mL) was added. The mixture was
degassed using a freeze-thaw method (5 cycles) then flushed with argon, heated for 48 h at
70°C and then poured to ethanol (50 ml). The polymers were precipitated by a dropwise
addition of a minimum amount of water to afford branched polymers 18 and 19 in 46% and
39% yield respectively.
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Chapter 4  Polymers with bridged triazolyl coumarin
units as pendant group

4.1 Introduction

In the previous Chapter (Chapter 3), it was shown that when the triazole ring is in direct
conjugation with coumarin backbone could not efficiently interact with either cations or anions.
Furthermore, it was also noted in most literature reports that whenever the 1,2,3-triazole ring
was used as a receptor for chemosensors, more than one supporting groups were also involved.*
Those auxiliary groups help 1,2,3-triazole to interact efficiently with the guest substrate and
induce detectable changes in the signalling unit. Widely used auxiliary groups for the 1,2,3-
triazole complexation include, hydroxyl,? cyclam,? carbonyl,* pyridinyl® or an additional 1,2,3-
triazole unit in the system.® These auxiliary groups can be in direct conjugation or can be

separated from the triazole through a spacer.

With the aim of improving the binding ability of the triazole ring towards ions, a novel set of
branched polymers with functional linkages between the coumarin and the 1,2,3-triazole ring
were designed and synthesized. Firstly, functional linkages were formed between the alkyne
functional group and the coumarin system upon reaction with the alkyne containing precursor.
Secondly, the alkyne functionalized coumarin systems were then incorporated into azide
functionalized pendant chains of the optically inactive polymer via a Cu(l)-catalysed alkyne-

azide cycloaddition reaction (CUAAC) to yield the desired functionalized polymer.

Due to their easy preparation, derivatization and strong luminescence as noted in Chapter 3, 7-
(diethylamino)coumarin and 7-hydroxy-4-methylcoumarin were used as fluorophore units in
these studies. From the two fluorophores, three coumarin derivatives 7, 11 and 15 with
functionalized linkages in positions 3 and 8 were synthesized. These compounds were
incorporated into poly(4-vinylbenzyl azide) PO under click conditions’ to a yield triazole-
functionalized polymers with coumarin fluorophores linked to 1,2,3-triazole ring via
functionalized linkages (Scheme 4.1). Functionalized linkages which have been investigated

in these studies are hydroxyethylene (in P1 and P2) and amino-methylene (in P3).
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Scheme 4.1: A summary for the synthesis of triazolyl coumarin based polymers with

functionalized linkages between coumarin and 1,2,3-triazole units.

Post-polymerization functionalization was preferred over radical polymerization of triazole
functionalized vinyl monomer which can be obtained from 4-vinylbenzyl azide and alkyne
functionalized coumarin under click conditions. The reason for this is the size of starting
monomer which can lead to the increase in steric hindrance in the growing polymer and result

in decreased polymerization efficiency as reported in the literature.®

4.2 Synthesis of the poly(4-vinylbenzyl azide) polymer (PO)

Azide functionalized polymer PO which was the main polymer for post-polymerization

functionalization by fluorescent alkyne functionalized coumarin derivatives was synthesized
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in 2 steps from 4-vinylbenzyl chloride as shown in the Scheme 4.2. An azide functionalized
vinyl monomer 2 which was synthesized in a good yield according to the reported literature,®
was polymerized into the desired polymer PO via radical polymerization in DMF using AIBN
as the initiator. After 48 hrs, the polymer was precipitated in ethanol and dried under vacuum.

To avoid azide decomposition, the dry polymer was kept in the fridge for future use.*

Scheme 4.2: Synthesis of poly(4-vinylbenzyl azide) PO; a) NaN3, DMF, rt, overnight; b) AIBN,
DMF, under Argon.

The structure of monomer 2 was confirmed by *H NMR and FT-IR spectroscopies. Figure 4.1
below shows the assignment of proton signals in the *H NMR spectrum of monomer 2. Notable,
is the presence of splitting patterns of vinylic protons between 5-6 ppm and at 6.7 ppm,
confirming the presence of terminal alkene in compound 2. The average molecular weight and
polydispersity index of PO were determined to be 1.26 X 10* g/mol and 2.24 respectively.
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Figure 4.1: 'H NMR spectrum of monomer 2 in CDCls.

The presence of azide functionality in the monomer 2 was confirmed by comparing the FT-IR
spectra of the starting material 4-vinylbenzyl chloride and the monomer 2 as shown in the

Figure 4.2. The appearance of a stretching at 2090 cm™ in the spectrum of monomer 2 which
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is in the absorption range of azide functionality, confirms a successful nucleophilic substitution

reaction of the chloride by the azide group.

Monomer 2

4-vinylbenzyl chloride

N;

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'?)

Figure 4.2: FT-IR spectra of 4-vinylbenzyl chloride and monomer 2.

The structure of polymer PO was also confirmed by *H NMR and FT-IR spectroscopies. As
shown in *H NMR spectrum of polymer PO (Figure 4.3) the disappearance of splitting patterns
of vinylic protons between 5-6 ppm and at 6.7 ppm in 'H NMR of the monomer 2 was
compensated by the appearance of broad alkyl signals at 0.75-2 ppm, confirming a successful

conversion of alkene functionality to alkyl units.

T T T T T T T T T T T T T T
8 L] 4 2 [ppm]

Figure 4.3: *H NMR spectrum of the polymer PO in CDCls.

Due to the instability of the azide functional group at high temperatures, its retention
throughout radical polymerization process was confirmed through comparison of FT-IR
spectra of monomer 2 and polymer PQ. Stretches typical for the azide functional group were

observed at 2090 cm™ in both monomer 2 and polymer PO spectra (Figure 4.4).
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Figure 4.4: FT-IR spectra of monomer 2 and polymer PO.

4.3 Triazolyl coumarin based polymers with hydroxyethylene
linkages between triazole and coumarin units

The synthesis of the polymers involved two alkynylated based coumarin molecules 7, 11 with
hydroxyethylene linkage between the terminal alkyne and the coumarin (Figure 4.5). For
compound 7, 7-diethylaminocoumarin was used as a fluorophore unit and the hydroxyethylene
linkage was incorporated at 3-position of the coumarin motif while in compound 11, 7-
hydroxy-4-methylcoumarin was used as a fluorophore unit and the hydroxyethylene linkage
was attached at position 8 of the coumarin motif. After the post-polymerization reaction under
click conditions, all the polymers and alkyne functionalized molecules were tested for their
chemosensing capabilities towards cations and anions. In all chemosensing studies, solutions
of nitrates salts and tetrabutylammonium salts were used as cations and anions source

respectively.

ﬁ OH
rN 0 A° HO o.__0
F
m/\ G
7 OH 1

Figure 4.5: Structures of alkynylated coumarin derivatives 7, 11.
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4.3.1 Triazolyl coumarin based polymers with the hydroxyethylene linkage
at position 3 of the coumarin motif (P1)

Synthesis of polymer P1 was accomplished in two stages. The first stage included a synthesis
of alkynylated coumarin derivative 7. The second stage involved a Cu(l) catalysed
functionalization of polymer PO with alkynylated coumarin derivative 7 to yield polymer P1
containing pendant chains with a triazole ring attached at position 3 of the coumarin motif via

a hydroxyethylene linkage (Scheme 4.1).
4.3.1.1 Synthesis of alkynylated coumarin derivative 7

The synthesis of 7-(diethylamino)-3-(1-hydroxybut-3-ynyl)-2H-chromen-2-one (alkynylated
coumarin derivative 7) was accomplished in three steps from 4-(diethylamino)-2-
hydroxybenzaldehyde as shown in the Scheme 4.3. Coumarins 5 and 6 were synthesized
according to the reported the literature.!? In the presence of propargyl bromide, coumarin 6 was
converted into an alkyne functionalized coumarin derivative 7 in a good yield using the

reported procedure of zinc mediated regioselective Barbier reaction of propargylic bromide.?
CHO ﬁ
COOEt N o} (0]
ISIERE=N e O O
/\Nk OH COOEt . P

) b
[

1004
7 CHO
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-
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Scheme 4.3: Synthesis of alkynylated coumarin 7 a) Piperidine, ethanol, HCI, AcOH, reflux;
b) DMF, POCIs; ) Zn, THF, propargyl bromide, NH4Cl(aq).

The structures of coumarins 5, 6 and 7 were characterized by NMR and mass spectrometry (for
the *C NMR of coumarin 7 and *H NMRs of 5, 6 and 7 see Appendices Figure A.10-A.12).
Figure 4.6 illustrates the assignment of proton signals in *H NMR spectrum of the coumarin
derivative 7. The appearance of the terminal alkyne proton (j) at 1.97 ppm, the hydroxyl proton
(g) at 3.31 ppm and other three butynylic protons (h and 1,1’) at 4.75 ppm and 2.64-2.78 ppm

respectively, confirms the structure of coumarin 7.

JMV Ngororabanga NMMU Page 82



. A A ‘ =Y

T T Y
] [ 4 2 tppm)

Figure 4.6: *H NMR spectrum of alkynylated coumarin derivative 7 in CDCls.

4.3.1.3 Functionalization of polymer PO using alkynylated coumarin derivative 7

Polymer PO was functionalized with alkynylated coumarin 7 under a Cu(l)-mediated click
reaction conditions as shown in Scheme 4.4. The reaction was performed at room temperature
in THF in the presence of minimum amount of water. On completion of the reaction, the
precipitated polymer was was filtered and washed with water to afford polymer P1 as yellow
solid in 83% vyield.

N3 /\N

PO K7

Scheme 4.4: Functionalization of Polymer PO with alkynylated coumarin 7. Click conditions

(CuS04.5H20, NaAsc and PMDTA)

The structure of polymer P1 was confirmed using *H NMR and FT-IR spectroscopies. Figure
4.7 below shows comparative 'H NMR spectra between polymer PO, alkynylated coumarin
derivative 7 and the resulting polymer P1. Of interest, the proton signals from the starting

materials were prominent as broad signals in the spectrum for polymer P1, confirming
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successful synthesis. The average molecular weight and polydispersity index of P1 were

determined to be 2.59 X 10* g/mol and 1.85 respectively.

Polymer PO

Polymer P1

T T T
] [ 4 2 [ppm)

Figure 4.7: *H NMR spectra of PO, the alkynylated coumarin derivative 7 and the polymer P1.
For coumarin 7 and polymer PO CDCl3 solvent was used and DMSO-ds was used for polymer
P1.

Figure 4.8 shows comparative FT-IR spectra of the starting polymer PO and the functionalized
polymer P1. Noteworthy is a stretch at 2090 cm™ characteristic of the azide group which
significantly decreased in polymer P1 compared to the starting polymer PO. In addition, a peak
for the hydroxyl group attached to the coumarin-triazole linkage also appeared in FT-IR
spectrum of polymer P1 at 3385 cm™. These observations further confirmed the success of
post-polymerization functionalization of polymer PO with alkynylated coumarin derivative 7.
The presence of the azide peak in polymer P1 at 2090 cm™ suggested a partially
functionalization of polymer PO via a triazole ring formation. This can be attributed to steric
inaccessibility of the azide group in polymer PO. The degree of functionalization was

determined to be 98% using the peak height method from FT-IR.:3
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Figure 4.8: Comparison of FT-IR spectra of polymer PO and functionalized polymer P1.
4.3.1.3 Absorption and emission studies of functionalized polymer PO

To further confirm the functionalization of polymer PO with alkynylated coumarin derivative
7, the photophysical properties of polymer PO were compared with the photophysical properties
of polymer P1 and alkynylated coumarin derivative 7. To verify if the isolated polymer is not
one of the starting materials, DMF solutions containing the same amount (in grams) was used.
As expected, polymer P2 showed absorption and emission intensities with magnitude between
the intensities of its starting materials (Figure 4.9). The Alkynylated coumarin derivative 7
with high content in coumarin chromophore showed higher absorption and emission intensities
while polymer PO with a quenching azide group showed no UV-Vis absorption and weak

emission band.

Furthermore, it was noted that both alkynylated coumarin derivative 7 and polymer P1 exhibit
same absorption and emission behaviours. They both exhibited two absorption peaks with
different intensities (Figure 4.9 a). The strongest absorption wavelength (Amax) was observed
at 378 nm while the weak absorption appeared at 456 nm. In their emission spectra (Figure 4.9
b.), the maximum emission wavelength (Amax) was observed at 450 nm. This suggested that the
changes in the functional group from alkyne to triazole ring during functionalization of polymer

PO with alkynylated coumarin derivative 7 did not affect the emission coumarin fluorophore.
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Figure 4.9: a) Absorption and b) emission spectra of alkynylated coumarin derivative 7 (10
g/L), polymer PO (10 g/L) and polymer P1 (10 g/L) in DMF. The excitation was performed
at 385 nm.

As the incorporation of alkynylated coumarin derivative 7 into polymer PO resulted in a
polymer with improved optical properties which is in between the optical properties of the two
starting materials, it can be concluded that the functionalization of polymer PO was successful.
Furthermore, the similarities in the photophysical properties of alkynylated coumarin
derivative 7 and polymer P1 suggested that the photophysical properties of polymer P1

depends on coumarin units from alkynylated coumarin derivative 7.

4.3.1.4 Chemosensing studies

As polymer P1 formation involves a change in the functionality from alkyne functional group
in alkynylated coumarin derivative 7 to triazole in polymer P1, the chemosensing capabilities
of both coumarin 7 and polymer P1 in the presence of various ions have been investigated and
compared in order to understand the sensing mechanism in polymer P1. In all chemosensing
studies, solutions of nitrates salts and tetrabutylammonium salts were used as cations and

anions source respectively.
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(i) Chemosensing studies of alkynylated coumarin derivative 7

a) Absorption

The chemosensing capabilities of alkynylated coumarin 7 for cationic and anionic species were
initially investigated by UV-Vis spectral analysis. The studies were carried out in DMF at room
temperature in the presence of different metal ions including monovalent, divalent and trivalent
(Na*, Ca?*, Agh, AI¥*, Ba?*, Cr®*, Cu?*, Fe®", Hg®*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*) and
different anionic species ( H2POa4, F, CI', Br,, HSO4', ClIO4, OH", I, NO3", AcO™and CN"). As
shown in the Figure 4.10 a, all the tested metal ions, except Fe** and Hg?* did not show any
detectable changes in the alkynylated coumarin derivative 7 absorption bands. The presence of
Hg?* resulted to a decrease in the intensity of the maximum absorption band at 378 nm and an
increase in the intensity of the small absorption band at 456 nm. This can be attributed to the
change in the push-pull character of 7-diethylaminocoumarin moiety due to metal binding.'*
The presence of Fe®* greatly enhanced alkynylated coumarin 7 absorption and this higher
intensity can be attributed to Fe®" ions self-absorption as almost the same absorption was

obtained in the absence of coumarin 7.

In the case of anions as shown in the Figure 4.10 b, none of the tested anions resulted in an

obvious change in the absorption bands of alkynylated coumarin 7.
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Figure 4.10: Absorption spectra of alkynylated coumarin 7 (1.7x10° M) in the presence of the
aliquot (3 X 10* M) of a) different metal ions (Na*, Ca®*, Ag*, AI¥*, Ba?*, Cr¥*, Cu?*, Fe%*,
Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*); b) different anions (H2.PO4", F, CI', Br, HSO4,
ClOg4, OH', I, NOs3', AcO  and CN)).
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As UV-Vis chemosensing studies of alkynylated coumarin derivative 7 showed a selective
interaction with Hg?*, titration experiments under the same conditions were conducted in order
to understand the interaction between alkynylated coumarin derivative 7 and Hg?* ions. Upon
addition of aliquots of Hg?" to the DMF solution of coumarin derivative 7 (Figure 4.11) a
gradual increase in maximum absorption band at 456 nm and a gradual decrease in absorption
band at 378 nm with a weak red shift were detected. This suggests that push-pull character of
7-diethylaminocoumarin moieties is further affected by the presence of Hg?* ions. Furthermore,
a clear isosbestic point was observed at 410 nm suggesting formation of complex between

alkynylated coumarin derivative 7 and Hg 2*.
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Figure 4.11: The absorption spectra of alkynylated coumarin derivative 7 (3.4 X 10° M) in
DMF upon addition of increasing amount of Hg?* (3 X 10 M).

b) Emission studies

The chemosensing capability of alkynylated coumarin derivative 7 was also investigated using
the emission spectra in the presence of the same metal ions and anions applied in the UV-Vis
analysis. The studies were carried out at room temperature in DMF at the excitation wavelength
of 385 nm. Once again the presence of metal ions except Fe3*and Hg?* showed minimal
changes in alkynylated coumarin derivative 7 emission band at 452 nm (Figure 4.12 a). The
presence of Fe** induced a weak fluorescence quenching response of up to 31% of original
fluorescence intensity while Hg?* induced strong fluorescence quenching responses of up to

87%. This quenching response was due to the heavy atom effect which decreases the lifetime
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of the singlet state of the fluorophore * and n-philic natureof Hg?*.1® This selective sensitivity
of coumarin derivative 7 towards Hg?* suggests its potential application as an “ON-OFF”’

chemosensor for Hg?* ions.

Similarly to the corresponding UV-Vis studies, the emission band of alkynylated coumarin 7

was not affected by any of the tested anions (Figure 4.12 b).
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Figure 4.12: Emission spectra of alkynylated coumarin 7 (2 X 10 M) a) in the presence of
the aliquot (6.5 X 10> M) of different metal ions (Na*, Ca?*, Ag*, AI**, Ba?*, Cr¥*, Cu?*, Fe*",
Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*); b) in the presence of the aliquot (6.5 X 10° M)
of various anions (H2PO4, F, CI7, Br, HSO4", ClO4, OH", I, NO3', AcO™ and CN"). Excitation

was performed at 385 nm.

The sensitivity of alkynylated coumarin 7 towards Hg?* was further investigated using
fluorescence titration experiments (Figure 4.13). Upon addition of aliquots of Hg?* (0.15uM)
to a DMF solution of alkynylated coumarin 7 a gradual decrease in the emission band at 452
nm was detected. The inset of Figure 4.13 shows the plot of emission intensity of alkynylated
coumarin 7 at 385 nm against the concentration of added Hg?* and a linear relationship with a
correlation coefficient of R>=0.9834 was obtained in the range of 0-0.6 uM. The detection limit
of 7 towards Hg?* was determined according to the IUPAC definition (CpoL=3Sp/m), where Sp
stands for the standard deviation of blank solutions while m is a slope. The detection limit was
calculated within a linear range of 0-0.6 uM and was found to be 0.1 uM indicating the high

sensitivity of alkynylated coumarin 7 towards Hg?* ions.

JMV Ngororabanga NMMU Page 89



1 e
700 0,8 ®
u’0,6
600 o ¢
0,4
L J
500 0,2 °
é" e ® 3 @ @
2 0
£ 400 0 5 1 1,5
= Hg?*(uM)
o
S 300
3
d
S 200
[
100 v
o
350 400 450 500 550 600

Wavelength (nm)

Figure 4.13: Emission spectra of alkynylated coumarin derivative 7 (2 X 10® M) in DMF upon
addition of Hg?* (0-1.35 pM) aliquots. The excitation was performed at 385 nm. (Fo: Emission
intensity of the alkynylated coumarin derivative 7 in absence Hg?* and F: Emission intensity
of the alkynylated coumarin derivative 7 in presence of Hg?".

c) Competitive studies

The influence of other metal ions on the selective sensitivity of alkynylated coumarin derivative
7 towards Hg?" was also investigated through competitive experiments. These involved
emission spectra analysis of alkynylated coumarin derivative 7 in the presence of Hg?* and 2.0
equivalents of other metal ions (Na*, Ca?*, Ag*, Ba?*, Cr¥*, Cu?*, Fe®*, Mn?*, Co?*, Zn?*, Cd?*,
Ni2* and Pb?*). The emission spectra were recorded in DMF at room temperature using the
same excitation wavelength as in the previous experiments. As shown in Figure 4.14, the
fluorescence quenching response induced by the presence of Hg?* ions was not significantly
affected by the presence of other metal ions. This indicates that alkynylated coumarin
derivative 7 and Hg?* forms a stable complex, which cannot be interfered by the presence of

other metal ions.
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Figure 4.14: Fluorescence response of alkynylated coumarin derivative 7 (2 X 10® M) in the
presence of metal ions (2 uM) Na*, Ca?*, Ag*, AI¥*, Ba**,Cr¥*, Cu?", Fe®*, Hg?*, Mn?*, Co?*,
Zn?*, Cd?*, Ni** and Pb?* (blue bars) and in the presence of mixture of Hg?* (2 uM) with two

equivalents (4 uM) of other metal ions (black bars). Excitation was performed at 385 nm.
d) The proposed binding modes of alkynylated coumarin derivative 7 with Hg?*

To get an insight into the binding stoichiometry of alkynylated coumarin derivative 7-Hg?*
complexes, a Job plot analysis was conducted. This was achieved using the continuous
variation method in which the total concentration of added Hg?* and alkynylated coumarin
derivative 7 were kept constant (7x10°** M) and with a variation of their relative proportions.’
The plot of emission intensity versus the molar fraction of Hg?* at 385 nm is shown Figure
4.15 a. Notable, the maximum was reached when the molar fraction was 0.5 suggesting a 1:1
stoichiometry of Hg?*-alkynylated coumarin derivative 7 complexation.

The binding constant (Ka) of the alkynylated coumarin 7 towards Hg?* was evaluated
graphically using the Benesi-Hildebrand method.!® As shown in Figure 4.15 b, 1/Fo-F was
plotted versus 1/[Hg?*] and the data were linearly fitted. The calculated value of K, from the

slope and intercept of the line was 7 X 10° M.
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Figure 4.15: a) A Job plot for alkynylated coumarin derivative 7-Hg?* complexation with a
constant total concentration of 7x10! M; b) Benesi-Hildebrand plot of alkynylated coumarin

derivative 7 with Hg?*. The spectra were recorded in DMF at 385 nm.

In order to understand the binding behaviours of alkynylated coumarin derivative 7 with Hg?*,
IH NMR titration experiments of coumarin derivative 7 in the presence of increasing amounts
of Hg?" were conducted. The experiments were conducted in DMSO-ds as shown in Figure
4.16. Upon addition of Hg?*, the proton signal at 5.55 ppm which was assigned to the hydroxyl
group of the functional linkage shifted downfield and simultaneously the terminal alkyne

proton signal slightly shifted upfield with no other signal affected by Hg?*.

o A \ A JM U

Figure 4.16: Changes in the 'H NMR signal of the alkynylated coumarin 7 with increasing
amounts of Hg?* in DMSO-ds.
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Since the Job plot analysis indicated 1:1 stoichiometry of Hg?*-alkynylated coumarin
derivative 7 complex, and from NMR data only protons from the hydroxyl group of the
functional linkage and terminal alkyne were affected, it was then proposed that the
complexation of Hg?* involves three functional groups; carbonyl, hydroxyl and alkyne via 2
six membered rings. The Hg?* forms a bidentate interaction with hydroxyl oxygen of functional
linkage and terminal alkyne while the hydroxyl proton interacts with carbonyl oxygen via

hydrogen bonding. This results in two six membered rings as shown in the Scheme 4.5.

Scheme 4.5: A proposed binding mode of alkynylated coumarin derivative 7 with Hg?".
(it) Chemosensing studies of polymer P1

a) Cations chemosensing

0,

%+ Absorption studies

Using the same principle as in alkynylated coumarin derivative 7, chemosensing capabilities
of polymer P1 towards metal ions were initially investigated using UV-Visible spectral
analysis. Same conditions and the same set of metal ions as in alkynylated coumarin derivative
7 were used in the studies. As shown in the Figure 4.17 a All the tested metal ions, except Fe*
and Hg?* did not show detectable changes in the absorption band of polymer P1 at 381 nm.
Similar to alkynylated coumarin derivative 7, Fe3* self-absorption caused a strong increase in
absorption while the presence of Hg?* showed a slight bathochromic shift in absorption from
378 to 381 nm (Figure 4.17 b).
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Figure 4.17: a) Absorption spectra of polymer P1 (0.096 g/L) in the presence of various metal
ions (1 pM) (Na*, Ca?*, Ag*, AI¥*, Ba?*, Cr**, Cu?*, Fe*', Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?*
and Pb?*); b) Absorption spectra of polymer P1 and polymer P1 in the presence of Hg?".

«+ Emission studies

The chemosensing capability of polymer P1 towards different metal ions was also investigated
through emission spectra in the presence of same metal ions used in UV-Vis analysis. As shown
in the Figure 4.18, all the tested metal ions except Fe** and Hg?* showed very small influence

on the emission band of polymer P1 at 452 nm.
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Figure 4.18: a) Emission spectra and b) Emission response of polymer P1 (4x10°g/L) in
the presence of (1.5 uM) of Na*, Ca?*, Ag*, AI**, Ba?*, Cr¥*, Cu?*, Fe®", Hg?*, Mn?*, Co?*,

Zn?*, Cd?*, Ni?* and Pb?*. Excitation was performed at 385 nm.
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The presence of either Fe®* or Hg?" greatly affected the emission band of polymer P1 with
fluorescence quenching response. Fe** showed a strongest response of up to 96 % quenching

of the original fluorescence intensity while 71 % quenching was observed in presence of Hg?*.

< Titration experiments for Fe** and Hg?*

The UV-Vis titrations were conducted by the gradual addition of Fe3* or Hg?* to the DMF
solution of polymer P1. As shown in Figure 4.19 a the addition of Fe3* (0.1 uM) resulted in
gradual increase in absorption band at 378 nm with a weak hypsochromic shift from 378 to 372
nm while a gradual decrease in absorption band at 378 nm accompanied with a weak
bathochromic shift from 378 to 383 nm was observed when Hg?* (0.1 uM) was added (Figure
4.19 b). Furthermore, the addition of Hg?* caused an increase in the absorption peak at 456 nm
for polymer P1 but not to the same extent as in the alkynylated coumarin derivative 7. These

observations suggested a different binding mode between Hg?* and polymer P1.

In the same way as in the case of alkynylated coumarin derivative 7, a clear isosbestic point
was detected in the polymer P1 absorption spectra at 397 nm indicating complex formation
between polymer P1 and Hg?*. The difference in absorption behaviours of polymer P1 towards
Fe3* and Hg?* could be attributed to different coordination modes of polymer P1 with Fe3*or
Hg?* which can be used to distinguish between the two ions even if they both lead to the

quenching of fluorescence of the polymer.
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Figure 4.19: The absorption spectra of polymer P1 (0.02 g/L) in DMF upon addition of
increasing amount of a) Fe** (0.1 uM) and b) Hg?* (1 uM).
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In the fluorescence titration experiments (Figure 4.20), the addition of either Fe**or Hg?*
(0.025 uM) to a solution of polymer P1 induced a gradual decrease in the emission intensity at
452 nm. The plot of emission intensity of polymer P1 at 385 nm against the concentration of
added Fe3* (Inset Figure 4.20 a) or Hg?* (Inset Figure 4.20 b) showed a linear relationship
with a correlation coefficient of R?=0.9495 and R?=0.9906 respectively. The detection limits
of polymer P1 towards Fe** and Hg?* were determined according to the IUPAC definition
(CpL=3Sp/m), where Sy stands for the standard deviation of blank solutions and m for slope.
The detection limit was found to be 0.0153 pM for Hg?* within a linear response range of (0-
0.125 puM) and 0.0244 puM for Fe3* within a linear response range of 0.025-0.377 uM. These
low detection limits indicate that polymer P1 has a higher sensitivity towards Fe** and

Hg?*ions.

Furthermore, by comparing the detection limit of alkynylated coumarin derivative 7 (0.1 uM)
and its corresponding polymer P1 (0.0153 pM) towards Hg?*, it was found that polymer P1 is
ten times more sensitive than alkynylated coumarin derivative 7. This confirms the higher
sensitivity associated with polymeric materials due to collective properties of fluorophores in
a polymer backbone.
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Figure 4.20: Emission spectra of polymer P1 (4x10-5 g/L) in DMF upon addition of increasing
amounts of a) Fe*" (0-0.376 uM) and b) Hg?" from (0-0.225 pM). The excitation was
performed at 385 nm.

% Competitive studies

To investigate the influence of other metal ions on the P1-Fe3* and P1-Hg?* interactions,

competitive experiments were conducted. These experiments were performed in the presence
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of Fe** or Hg?* mixed with 2.0 equivalents of other metal ions such as Na*, Ca®*, Ag*, Ba?*,
Cr¥*, Cu?*, Fe**, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*. The emission spectra were recorded in
DMF at room temperature using an excitation wavelength of 385 nm. As shown in Figure
4.21, the fluorescence quenching response induced by the presence of Hg?* or Fe3* ions was
not significantly affected by the presence of 2.0 equivalents of other metal ions. However, the
quenching response caused by the presence of Hg?* ions was affected by the presence of Fe3*
and enhanced fluorescence quenching was detected. Overall, these shows that the presence of

competing metal ions do not significantly affect P1-Fe** and P1-Hg?* bindings.
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Figure 4.21: Fluorescence response of P1 (4x10°g/L) in the presence of metal ions (1.5 uM)
Na*, Ca?*, Ag*, AI¥*, Ba?*,Cr3*, Cu?*, Fe3*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?* (blue
bars) and in the presence of mixture of a) Hg* (1.5 uM) or b) Fe** (1.5 uM) with two

equivalents (3 uM) of other metal ions (black bars). Excitation was performed at 385 nm.
b) Anions sensing

¢+ Absorption studies

The selectivity of polymer P1 towards anions was also investigated by absorption spectral
analysis. The absorption spectra from the mixture of polymer P1 with various anionic species,
including H2PO4, F, CI, Br, HSO4, ClO4, OH’, I, NO3", AcO and CN" were recorded in
DMF at room temperature. As shown in Figure 4.22, all the tested anions did not show

significant spectral changes in the absorption band of polymer P1.
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Figure 4.22: Absorption spectra of polymer P1 (4.8x107 g/L) in the presence of various anions
(12 uM) (H2PO4, F, CI, Br, HSO4, ClO47, OH", I, NO3", AcO™ and CN").

«+ Emission studies

The selectivity of polymer P1 towards anions was further investigated using emission spectral
analysis. As shown in Figure 4.23, all the tested anions except OH" did not significantly affect
the emission band of polymer P1 at 452 nm. The presence of OH" ions induced a fluorescence
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Figure 4.23: a) Emission spectra and b) Fluorescence response of polymer P1 (3x10° g/L);
in the presence of (20 uM) of H2PO4', F, CI7, Br, HSO4, ClIO4, OH", I, NO3", AcO" and CN-

. Excitation was performed at 385 nm.
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The sensitivity of polymer P1 towards OH™ was further investigated using absorption and
emission spectra upon addition of OH" aliquots. Figure 4.24 shows variations in the absorption
and emission spectra of polymer P1 on the addition of OH" aliquots. As shown in Figure 4.24
a, the addition of OH" in the range of 1 to 10 uM to polymer P1 in DMF resulted in a gradual
decrease in the absorption band at 378 nm. A clear isosbestic point at 347 was also observed,
which indicates a formation of a P1-OH" complex. Similarly, the emission intensity at 425 nm
gradually decreased upon titration of P1 with OH- aliquots with no shifting in maximum
emission wavelength (Figure 4.24 b). The plot of emission intensities of polymer P1 at 325
nm versus the concentration of added OH", resulted in a sigmoidal curve and the detection limit
was determined within the linear response range of OH™ (from 1-3 uM). The calculated

detection limit was found to be 0.5 uM.
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Figure 4.24: a) The absorption spectra of polymer P1 (0.096 gL1) and b) Emission spectra of
P1 (4x10°g/L) in DMF upon addition of OH" aliquots. The excitation was performed at 325

nm.
%+ Competitive studies

The influence of other anions on the binding of OH" to polymer P1 was investigated through
competitive experiments in DMF. Spectra of polymer P1 in the presence of OH and 1.0
equivalent of other anions (F, CI, Br, HSO4, ClO4s, OH", I, NOs,, AcO™ and CN") were
recorded at room temperature and resulted fluorescence responses are shown in the Figure
4.25. Notable, the fluorescence quenching induced by OH" ions was affected by the presence

of 1.0 equivalents of other anions with less effect from the halides.
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Figure 4.25: Fluorescence response of polymer P1 (3x10° g/L) in the presence of anionic
species (20 uM) H2PO4, F, CI7, Br, HSO4, ClIO4, OH", I, NOs,, AcO™ and CN (blue bars)
and in the presence of a mixture of OH™ (20 uM) with one equivalent of other metal ions (20

uM) (black bars). Excitation was performed at 385 nm.

< The proposed binding modes of P1 with Hg?*, Fe** and OH-

In order to understand the binding mechanism of polymer P1 towards Hg?*, Fe** and OH", the
absorption and emission behaviour of polymer P1 in the presence of these ions was compared
to that of the alkynylated coumarin derivative 7. Since alkynylated coumarin derivative 7 and
its corresponding polymer P1 showed the same absorption and emission behaviours, it is
believed that the interchains interactions in polymer P1 have no influence on the absorption
and emission properties of P1. Consequently, they do not play any significant role in ions
sensing. Furthermore, as P1 derives from the incorporation of alkyne-functionalized
alkynylated coumarin derivative 7 into non-fluorescent PO via triazole forming reaction, any

sensitivity difference in polymer P1 can be attributed to the incoming triazole.

In the case of Fe®", a higher sensitivity was observed in polymer P1 than in the alkynylated
coumarin derivative 7. As Fe3* ions prefer binding to the carbonyl of the coumarin as illustrated
in the conjugated triazolyl coumarin system in the Chapter 3, a difference in sensitivity between
polymer P1 and the alkynylated coumarin derivative 7 can be attributed to a strong hydrogen
bonding between the hydroxyl and the carbonyl of the coumarin in the alkynylated coumarin
derivative 7. This compete with the interaction between Fe3* ions and carbonyl of coumarin
(Scheme 4.6). The presence of the triazole ring in polymer P1 reduces the efficiency of
hydrogen bonding between the coumarin carbonyl group and the hydroxyl hydrogen since a

new hydrogen bond acceptor (the nitrogen of triazole) that competes with the carbonyl group
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is introduced. This allows the carbonyl group to be more available for Fe** ion complexation

resulting in fluorescence quenching as in conjugated triazolyl coumarin system (Chapter 3).
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Scheme 4.6: Proposed hydrogen bonding interactions in the alkynylated coumarin derivative

7 and polymer P1.

In the case of Hg?", the comparison of the spectroscopic behaviour of alkynylated coumarin
derivative 7 and polymer P1 in the presence of Hg?* gave related emission spectra which
showed a quenching effect in the presence of Hg?*. However, small variations were detected
in their absorption spectra, as shown in Figure 4.26. By adding the same amount of Hg?" to
the DMF solution of both alkynylated coumarin derivative 7 and polymer P1, the absorption
bands at 378 and 456 nm were highly affected in alkynylated coumarin derivative 7 than in

polymer P1.

Similar to Fe*" interaction, the hydrogen bonding between hydroxyl and carbonyl groups of
the coumarin has an implication on these variations. As hydrogen bonding between the
carbonyl group of the coumarin and the hydroxyl group of the linker makes a direct connection
between this binding site (hydroxyl of the linker) and the coumarin fluorophore, any interaction
with this binding site will affect the electronic arrangement in the coumarin system and the

signal produced in the reporter will be proportional to the efficiency of hydrogen bonding.

Hydrogen bonding increases the push-pull effect in the coumarin system by making the
carbonyl group of the coumarin more electron deficient. Binding of Hg?* to the oxygen of the
hydroxyl group in the alkynylated coumarin derivative 7 as demonstrated in previous section
reduces this push-pull effect by interrupting the hydrogen bonding between the hydroxyl group
and the carbonyl group. This charge transfer increase, due to the presence of Hg?*, is reflected
as an increase in absorption intensity of the red shifted absorption band at 456 nm for the

alkynylated coumarin derivative 7.
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Unlike alkynylated coumarin derivative 7, the presence of Hg?* did not lead to any significant
change in the absorption spectrum of polymer P1. This is due to decreased hydrogen bonding
efficiency between the carbonyl group of the coumarin and the hydroxyl group of the linker

because of the presence of competitive nitrogen atoms of triazole ring.

As the binding of Hg?* leads to different absorption responses in the alkynylated coumarin
derivative 7 and polymer P1, it is clear that electronic arrangements in the alkynylated
coumarin derivative 7 and polymer P1 are affected differently by the Hg?* ions. This could be
due to the different binding modes in the alkynylated coumarin derivative 7 and in polymer P1

upon addition of Hg?".
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Figure 4.26: Absorption spectra of the alkynylated coumarin derivative 7 and polymer P1 in

the presence of Hg?* (10® mol).

Due to the fact that Hg?* did not significantly affect the absorption band of the coumarin
fluorophore at 378 nm in polymer P1 compared to its corresponding alkynylated coumarin
derivative 7, it was concluded that the carbonyl of the coumarin fluorophore was not directly
involved in the complexation of Hg?* in polymer P1. Instead, it is involved in the hydrogen
bonding which played meaningful role in alkynylated coumarin derivative 7 for Hg?*

selectivity.

Since the alkyne group in the alkynylated coumarin derivative 7 was converted into triazole in
polymer P1, the electron deficient triazole was believed to be involved in the Hg?*complexation
in polymer P1. Since interchain interactions are insignificant in polymer P1, the proposed
binding mode of polymer P1 with Hg?* is shown in Scheme 4.7. A similar complexation
mechanism was observed in a small molecular chemosensor system where hydroxyl group was

replaced by carbonyl group.*
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Scheme 4.7: A proposed binging mode of polymer P1 with Hg?*.

In the case of hydroxide ions which led to fluorescence quenching in polymer P1, the fact that
the alkynylated coumarin derivative 7 did not show any spectral changes in the presence of
hydroxyl ions suggests the involvement of the polymer P1 triazole ring as sensing unit. The
only possible interaction that may occur between the triazole and the hydroxide ions, is through
hydrogen bonding which involves the polar C-H of triazole ring. Since OH" ions gives a
fluorescence quenching response, it is believed that their presence induces a change in charge
density around the coumarin system. These changes in charge density resulted in an enhanced

PET process which quenches the fluorescence of coumarin fluorophore.

Due to the electron deficient property of the triazole ring, the only possible way that the
hydroxyde ion can bind and induce change that can lead to an enhanced PET process is via
second hydrogen bonding which involves the proton from the hydroxyl of the functional
linkage. This interaction increases charge density around the hydroxyl oxygen in the functional
linkage, which participates in the quenching of coumarin fluorescence via the PET process.
The proposed mechanism for OH" binding to polymer P1 via unusual seven-membered ring is
depicted in the Scheme 4.8.
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M
Scheme 4.8: A proposed binging mode of polymer P1 with OH".

4.3.2 Triazolyl coumarin based polymers with the hydroxyethylene linkage

at position 8 of the coumarin motif (P2)

As carried out in the synthesis of polymer P1, the synthesis of polymer P2 was accomplished
in two stages. The alkynylated coumarin derivative 11 with alkyne functional group at position
8 of coumarin motif was firstly synthesized as shown in Scheme 4.9. In the second stage, the
alkynylated coumarin derivative 11 was incorporated into polymer PO side chains via a Cu(l)
catalyzed post-polymerization functionalization. Polymer P2 with pendant chains containing
triazolyl coumarin system with hydroxyethylene linkage was produced.

4.3.2.1 Synthesis of alkynylated coumarin derivative 11

The synthesis was accomplished in three steps from resorcinol as shown in Scheme 4.9. The
syntheses of coumarin 9 and 10 were achieved in good yields according to reported literature.®
By using a well-established zinc mediated regioselective Barbier reaction of propargylic
bromide,*? the alkyne functional group was attached at position 8 of coumarin 10 in the
presence of propargyl bromide to produce 7-hydroxy-8-(1-hydroxybut-3-ynyl)-4-methyl-2H-
chromen-2-one (alkynylated coumarin derivative 11) in good yield.
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Scheme 4.9. Synthesis of alkynylated coumarin 11: a) Conc H2SO4, CH3COCH>COOC:Hs,

0°C, rt; b) Hexamethylenetetramine, AcOH (reflux) c¢) Zn, THF, propargyl bromide,
NH4Cl(aq).

The structures of coumarins 9, 10 and 11 were characterized by mass and NMR spectroscopy
(for 3C NMR of coumarin 11 and *H NMRs for coumarins 9, 10 see Appendices Figure A.13-
A.15). Figure 4.27 illustrates the assignment of proton signals in *H NMR spectrum of the
alkynylated coumarin derivative 11. The proton signals from the terminal alkyne (a) and the
methylene group next to alkyne functionality (b and c) appeared between 2.65 ppm and 2.89
ppm, while the proton attached to the asymmetric carbon connected to the coumarin (d)
appeared at 4.52 ppm. The proton from the hydroxyl group attached to the same asymmetric
carbon appeared at 4.90 ppm and three coumarin proton signals were observed between 6.19-

7.65 ppm.
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Figure 4.27: *H NMR spectrum of the alkynylated coumarin derivative 11 in CDCls.

4.3.2.2 Functionalization of polymer PO using alkynylated coumarin derivative 11

Scheme 3.10 shows functionalization of PO with the alkynylated coumarin derivative 11. The
functionalization was carried out under the same reaction conditions as applied in the
functionalization of polymer PO using alkynylated coumarin derivative 7. On completion of
the reaction, the precipitated polymer was filtered and washed with water to afford pure
polymer P2 as off-white solid in 78 % yield.

/
\

Scheme 4.10: Functionalization of PO with the alkynylated coumarin derivative 11.

The structure of polymer P2 was confirmed by *H NMR and Ft-IR spectroscopy. Figure 4.28
compares the *H NMR spectra of PO, alkynylated coumarin derivative 11 and polymer P2. Of

JMV Ngororabanga NMMU Page 106



note, the proton signals from both starting materials were prominent in the polymer P2 'H
NMR spectrum, confirming a successful synthesis of polymer P2. The average molecular
weight and polydispersity index of P2 were determined to be 2.16 X 10* g/mol and 2.18
respectively.

h J |
| ‘ | ) I Coumarin 11
‘___,___,| i "l.ﬂ._ L____,______—
|
_ __);/\\,_./-*\H ) YN M\jo\y_r.n_er PO
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Figure 4.28: 'H NMR spectra of PO, the alkynylated coumarin derivative 11 and the polymer
P2. For coumarin 11 and polymer PO CDCIz solvent was used and DMSO-ds was used for

polymer P2.

The structure of polymer P2 was further characterized by FT-IR. Figure 4.29 compares FT-
IR spectra of the starting PO and the functionalized polymer P2. The peak characteristic of the
azide group at 2089 cm™* was significantly decreased in P2 but not to the same extent as in
polymer P1. This indicates that the functionalization of PO by alkyne-substituted coumarins
depends on the chemical environments of alkyne functionality. The appearance of the hydroxyl
hydrogen peak at 3400 cm™ also confirms the successful incorporation of the alkynylated
coumarin derivative 11 into PO side chains. The percentage conversion of azide group was

calculated using the peak height method and was found to be 73%.
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Figure 4.29: FT-IR spectra of polymer PO and the functionalized polymer P2.
4.3.2.3 Absorption and emission studies on functionalized of polymer PO

To further confirm the functionalization of polymer PO with alkynylated coumarin derivative
11, the photophysical properties of polymer PO was compared with the photophysical
properties of polymer P2 and alkynylated coumarin derivative 11. To verify if the isolated
polymer is not one of the starting materials, DMF solutions containing the same amount (in
grams) were used. As expected, polymer P2 showed absorption and emission with the
intensities between the intensities of its starting materials (Figure 4.30). Same as in the
previous section, the alkynylated coumarin derivative 11 showed higher absorption and
emission intensities while polymer PO showed a negligible absorption and emission.
Furthermore, both alkynylated coumarin derivative 11 and polymer P2 exhibited similar
absorption and emission behaviour with the maximum absorption and emission wavelengths

observed at 325 nm and 386 nm respectively.

These observations confirmed a successful functionalization of polymer PO with alkynylated
coumarin derivative 11. It also indicated that the photophysical properties of polymer P2
depend on the incorporated triazolyl coumarin system.
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Figure 4.30: a) Absorption and b) Emission spectra of the alkynylated coumarin derivative 11
(8 x10*g/L), polymer PO (8 x 10 g/L) and polymer P2 (8 X 10 g/L) in DMF. The excitation

was performed at 325 nm.

4.3.2.4 Chemosensing studies

Same as in section 4.3.1, the chemosensing capabilities of both the alkynylated coumarin
derivative 11 and polymer P2 for selected metal ions and anions were investigated and

compared.
(i) Chemosensing studies of alkynylated coumarin 11

a) Absorption studies

The chemosensing capabilities of alkynylated coumarin derivative 11 were firstly investigated
using UV-Vis spectral analysis. The studies were carried out in DMF at room temperature in
the presence of different metal ions such as; Na*, Ca?*, Ag*, AI**, Ba*, Cr¥*, Cu?*, Fe**, Hg*",
Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?* and different anionic species, including F-, CI', Br,
HSO4, ClO4, OH', I, NOz", AcO™ and CN". As shown in Figure 4.31 a, all the tested metal
ions, except Hg?*, did not show any detectable changes in the alkynylated coumarin derivative
11 absorption bands. The presence of Hg?* induced a decrease in the absorption band at 325
nm and a hypsochromic shift from 325 to 320 nm. This can be attributed to the heavy atom
character of Hg?" and its particular binding mode, which reduces the push-pull character of the

coumarin moiety.
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UV-Vis spectral analysis in the presence of anions was also carried out. As shown in Figure
4.31 b, only F and OH" showed a notable changes in alkynylated coumarin derivative 11

absorption band at 325 nm with less absorption properties.
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Figure 4.31: a) Absorption spectra of alkynylated coumarin derivative 11 (7.4x10° M) in the
presence of the aliquot (3 X 10* M) of a) different metal ions (Na*, Ca?*, Ag*, A", Ba*,
Cr¥*, Cu?*, Fe**, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni** and Pb?*); b) different anions (H2PO4, F,
Cl, Br, HSO4', ClO47, OH", I, NO3, AcO and CN").

b) Emission studies

The chemosensing capability of the alkynylated coumarin derivative 11 was further
investigated using emission spectral analysis in the presence of different ionic species. The
investigations were conducted using the same conditions and same ionic species as in UV-Vis
spectral analysis, using an excitation wavelength of 325 nm. Among the tested metal ions, only
Fe3*and Hg?* induced obvious changes in the alkynylated coumarin derivative 11 emission
band at 386 nm with a fluorescence quenching response (Figure 4.32 a). For coumarin
derivative 11, the presence of Fe®* induced a fluorescence quenching response up to 31% in its
original fluorescence, while Hg?" induced a stronger quenching response up to 87 %. The
quenching response in the presence of Hg?* can be attributed to heavy atom effect and n-philic
nature of Hg?* associated to quenching metal ions.*>® Unlike cations, emission spectral
analysis of alkynylated coumarin derivative 11 in the presence of different anionic species did

not show any significant response towards the tested anionic species (Figure 4.32 b).
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Figure 4.32: Emission spectra of the alkynylated coumarin derivative 11 (2.2x10°M) in the
presence of the aliquot (6.5 X 10° M) of a) different metal ions (Na*, Ca?*, Ag*, AI**, Ba?*,
Cr¥*, Cu?, Fe*', Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?"); b) different anions (H2PO4, F,
CI, Br, HSO4, CIO4, OH", I, NO37, AcO™ and CN"). Excitation was performed at 325 nm.

¢) Titration experiments of Hg?*

Since the alkynylated coumarin derivative 11 showed a selective response towards Hg?* in both
absorption and emission spectral analysis, its chemosensing properties were further
investigated by UV-Vis and fluorescence titration experiments. In UV-Vis titration
experiments, the addition of Hg?" aliquots to a DMF solution of the alkynylated coumarin
derivative 11 induced a gradual decrease in absorption accompanied by a hyspochromic shift
in the absorption band from 325 to 320 nm as shown Figure 4.33 a. In fluorescence
experiments (Figure 4.33 b), the addition of Hg?* also caused a gradual decrease in the
intensity of the emission band at 386 and the saturation point was reached when 10 equivalents
of Hg?* were added. The hyspochromic shift in UV-Vis can be attributed to the binding mode
of Hg?* which reduces the push-pull character of the coumarin system. The detection limit of
the alkynylated coumarin derivative 11 towards Hg?* was calculated from fluorometric titration
within a linear range of 0.048-0.112 uM and was found to be 0.0054 uM.
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Figure 4.33: a) Absorption b) and Emission spectra of alkynylated coumarin derivative 11 (2.2
X 10 M) in DMF upon addition of Hg?*. Absorption (1-8 uM) and emission (0.016-0.144

uM). The excitation was performed at 325 nm.
d) Competitive studies

To investigate application of alkynylated coumarin derivative 11 as a selective chemosensor of
Hg?*, competitive experiments were carried out. These were conducted by monitoring the
emission spectra of coumarin derivative 11 in the presence of Hg?* with 2 equivalents of other
metal ions (Na*, Ca%*, Ag*, AI**, Ba?*, Cr3*, Cu?*, Fe%*, Hg®*, Mn?*, Co?*, Zn?*, Cd?*, Ni** and
Pb?*). As shown in the Figure 4.34, the fluorescence quenching caused by the presence of Hg?*
was not significantly affected by the presence of two equivalents of other metal ions except in
the presence of Fe* where enhanced quenching was noted. This shows that the alkynylated
coumarin derivative 11 has high selectivity towards Hg?* even in the presence of other heavy

metals ions.
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Figure 4.34: Fluorescence response of alkynylated coumarin 11 (2.2 X 10 M) in the presence
of metal ions (0.2 uM) Na*, Ca?*, Ag*, AI¥*, Ba**,Cr¥*, Cu?*, Fe®", Hg?*, Mn?*, Co?*, Zn?*,
Cd?*, Ni** and Pb?" (blue bars) and in the presence of mixture of Hg?* (0,2 uM) with 2

equivalents (0,4 uM) of other metal ions (black bars). Excitation was performed at 325 nm.
e) The proposed binding modes of alkynylated coumarin derivative 11 with Hg?*

To study the binding mode between the alkynylated coumarin derivative 11 and Hg?*, a Job
plot analysis was performed. The continuous variation method with a total concentration of 10°
® M was used. Figure 4.35 a shows a plot of emission intensity versus the molar fraction of
Hg?* at 325 nm. Notable, the maximum was reached when the molar fraction was 0.5

suggesting 1:1 stoichiometry of Hg?*-coumarin 11 complex.

The binding constant (K,) between the coumarin derivative 11 and Hg?* was evaluated
graphically using the Benesi-Hildebrand method.?® As shown in Figure 4.35 b, 1/Fs-F was
plotted versus 1/[Hg?*] and the data was linearly fitted. The calculated value of K, from the

slope and intercept of the line was 5.2 X 10° M
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Figure 4.35: a) Job plot for Hg?*-coumarin 11 complexation with a constant total concentration
of 10"° M and b) Benesi-Hildebrand plot of alkynylated coumarin 11 derivative with Hg?*. The

spectra were recorded in DMF at 325 nm.

To understand the binding mode of the alkynylated coumarin derivative 11 with Hg?*, *H NMR
of the alkynylated coumarin derivative 11 in the presence of increasing amounts of Hg?* were
recorded in DMSO-ds as shown in the Figure 4.36. As noted, the splitting of the hydrogen
from the chiral centre in position 8 of the coumarin backbone was more pronounced in DMSO-
de compared to CDCls. Those protons were observed at 4.4 ppm and 4.73 ppm.

The addition of Hg?* aliquots affected two proton signals which were assigned to the proton of
hydroxyl group directly attached to position 7 of the coumarin system at 5.5 ppm and terminal
alkyne proton signal at 2.58 ppm as highlighted in Figure 4.36. As more Hg?* was added to
the coumarin derivative 11 solution, the intensity of the hydroxyl proton signal at 5.5 ppm was
reduced. This suggested that Hg?* deprotonates the hydroxyl group during binding. The
interaction between the hydroxyl group at position 7 of the coumarin derivative 11 and Hg?*
was also confirmed by UV-Vis analysis in the presence of Hg?* (Figure 4.33 a). The presence
of Hg?" resulted to a hypsochromic shift in the absorption of coumarin derivative 11. This
means that, the presence of Hg?* decreases the push-pull character of coumarin system by
interacting with the electron-donating hydroxyl group in position 7. The same deprotonation
of hydroxyl group by Hg?" was observed in rhodamine B based chemosensor developed by

Jiantai and co-workers.2!
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Figure 4.36: Changes in the 'H NMR signal of the alkynylated coumarin derivative 11 with

increasing amounts of Hg?* in DMSQOds.

Since the Job plot analysis indicated a 1:1 stoichiometry in the Hg?*-coumarin derivative 11
complex, it was suggested that Hg?" chelated triple bond of the terminal alkyne and
deprotonated the hydroxyl group at position 7 of the coumarin. The possible binding mode is
depicted in Scheme 4.11.

Scheme 4.11: A proposed binging mode of coumarin derivative 11 with Hg?*.
(it) Chemosensing studies of P2

a) Absorption studies

UV-Vis chemosensing studies of polymer P2 were carried out in DMF at room temperature
using the same set of metal ions and anions as in alkynylated coumarin derivative 11. As
observed in the UV-Vis spectral analysis of alkynylated coumarin 11, the presence of Hg?*
induced a decrease in the polymer P2 absorption band at 325 nm with a hypsochromic shift
from 325 to 321 nm as shown in the Figure 4.37 a. All other tested metal ions except Cu?* did
not produce detectable changes in the polymer P2 absorption bands. Cu?* led to absorption

enhancement. Furthermore, UV-Vis spectral analysis of polymer P2 in the presence of anions
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showed a slight decrease in absorption band in the presence of only OH", F and CN™ as shown
in the Figure 4.37 b.
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Figure 4.37: Absorption spectra of polymer P2 (1.6 X 102 g/L) in the presence of the aliquot
(6.5 X 10° M) of a) different metal ions (Na*, Ca®*, Ag*, AP**, Ba®", Cr¥*, Cu?*, Fe*', Hg?",
Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?"); b) different anions (H2.PO4", F-, CI, Br,, HSO4", ClO4,
OH, I, NOs, AcO  and CN)).

b) Emission studies

To further investigate the chemosensing capability of polymer P2, emission spectral analysis
was conducted using the same set of ions as in UV-Vis analysis. The studies were conducted
at room temperature using DMF as the solvent. Of importance, all the tested metal ions except
A", Fe**and Hg?" induced weak spectral changes in polymer P2 emission band at 386 nm
(Figure 4.38 a). AI** induced a bathochromic shift in the maximum wavelength from 386 nm
to 401 nm with fluorescence enhancement as high as 80% of the original polymer P2
fluorescence intensity. Due to the heavy atom effect, Fe** and Hg?* induced a fluorescence
quenching up to 39% and 72%, respectively, of the original polymer P2 fluorescence
intensity.®® In the case of anions, none of the tested anions induced significant changes in the

emission spectrum of polymer P1 as shown in the Figure 4.38 b.
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Figure 4.38: Emission spectra of the polymer P2 (5 X 10 g/L) in the presence of the aliquot
(0.2 uM) of a) different metal ions (Na*, Ca?*, Ag*, AI**, Ba®*, Cr¥, Cu?*, Fe®", Hg?*, Mn?*,
Co**, Zn?**, Cd**, Ni?* and Ph?*); b) different anions (H.PO4, F, CI, Br,, HSO4, ClO4, OH,
I, NOs", AcO" and CN).

c) Titration experiments

Since polymer P2 exhibits a fluorescence quenching response in the presence of both Fe®** and
Hg?*, the absorption and emission behaviours of polymer P2 in the presence of increasing
amounts of Fe** and Hg?* was investigated in order to understand how the two metal ions (Fe®*
and Hg?") can be distinguished. The addition of Fe3* aliquots to the DMF solution of polymer
P2 (Figure 4.39 a) induced a gradual increase in the absorption band at 325 nm while the first
addition of Hg?* (1uM) induced a blue shift down to 321 nm and a decrease in absorption of
the band which was originally at 325 nm (Figure 4.39 b). Additional aliquots of Hg?* reversed
the response and a gradual increase in intensity was observed in the absorption band at 321 nm.
Though these differences can be used to distinguish Fe** and Hg?*, it can also suggest different

binding modes of polymer P2 in the presence of Fe** or Hg?*.

Since polymer P2 showed fluorescence enhancement in the presence of AI**, the absorption
behaviour of polymer P2 in the presence of increasing amounts of AI** was also investigated.

Figure 4.39 ¢ shows variations in the absorption spectrum of polymer P2 on addition of AI**
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aliquots. Notable, the addition 1 uM of AI** to polymer P2 solution caused a slight increase in
intensity in the absorption band at 325 nm. Additional aliquots of AI®* reversed the response.
A gradual decrease in intensity and a weak blue shift in the absorption band from 325 to 323
nm was also observed. Furthermore, two clear isosbestic points at 295 and 317 nm were
observed, indicating a clean formation of a polymer P2-AI** complex.

A switch in absorption response in the presence of AI** or Hg?* from enhancing to quenching
in the case of AI** or from quenching to enhancing in the case of Hg?*, suggests more than

one binding mode in the polymer P2-AI** and polymer P2-Hg?* complexes.
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Figure 4.39: Absorption spectra of polymer P2 in DMF upon addition of (a) Fe** (0.05-0.35
uM); (b) Hg?* (1-9 uM)and (c) A" (1-11 uM). The concentration of polymer P2 was 0.16

g/L in the case of AI** and Hg?*, while in the case of Fe3* it was double.

To further investigate the photophysical properties of polymer P2 in the presence of AI**, Hg?*
and Fe*" fluorescence, titration experiments were performed. The spectra were recorded at
room temperature in DMF solvent at an excitation wavelength of 325 nm. Figure 3.40 shows

variations in the fluorescence of polymer P2 with addition of Hg?* and Fe®* aliquots.

As noted in the case of Hg?* (Figure 4.40 a), the addition of Hg?* aliquots from 0.05 to 0.15
uM caused gradual fluorescence quenching in the emission band at 386 nm. Surprisingly,
additional aliquots of Hg?* reversed the response and a gradual fluorescence increase in
intensity of the fluorescence band at 386 nm was observed. As the addition of Hg?* continued

a bathochromic shift in maximum wavelength from 386 to 391 nm was also noted.
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After 0.7 uM of Hg?* had been added, the fluorescence band at 391nm started dropping with
very small variation, at the same time a new emission band started appearing at 444 nm. As
Hg?* addition continued, a gradual increase in fluorescence and a bathochromic shift from 444
to 448 nm in then emission peak at 444 nm was noted. In addition, as the concentration of Hg?*
increased a fourth small emission band at ca. 490 nm started to appear. Since polymer P2 and
alkynylated coumarin derivative 11 show similar photophysical properties, it is unlikely that
interchain interactions are involved in the binding events. Since this abnormal emission
behaviour could not be detected in the corresponding alkynylated coumarin derivative 11, the
behaviour can be attributed to the incoming triazole ring or the change in conformation in
polymer P2 pendant chains which allow the occurrence of more than one binding mode in the
presence of Hg?*. The detection limit of polymer P2 towards Hg?* was calculated from

fluorescence titration experiments and was found to be 0.036 puM.

Unlike Hg?*, the addition of increasing amounts of Fe3* (from 0.05-0.5 pM) caused a gradual
decrease in intensity of the fluorescence band at 386 nm until the saturation point was reached
and no reverse fluorescence response were observed (Figure 4.40 b).
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Figure 4.40: Emission spectra of polymer P2 in DMF upon addition of a) Hg?* (0-0.17 uM)
and b) Fe?* from (0-0.5 uM). Concentrations of 7.7 X 10 g/L and 5 X 10 g/L of polymer P2

were titrated with Hg?* and Fe?* respectively. The excitation was performed at 325 nm.

From absorption and emission studies, it is clear that Hg?* and Fe®* can easily be distinguished

from one another from their influence on the absorption or emission behaviour of polymer P2.
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In the case of AI**, the addition of AI** aliquots (0.05-0.5uM) to the DMF solution of polymer
P2 induced a gradual increase in fluorescence intensity from 636 to 874 nm and a batchromic

shift in maximum wavelength from 386 to 396 nm (Figure 4.41).
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Figure 4.41: Changes in the emission spectra of polymer P2 (5 x 10 g/L) in DMF with

increasing amounts of AI** (0.05-0.5uM). The excitation was performed at 325 nm.

This shift suggests that the presence of AI** affects conjugation in the coumarin system. The
inset (Figure 4.41) shows the plot of emission intensity of polymer P2 at 325 nm versus the
concentration of added AI** and a good linear relationship with a correlation coefficient of
R?=0.9725 was obtained in the range of 0.05-0.5 pM. The detection limit was calculated

fluorescence titration experiments and was found to be 0.096 uM.
d) Competitive studies

To investigate the effect of other metal ions on the binding in polymer P2-AI** and polymer
P2-Hg?* complexes, competitive experiments were conducted. These were conducted by
recording emission spectra at an excitation wavelength of 325 nm in the presence of AI®* or
Hg?* mixed with two equivalents of other metal ions (Na*, Ca?*, Ag*, Ba®*, Cr¥", Cu®*, Fe*",
Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?" ) in DMF. As shown in Figure 4.42, the fluorescence
enhancement caused by AI®* ions in polymer P2 was slightly affected by the presence of two

equivalents of other metal ions, except in the case of Fe3* and Hg?" ions. In addition, a
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bathochromic shifting and broadening in the emission band induced by the presence of AI**
were not significantly affected by the presence of other metal ions (Appendices Figure A.16).
These observations indicate the stability of P2-AI** complex in the presence of the other metal

ions.
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Figure 4.42: a) Fluorescence response of polymer P2 (5 x 10 g/L) in the presence of metal
ions (0.2 uM) Na*, Ca?*, Ag*, APF*, Ba?*,Cr¥, Cu?', Fe*, Hg?", Mn?*, Co?*, Zn?*, Cd?*, Ni?*
and Pb?* (blue bars) and P2 in the presence of a mixture of AI** (0.2 uM) and other metal ions

(0.4 uM) (black bars). Excitation was performed at 325 nm.

As was done for AI**, a competitive experiments for Hg?* were conducted in DMF at 325 nm
in the presence of two equivalents of other metal ions. As shown in Figure 4.43 the
fluorescence quenching caused by Hg?* ions was not obviously affected by the presence of two
equivalents of other metal ions, except in the case of AI®* ions where slight enhancement was
observed and in Co?* and Fe?* where enhanced quenching was observed. This indicates that

the presence of other metal ions does not significantly affect P2- Hg?* complex.
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Figure 4.43: Fluorescence response of polymer P2 (5x10* g/L) in the presence of metal ions
(0.2 uM) Na*, Ca?*, Ag*, AI**, Ba?*,Cr¥*, Cu?*, Fe®*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni** and
Pb?* (blue bars) and in the presence of a mixture of Hg?* (0.2 uM) with two equivalents (0.4

uM) of other metal ions (black bars). Excitation was performed at 325 nm.
e) Proposed binding modes for P2 with Hg?* and AI**

In order to get an insight on the sensing mechanism of polymer P2 towards Hg?* and AI®*, the
absorption and emission behaviour of polymer P2 in the presence of Hg?* and AI** was
compared with that of the corresponding alkynylated coumarin derivative 11 using the same
ions. Since the photophysical properties of polymer P2 are dominated by pendant coumarin
units any difference in sensitivity between polymer P2 and the alkynylated coumarin derivative
11 can be attributed to the newly formed triazole ring, which can lead to changes in in the

polymer P2 pendant chains suitable for metal binding.

By comparing the selectivity of the alkynylated coumarin derivative 11 and polymer P2 in the
presence of different metal ions, it is clear that both the alkynylated coumarin derivative 11
and polymer P2 showed selective responses with fluorescence quenching towards Hg?*. The
presence of AI** did not induce any noticeable changes in the emission band of the alkynylated
coumarin derivative 11, while a fluorescence enhancement was obtained in the corresponding
polymer P2. This suggests that the triazole ring plays meaningful a role in AI®* detection.
Although both the alkynylated coumarin derivative 11 and polymer P2 showed selective
responses towards Hg?*, their absorption and fluorescence titration experiments in the presence
of increasing amount of Hg?* showed some variations, suggesting different binding modes in
the alkynylated coumarin derivative 11 and polymer P2. Furthermore, the absorption titration

experiments in the presence of increasing amounts of both Hg?* and AI** showed a reverse
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responses at some stages suggesting the occurrence of more than one binding mode during the
recognition process. By analysing the absorption and emission behaviour of polymer P2 in the
presence of either Hg?* or AI**, it is clear that the binding modes that occurred in the polymer
P2 affected the coumarin conjugated system. This could be justified by the spectral shifts

obtained in presence of Hg?* or A",

In the case of Hg?*, the addition of Hg?" aliquots to polymer P2 solution resulted in the gradual
decrease in the emission band at the beginning (Figure 4.40 a). When the addition continued,
the response reversed from quenching to enhancement with a weak bathochromic shift from
386 to 391 nm. These observations were almost similar to those obtained during UV-Vis
titration experiments in the presence of Hg?* where a decrease in intensity and a hypsochromic
shift in the absorption band were initially observed and the response later reversed to increase

in intensity on further addition of Hg?* (Figure 4.39 b).

From absorption and emission spectral analysis, it is clear that at early stages of Hg?* additions,
the coumarin conjugated system was disrupted. This led to a hyspochromic shift in the
absorption. However, additional aliquots of Hg?* seemed to enhance conjugation in the
coumarin system. This is justified by a reverse response from quenching to enhancement in
both absorption and emission and a bathochromic shift in the emission band from 386 to 391

nm.

Based on the geometrically optimized structure of the pendant chain in the presence of Hg?*
determined through computation at the DFT level (B3PW91/LanL2MB). The minimum energy
was obtained when Hg?* coordinates the triazole nitrogen and hydroxyl of the functional
linkage via a six membered ring structure (Appendices A.30). This binding mode as shown in
Scheme 4.12, leads to the electron deficiency at position 8 of coumarin unit nitrogen, which
disrupts push-pull effect in the coumarin system. This was supported by a clear hyspochromic
shift in the absorption spectrum of P2 upon Hg?* addition. A change in conformation induced
by this binding mode allows polymer P2 to chelate to another Hg?* ion using different binding
sites which resulted in reverse responses in both absorption and emission spectra of polymer

P2 when the concentration of Hg?* was increased.
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Scheme 4.12: The proposed binding modes of polymer P2 in the presence of Hg?*

Beside the involvement of the triazole ring in AI** binding, as suggested by alkynylated
coumarin derivative 11 and polymer P2 comparative spectral studies, the increase in
fluorescence intensity and the red shift in the emission band from 386 to 396 nm in the presence
of AI** also suggests enhanced conjugation in the coumarin system. The only way an increase
in conjugation can occur in this system, is when the carbonyl of the coumarin system is
involved in AP* binding. Two likely binding modes that involve the triazole and carbonyl
coumarin carbonyl groups are depicted in Scheme 4.13. From the geometrically optimized
structure of the pendant chain in the presence of AI**, determined through computation at the
DFT level (B3PW91/LanL2MB), binding mode (1) (Appendices A.31) showed less energy
than its corresponding binding mode (11). This suggests that AI?* chelates to the nitrogen of the
triazole and carbonyl of the coumarin resulting in increased push-pull effect in the coumarin

unit. As a result an increase in intensity and red shit was observed in emission spectrum of P2.

Scheme 4.13: The proposed binding modes of polymer P2 in the presence of AI3*.
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4.4 Triazolyl coumarin-based polymers with amino-methylene
linkages between triazole and coumarin units (P3)

The synthesis of polymer P3 was accomplished in two stages as done for hydroxyethylene-
bridged triazolyl coumarin based polymers. The first stage involved the synthesis of an
alkynylated coumarin derivative 15 with an amino methylene bridge at position 3 of the
coumarin system. The alkynylated coumarin derivative 15 was attached to the azide-
functionalized side chains of polymer PO under click reaction conditions to yield polymer P3

with an amino methyl bridge between the triazole and the coumarin system.

4.4.1 Synthesis of the alkynylated coumarin derivative 15

The synthesis was accomplished in three steps from 4-(diethylamino)-2-hydroxybenzaldehyde
as shown in Scheme 4.14. Coumarins 13 and 14 were synthesized according to the procedure
previously used for the synthesis of coumarin 6 and 7 in Chapter 3. Synthesis of the alkynylated
coumarin derivative 15 was done at room temperature in a mixture of dichloromethane and
50% NaOH solution according to the reported tandem alkylation reaction of the primary amine
with alkyl halides.?? Tetrabutylammonium bromide (TBAB) was used as a phase transfer
catalyst and propargyl bromide was used in the place of the alkyl halide to yield desired product
15 in 61 % vyield.
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Scheme 4.14: Synthesis of the alkynylated coumarin derivative 15 a) Piperidine, AcOH,
butanol, reflux; b) SnCl,, HCI(aq), rt; c) DCM and 50% NaOH (1:1), propargyl bromide.

The structures of alkynylated coumarin derivative 15 were characterized by NMR spectroscopy
(For C NMR see Appendices Figure A.17). Figure 4.44 illustrates the assignment of proton
signals in the 'H NMR spectrum of coumarin 15. The appearance of a signal for the terminal

alkyne proton (i) at 2.59 ppm, methylene protons of the side chain (h) at 4.81 ppm and protons
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of 7-(diethylamino)coumarin confirms the successful synthesis of alkynylated coumarin
derivative 15.
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Figure 4.44: *H NMR spectrum of alkynylated coumarin derivative 15 in CDCls.

4.4.2 Functionalization of polymer PO with alkynylated coumarin
derivative 15

Polymer PO was functionalized with the alkynylated coumarin derivative 15 under Cu(l)-
mediated click reaction conditions as shown in Scheme 4.15. The reaction was performed at
room temperature in THF with a minimum amount of water. On completion of the reaction,

the precipitated polymer was filtered and washed with water to afford pure polymer P3 as a

2
:
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brown solid in 85% yield.
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Scheme 4.15: Functionalization of polymer PO with alkynylated coumarin derivative 15.
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The structure of polymer P1 was confirmed by *H NMR and FT-IR spectroscopy. Figure 4.45
illustrates partial comparative *H NMR spectra of polymer PO, alkynylated coumarin derivative
15 and polymer P3. Due to the chemical modification from the electron donating alkyne group
to the electron withdrawing triazole ring, the proton signal at 4.8 ppm which was attributed to
the methylene group of the side chain in alkynylated coumarin derivative 15 (h) was shifted
downfield with signal broadening which is typical for polymers. Furthermore, other proton
signals from the starting materials were prominent as broad signals in the spectrum for polymer
P3, along with a new signal in the aromatic region which was assigned to the triazole ring. Due
to the low solubility of P3, the average molecular weight and polydispersity index could not

be determined from size exclusion chromatography experiments.
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Figure 4.45: Comparative *H NMR spectra for polymer PO, alkynylated coumarin derivative
15 and polymer P3. In the case of coumarin 15 and polymer PO, CDClIs solvent was used for

NMR characterization while DMSO was used for polymer P3.

The comparison of FT-IR spectra of the polymer PO and the functionalized polymer P3 (Figure
4.46) showed a significant decrease in the intensity of the azide stretching at 2090 cm™ in
polymer P3 compared to the starting polymer PO. Furthermore, a broad new peak appeared at

3400 cm™ in the spectrum for polymer P3 and was assigned to the stretch mode of the
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secondary amine group from alkynylated coumarin derivative 15. The percentage conversion

of the azide groups to triazole was found to be 92%.
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Poly(4-vinylbenzyl azide)
—— P3
N,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm?

Figure 4.46: Comparative FT-IR spectra of polymer PO and the functionalized polymer P3.
4.4.3 Absorption and emission studies on polymer PO functionalization

To further confirm the functionalization of polymer PO with alkynylated coumarin derivative
15, the photophysical properties of polymer PO were compared with the photophysical
properties of polymer P3 and alkynylated coumarin derivative 15. Same as in previous sections,
DMF solutions containing equal amount (in grams) of each compound were used. As expected,
polymer P3 showed absorption and emission intensities with the magnitude between the
absorption and emission intensities of the starting materials (Figure 4.47). The Alkynylated
coumarin derivative 15 with high content in coumarin chromophores showed higher absorption
and emission intensities while polymer PO with quenching azide group showed negligeable

absorption and emission.
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Figure 4.47: a) Absorption and b) Emission spectra of the alkynylated coumarin derivative 15
(0.12 g/L), polymer PO (0.12 ¢g/L) and polymer P3 (0.12 ¢g/L) in DMF. Excitation was

performed at 350 nm.

It was noted that the alkynylated coumarin derivative 15 and polymer P3 showed similar
absorption properties with maximum absorption at 348 nm and different emission properties.
Polymer P3 emitted at higher energy compared to its corresponding alkynylated coumarin
derivative 15. The maximum emission for P3 was observed at 420 nm while maximum
emission for alkynylated coumarin derivative 15 was observed at 457 nm. Since this shift was
not detected in the absorption spectrum, it was concluded that there is connection between
excited state of polymer P3 and the blue shift which is detected in the emission spectrum. Only
two photochemical processes can contribute to this shift. One is photoinduced electron transfer
(PET) which involves the lone pair of nitrogen atom at position 3 of the coumarin unit to the
excited coumarin system. The second one is the excited state intramolecular proton transfer
(ESIPT) from the secondary amine hydrogen to either the carbonyl of the coumarin or to the
triazole ring. Since this shift was not noticed in alkynylated coumarin derivative 15, the most
likely mechanism that could result in the shift is ESIPT from the secondary amine proton of

the coumarin side chain to the nitrogen of the triazole as shown in Scheme 4.16.

When the proton is transferred to the nitrogen of the triazole, an excited state ESIPT complex
with a negative charge on the nitrogen in position 3 of the coumarin is generated. The charge
is delocalized into the coumarin system resulting in a decreased push-pull character of the
coumarin system. A decrease in the push-pull character is expressed as a blue shift in the
emission spectrum since the conjugation of the coumarin system is disturbed. The occurrence
of the ESIPT mechanism was also supported by a large Stokes’ shift (>70nm), which is one of
the characteristics of this mechanism, and broadening of the emission spectrum of polymer P3.
Broadening of the emission spectrum also suggests the presence of two excited states (normal

and Zwitterionic tautomer excited states).?®

JMV Ngororabanga NMMU Page 129



rmm *

\\N% /

H

Excited state r m
ESIPT /jl\‘:\
IPT species in the photoexcited state

Absorption Emission Emission R=

An transfer r
@Jﬁ@

N o +
r mo H/N§N/
—
/ N/\‘/\N_R
\H\\\\\N§N/

Ground state

Scheme 4.16: Schematic representation of the ESIPT mechanism in polymer P3.

Generally, the PET mechanism is disrupted by the presence of metal ions as they bind with
the lone pair which is involved in the quenching of the excited fluorophore leading to
fluorescence enhancement.?* For this reason, the response of polymer P3 in the presence of
different metal ions was investigated in order to confirm the occurrence of the ESIPT
mechanism. Different metal ions such as Na*, Ca?*, Ag*, AI**, Ba?*, Cr¥, Cu®", Fe**, Hg?*,
Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?* were investigated. As shown in Figure 4.48, the presence
of metal ions showed a slight enhancement in polymer P3 emission band. This confirms a small
contribution of PET mechanism on the polymer P3 emission.
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Figure 4.48: Emission spectra of polymer P3 (1.3 X 103 g/L) in the presence of (2 uM) Na*,
Ca?*, Ag*, AI**, Ba?*,Cr¥*, Cu?*, Fe%*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*. Spectra

were recorded in DMF at 350 nm excitation wavelength.
4.4.4 Chemosensing studies of polymer P3

Due to a strong affinity between the anions and the proton of the amino group connected to an
electron-deficient system such as in urea, thiourea,?® tetrazole,?” and diaminomethanenitrile,?
based chemosensors, the chemosensing capability of polymer P3 has been investigated in
presence of anionic species. The interaction between the anions with the amino proton in the
polymer P3 disrupts ESIPT mechanism and leads to detectable changes in emission spectra. In

all chemosensing studies, solutions of tetrabutylammonium salts were used as anions source.

4.4.4.1 Absorption and emission studies

Investigation of the chemosensing capability of polymer P3 towards anions was accomplished
using absorption and emission spectra analysis in the presence of different ionic species such
as HoPOg4, F, CI, Br,, HSO4, OH", I, NO3', AcO™ and CN". The studies were carried out at
room temperature in DMF. As shown in Figure 4.49 a, all the tested anions except OH and F
slightly affected the absorption band of polymer P3 at 348 nm. The presence of OH" induced a
blue shift, while F induced a significant decrease in the intensity of the absorption band of
polymer P3 which suggests a strong interaction between the polymer P3 and the F ions. On
the other hand, when emission spectra were recorded for the same set of anions at 350 nm, a
reverse response was detected in the presence of F~ (Figure 4.49 b). The later almost doubled

the fluorescence intensity of polymer P3 while the other anions except OH" did not induce
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significant fluorescence enhancement. This fluorescence enhancement can be attributed to the
disruption of the ESIPT mechanism due to the binding of the F ions to the amino hydrogen of

the coumarin-triazole linkage.
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Figure 4.49: a) Absorption spectra of polymer P3 (1.6 X 102 g/L) and b) Emission spectra of
polymer P3 (1.3 X 103 g/L) in the presence of the aliquot (2 uM) of different anions (H2PO4
, ClO4, F, CI', Br, HSO4, OH", I, NO3", AcO™ and CN"). Spectra were recorded in DMF and

excitation was performed at 350 nm.

4.4.4.2 Titration experiments

In order to investigate the absorption and emission behaviour of polymer P3 in the presence of
Fions, UV-Vis and fluorescence titration experiments were conducted. As shown in Figure
450 a, the addition of F aliquots (5x107 M) to a DMF solution of polymer P3 induced a
gradual decrease in the intensity of the maximum absorption band at 348 nm and a gradual
increase in the intensity of the absorption band at 390 nm with an isosbestic point at 365 nm.
The maximum absorption band was assigned to absorption in the coumarin system while the
increase in the bathochromic absorption band was attributed to the increase in charge transfer
in the coumarin system. The isosbestic point indicates the formation of a polymer P3-F

complex.

On the other hand, the recorded emission spectra from the mixtures of polymer P3 with
different concentrations of F~ showed a gradual increase in polymer P3 emission band at 438
nm (Figure 4.50 b). The insetin Figure 4.50 b shows the plot of emission intensity of polymer
P3 at 350 nm against the concentration of added F". A linear relationship with a correlation

coefficient of R?=0.9949 was obtained in the range of 0-2 uM. The detection limit was

calculated in the same range and found to be 0.195 uM.
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Figure 4.50: a) Absorption and b) Emission spectra of polymer P3 in DMF upon addition of
F (5 X 107 M). Excitation was performed at 385 nm and a polymer P3 concentration equivalent
t0 3.2 X 102 g/L and 6.5 X 10 g/L was used in absorption and emission analysis respectively.

4.4.4.3 Competitive studies

The influence of other anions on F binding to polymer P3 was investigated through
competitive experiments. This was achieved through the analysis of the emission spectra of
polymer P3 in the presence of F-and a molar equivalent of the other anion (H.PQO4’, CI", Br,
HSO4, OH, I, NO3", AcO", ClO4 and CN°). The emission spectra were recorded in DMF at
room temperature at 350 nm. As shown in Figure 4.51 the fluorescence enhancement response
induced by the presence of F~ could not be significantly affected by the presence other anions
in most of the cases. The highest interference was observed in the presence of CN". The
presence of other halides showed very small interferences. This indicates that polymer P3 can
selectively bind with F in the presence of other anionic species.
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Figure 4.51: Fluorescence responses of polymer P3 (1.3 X 102 g/L) in the presence of different
anions (2 uM) H2POy4, CIO4, F, CI', Br, HSO47, OH", I, NO3z", AcO  and CN" (blue bars) and
in the presence of mixture of F~ (2 uM) with one equivalent (2 uM)) of other anions (red bars).

Excitation was performed at 350 nm.

4.4.4.4 Sensing mechanism of the polymer P3 with Fions

Since the above studies confirmed the ESIPT mechanism as the sole mechanism involved in
the sensing of F~ ions, the proposed sensing mechanism is summarized in Scheme 4.17. Due
to the small size of the F" ions, their interaction with the amino proton from the polymer P3 via
hydrogen bonding is easier compared to other anions. This fact was the basis for the selective
response towards F. Once F binds to the secondary amine proton, it forms a polymer P3-F
complex in which the ESIPT mechanism is disrupted. This allows only one excitation state

which decays via a radiative pathway and results in increase in emission intensity.

Since the binding of F increases the electron-donating ability of nitrogen in position 3 of the
coumarin system, its presence increases the chance of the PET mechanism from the nitrogen
in the position 3 to the coumarin system upon excitation. For this reason, the emission of

polymer P3 in the presence of F~ was not highly pronounced.
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Scheme 4.17: A proposed inhibition of the ESIPT mechanism in polymer P3.
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4.5 Conclusion

Polymers with bridged triazolyl coumarin systems were synthesized through multiple step
syntheses. Their optical properties and chemosensing capabilities were investigated in DMF at
room temperature. In the investigation of photophysical properties, where the absorption and
emission properties of the polymers were compared with the absorption and emission
properties of their corresponding starting materials, it was demonstrated that the photophysical
properties of the polymers are generally governed by the coumarin system from the alkynylated
coumarin compounds. The investigation of chemosensing capabilities of the polymers in the
presence of various cationic and anionic species showed higher sensitivity towards Hg?*, Fe*
and "OH in polymer P1, Hg®* and AI* in polymer P2 and F in polymer P3. By comparing
responses between each polymer and its corresponding alkynylated coumarin derivative in the
presence of these ions, it was concluded that some chemical processes form the basis of their

selective sensitivities. These include hydrogen bonding and ESIPT.
4.6 Experimental

4.6.1 General information

All chemicals and solvents were purchased from Sigma Aldrich or Merck and used as
received without further purification. Reactions monitoring, products purification and
characterization as well as photophysical studies were done using same materials and

instrumentantation as the ones stated in Chapter 3.

4.6.2 Synthesis of the poly(4-vinylbenzyl azide) (P0)

Both 4-vinylbenzyl azide and poly(4-vinylbenzyl azide) were synthesized according to
literature procedures,® and their structures were confirmed using NMR and FT-IR.

4.6.2.1 4-Vinylbenzyl azide (2)

Yield: 70%. 'H NMR (CDCls, 400 MHz): & = 7.4 (d, J = 8.08 Hz, 2H), 7.29 (d, J = 8.04 Hz,
2H), 6.74 (g, J = 10.88 Hz, 1H), 5.78 (d, J = 17.04 Hz, 1H), 5.29 (d, J = 10.44 Hz, 1H), 4.34
(s, 2H). 13C NMR (CDCls, 400 MHz): & = 137.67, 136.23, 134.80, 128.45, 126.64, 114.46,
54.54,

JMV Ngororabanga NMMU Page 135



4.6.3 Synthesis of 7-(diethylamino)-3-(1-hydroxybut-3-ynyl)-2H-chromen-
2-one (7)

Coumarins 5 and 6 were synthesized according to the reported literature procedures.!
4.6.3.1 7-(Diethylamino)-2H-chromen-2-one (5)

Yield: 62%. 'H NMR (CDCls, 400 MHz): § = 7.54 (d, J = 9.28 Hz, 1H), 7.26 (d, J = 8.76,
1H), 6.57 (d, J = 8.80 Hz, 1H), 6.50 (s, 1H), 6.04 (d, J = 9.28 Hz, 1H), 3.42 (q, J = 7.08 Hz,
4H), 1.22 (t, J = 7.08 Hz, 6H). *C NMR (CDCls, 400 MHz): § = 162.26, 156.75, 150.69,
143.66, 128.74, 109.21, 108.64, 108.29, 97.56, 44.78, 12.43.

4.6.3.2 7-(Diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (6)

Yield: 53%. *H NMR (CDCls, 400 MHz): § = 10.06 (s, 1H), 8.18 (s, 1H), 7.34 (d, J = 8.84 Hz,
1H), 6.56 (d, J = 8.84, 1H), 6.42 (s, 1H), 3.40 (q, J = 6.68 Hz, 4H), 1.18 (t, J = 6.84 Hz, 6H).
13C NMR (CDCls, 400 MHz): & = 187.96, 158.95, 153.46, 145.37, 132.50, 114.38, 110.16,
108.25, 97.19, 45.27, 12.45.

4.6.3.3 7-(Diethylamino)-3-(1-hydroxybut-3-ynyl)-2H-chromen-2-one (7)

To a solution of zinc (0.26 g, 4 mmol) in THF (20 ml) was added propagyl bromide (0.45 g, 4
mmol) in THF (10 mL) and a mixture was stirred at room temperature for 1h. After this, 7-
(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (6) (1 g, 4 mmol) in THF (5 mL) was
added. The mixture was stirred overnight at 60 °C and saturated NH4Cl (30 mL) was added.
After 1 h, zinc residues were removed by filtration and hydrochloric acid (10 mL, 10%) was
added. The organic layer was collected and THF was removed under reduced pressure. The
residues were dissolved in dichloromethane (50 mL), washed with water (50 mL X 3) and dried
over anhydrous Na>SQOs. The organic solvent was removed under reduced pressure and the
crude product was purified by column chromatography over silica gel (Hexane: EtOAc, 30:70)
to afford a pure product as yellow (0.72 g, 63% yield). m.p. 125-130 °C. IR vmax (cm™): 3393
(O-H), 3302 (=C-H), 1683 (C=0), 1601 (C=C).'H NMR (CDCls, 400 MHz): 5 = 7.59 (s, 1H),
7.22 (d, J =8.84 Hz, 1H), 6.51 (d, J = 8.84, 1H), 6.42 (s, 1H), 4.72 (q, J = 5.56 Hz, 1H), 3.34
(9, J = 7.04 Hz, 4H), 2.71 (dd, J = 3.6, 2H), 1.97 (s, 1H), 1.13 (t, J = 7.08 Hz, 6H). *C NMR
(CDCl3, 400 MHz): 6 =162.06, 155.90, 150.64, 139.76, 129.11, 120.75, 109.07, 108.11, 97.17,
80.44, 71.26, 69.14, 44.82, 26.48, 12.42.
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4.6.4 Synthesis of 7-hydroxy-8-(1-hydroxybut-3-ynyl)-4-methyl-2H-
chromen-2-one (11)

The syntheses of coumarin 9 and 10 were achieved according to reported literature.!’
4.6.4.1 7-Hydroxy-4-methyl-2H-chromen-2-one (9)

Yield: 85%. H NMR (CDCls, 400 MHz): § = 10.51 (s, 1H), 7.59 (d, J = 8.68 Hz, 1H), 6.80 (d,
J=8.64 Hz, 1H), 6.70 (s, 1H), 6.10 (s, 1H), 2.36 (s, 3H). *C NMR (CDCls, 400 MHz): & =
161.62, 160.74, 155.30, 154.00, 127.08, 113.32, 112.49, 110.71, 102.64, 18.56.

4.6.4.2 7-Hydroxy-4-methyl-2-oxo0-2H-chromene-8-carbaldehyde (10)

Yield: 41%. *H NMR (CDCls, 400 MHz): & = 12.13 (s, 1H), 10.54 (s, 1H), 7.65 (d, J = 8.84
Hz, 1H), 6.83 (d, J = 8.92 Hz, 1H), 6.13 (s, 1H), 2.35 (s, 3H). 3C NMR (CDCls, 400 MHz): 5
= 193.42, 165.28, 159.21, 156.17, 152.64, 132.88, 132.50, 114.29, 111.98, 108.69, 18.93,

4.6.4.3 7-Hydroxy-8-(1-hydroxybut-3-ynyl)-4-methyl-2H-chromen-2-one (11):

Synthetic procedure and the same molar ratio used in the synthesis of synthesis of 7-
(diethylamino)-3-(1-hydroxybut-3-ynyl)-2H-chromen-2-one (7) was used in the synthesis of
7-hydroxy-8-(1-hydroxybut-3-ynyl)-4-methyl-2H-chromen-2-one (11) and white solid product
was obtained in 43% in yield. m.p. 147-152 °C. IR vmax (cm™): 3359 (O-H), 3255 (=C-H), 1685
(C=0), 1597 (C=C).'H NMR (CDCls, 400 MHz): § = 7.53 (d, J = 8.84 Hz, 1H), 6.94 (d, J =
8.84 Hz, 1H), 6.19 (s, 1H), 5.44 (s, 1H), 4.9 (s, 1H), 4.52 (s, 1H), 2.77 (dd, J = 14, 2H), 2.71
(s, 1H), 2.43 (s, 3H). 3C NMR (CDCls, 400 MHz): 5 =160.63, 155.58, 152.97, 152.28, 151.12,
125.59, 114.02, 113.35, 112.09, 95.48, 57.98, 33.64, 18.82.

4.6.5 Synthesis of 7-(diethylamino)-3-(prop-2-ynylamino)-2H-chromen-2-
one (15)

7-(Diethylamino)-3-nitro-2H-chromen-2-one (coumarin 13) and 3-amino-7-(diethylamino)-

2H-chromen-2-one (coumarin 14) were synthesized according to the literature procedure

provided in Chapter 3.
4.6.5.1 7-(diethylamino)-3-(prop-2-ynylamino)-2H-chromen-2-one (15)

To a solution of propargyl bromide (0.15 g, 1.26 mmol) and 3-amino-7-(diethylamino)-2H-
chromen-2-one (0.30 g, 1.29 mmol) in 10 mL dichloromethane was added 50% aqueous NaOH

solution (1 mL). The mixture was stirred at room temperature for 48 hrs and poured into water
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(100 mL). The aqueous solution was extracted with dichloromethane (50 mL X 3) and
dichloromethane extracts was dried over anhydrous Na,SO4. The organic solvent was removed
under reduced pressure and the crude product was purified by column chromatography over
silica gel (Hexane: EtOAc, 90:10) to afford pure product as brown oil in 61% yield. IR vmax
(cm™): 3286 (=C-H), 3234 (N-H), 1675 (C=0), 1585 (C=C).'H NMR (CDCl3, 400 MHz): & =
10.15 (d, J = 8.84 Hz, 1H), 7.74 (d, J = 8.92 Hz, 1H), 6.35 (d, J = 8.92 Hz, 1H), 6.24 (s, 1H),
4.81 (s, 1H), 3.45 (g, J = 7.04, 2H), 2.58 (s, 1H), 1.25 (g, J = 7.08, 3H). *C NMR (CDCls, 400
MHz): 3 = 186.98, 162.05, 153.62, 130.70, 114.62, 105.07, 94.35, 78.29, 76.14, 56.12, 44.92,
12.63.

4.6.5.2 General procedure for functionalization of poly(4-vinylbenzyl azide)

A mixture of poly(4-vinylbenzyl azide (0.5 mmol repeating units ), alkynylated coumarin
derivatives (1 mmol), CuSO4.5H>0 (0.054 mmol), sodium ascorbate (0.15 mmol) and
N,N,N’",N” N"-pentamethyldiethylenetriamine (PMDETA) (0.15 mmol) in THF (100 mL) was
stirred at room temperature for 48 hrs. The precipitated polymers were filtered, washed with
water and dried under vacuum to afford polymer P1, P2 or P3 in 83%, 78% and 85% yields

respectively.
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Chapter 5 Linear triazolyl coumarin-based polymers
5.1 Introduction

Properties of polymers can be influenced by the arrangement of repeating units within the
polymer chains. The properties of the triazolyl coumarin based polymers were also investigated
from that perspective. This involved the investigations of chemosensing capabilities of a
polymer in which the triazolyl coumarin units are incorporated into the main chain. From the
literature, linear polytriazoles are mainly synthesized using Cu(l)-catalysed 1,3-dipolar
cycloaddition step-growth polymerization (click polymerization) of either AA- and BB-type

bifunctional monomers or between AB-type monomers (Figure 5.1).12

= R — N3_R_N3 S R_N3

AA-type monomer BB-type monomer AB-type monomer
Figure 5.1: Different types of monomers for the synthesis of polytriazoles.

Despite the simplicity and modular nature of the click reaction which is applied during
polymerization, a major frequently reported drawback of the resulting polytriazoles is their
poor solubilities in organic solvents which complicates their characterization, property
investigations and applications!® To overcome this poor solubility issue and other practical
problems associated with these polymers, solubilizing groups are often incorporated into the
polymer chains. Long chain alkyl groups and alkyl dendrimers are among the solubilizing
groups which have shown to improve the solubility of the polytriazoles, when incorporated

into the repeating units.*®

In our studies, linear coumarin-based polytriazoles were synthesized via AA-BB step-growth
click polymerization using two diazide-functionalized coumarin monomers and a dialkyne-
functionalized monomer. The latter contained six carbon alkyl chain caped with diethylamino
group to enhance the solubility of the polymer. Furthermore, the amino functionality in the
side chains can be converted into an ammonium salt, which extends the applications of the

resulting polymer to aqueous media.
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5.2  Monomer synthesis

5.2.1 AA-type monomer synthesis

Dialkyne monomer 7 was synthesized in five steps from benzene-1,4-diol as shown in Scheme
5.1. Compound 3 was synthesized according to a literature procedure®, before its iodination
which was carried out in acetic acid in the presence of H2SO4, H20, K103 and 12 by following
a reported literature procedure for the iodination of 1,4-diiodo-2,5-dimethoxybenzene.’
Bromo-caped alkyl chain in compound 4 was converted into tertiary amine by refluxing in
diethylamine according to a literature method. Compound 5 was alkynylated to form monomer
precursor 6 in the presence of trimethylsilyl acetylene, Pd(PPhs).Cl, and Cul.® Monomer
precursor 6 was then treated with K2COs in a mixture of methanol and THF (1:1) to give

monomer 7 in good yield.

Scheme 5.1: Synthesis of the dialkyne monomer 7; a) NaOH, ethanol (reflux); b) H2SO4, H20,
KlOs, I> and AcOH (reflux); c) Diethylamine; d) Triethylamine, trimethylsilyl acetylene,
Pd(PPh3).Cl; and Cul; e) KoCOz, CH3OH/THF (1:1).
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The structures of compounds 3, 4, 5, 6 and monomer 7 were characterized by NMR and mass
spectrometry (for *H NMR spectra of compounds 3, 4 and 5 and **C spectra of compounds 6
and 7 see Appendices Figure A.18-A.22). Figure 5.2 shows the assignment of proton signals
in the *H NMR spectrum of the monomer precursor 6. The appearance of 24 alkyl chain protons
at 1.35, 1.52, 1.80, 2.45 and 3.95 ppm, 20 diethylamino protons at 1.04 and 2.55 ppm, 2
aromatic protons at 6.89 ppm and 18 trimethylsilyl protons at 0.26 ppm confirmed the structure
of compound 6. Figure 5.3 shows the assignment of proton signals in the *H NMR spectrum
of monomer 7. Once again the appearance of 2 terminal alkyne protons at 3.25 ppm and
disappearance of 18 trimethylsilyl protons at 0.26 ppm confirms the structure of the monomer
7.

J
j|
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J a
a' \ !
b, ( N N NP W\ /
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Figure 5.3: 'H NMR spectrum of monomer 7 in CDCls.
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5.2.2 BB-type monomer synthesis

Two diazide-functionalized coumarin monomers (12 and 17), to couple with the dialkyne
functionalized monomer 7 during click polymerization, were synthesized via multi-step
syntheses. The two monomers differed by the position of the hydroxyl group in the coumarin
system. The aim of preparing those monomers was to study the impact of the hydroxyl groups

on the photophysical and chemosensing properties of the resulting polymers.

Monomer 12, with the hydroxyl group at position 7, was prepared in four steps from 2,4-
dihydroxybenzaldehyde as shown in Scheme 5.2. 2,4-Dihydroxybenzaldehyde 8 was firstly
nitrated in acetic acid using a mixture of H.SO4 and HNO3 (1:1). Nitrated coumarin 10 was
then obtained from compound 9 via a Perkin condensation reaction in the presence of N-
acetylglycine.'® The nitro group on coumarin 10 was then reduced in aqueous acetic acid into
its corresponding amino coumarin 11 in the presence of iron. The amide group in position 3 of
the coumarin system was next hydrolyzed under acidic conditions and a diazotization-azidation

reaction in the presence of NaNO> and NaNs resulted in desired monomer 12 in good yield.

:©i 02N Z S\

mﬁm

Scheme 5.2: Synthesis of the diazide-funcionalized coumarin monomer 12; a) H.SO4 and
HNO3 (1:1) and AcOH (rt); b) N-acetylglycine, anhydrous sodium acetate and acetic anhydride
(reflux); c) AcOH and H20 (1:1) and Fe, rt; d) Ethanol and HCI (2:3), then NaNO2, NaNa.

Compounds 9, 10, and 11, and monomer 12 were characterized by FT-IR, NMR and mass
spectroscopy (for the *H NMR spectra of compounds 9, 10 and 11 and *C NMR spectrum of
monomer 12 see Appendices Figure A.23-A.26). Figure 5.4 below shows the assignment of
proton signals in the *H NMR spectrum of monomer 12. The three coumarin protons are

observed at 7.95, 7.28 and 7.54 ppm, while the hydroxyl proton appeared at 11.48 ppm.
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Figure 5.4: *H NMR spectrum of monomer 12 in DMSO

The presence of the azide functional group in the monomer 12 was confirmed by FT-IR
spectroscopy (Figure 5.5). The appearance of a stretching at 2113 cm™ in the spectrum of
monomer 12, confirms the presence of the azide functional group. Furthermore, the hydroxyl
group at position 7 was also detected at 3400 cm™.
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Figure 5.5: FT-IR spectrum of monomer 12.

The second diazide coumain monomer 16, without the hydroxyl group at position 7, was also
prepared in four steps from 2-hydroxybenaldehyde (Scheme 5.3). Using the methods used for
the synthesis of monomer 12, nitration of the starting compound 13, followed by Perkin
condensation reaction in the presence of N-acetylglycine, formed the nitrated coumarin
compound 15. Reduction using Fe*, followed by acid hydrolysis and then a diazotization-
azidation reaction in the presence of NaNO: and NaNs, yielded the desired diazide

functionalized coumarin monomer 17 in good yield.
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Scheme 5.3: Synthesis of the diazide coumarin monomer 17: a) Ca(NOz)2, AcOH (reflux); b)
N-acetylglycine, anhydrous sodium acetate and acetic anhydride (reflux); ¢) AcOH and H20
(1:1) and Fe; d) Ethanol and HCI (2:3), and then NaNO>, NaNs.

Compounds 14, 15 and 16, and monomer 17 were once again characterized by FT-IR and
NMR and mass spectrometry (for 'H NMR spectra of compounds 15 and 16 and the *C NMR
spectrum of monomer 17 see Appendices Figure A27-A29). Figure 5.6 shows the assignment
of proton signals in the *H NMR spectrum of monomer 17. All four coumarin protons resonate
between 7 and 8 ppm. The disappearance of the amino group protons and amide methyl group

protons observed in *H NMR spectrum of compound 16 confirm the successful synthesis of

monomer 17.
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Figure 5.6: *H NMR spectrum of monomer 17 in CDCls.

The presence of the azide functional group in monomer 17 was confirmed by FT-IR
spectroscopy as shown in Figure 5.7. The azide functional group stretch was observed at 2110

cm?.
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Figure 5.7: FT-IR spectrum of monomer 17.

5.3 AA-BB step-growth click polymerization

The synthesis of linear triazolyl coumarin based polymers was achieved via a triazole-forming
AA-BB step-growth click polymerization using diazide-functionalized coumarin monomers 17
and 12, respectively and the dialkyne-functionalized monomer 7 (Scheme 5.4). The reaction
was carried out at room temperature in THF with minimum amount of water, and the click
conditions included Cu(l), a reducing agent and a ligand according to the literature procedure.!
After completion of the reaction in 48 h, the precipitated polymers were filtered and washed

with water to afford pure polymer 18 and 19 in good yield.
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Scheme 5.4: AA-BB step-growth click polymerization of dialkyne-functionalized monomer 7

with diazide-functionalized coumarin monomers 12 and 17.
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The structures of polymers 18 and 19 were confirmed by NMR and FT-IR spectroscopy.
Figures 5.8 and 5.9 show the assignment of proton signals in the *H NMR spectra of polymers
18 and 19, respectively. Notable, are the aromatic protons from the coumarin and the
substituted benzene derivative, as well as alkyl proton from the side chains. Due to the low
solubility of polymer 18 and 19, the average molecular weight and polydispersity index could

not be determined from size exclusion chromatography experiments.
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Figure 5.8: 'H NMR spectrum of polymer 18 in DMSO.
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Figure 5.9: 'H NMR spectrum of polymer 19 in DMSO.

The structures of polymers 18 and 19 were further confirmed by FT-IR spectroscopy. Figure

5.10 shows comparative FT-IR spectra of diazide-functionalized coumarin monomers 12 and
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17, and their corresponding polymers 18 and 19. It should be noted that the stretching at 2113
cm assigned to the azide groups in monomers 12 and 17 disappeared in their corresponding
polymers 18 and 19 respectively. This confirms a successful conversion of the azide and alkyne
functionalities in the monomers 12 and 17 into the triazole ring during polymerization.
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Figure 5.10: Comparative FT-IR spectra between monomers 12 and 17 and their corresponding

polymers 18 and 19.

5.4 The effect of click polymerization on photophysical
properties of the monomers

The effect of click polymerization on the starting monomers was investigated through the
comparison of absorption and emission spectra of monomers 7 and 12, and polymer 18 which
has hydroxyl as additional binding site. The spectra were recorded at room temperature using
DMF solutions containing an excess of monomers 7 and 12 compared to their corresponding
number of repeating units in polymer 18. The concentration of each monomer (monomer 7 and
12) was equivalent to the total number of repeating units in the polymer, which have been
calculated from the mass of the polymer and its respective repeating units . Since polymer 18
was synthesized from two different monomers (monomer 7 and 12), each monomer solution
would have an excess number of moles of the respective monomer compared to the polymer
solution. Regardless of that disparity, polymer 18 shows higher absorption intensities
compared to the respective monomers (Figure 5.11 a). The maximum absorption band of
polymer 18 was observed at 355 nm as well as a shoulder at peak 437 nm. Weaker absorption
peaks were observed at 350 and 332 nm for monomers 7 and 12 respectively. The presence of
two absorption bands in polymer 18 could be attributed to the intra or interchain interactions

in the polymer backbone.
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Similar results were obtained in the analysis of emission spectra when DMF solutions of
monomer 7 and 12, and polymer 18 were excited at 337 nm (Figure 5.11 a). Polymer 18
showed higher emission intensity than its corresponding monomers 7 and 12 which showed
negligible intensities. Polymer 18 showed two peaks within a broad emission band in the 300-
600 nm range with the highest peak at 383 nm. The stuctureless emission band suggested
different excited state energy levels and could be attributed to formation of the
excimer/exciplex or ESIPT mechanism from hydroxyl proton in position 7 of coumarin unit to

the nitrogen of the triazole ring.
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Figure 5.11: a) Absorption and b) Emission spectra of monomers 7 and 12 and polymer 18 in
DMF. Absorption concentration was 1.5 X 103 M; Emission concentration was 8 X 10% M.

The excitation was performed at 337 nm.

From absorption and emission studies of polymer 18 and its starting monomers, it is clear that
the click polymerization enhanced both the absorption and emission of the starting monomers
once they are in the polymer. This is probably due to the quenching properties of the azide
group in the monomer 12 being suppressed in the polymer due to the formation of triazole ring.
These differences in the photophysical properties also confirm the success of the CUAAC AA-

BB step-growth click polymerization.

5.5 Photophysical properties of polymers 18 and 19

In order to understand the impact of the hydroxyl group on the photophysical properties of
polymer backbone, the absorption and emission of DMF solutions of polymers 18 and 19
containing the same number of moles of repeating units were investigated. As shown in Figure
5.12 a, both polymers exhibited similar absorption behaviours, albeit with different intensities.

Polymer 18 showed higher absorption intensity than polymer 19. These observations could be
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as a result of increased push-pull effect on the coumarin system of the polymer 18 due to the
presence of the hydroxyl group at position 7. Same as in absorption spectra, the emission
studies showed higher emission intensity for polymer 18 than 19, although their emission
behaviours were slightly different (Figure 5.12 b). The emission peak at 383 nm in the

polymer 18 was not detected in polymer 19.
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Figure 5.12: a) Absorption and b) Emission spectra of polymers 18 and 19 in DMF. Absorption
concentration: 1.7 X 10 M; Emission concentration: 8 X 10 M. The excitation was performed
at 337 nm.

Since these differences could not be detected in the absorption spectra, some excited state-
based mechanisms can be associated to these variations. Due to the broadening of the emission
band in polymer 18, which suggests the occurrence of more than one excited state, two
photophysical mechanisms were proposed to be responsible for these variations, these are:

excited state proton transfer (ESIPT) and excimer/exciplex formation.*?*2

As the emission spectrum of an excimer/exciplex often appears at a lower energy compared to
the monomer emission spectrum,* ESIPT mechanism from hydroxyl proton in the position 7
to the triazole nitrogen is likely to be the mechanism that leads to the emission at 383 nm, while
the emission peak at 435 nm can be assigned to normal emission of the polymer. Scheme 5.5
illustrates the proposed ESIPT mechanism in polymer 18 which leads to two emission bands
from normal excited state of the polymer and the excited state of tautomeric form. Since both
polymers 18 and 19 showed shoulder bands in their emission spectra at the longer wavelength,
it is possible that both mechanisms (ESIPT and excimer/exciplex formation) take place when

polymer 18 is excited.
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Scheme 5.5: Schematic representation of ESIPT in polymer 18

It has been reported that the rate of proton transfer is environment reliant,'® thus changes in the
emission spectrum of polymer 18 upon excitation at different wavelengths was investigated in
order to confirm the proposed mechanism. The investigation were carried out using excitation
wavelengths in a range encompassing the excitation wavelengths of monomer 7 and 12, and
polymer 18. As shown in Figure 3.13, an increase in the excitation wavelength from 337 nm
(which is an excitation wavelength of polymer 18) to 355 nm (the excitation wavelength of
coumarin monomer 12), resulted in a significant decrease in the intensity of the maximum
emission peak at 383 nm and a negligible decrease in the shoulder band at 435 nm. This
suggests that the increase in excitation energy favours the ESPT mechanism and the emission

band at 383 nm was assigned to the keto form from ESIPT.
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Figure 5.13: Emission spectra of polymer 18 in DMF (8 X 10 M) at different the excitation
wavelengths (337-355 nm).
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5.6 Chemosensing studies of polymer 18

Polymer 18 showed two emission bands from the normal excited state of the polymer and the
keto form excited state due to the ESIPT mechanism. Due to the fact that the ESIPT mechanism
is environment reliant, it was believed that changing the environment of polymer 18 using
different ions can result in selective sensitivity towards certain ions. Hence the absorption and
emission behaviours of polymer 18, in the presence of different metal ions and anions were
investigated in order to investigate its chemosensing capability. In all chemosensing studies,
solutions of nitrate and tetrabutylammonium salts were used as cation and anion source

respectively.

5.6.1 Absorption studies

The absorption behaviour of polymer 18 in the presence of different ions was studied in DMF
at room temperature using different metal ions (Na*, Ca®*, Ag*, AI**, Ba?*, Cr®, Cu?*, Fe®*,
Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni?* and Pb?*) and anions (F", CI, Br, H.POs” HSO4", CIO4", OH-
, I, NOs, AcO™ and CN"). As shown in Figure 5.14 a, most of the tested metal ions did not
induce any significant change in the absorption spectrum of polymer 18. However Cu?
induced an increase in the intensity of the maximum absorption peak at 330 nm while Ag*
induced an increase in intensity in both the maximum absorption peak and in the shoulder peak.
In addition, the presence of Fe3* gave a very intense band which was due to Fe3* self-

absorption.

Unlike Cu?* and Ag*, which induced an increase in the intensity of the maximum absorption
peak, Hg?" led to a decrease in the intensity of the maximum absorption peak and a small
increase in intensity of the shoulder peak. This suggests that Hg?" interacts differently with
polymer 18 than other metal ions. In the presence of all the tested anions as shown in Figure

5.14 b, negligible changes were detected in the absorption spectrum of polymer 18.
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Figure 5.14: Absorption spectra of polymer 18 (0.12 g/L) in the presence of the aliquot (2 X
10“ M) of a) various metal ions (Na*, Ca?*, Ag*, AI**, Ba?*, Cr¥*, Cu®", Fe**, Hg*", Mn?*,
Co?*, Zn?*, Cd?*, Ni?* and Pb?*); b) various anions (F", CI", Br, H2POs” HSO4, ClO4, OH", I,
NOs", AcO and CN).

5.6.2 Emission studies

The investigation of the chemosensing capabilities of the polymer 18 via emission spectral
analysis was conducted under the same conditions and using the same set of ions as the in UV-
Vis analysis. Noteworthy, all tested metal ions, except Hg?* enhanced the fluorescence of
polymer 18 when their mixtures with polymer 18 were excited at 337 nm (Figure 5.15 a). The
presence of Hg?* induced a fluorescence quenching in both the polymer and tautomer emission
peaks with higher quenching observed for the tautomer emission peak. Since the presence of
all metal ions except Hg?* led to an increase in intensity of tautomer emission peak, it would
appear that the presence of other metal ions encourage the ESIPT mechanism, while the
presence of Hg?*disrupts it. As observed in UV-Vis analysis, the presence of different anionic

species did not induce any obvious changes to the spectrum of polymer 18 (Figure 5.15 b)

JMV Ngororabanga NMMU Page 153



(a) (c) 500

800
400

(o2}
o

o .
Fluorescence intensity

300

B
[}
N
Q
o

N

]
o
o

Fluorescence intensity

100

345 395 545 595 340 390 440 490 540

445 495
Wavelenght (nm)
Wavelength (nm)

Figure 5.15: a) Emission spectra of the polymer 18 (1.8 X 1073g/ L) in the presence of the
aliquot (0.15 uM) of different metal ions (Na*, Ca%*, Ag*, AI**, Ba?*, Cr¥*, Cu?*, Fe®*, Hg?",
Mn?*, Co?*, Zn?*, Cd?*, Ni* and Pb?"); b) Emission spectra of the polymer 18 (5 X 10*%g L™?)
in the presence of the aliquot (0.3 uM) of different anions (F-, CI, Br, HSO4’, CIO4, OH", I,
NOs", AcO  and CN"). Excitation was performed at 337 nm.

5.6.3 Titration experiments

Since both the absorption and emission spectral analyses of polymer 18 in the presence of
different ions showed a selective response towards Hg?*, the sensitivity of polymer 18 towards
Hg?* was further investigated through titration experiments. Figure 5.16 a shows changes in
the absorption spectrum as aliquots of Hg?* (2.5 X 107 M) were added to a DMF solution of
polymer 18. Initially the addition of Hg?* did not show any significant changes to the maximum
absorption peak of polymer 18 at 330 and only induced a small increase in the intensity of the
absorption peak at ~380 nm. As more Hg?* was added a decrease in maximum absorption peak
and a gradual increase in the absorption peak at ~380 nm were observed. Additional aliquots
of Hg?* resulted in a gradual decrease in both absorption bands. These changes in the absorption
spectrum of polymer 18 with addition of Hg?* could be attributed to structural changes that

occur in polymer 18 as the concentration of Hg?* increases.

On the other hand, fluorescence titration experiments (Figure 5.16 b) showed a gradual
decrease in both the polymer and tautomer peaks with addition of Hg?" (0.025 uM).
Furthermore, it was noted that the tautomer emission peak was affected more by the increasing

amount of Hg?* than the polymer emission peak. Once again this confirms the fact that Hg?*
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disrupts the ESIPT mechanism by interacting with the binding sites which participate in proton
transfer. The inset in Figure 5.16 b shows a plot of the emission intensity of polymer 18 at
337 nm against the concentration of Hg?*. A linear relationship with a correlation coefficient

of R?=0.9942 was obtained in the range of 0-0.175 uM and detection limit was calculated in

the same range and found to be 0.0135 uM.
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Figure 5.16: a) Absorption spectra of polymer 18 (0.12 g/L) upon addition of Hg?* (2.5 X 10"
" M) aliquots; and b) Emission spectra of polymer 18 (3.6 X 103g/ L) upon addition of Hg?*
(0.025 uM) aliquots. Excitation was performed at 337 nm in DMF solvent.

5.6.4 Competitive studies

To investigate the influence of other metal ions on the interaction between Hg?* and polymer
18, competitive experiments were conducted using an emission spectral analysis method. The
experiments were conducted in the presence of Hg?* and two equivalents of other metal ions
(Na*, Ca?*, Ag*, Ba?*, Cr¥*, Cu?*, Fe**, Mn?*, Co?*, Zn?*, Cd?*, Ni?* or Pb?*) and the spectra
were recorded in DMF at 337 nm. As shown in Figure 5.17, the fluorescence quenching
induced by Hg?* ions in polymer 18 was not significantly influenced by the presence of two
equivalents of other metal ions. In some cases enhanced quenching were observed. This
indicates that the interactions between polymer 18 and Hg?* result in a more stable complex,

which cannot be destabilized by the presence of other metal ions.
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Figure 5.17: Emission spectra of polymer 18 (1.8x103 g/ L) in the presence of mixture of Hg?*
(0.15 uM) and two equivalents of other metal ions (0.3 pM) (Na*, Ca®*, Ag*, AI¥*, Ba**,Cr*,
Cu?*, Fe®*, Hg?*, Mn?*, Co?*, Zn?*, Cd?*, Ni** and Pb?"). Excitation was performed at 337 nm

in DMF solvent.

5.6.5 Sensing mechanism of polymer 18 with Hg?

Since the emission band at 383 nm in the polymer 18 was assigned to the keto form resulting
from ESIPT mechanism between hydroxyl group and triazole, any changes in the keto form
emission peak can be related to the changes in electron density around the two functionalities
(hydroxyl group and triazole). Since all the metal ions except Hg?* led to the enhancement of
tautomer emission band, it is clear that the binding sites for Hg?* are different from other metal
ions binding sites. Furthermore, the enhancement in the keto state emission band suggests that
the presence of other metal ions increases the rate of ESIPT mechanism. This can be achieved
via stabilization of the negative charge which is generated after proton transfer. Since this
charge is delocalized on the carbonyl group at position 2 of coumarin system (Figure 5.18), it
is most likely that other metal ions except Hg?* interact with the carbonyl group of coumarin.
This results in charge stabilization, and hence ESIPT enhancement. On other hand the
interaction of Hg?" with the triazole and/or “OH on the other side of the coumarin system where
ESIPT mechanism takes place disrupts the occurrence of this mechanism. This reduces the rate

of ESIPT mechanism and hence the decrease in the keto state emission band.
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Figure 5.18: The proposed binding sites of Hg?* and other metal ions.

5.7 Quarternarization of polymer 18

The quaternarization of polymer 18 was accomplished in THF at room temperature according
to Scheme 5.6.

o—(—/5 HO o_MeHoj@io;/(o
m _— 7 N A N/E—]*
N N N=N \N N
\— k_)_o \—+mg0 20

Scheme 5.6: Quaternarization of polymer 18 a) CH3CHal, THF.

Quaternary polymer 20 was characterized by *H NMR spectroscopy. Figure 5.19 shows
comparative *H NMR spectra of polymer 18 and that of quaternarized polymer 20. Notable, is
the downfield shift for the proton signals assigned to the -CH2-N in polymer 18. The degree of
quaternarization is assumed to be nearly 100% since all the *H NMR peaks corresponding to -

CH2-N shifted in the spectrum of the quaternarized polymer 20.
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Figure 5.19: Comparative *H NMR spectra between polymer 18 and the quaternarized polymer
20.

5.7.1 Emission studies

To investigate the effect of quaternarization on the emission properties of polymer 18, the
emission spectrum of polymer 18 was compared to the emission spectrum of its corresponding
quaternarized polymer 20 as shown in Figure 5.20. Of note, the emission peak assigned to the
excited state tautomer in polymer 18 at 383 nm disappeared in the quaternarized polymer 20.
Only the emission peak from normal excited state of polymer remained prominent at 441 nm.
Due to environment reliance of ESIPT mechanism, this can be attributed to the change in

environment from neutral to ionic.
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Figure 5.20: Comparative emission spectra between polymer 18 and the quaternarized polymer

20. Excitation was performed at 337 nm in DMF solvent.
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5.7.2 Effect of solvent on the emission of the quaternarized polymer 20

In order to investigate the possibilities of aggregate formation which can lead to the
fluorescence quenching in the quaternarized polymer 20 in aqueous solutions, the emission
behaviour of the quaternarized polymer 20 in DMF with increasing amounts of water, was
investigated. As shown in Figure 5.21, increase in the amount of water resulted in a gradual
increase in the intensity of the maximum emission peak at 424 nm, accompanied with a gradual
red shift from 424 to 441 nm. The highest emission intensity was detected when the DMF/H>O
composition was 40:60 and further increase in water content resulted in a decrease of polymer
20 emission intensity. This effect could be attributed to the formation of aggregates as a result
of increased interchain hydrophobic interactions at higher H2O content.!® Increase in
fluorescence upon addition of H,O from 10 to 60 % can be assigned to an increase in hydrogen
bonding, which affects both ends of the coumarin system (7-OH and C-2 carbonyl groups).
The hydrogen bonding increases the electron-donating ability of the hydroxyl group at position
7 and electron-withdrawing ability of the carbonyl group at position 2 of the coumarin unit.
This leads to an increase in the push-pull effect in the coumarin unit and hence an increase in
emission intensity. These conclusions were also supported by the red shift in the emission

spectrum as H,O content increases.
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Figure 5.21: Changes in the emission spectra of the quaternarized polymer 20 (102 g/L) with
different DMF/H20 ratios. Excitation was performed at 337 nm.
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5.7.3 Effect of metal ions on the emission of the quaternarized polymer 20

The effect in the heading was investigated in a DMF/ H20 mixture (40:60) in the presence of
metal ions (Na*, Ca?*, Ag*, AI¥*, Ba?*, Cu?*, Fe**, Hg?*, Mn?*, Co?*, Zn%*, Cd?*, Ni?* and Pb?").
Figure 5.22 shows the emission spectra recorded, at an excitation wavelength of 337 nm, from
a mixture of the polymer 20 with each metal ion. Once again, none of the tested metal ions,
except Hg?*, showed any significant changes in the emission spectrum of the quaternarized
polymer 20. The presence of Hg?* enhanced the fluorescence intensity to almost double the
intensity of the free quaternarized polymer 20. This fluorescence enhancement corroborates
with reported findings.>'’ Due to the extended conjugation in the main chain of the
quaternarized polymer 20, the polymer can be considered as a PET-based system where the
extended conjugation backbone acts as a fluorophore and the diethylamino group on the side
chains as the receptor. In the absence of Hg?*, the lone pairs from the diethylamino group
quench the fluorescence of the excited conjugated system through rapid intramolecular electron
transfer (IET) from the HOMO of the diethylamino group to the semi-vacant HOMO of excited
fluorophore. When Hg?* coordinates with this lone pair of electrons, the energy of the receptor
group’s HOMO becomes lower than that of fluorophore’s HOMO. This disrupts the IET

process and consequently the fluorescence of the fluorophore is restored.
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Figure 5.22: Emission spectra of the quaternarized polymer 20 (5 X 103g L) in the presence
of metal ions (0.1 uM) (Na*, Ca?*, Ag*, AI**, Ba?*, Cu?*, Fe*', Hg?*, Mn?*, Co?*, Zn?*, Cd?*,
Ni2* and Pb?*). Excitation was performed at 337 nm in a DMF/H20 mixture (40:60).
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The sensitivity of the quaternarized polymer 20 towards Hg?* was further investigated through
fluorescence titration experiments as shown in Figure 5.22. Upon addition of Hg?" aliquots
(0.005uM) to an aqueous DMF solution of the quaternarized polymer 20, a gradual increase in
the intensity of the emission band at 441 nm was observed. The inset in Figure 5.23 shows a
plot of emission intensity of the quaternarized polymer 20 at 337 nm against the concentration
of added Hg?*, and a linear relationship with a correlation coefficient of R?=0.9808 was
obtained in the 0-0.2 uM range. The detection limit of the quaternarized polymer 20 towards
Hg?* was determined in the same range and was found to be 0.004 puM. This indicates that

quaternarized polymer 20 has high sensitivity towards Hg?* ions in the aqueous DMF solution.
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Figure 5.23 Changes in the emission spectra of the quaternarized polymer 20 (5 X 10°g/ L)
with increasing amounts of Hg?* (0.005 puM). Excitation was performed at 385 nm in a
DMF/H20 mixture (40:60).

5.7.4 Competitive studies

The impact of other metal ions on the binding of Hg?* to the quaternarized polymer 20 were
also investigated through an emission spectral analysis method. The emission spectra of the
mixtures of the quaternarized polymer 20, Hg?" and one equivalent of other metal ion (Na*,
Ca?*, Ag*, Ba?*, Cr¥*, Cu?*, Fe®*, Mn?*, Co?*, Zn?*, Cd?*, Ni%* and Pb?*) were recorded at room

temperature in a mixture of DMF and H20 (40:60). As shown in Figure 5.24, the fluorescence
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enhancement induced by Hg?* in the quaternarized polymer 20 was slightly affected by the
presence of one equivalent of most of the tested metal ions. This indicates that the interactions
between the quaternarized polymer 20 and Hg?* in aqueous DMF solutions results in a stable
complex which is weakly affected by the presence of other metal ions.
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Figure 5.24: Fluorescence responses of the quaternarized polymer 20 (5 X 10 M) in the
presence of metal ions (0.1 uM) (Na*, Ca?*, Ag*, A", Ba?*, Cu?*, Fe*', Hg?*, Mn?*, Co?*,
Zn?*, Cd?*, Ni?* and Pb?") (blue bars) and in the presence of a mixture of Hg?* (0.1 uM) with
one equivalent (0.2 uM) of another metal ion (red bars). Excitation was performed at 337 nm
in DMF/H20 mixture (40-60).

5.8 Conclusion

A new polymer system which showed higher sensitivity towards Hg?* in both neutral and
cationic form was developed. The synthesis of the polymer 18 was accomplished using AA-
BB step-growth click polymerization of diazide-functionalized monomer and dialkyne-
functionalized monomers. Polymer 18 and its quaternarized derivative polymer 20 showed a
strong selectivity towards Hg?* in DMF and DMF/H,O mixture, even in the presence of other

metal ions.
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5.9 Experimental

5.9.1 General information

All chemicals and solvents were purchased from Sigma Aldrich or Merck and used as
received without further purification. Reactions monitoring, products purification and
characterization as well as photophysical studies were done using same materials and

instrumentantations used in Chapter 3.

5.9.2 Synthesis of AA-type monomer
5.9.2.1 1,4-Bis(6-bromohexyloxy)benzene (3)’

Yield: 85%. *H NMR (CDCls, 400 MHz): & = 6.74 (s, 4H), 3.83 (t, J = 6.28, 4H), 3.34 (t, J =
6.68, 4H), 1.83-1.68 (m, 8H), 1.43-1.41 (m, 8H). 3C NMR (CDCls, 400 MHz): & = 153.13,
115.43, 68.38, 33.80, 32.70, 29.20, 27.94, 25.31,

5.9.2.2 1,4-Bis(6-bromohexyloxy)-2,5-diiodobenzene (4)®

Yield: 76%. *H NMR (CDCls, 400 MHz): § = 7.19 (s, 4H), 3.95 (b, 4H), 3.45 (b, J = 6.68, 4H),
1.93-1.85 (m, 8H), 1.56 (b, 8H). *C NMR (CDCls, 400 MHz): & = 152.84, 122.82, 86.31,
70.07, 33.77, 32.67, 28.95, 27.81, 25.29.

5.9.2.3 6-(4-[6-(Diethylamino)hexyloxy)-2,5-diiodophenoxy]-N,N-diethylhexan-1-
amine (5)°

Yield: 72%. 'H NMR (CDCls, 400 MHz): § = 7.09 (s, 2H), 3.85 (t, J = 6.00, 4H), 2.84 (q,

J =6.96, 8H), 2.65 (t, J = 7.32, 4H), 1.70-1.75 (m, 4H), 1.45-1.28 (m, 12H), 0.94 (t, J =

7.00, 12H). 13C NMR (CDCls, 400 MHz): & = 152.75, 122.75, 86.36, 70.03, 52.00, 46.65,

28.91, 26.89, 25.77, 25.10, 10.24.

5.9.2.4 6-{4-[6-(Diethylamino)hexyloxy]-2,5-bis[2-(trimethylsilyl)ethynyl]phenoxy}-
N,N-diethylhexan-1-amine (6)°

Yield: 64%.*H NMR (CDCls, 400 MHz): § = 6.89 (s, 2H), 3.95 (t, J = 6, 4H), 2.56-2.45

(m, 12H), 1.80-1.36 (m, 16H), 1.04 (t, J = 6.12, 12H), 0.26 (s, 18H). **C NMR (CDCls,

400 MHz): 6 = 154.02, 117.26, 114.01, 101.07, 100.12, 69.37, 52.90, 46.90, 29.37, 27.53,

26.84, 26.04, 11.56.
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5.9.2.1 6-(4-(6-(Diethylamino)hexyloxy)-2,5-diethynylphenoxy)-N,N-diethylhexan-1-
amine (7)

A mixture of compound (6) and K>COs in THF/MeOH (1:1, 20 ml) was stirred at room
temperature for 2 h. The solvent was then evaporated under reduced pressure and the
residues dissolved in ethyl acetate. The organic layer was collected, washed with water
and dried over anhydrous Na>SOs. The solvent was evaporated and the crude product was
purified by column chromatography over silica gel (Hexane: EtOAc, 20:80) to afford
brown product in yield: 60%. *H NMR (CDCls, 400 MHz): § = 6.87 (s, 2H), 3.90 (t, J =
6.2, 4H), 3.25 (s, 2H), 2.50-2.30 (m, 12H), 1.75-1.27 (m, 16H), 0.94 (t, J = 6.96, 12H).
13C NMR (CDCls, 400 MHz): § = 153.96, 117.79, 113.30, 82.45, 79.75, 69.57, 52.84,
46.88, 29.11, 27.40, 26.85, 25.91, 11.60.

5.9.3 Synthesis of BB-type monomer

5.9.3.1 Synthesis of diazide functionalized coumarin monomer (12)
(i) 2,4-Dihydroxy-5-nitrobenzaldehyde (9)

With stirring at rt, a mixture of 5.86 g (0.07 moles) of 72% nitric acid and 6.67 g (0.07 moles)
of concentrated sulfuric acid was added dropwise to a suspension of 9.6.7 g (0.2 mole) of 2,4-
dihydroxybenzaldehyde in 50 ml of glacial acetic acid, and the mixture was stirred for 5 h and
poured into 150 ml of cold water. The precipitate was filtered off and washed with water to
afford pure product as brown powder in 55% yield. *H NMR (CDCls, 400 MHz): § = 11.55 (s,
1H), 11.11 (s, 1H), 9.76 (s, 1H), 8.41 (s, 1H), 6.55 (s, 1H). *C NMR (CDCls, 400 MHz): & =
194.00, 167.97, 161.40, 133.57, 127.92, 115.21, 106.06.

(it) Coumarin derivative (10)

A mixture of 2,4-dihydroxy-5-nitrobenzaldehyde (9) (4.0 g, 22 mmol), N-acetyleglycine (2.6
g, 22 mmol) and anhydrous sodium acetate (5.4 g, 66 mmol in 100 mL acetic anhydride) was
refluxed for 12 h. The reaction mixture was then poured onto ice and kept overnight in cold
room. The formed precipitate was filtrated, washed with water and dried under vacuum to
afford pure product as yellow powder in 55% yield. IR vmax (cm™): 3349 (N-H), 1769, 1667,
1624 (C=0), 1540 (C=C). 'H NMR (CDCls, 400 MHz): & = 9.90 (s, 1H), 8.69 (s, 1H), 8.66 (s,
1H), 7.56 (s, 1H), 2.35 (s, 3H), 2.18 (s, 3H). 3C NMR (CDCl3, 400 MHz): & = 170.95, 168.90,
156.94, 153.01, 143.81, 138.75, 126.32, 125.65, 121.67, 118.99, 113.25, 24.42, 20.90. Anal.
Calc. for C13H10N207: C: 50.99, H: 3.29, N: 9.15. Found: C: 52.24, H: 3.47, N: 8.5.
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(iii) Coumarin derivative (11)

Compound (10) (1 g, 3 mmol) was added to a stirred mixture of iron (2 g, 18 mmol) in aqueous
acetic acid (20 mL, 1:1 v/v) and the mixture was stirred at room temperature for 5 h. The
reaction mixture was then poured into saturated sodium hydrogen carbonate (100 mL) and
extracted with ethyl acetate (3x50 mL). The combined organic extracts were dried over
anhydrous Na2SO4 and evaporate to dryness to afford light green powder in 38 % yield. IR
vmax (cm™): 3312 (N-H), 1697, 1612, 1583 (C=0), 1542 (C=C). *H NMR (CDCls, 400 MHz):
§=9.57 (s, 1H), 9.31 (s, 1H), 8.43 (s, 1H), 8.03 (s, 1H), 6.84 (s, 1H), 1.99 (s, 3H), 1.91 (s, 3H).
13C NMR (CDCls, 400 MHz): & = 170.29, 169.40, 158.29, 150.94, 147.74, 126.35, 124.95,
121.92, 120.65, 111.23, 102.46, 24.23, 24.11.

(iv) 3,6-Diazido-7-hydroxy-2H-chromen-2-one (12)

Compound (11) (2.00 g, 7.24 mmol) was refluxed in a mixture of conc. HCI and ethanol 2:1
(30 mL) for 2 h. The reaction mixture was then diluted with water (40 mL) and cooled in an
ice bath. When the reaction temperature was below 5 °C, NaNO- (1.9 g, 28 mmol) was added
and the mixture was stirred for 30 minutes. This was followed by the addition of NaN3 (1.8 g,
28 mmol) in portions and continued stirring for another 30 minutes. The resulting precipitate
was filtered, washed with water and dried under vacuum to afford pure product as brown
powder in 65% yield). IR vmax (cm™): 3359 (OH), 2113 (N3) 1725 (C=0), 1614 (C=C).H
NMR (CDCls, 400 MHz): § = 11.47 (s, 1H), 7.54 (s, 1H), 7.28 (s, 1H), 6.95 (s, 1H). 3C NMR
(CDCl3, 400 MHz): 6 =156.98, 153.07, 149.44, 126.85, 124.16, 122.17, 118.70, 111.59, 103.2.

5.9.3.2 Synthesis of diazide functionalized coumarin monomer (17)
(i) 2-Hydroxy-5-nitrobenzaldehyde (14)®

Yield = 60%. *H NMR (CDCls, 400 MHz): § = 11.53 (s, 1H), 9.93 (s, 1H), 8.34 (d, J = 9.36
1H), 7.06 (d, J = 9.20 1H), 3C NMR (CDCls, 400 MHz): § = 195.46, 166.14, 137.12, 131.68,
131.33, 129.73, 119.02.

(ii) N-(6-Nitro-2-oxo-2H-chromen-3-yl)acetamide (15)

Coumarin (15) was prepared from 2-hydroxy-5-nitrobenzaldehyde (14) using the procedure
previously used for coumarin (10) and a yield of 52 % was obtained. m.p. 194-197 °C, IR vmax
(cm™): 3328 (N-H), 1707, 1676 (C=0), 1604 (C=C).*H NMR (CDCls, 400 MHz): 5 = 8.68 (s,
1H), 8.36 (s, 1H), 8.88 (d, J =8.92, 1H), 8.03 (s, 1H), 7.38 (d, J = 9.04, 1H), 2.21 (s, 3H). 3C
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NMR (CDCls, 400 MHz): 6 = 169.55, 157.53, 152.95, 144.83, 125.56, 124.25, 123.37, 121.27,
120.39, 117.49, 24.72. Anal. Calc. for C11HgN2Os: C: 53.24, H: 3.51, N: 11.27. Found: C:
62.17, H: 6.30, N: 17.59.

(iii) N-(6-Amino-2-oxo-2H-chromen-3-yl)acetamide (16)

Coumarin (16) was prepared from coumarin (15) using the procedure previously used for
coumarin (11) synthesis and a yield of 49% was obtained. m.p. 198-201°C, IR vmax (cm™):
3314 (N-H), 1708, 1667 (C=0), 1604 (C=C).*H NMR (CDCls, 400 MHz): & = 9.60 (s, 1H),
8.39 (s, 1H), 7.08 (d, J = 8.68, 1H), 6.74 (d, J = 8.72, 1H), 6.68 (s, 1H), 5.17 (s, 2H), 2.14 (s,
3H). °C NMR (CDCls, 400 MHz): §=170.10, 157.73, 145.90, 141.48, 124.19, 124.05, 119.74,
116.54, 116.12, 109.60, 23.87.

(iv) 3,6-Diazido-2H-chromen-2-one (17)

Compound (17) was prepared from coumarin (16) using the procedure previously used for the
synthesis of corresponding diazide monomer (12). After purification the product was obtained
as brown solid in 68 % yield. IR vmax (cm™): 2111 (N3), 1723 (C=0), 1624 (C=C).H NMR
(CDCls, 400 MHz): & = 7.63 (s, 1H), 7.48-7.46 (m, 2H), 7.25 (d, J = 8.78 1H). 13C NMR
(CDCl3, 400 MHz): 6 = 157.17, 148.48, 136.68, 127.11, 125.82, 121.87, 120.89, 118.12,
117.54.

5.9.4 General procedure for AA-BB step-growth click polymerization

A mixture of diazide functionalized monomer (0.5 mmol), dialkyne functionalized (0.5 mmol),
CuS04.5H20 (0.054 mmol), sodium ascorbate (0.11 mmol) and PMDETA (0.15 mmol) in
THF (30 mL) and minimum amount of water was stirred at room temperature for 72 hrs. The
precipitated polymer were collected and washed with water to yield pure polymers in 78% and

82% vyield for polymer 18 and 19 respectively.

5.9.5 Quaternarization of polymer 18

A mixture of polymer 18 (40 mg) and iodoethane (0.5 mL) in THF was stirred at room
temperature for 48 h. The precipitated polymer were filtered and washed with THF to yield
polymer 20 as brown solid in 81% yield.
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Chapter6  Summary, conclusions and recommendations

for future work

6.1 Summary and conclusions

We have synthesized different types of polymeric materials and their photophysical properties
as well as their chemosensing capabilities towards ions were investigated in DMF and
DMF/H20. Table 1 shows the synthesized polymers, their respective starting monomers,
selective ions and observed responses. From the chemosensing investigations results it can be
concluded that triazolyl coumarin-based polymer are highly sensitive to Fe** and Hg?*. Fe*
interact with the carbonyl group of the coumarin unit, while Hg?* interacts simultaneously with
the triazole ring and other auxiliary binding sites in the triazole’s vicinity. These variations in
the binding modes can be used to distinguish between Fe** and Hg?" as different signals are

induced in the coumarin chromophore during complexation.

Due to the acidic nature of C-H of triazole, triazolyl coumarin-based polymer with functional
linkage at position 3 showed sensitivity towards “OH, unlike their corresponding conjugated
triazolyl coumarin-based polymers. This suggests that for C-H of triazole to interact efficiently
with anions, other auxiliary binding sites are required. Triazolyl coumarin-based polymers also
showed a higher sensitivity towards Hg?* in DMF/H.O which indicates that the sensitivity of

these polymers cannot be affected in the aqueos media.

Table 1: Summary of the polymers, their respective starting monomers, their selective ions

and observe emission responses.
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6.2 Recommendations for future work

In this study, only DMF solvent was used during investigation of chemosensing capabilities of
triazolyl coumarin-based polymers. However, the use of other solvents or mixture of solvents
that cannot interact with metal ions is highly recommended for further investigations. This was
emphasized by Fe**, which showed self-absorption in DMF even in the absence of fluorophore.
The use of less interfering solvents can improve the chemosensing ability of the polymers, as
ions would only interact with the binding sites on the polymer with less interference from the
solvent. Owing to the limited solubility of triazolyl coumarin-based polymers which limited
their characterization, properties investigations as well their applications, the incorporation of
different solubilizing groups which can reduce the rigidity of triazolyl coumarin system is
recommended. This will broaden the application of triazolyl coumarin based polymer in

various environments including aqueous medium.
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Appendices
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Figure A.1: 'H NMR spectrum of 7-(diethylamino)-3-nitro-2H-chromen-2-one in CDCls.
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Figure A.2: *H NMR spectrum of 3-amino-7-(diethylamino)-2H-chromen-2-one in CDCls,
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Figure A.3: 'H NMR spectrum of 3-azido-7-(diethylamino)-2H-chromen-2-one in CDCls.
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Figure A.4: *H NMR spectrum of 7-(diethylamino)-3-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-
yl)-2H-chromen-2-one in CDCls.
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Figure A.5: 3C NMR spectrum of 7-(diethylamino)-3-(4-vinyl-1H-1,2,3-triazol-1-yl)-2H-

chromen-2-one in CDCls.
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Figure A.6: 'H NMR spectrum of 7-amino-4-methyl-2H-chromen-2-one in CDCls.
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Figure A.7: *H NMR spectrum of 7-azido-4-methyl-2H-chromen-2-one in CDCls.
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Figure A.8: 'H NMR spectrum of 7-(4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl)-4-methyl-2H-
chromen-2-one in DMSO-de.
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Figure A.9: 13C NMR spectrum of 4-methyl-7-(4-vinyl-1H-1,2,3-triazol-1-yl)-2H-chromen-2-
one in CDCls.
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Figure A.10: 'H NMR spectrum of 7-(diethylamino)-2H-chromen-2-one in CDCls.
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Figure A.11: 'H NMR spectrum of 7-(diethylamino)-2-oxo0-2H-chromene-3-carbaldehyde in
CDCls.
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Figure A.12: *H NMR spectrum of 7-(diethylamino)-3-(1-hydroxybut-3-ynyl)-2H-chromen-
o oy

2-one in CDCls.
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Figure A.13: 'H NMR spectrum of 7-hydroxy-4-methyl-2H-chromen-2-one in CDCls.
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Figure A.14: *H NMR spectrum of 7-hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde
in CDCls.
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Figure A.15: 3C NMR spectrum of 7-hydroxy-8-(1-hydroxybut-3-ynyl)-4-methyl-2H-

chromen-2-one in CDCls.
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Figure A.16: Fluorescence spectra of polymer P2 in the presence of mixture of AI** with two

equivalents of other metal ions. Excitation was performed at 325 nm.
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Figure A.17: *3C NMR spectrum of 7-(diethylamino)-3-(prop-2-ynylamino)-2H-chromen-2-
one in CDCla.
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Figure A.18: 'H NMR spectrum of 1,4-bis(6-bromohexyloxy)benzene in CDCls.
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Figure A.19: 'H NMR spectrum of 1,4-bis(6-bromohexyloxy)-2,5-diiodobenzene in CDCls.
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Figure A.20: 'H NMR spectrum of 6-(4-(6-(diethylamino)hexyloxy)-2,5-diiodophenoxy)-
N,N-diethylhexan-1-amine in CDCla.
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Figure A.21: 'H NMR spectrum of 6-(4-(6-(diethylamino)hexyloxy)-2,5-bis(2-(trimethylsilyl)
ethynyl)phenoxy)-N,N-diethylhexan-1-amine in CDCls.
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Figure A.22: C NMR spectrum of 6-[4-(6-(diethylamino)hexyloxy)-2,5-diethynylphenoxy]-
N,N-diethylhexan-1-amine in CDCls.
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Figure A.23: *H NMR spectrum of 2,4-dihydroxy-5-nitrobenzaldehyde in CDCls.
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Figure A.24: 'H NMR spectrum of Coumarin (10) in DMSO-ds.
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Figure A.25: 'H NMR spectrum of Coumarin (11) in DMSO-ds.
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Figure A.26: *C NMR spectrum of 3,6-diazido-7-hydroxy-2H-chromen-2-one in DMSO-ds.
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Figure A.27: 'H NMR spectrum of N-(6-nitro-2-oxo-2H-chromen-3-yl)acetamide in CDCls.
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Figure A.28: 13C NMR spectrum of N-(6-amino-2-0x0-2H-chromen-3-yl)acetamide in
DMSO-de.
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Figure A.29: *C NMR spectrum of 3,6-diazido-2H-chromen-2-one in DMSO-ds.
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LUMO HOMO

A. 30: Computed structure of pendant chain of polymer P2 in the presence of Hg?* at the
DFT (B3PW91/LanL2MB) level.
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A. 32: Computed structure of pendant chain of polymer P2 in the presence of AI** at the
DFT (B3PW91/LanL2MB) level.
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