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SUMMARY

In this thesis, it is intended that synthesis of star-shaped styrene copolymers with
different amounts of pyrene side groups and use as chemical probes towards
nitroaromatic compounds. In addition, it is aim that synthesis of linear styrene
copolymers with pyrene side groups for topology effect investigation in the optical
sensor application towards to nitroaromatic compounds.

For this purpose, firstly novel alkoxyamine compounds (2,4 and 6) that are to be
used as unimolecular initiators in nitroxy mediated radical polymerization (NMP)
method which is a controlled polymerization method, were synthesized. Then, in the
presence of unimolecular initiator compounds, star-shaped polymers with chloride
side groups were synthesized by the NMP of styrene and vinylbenzyl chloride
monomers with different monomer feed ratios. Chloride functional units of the
obtained star polymers were converted into azide functional groups. Finally, styrene
star-shaped copolymers with pyrene side groups were synthesized using “click”
chemistry technique, which is a very effective functionalization method. Also, linear
styrenic copolymers were synthesized using the same synthesis strategy like star-
shaped ones to study the differences in optical chemical sensor applications against
nitroaromatic compounds. The obtained styrene polymers were used as a chemical
probe towards to nitroaromatic compounds.

The chemical structures of the synthesized polymers were analyzed by FTIR and
'H NMR spectroscopy. Their thermal properties were also investigated by the
differential scanning calorimeter (DSC) and thermogravimetric analysis (TGA)
experiments. The average molecular weight of the polymers was determined by gel
permeation chromatography (GPC) technique. Moreover, the fluorescence sensor

properties of the polymers were examined by the fluorescence spectrophotometer.

Key Words: Click Chemistry, Pyrene, Nitroaromatic Compounds, Fluorescence

sensing, Star-shaped polymers, Nitroxide Mediated Radical Polymerization.
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OZET

Bu tez calismasinda farkli oranlarda piren yan gruplarina sahip yildiz-sekilli
stirenik kopolimerlerin sentezlemesi ve nitroaromatik bilesiklere karsi optik kimyasal
sensOr uygulamalarinda kullanilmasi amaglanmaktadir. Ayrica, nitroaromatik
bilesiklere kars1 optik kimyasal sensér uygulamalarinda topoloji etkisini incelemek
icin piren yan gruplarina sahip lineer stiren kopolimerlerinin de sentezlenmesi
amaclanmaktadir.

Bu amagla tiim polimerler i¢in Oncelikle kontrollii bir polimerlesme yontemi
olan Nitroksit Aracili Radikal Polimerizasyonunda (NMP) unimolekiiler baslatic
olarak kullanilacak alkoksiamin bilesikleri (2,4 ve 6) sentezlendi. Sonrasinda, stiren
ve vinilbenzil klorlir monomerleri kullanilarak NMP yontemi ile kloriir (-Cl) yan
gruplarina sahip stiren polimeri sentezlendi. Elde edilen polimerlerin kloriir yan
gruplar1 sodyum azidiir ile azidiir (-N3) gruplarina doniistiiriildii. Son adimda ise azidiir
yan gruplarina sahip stiren polimerleri 1-etinil piren kullanilarak oldukga etkili bir
fonksiyonlandirma ydntemi olan tikla (click) kimyasi teknigiyle piren gruplar ile
fonksiyonlandirildi ve piren yan gruplarina sahip stiren yildiz-sekilli kopolimerleri
elde edildi. Yine ayni strateji kullanilarak nitroaromatik bilesiklere karsi optik
kimyasal sensor uygulamalarinda topoloji farkini incelemek i¢in yeni bir NMP
baslaticist ile lineer stiren kopolimerleri sentezlendi. Elde edilen stiren polimerleri
nitroaromatik bilesiklere kars1 optik kimyasal sensor uygulamalarinda kullanildi.

Sentezlenen polimerlerin yapilart FTIR ve 'H NMR spektroskopisi ile
aydmlatildi. Termal Ozellikleri diferansiyel taramali kalorimetre (DSC) ve
termogravimetrik analiz (TGA) ile tespit edildi. Polimerlerin ortalama molekiil
agirliklan jel gecirgenlik kromatografisi (GPC) teknikleri ile belirlendi. Ayrica,

polimerlerin floresans s6nsor 6zellikleri floresans spektrofotometre ile incelendi.

Anahtar Kelimeler: Click Kimyasi, Floresans Sensor, Piren, Nitroaromatik

Bilesikler, Yildiz-sekilli polimerler, Nitroksit Aracili Radikal Polimerizasyonu.
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1. INTRODUCTION

1.1. Thesis Overview

Production of polymers with the desired molecular architecture and molecular
weight distribution has been one of the most important issues of macromolecular
chemistry. Nitroxide mediated radical polymerization (NMP) is a prominent technique
among controlled/living radical polymerization (CLRP) techniques and still stays
attractive for the researchers at the present time. This polymerization method does not
require metal catalysts which are very difficult to get rid of them. Besides, it is tolerant
to variety of functional groups and allows easy purification of the polymerization
products. NMP method can be carried out in two ways as uni- and bimolecular. In the
bimolecular way, in order to ensure controlled progression of the polymerization, free
stable nitroxide counter radical (co-radical) derivatives are used together with radical
initiators (BPO, AIBN and etc.). On the other hand, in the unimolecular way, thermally
homolitic cleavage of alkoxyamine groups is to provide carbon radical and nitroxide
counter radical in order to initiate polymerization. The unimolecular method is more
preferred due to lack of side reactions (between nitroxide radical and initiator) which
may affect the nitroxide and initiator concentrations as it happens in the bimolecular
way. Thereby, the unimolecular way offers better control over the polymerization.
Styrene and styrene derivatives can be polymerized easily with NMP [1-12].

The nitroaromatic compounds (NACs) contain both nitro group and aromatic
ring. The fast and selectively detection of the nitroaromatic compounds has enormous
importance due to their explosive properties. The NACs have been widely employed
to produce various explosives to be used in military operations, mining and
construction industry [13-18]. 2,4,6-Trinitrotoluene (TNT) has been the most
commonly used NAC as an explosive. Although picric acid (PA) has comparable
explosive properties to TNT, rather, it has been widely used in the manufacturing of
dyes, rocket fuels, pharmaceuticals, and firework [19-21]. Because of its widespread
use and solubility in water, PA is a major contaminant for ground water, soil,
biological species [22]. Exposure to PA, due to its nitro and phenol functional units,
has been known to result in skin and eye irritation, dizziness, nausea, gastritis, liver

malfunction, anaemia, cancer and cyanosis [19-21,23]. Therefore, simple, cheap,



selective and sensitive detection of PA is of crucial importance in terms of prevention
of environmental pollution and security concerns [24-25]. Also, the nitroaromatic
compounds are known as environmental pollutant. The nitroaromatic compounds are
often used in either construction industry or military field. Their use causes
accumulation in the environment by time. Thus, the pollution in such environment and
the contamination of nearby water sources can arise. The US Environmental Protection
Agency has set the maximum level of trinitrotoluene (TNT) for drinking water at 2
ppb [26]. In return, the concentration can rise up to 500 ppb in the water and 1000-
5000 ppm in the earth. Since PA is highly soluble in water, it can easily contaminate
soil and ground water. Therefore, detection or recognition of PA with help of

fluorescent chemosensors is highly significant [21,27].

The fluorescense chemosensors are more advantageous than other kind of
sensors owing to their fast response time, high sensitivity, selectivity and allowing real
time measurements. Among those, the macromolecules including pyrene attract great
attention as fluorescence probes owing to their long fluorescence lifetime and well
characterized fluorescence spectrums [28-30].

In this thesis, star-shaped styrene copolymers with different amounts of pyrene
side groups were synthesized and used as chemical probes towards nitroaromatic
compounds. For this purpose, firstly alkoxyamine compound that was to be used as
unimolecular initiator in NMP was synthesized. Then, in the presence of unimolecular
initiator compound, star-shaped polymers with chloride side groups was synthesized
by the NMP of styrene and vinylbenzyl chloride monomers with different monomer
feed ratios. Chloride functional units of the obtained star polymers was converted into
azide functional groups. Finally, styrenic star-shaped copolymers with pyrene side
groups was synthesized by 1,3-dipolar cycloaddition (click) reaction between azide
functional groups of the precursor polymer and 1-ethynyl pyrene. Linear styrenic
copolymers was synthesized using the same synthesis strategy like star-shaped ones to
study the differences in optical chemical sensor applications against nitroaromatic

compounds.

The chemical structures of the synthesized polymers were analyzed by FTIR and
'H NMR. Their thermal properties were investigated by the differential scanning
calorimeter (DSC) and thermogravimetric analysis (TGA) experiments. The average

molecular weights of the polymers were determined by gel permeation



chromatography (GPC) technique. Moreover, the fluorescence sensor properties of the
polymers were examined by the fluorescence spectrophotometer.



2. THEORETICAL PART

2.1. Fluorescence Spectroscopy

Fluorescence spectroscopy is one of the oldest analytical methods. This
technique can be used in medicine, pharmaceutics, biology and chemistry. The method
of determination based on the fluorescence property of substance is called fluorescence
spectroscopy. With this method, many substances can be determined with a precision
under one millionth [31-32].

Fluorescence spectroscopy has many advantages to the other analytical methods
related to sensitivity, selectivity, and response time [33-34]. Therefore, fluorescence
chemosensors were used for the detection of various analytes such as cations, anions,
nitroaromatics, biological entities, etc [35].

Absorption of light by a molecule causes the excitation of an electron. The
electron moves from a ground state to an excited state. Each of these electronic states
may include a number of different vibrational levels. Absorption of light is from the
lowest electronic vibrational state to a number of vibrational levels in the excited
electronic state. After the electron has been excited, it rapidly relaxes from the highest
vibrational states to the lowest vibrational state of the excited electronic state. The rate
for this relaxation is on the order of picoseconds. After returning to the lowest
vibrational state of the excited electronic state, the electron in the excited state can pass
the ground state by a number of different processes. The system can loose the energy
by internal conversion (heat), quenching (external conversion), emission of photon
(fluorescence), or intersystem crossing (phosphorescence) [32].

Fluorescence occurs generally in aromatic molecules which have conjugated n
electrons in their structures. To investigate the spectroscopy of a molecule, emission
spectrum of it is plotted by fluorescence intensity versus wavelength (nm) or
wavenumber (cm-1). Emission spectra change with the chemical structure of the

molecules and the solvent used for solvation [36].
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Figure 2.1: Absorption and fluorescence emission spectra of a) perylene,
b) quinine sulfate.

2.2. Limunescence

Luminescence is the emission of ultraviolet, visible or infrared light from the
electronically excited states. The word luminescence, which comes from the Latin
(lumen = light) was first introduced as luminescenz by the physicist and science
historian Eilhardt Wiedemann in 1888, to describe “all those phenomena of light which
are not solely conditioned by the rise in temperature,” as opposed to incandescence.
Luminescence is often considered as cold light whereas incandescence is hot light.

Differentexcitation modes correspondto different types of luminescence (Table 2.1).



Table 2.1: The various types of luminescence.

Phenomenon Mode of Excition

Photoluminescence (fluorescence, Absorption of light (photons)

phosphorescence, delayed fluorescence)

Radioluminescence lonizing radiation (X-rays, a, B, v )
Cathodoluminescence Cathode rays (electron beams)
Electroluminescence Electric field

Thermoluminescence Heating after prior storage of energy

(e.g., radioactive irradiation)

Chemiluminescence Chemical reaction (e.g., oxidation)
Bioluminescence In vivo biochemical reaction
Triboluminescence Frictional and electrostatic forces
Sonoluminescence Ultrasound

Luminescence is more precisely defined as follows: spontaneous emission of
radiation from an electronically excited species or from a vibrationally excited species
not in thermal equilibrium with its environment [37]. The various types of
luminescence are classified according to the mode of excitation (see Table 2.1).

Luminescent compounds can be of very different kinds:

Organic compounds: aromatic hydrocarbons (naphthalene, anthracene,
phenanthrene, pyrene, perylene, porphyrins, phtalocyanins, etc.) and derivatives, dyes
(fluorescein, rhodamines, coumarins, oxazines), polyenes, diphenylpolyenes, some
amino acids (tryptophan, tyrosine, phenylalanine), etc.

Inorganic compounds: uranyl ion (UO2"), lanthanide ions (e.g., Eus®, Ths"),
doped glasses (e.g., with Nd, Mn, Ce, Sn, Cu, Ag), crystals (ZnS, CdS, ZnSe, CdSe,
GaS, GaP, AlO3/Crs* (ruby)), semiconductor nanocrystals (e.g., CdSe), metal
clusters, carbon nanotubes and some fullerenes, etc.

Organometallic compounds: porphyrin metal complexes, ruthenium complexes
(e.g., Ru(bpy)s?*), copper complexes, complexes with lanthanide ions, complexes with
fluorogenic chelating agents (e.g., 8-hydroxy-quinoline, also called oxine), etc.

Fluorescence and phosphorescence are particular cases of luminescence (Table
2.1). The mode of excitation is absorption of one or more photons, which brings the

absorbing species into an electronic excited state. The spontaneous emission of



photons accompanying de-excitation is then called photoluminescence which is one of
the possible physical effects resulting from interaction of light with matter, as shown
in Figure 2.2. Stimulated emission of photons can also ocur under certain conditions.
Additional processes, not shown, can take place for extremely high intensities of
radiation, but are not relevant for luminescence studies.

If the excitation is occurred with the absorption of light, the process is called
photoluminescence. Once a molecule is excited to anelectronic state by absorption of
a photon, it can return to the ground state with emission of light, which is one of the
possible physical effects resulting from interaction of light with matter, as shown in
Figure 2.2.

Light-matter
interactions

Scattering Absorption lonization
+ Elastic (Rayleigh) / \
* Inelastic (Raman, Brillouin)
Spontaneous Stimulated
emission emission

= Photoluminescence

Electroluminescence
Thermoluminescence
Chemiluminescence
Bioluminescence

etc.
i

Luminescence

Figure 2.2: Position of photoluminescence in the frame of light-matter
interactions.

Luminescence is the term to describe the process in which electronically excited
molecules emit a light. Depending on the nature of the excited state, it is divided into
two categories, fluorescence and phosphorescence. If the excited electron is paired to
the second electron which is in the ground state orbital by opposite spin, molecules
emit a photon when returning to the ground state. This process is called as fluorescence
and typical fluorescence lifetime is near 10 ns (10 s). In phosphorescence mechanism,

light emission occurs from excited triplet state. In this excited state, electron is paired



to the second electron by same spin. Unlike the fluorescence mechanism, transitions
to the ground state are forbidden and because of that emission related to that, lifetimes
are longer than the former one, they are typically milliseconds to seconds. Schematic
representations of ground state, excited singlet state and excited triplet state are given

in Figure 2.3.

s s s
Ground State Excited Singlet State Excited Triplet State

Figure 2.3: Schematic represantations of ground state, excited singlet state and
excited triplet state.

2.3. Various De-Excitation Processes of Excited Molecules

Once a molecule is excited by absorption of a photon, it can return to the ground
state with emission of fluorescence, or phosphorescence after intersystem crossing, but
it can also undergo intramolecular charge transfer and conformational change.
Interactions in the excited state with other molecules may also compete with de-
excitation: electron transfer, proton transfer, energy transfer, excimer or exciplex
formation (Figure 2.4). These de-excitation pathways may compete with fluorescence
emission if they take place on a time-scale comparable with the average time (lifetime)
during which the molecules stay in the excited state. This average time represents the
experimental time window for observation of dynamic processes. The characteristics
of fluorescence (spectrum, quantum yield and lifetime), which are affected by any
excited-state process involving interactions of the excited molecule with its close
environment, can then provide information on such a microenvironment. It should be
noted that some excited-state processes (conformational change, electron transfer,

proton transfer, energy transfer, excimer or exciplex formation) may lead to a



fluorescent species whose emission can superimpose that of the initially excited
molecule. Such an emission should be distinguished from the “primary” fluorescence
arising from the excited molecule. The success of fluorescence as an investigative tool
in studying the structure and dynamics of matter or living systems arises from the high
sensitivity of fluorometric techniques, the specificity of fluorescence characteristics
due to the microenvironment of the emitting molecule, and the ability of the latter to
provide spatial and temporal information. Figure 2.5 shows the physical and chemical
parameters that characterize the microenvironment and can thus affect the fluorescence

characteristics of a molecule.
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conversion
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charge transfer
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charge transfer
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Photochemical \ transfer
transformation tl:rgt?nr
Exciplex Energy [anste
formation y  transfer
Excimer
formation

Figure 2.4: Possible de-excitation pathways of excited molecules.



Figure 2.5: Various parameters influencing the emission of fluorescence.

2.4. Jablonski Diagram

Jablonski Diagrams, which are named after Professor Alexander Jablonski,
demonstrate the processes that occur between the absorption and emission of light. To
illustrate absorption and emission processes, a typical Jablonski diagram which is
given in Figure 2.6 is used. It represents the processes that can occur in the excited
state. SO, S1, and S2 represent the ground, first and second electronic states,
respectively. These electronic states include some vibrational levels numbered like 0,
1, 2, etc. Vertical lines show the transitions between states. An upward arrow means
that the atom absorbed light and a downward arrow means that light is emitted from
the atom [36].
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Figure 2.6: One form of a Jablonski diagram.

After the absorption of light, there occurs different processes. The electrons are
excited to Sy or Sy states however in most cases the electron in S, state quickly passes
to vibrational S; state. This process is called internal conversion and generally occurs
within 102 swhich is less than typical fluorescence lifetime, 10® s after turning back to
S: state, the electrons can follow two steps. Firstly, the electron can directly pass to a
higher excited vibrational ground state at the level of So state and emits a photon. This
is the fluorescence process. Secondly, instead of immediately turning back to So state,
it goes to the first triplet state T1 providing a spin conversion and turns back to the So
state. This transition from S; to Ty is called intersystem crossing. Emission from Ty is
called phosphorescence, and phosphorescence produces longer wavelenghts compared
to the fluorescence [38].

Also Figure 2.7 showed in detail Jablonski diagram and illustration of the
relative positions of absorption, fluorescence, and phosphorescence spectra. Jablonski
diagram is convenient for visualizing in a simple way the possible processes: photon
absorption, internal conversion, fluorescence, intersystem crossing, phosphorescence,
delayed fluorescence, and triplet-triplet transitions. The singlet electronic states are
denoted by So (fundamental electronic state), S1, Sz, . . . and the triplet states, Ty, T2,
... Vibrational levels are associated with each electronic state. It is important to note

that absorption is very fast (=10~ !> s) with respect to all other processes. The vertical
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arrows corresponding to absorption start from the 0 (lowest) vibrational energy level
of So because the majority of molecules are in this level at room temperature.
Absorption of a photon can bring a molecule to one of the vibrational levels of Sy, S»,
... The subsequent possible de-excitation processes will now be examined. However,
it should be noted that most fluorescent molecules exhibit broad and structureless
absorption and emission bands, which means that each electronic state consists of an
almost continuous manifold of vibrational levels. If the energy difference between the
0 and 1 vibrational levels of So (and S1) is, for instance, only about 500 cm™!, the ratio
N1/No becomes about 0.09. Consequently, excitation can then occur from a
vibrationally excited level of the S state. This explains why the absorption spectrum

can partially overlap the fluorescence spectrum [39].
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Characteristic times

Absorption 107° s
Vibrational relaxation 107'2-10-"0 s
Lifetime of the excited state S 10 "°_107 s = Fluorescence
Intersystem crossing 10 °-10-%s
Internal conversion 10-''-10%s
Lifetime of the excited state Ty 10°-10s — Phosphorescence

Figure 2.7: Jablonski diagram and illustration of the relative positions of
absorption, fluorescence, and phosphorescence spectra.
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2.5. Molecular Sensor and Pyrene

Pyrene (Figure 2.8) and its derivatives, with their high quantum yield and
chemical stability, are well-studied fluorophores for molecular labeling and
fluorescent sensing applications [40-41]. Pyrene has two main emission bands; first
one is the emission of pyrene monomers (i.e., distance between molecules is larger
than ~1 nm) between 370 and 400 nm and second is the emission of pyrene excimers
(i.e., distance is smaller than ~1 nm) at around 470 nm [42]. The bright and visible
emission of pyrene excimers is particularly interesting because it is very sensitive to
the micro-environmental conditions such as temperature, pressure or pH [40]. In
addition, the excimer emission can be affected by guest molecules and accordingly it
can be used to detect various classes of chemicals including gases, organic molecules
and metal ions [43-44]. In particular, pyrene excimer emission can be rapidly quenched
via exposure to nitroaromatic explosives and compounds based on electron-transfer

between n-n* stacked pyrene molecules and nitroaromatic molecules [45].

Figure 2.8: Structure of Pyrene.

Pyrene is a fluorescent, polycyclic aromatic hydrocarbon compound. It has
been an attractive sensing and probing molecule for an expanded range of application
since it has long lifetime and high quantum efficiency. When two pyrene molecules
interact via m-m* stacking which is a non-covalent interaction occurring between
aromatic molecules, an excimer forms. Pyrene excimers demonstrate high sensitivity
to microenvironmental changes [46].

The fluorescence spectrum of pyrene was demonstrated in Figure 2.9. The
fluorescence of a singlet excited pyrene molecule is observed at 374, 384 and 394 nm

in the spectrum. The interaction of the singlet excited pyrene with an unexcited
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pyrene yields an excited dimer. The relaxation of the excited dimer radiates light at a
broad wavelength range centered around 470 nm [47]. Pyrene excimers give fast
fluorescence response to the molecular changes. Pyrene based aromatic molecules
exhibit interesting fluorescence properties because of the efficient excimer formation
[48-49].

 Excimer |

Monomer

Fluorescence Intensity (a.u.)

| v I J | . | L I y I v |
350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.9: Fluorescence spectrum of pyrene showing the monomer and
excimer emission of pyrene molecules.

Pyrene-containing macromolecular structures have attracted a great deal of
attention to be employed in fluorescent probes [50-53] due to their long fluorescence
lifetime and a well defined fluorescence spectrum, which is sensitive to the polarity of
the environment [54]. Besides, pyrene and its derivatives have been at the focus of
scientific attention in the fields of biomedicine to obtain fluorescence-labeled
biomolecules [55], opto-electronics (i.e. light-emitting diodes and solar cells) [40] and
organic field effect transistors [56] to improve hole transporting ability.

The pyrene molecules could be linked onto the surface of the star-shaped
dendrimer-like copolymer by covalent bond. The pyrene-containing star-shaped
dendrimer-like copolymer presented unique spherical structure and had advantage

over small molecules (pyrene compounds) or linear polymer in avoiding molecular
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aggregation. Therefore, the pyrene-containing star-shaped dendrimer-like copolymer
Is expected to present different thermal and fluorescent properties from those of
pyrene compounds or linear polymer [57].

Pyrene attached polymers are prepared for nitroaromatic explosives sensing.
As pyrene excimers can interact with nitroaromatic explosives via n-n* stacking and
give electron to the electron deficient nitroaromatic explosives such as trinitrotoluene
(TNT), fluorescence of pyrene excimer is quenched in the presence of nitroaromatics.
The pyrene excimer emission is known to be rapidly quenched by its exposure to
NACs based on electron-transfer between pyrene molecules and NAC molecules
[24,58].

Pyrene is a very important PAH compound and have been the most frequently
used fluorophore to prepare fluorescently labeled polymers [59] due to its outstanding
photophysical properties, such as well-defined fluorescence profiles, relatively long
emission lifetime (up to T = 400 ns in non-polar media), [60] environment-sensitive
monomer or excimer emissions [54]. Demirel et al. reported a rapid and facile method
for the production of fluorescent active pyrene-doped polyethersulfone (Py-PES) thin
film and employed in the detection of NACs in vapor phase [45]. On the other hand,
the use of fluorescent nanofibers from electrospinning of pyrene/polymer blends, such
as pyrene/polyethersulfone [53] and pyrene/polystyrene [52], for the detection of
NACs gave very promising results in terms of sensitivity and selectivity due to their
high surface area. Senthamizhan et al. prepared highly fluorescent nanofibers from
polystyrene copolymer with covalently attached pyrene units and reported that the
obtained polymeric nanofiber mat gave selective and sensitive responses towards TNT
in in aqueous media, even in the presence of higher concentrations of various heavy
metal pollutants, such as Cd?*, Co?*, Cu?*, and Hg?* [61]. He et al. synthesized two
poly(pyrene-co-phenyleneethynylene)  conjugated polymers  with  different
compositions and prepared casted thin films of these polymers on pretreated glass plate
surfaces. Then, they showed that these thin films responded much more sensitively
and selectively to the presence of TNT in aqueous phase than the parent polymer
(poly(phenyleneethynylene)) did. The enhanced sensitivity of these pyrene-containing
conjugated polymers was attributed to more proper matching of the LUMOs (lowest
unoccupied molecular orbital) of these polymers with that of TNT molecules [51].
Burattini et al. synthesized a pyrene-pendant copolymer through very facile

imidization reaction of poly(maleic anhydride-alt-1-octadecene) with 1-
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pyrenemethylamine and reported that its thin films casted on a quartz plate gave very
rapid responses to the vapor of 2,5-dinitrobenzonitrile (selected as a model for TNT)
and 50% of the initial fluorescence intensity of the film was quenched in almost 15
seconds [50]. Besides, pyrene and its derivatives have been at the focus of scientific
attention in the fields of biomedicine to obtain fluorescence-labeled biomolecules [55],
opto-electronics (i.e. light-emitting diodes and solar cells) [40] and organic field effect

transistors [56] to improve hole transporting ability.

2.6. Luminescence-Based Methods for Explosives Detection

Fluorescence- or luminescence-based methods for explosives detection offer
many benefits over other common techniques. For example, fluorescence methods are
typically one to three orders of magnitude more sensitive than absorbance-based
methods. Although mass-spectral techniques are also common for explosives
detection, instruments with the required sensitivity have not been developed as field-
ready and user-friendly. Fluorescence methods require only a source and detector, both
of which can be incorporated easily into a handheld device for field detection of
explosives. Unfortunately, many explosive compounds are not inherently fluorescent.
Explosives such as nitramines, nitrate esters, and peroxides have nonconjugated
structures that allow efficient vibrational relaxation. Nitroaromatic explosives (Figure
2.10), despite having aromatic structure, don’t fluoresce as a result of the strong
electron-withdrawing nature of the nitro substituents. This lack of native fluorescence
notwithstanding, many techniques have been proposed in recent years for explosives
detection using luminescence-based methods. Several direct techniques have been
investigated, such as high-energy excitation methods including gamma resonance

technology and x-ray fluorescence.
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Figure 2.10: Various nitroaromatic compounds.

Other direct methods involve reactions to form fluorescent and
chemiluminescent products. Indirect methods have also been used in which the
fluorescence of a secondary species is quenched by the explosive. Quenching methods
have been utilized with solution-phase, immobilized, and solid-state fluorophores.

A variety of inorganic and organic fluorophores have been studied in the solution
phase for fluorescence quenching detection of nitrated explosives. Quenching of
pyrene is used as a detection method explosive. Pyrene is a unique fluorophore that
exhibits distinct monomer (Amono = 370—400 nm) and excimer fluorescence (Aexc =
420-600 nm) depending on the distance (d > 1 nm and 0.4 nm <d < 1 nm, respectively)
between two pyrene moieties [62]. Many pyrene and pyrene-based molecules and
polymers have shown good selectivity and sensitivity for the detection of NACs [25].
The pyrene excimer emission is known to be rapidly quenched by its exposure to
NACs based on electron-transfer between pyrene molecules and NAC molecules [24].
Pyrene containing polymers received interest because of their potential use as

fluorescent probes [63].

17



2.7. Nitroxide Mediated Radical Polymerization (NMP)

Nitroxide mediated radical polymerization (NMP) is a prominent technique
among controlled/living radical polymerization (CLRP) techniques [64] and still stays
attractive for the researchers at the present time. NMP technique that enables the
design of well-defined, functional and complex macromolecular architectures [9]. This
polymerization method does not require metal catalysts which are very difficult to get
rid of. Besides, it is tolerant to variety of functional groups and allows easy purification
of the polymerization products. NMP method can be carried out in two ways as uni-
and bimolecular. In the bimolecular way, in order to ensure controlled progression of
the polymerization, free stable nitroxide counter radical (co-radical) derivatives are
used together with radical initiators (BPO, AIBN and etc.). On the other hand, in the
unimolecular way, thermally homolitic cleavage of alkoxyamine groups is to provide
carbon radical and nitroxide counter radical in order to initiate polymerization. The
unimolecular method is more preferred due to lack of side reactions (between nitroxide
radical and initiator) which may affect the nitroxide and initiator concentrations as it
happens in the bimolecular way. Thereby, the unimolecular way offers better control
over the polymerization. Styrene and styrene derivatives can be polymerized easily
with NMP [65].

There are several specific cases where NMP has advantages over other CLRP
methods. The polymerization of styrene with a radical source and TEMPO is perhaps
the simplest way to prepare polystyrene (PS) with a narrow molecular weight
distribution, having even been adapted for undergraduate laboratories [66] though the
commercial availability of suitable reversible addition-fragmentation chain transfer
(RAFT) agents now provides an equally simple alternative. NMP is preferable to atom
transfer radical polymerization (ATRP) for systems where the monomer being
polymerized can interact with the metal catalyst or when the polymers being prepared
must not show any contamination with traces of metal (i.e., in metal-sensitive
electronic or biological applications). NMP systems, comprising radical
initiator/nitroxide or alkoxyamine with or without additional nitroxide, are also
typically simpler initiating systems compared to ATRP initiating systems, which
require at minimum activated halide, metal halide, and ligand, but often include other
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additives to facilitate the polymerization. In contrast with RAFT polymerization, NMP
does not require the use of sometimes unpleasant sulfur chemistry [7].

In this method, a free radical initiator and a stable nitroxy radical as (2,2,6,6-
tetramethyl-1-piperidinyloxy) (TEMPO) are used. The TEMPO keeps polymer chain
growth under control and acts as a catalyst. However, it does not start the reaction by
itself. TEMPO is bound to the polymer end after added each monomer to radical in
order to ensure a controlled growth. In this way, monodisperse polymers are obtained.
The structure with the TEMPO end group undergoes homolytic fragmentation to give
polymeric radical and stable free radical reversibly. The propagation step continues
until monomer consumed in the medium. The chemical structure of TEMPO is shown

in Figure 2.11.

Figure 2.11: The chemical structure of TEMPO.

2.7.1. Basic Mechanism

TEMPO and its derivatives form a strong covalent bond in alkoxyamines. The
equilibrium constant (kd (dissociation rate constant) / kc (cross-coupling/association
rate constant)) is usually very small, in the presence of excess TEMPO. The
equilibrium is strongly shifted towards the dormant species and dramatically reduces
the polymerization rate. Controlled/living radical polymerization method with
TEMPO is successful at controlling the polymerization of styrene monomers but not
successful for acrylate and methacrylate monomers for this reason. A general

mechanism for the NMP is shown in Figure 2.12 [67].
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Figure 2.12: Dynamic equilibration for nitroxide mediated radical polymerization
(NMP).

Nitroxide-mediated radical polymerization (NMP) reactions can be carried out
under homogeneous conditions (bulk or solution polymerization) and under
heterogeneous conditions (suspension and emulsion polymerization). The viscosity of

the medium is low and the purification of the obtained products is quite easy [68].

2.8. Copper(l)-catalyzed Azide-Alkyne Cycloaddition
“Click” Chemistry

It is important to be converted of functional groups in high yield after completion
of the polymer reaction successfully. In this regard, “click" chemistry technique is
used, due to its high efficiency and ease of reaction conditions [69].
1,3-dipolar cycloaddition reaction, which is performed applying heat from alkyne and
azide groups found by Huisgen, is the precursor reaction of the "click chemistry".
Additionally, Huisgen type cycloaddition reactions generally give 1,4- and 1,5-triazole
isomers (about 1:1) [70]. This method was developed by Sharpless and the non-
activated reaction between azide and alkyne groups is carried out in very high yield
using Cu(l) salt catalyst under mild conditions and 1,4-triazole formation was
performed with high selectivity (Figure 2.13) [71]. Also, Sharpless type "click
reactions" have high tolerance for many different functional groups and are carried out

in many solvents and solvent mixtures without compromising yield [69].
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Figure 2.13: Synthesis of 1,2,3-triazoles via 1,3-dipolar cycloaddition of azides
and terminal alkynes; a) Huisgen and b) Copper-catalyzed cycloaddition reactions.




3. MATERIAL AND METHOD

3.1. Chemical and Reagents

The chemicals and their properties used in this study are listed in Table 3.1.

Table 3.1: The chemicals and reagents used in synthesis, separation and

purification processes.

Name Company CAS Number  Assay
Cupper(l) bromide (CuBr) Sigma-Aldrich  7787-70-4 98%
Dichloromethane (DCM) Sigma-Aldrich ~ 75-09-2 99.8%
Methanol Sigma-Aldrich  67-56-1 99.8%
Magnesium sulfate (MgSOa4) Sigma-Aldrich  7487-88-9 99.5%
N,N,N'N".N"-
Pentamethyldiethylenetriamine  Aldrich 3030-47-5 99%
(PMDETA)
N,N-Dimetilformamide (DMF)  Sigma-Aldrich  68-12-2 99.8%
Sodium azide (NaN3) Aldrich 26628-22-8 99%
Sodium bicarbonate (NaHCO3)  Sigma-Aldrich  144-55-8 99.7%
Sodiumicarbonate (NaCOs) Sigma-Aldrich  497-19-8 99.5%
Potassium carbonate (K2CO3) Sigma-Aldrich  584-08-7 99%
Sodium chloride Alfa-Aesar 7647-14-5 99%
Styrene Aldrich 100-42-5 99%
Triethylamine (TEA) Sigma-Aldrich  121-44-8 99%
4-Vinylbenzyl chloride Sigma-Aldrich  1592-20-7 90%
1-ethynylpyrene Sigma-Aldrich  34993-56-1 96%
Pentaerythritol Aldrich 115-77-5 98%
Ethylene glycol Acros 107-21-1 99.8%
2,2,6,6- Tetramethyl-1-
oiperidinyloxy (TEMPO) Acros 2564-83-2 98%
1,1,1-Tris(hydroxyl methyl ) )

Sigma-Aldrich  77-99-6 98%

propane)
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Table: 3.1. Continuation of the table.

2-bromoisobutyryl bromide Sigma-Aldrich  20769-85-1 98%
Tetrahydrofuran (THF) Sigma-Aldrich  109-99-9 99.9%
Nitrobenzen Merck 98-95-3 99%
1,2 Dinitrobenzen Aldrich 528-29-0 99%
Pikrik asit Aldrich 88-89-1 98%
4-Nitrotoluen Aldrich 99-99-0 99%
2,4-Dinitrotoluen Aldrich 121-14-2 97%
Chloroform Sigma-Aldrich  67-66-3 99.9%

3.2. Equipments

Chemical structures of the synthesized small molecular compounds, polymers

were investigated via;

e Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared (FTIR) spectra measurement were recorded in
transmission mode with a Perkin Elmer Spectrum Two™ Spectrometer equipped with

UATR accessory and the results were used any corrections.

e Liquid Chromatography Mass Spectrometry (LC-MS)
Electrospray ionization (ESI) high-resolution mass spectra measurements were

obtained on an Agilent 6230A LC-MS Spectrometer.

e Ultraviolet Visible Spectroscopy (UV)

UV-Visible spectral data of polymer were obtained on Shimadzu 2600 UV-
Visible Spectrophotometer in the 700-200 nm region by dissolving the sample in
DMF.

e Fluoresecence Spectroscopy
Fluorescence spectra were measured using quartz cuvettes (1 cm path length) on

a Agilent Cary Eclipse spectrophotometer.
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¢ Nuclear Magnetic Resonance (NMR)
Proton and carbon nuclear magnetic resonance (*H and *3C NMR) spectra were
recorded on a Bruker Avance |1l HD 400 MHz Spectrometer in deuterated chloroform

(CDCl3) and non-euterated solvent residues were used as internal reference.

e Thermal Gravimetric Analyzer (TGA)

The thermal stability was determined by thermogravimetric analysis (TGA,
Perkin Elmer Instruments model, STA 6000). The TGA thermograms were recorded
for 5-10 mg of powder sample at a heating rate of 10 °C min. in the temperature range
of 30 °C-700 °C under nitrogen atmosphere.

« Differential Scanning Calorimetry (DSC)
Glass transition temperatures (Tg) of the star copolymers was investigated on a
Perkin ElImer DSC 8500 double-furnace differential scanning calorimeter (DSC) under

nitrogen flow (20 mL min) at a heating rate of 200 °C min 2.

e Gel Permeation Chromatography (GPC)

Average molecular weights and molecular weight distributions of the polymers
were estimated on an Agilent 1260 Infinity GPC/SEC instrument consisting of a pump,
a refractive index detector and two columns (Agilent PLgel 5 um MIXED-C, 7.5 x
300 mm) which was calibrated using linear polystyrene standards. THF was used as

the eluent at a flow rate of 0.5 mL/min at 40 °C.
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4. EXPERIMENTAL

4.1. General Procedure

The reactions were performed in inert atmosphere (dry argon atmosphere) in
order to prevent chemicals from influence of oxygen and moisture in the air. The
glassware used in the reactions were dried in the burner flame, argon was passed

through them and used after filling with argon by cooling.

4.1.1. Preperation of Dry Styrene and Vinyl Benzyl Chloride
Monomers

Styrene and vinyl benzyl chloride monomers were dried by passing neutral/basic

Al>,Oz under argon atmosphere. The dried products were stored in the refrigerator.

4.1.2. Preperation of Dry N, N-Dimetilformamide (DMF)

DMF was stirred overnight by adding CaHz and then distilled under vacuum.

Dry DMF, was kept under argon in the presence of molecular sieves (4A°).

4.1.3. Drying of the Synthesized Polymers

The synthesized polymers were precipitated in appropriate solvents (methanol),
filtered through a G4 sintered filter and weighed on a precision balance. Polymers were
allowed to dry at room temperature under reduced pressure by recording the weighing
results. Then, weight of the polymer was measured periodically and the same value of
the last three measurements showed that polymer was dry.

4.1.4. Gravimetric Determination of the Monomer Conversion

The ratio of the dry polymer weight to the total weight of initiator and the

monomer was used for gravimetric monomer conversion.
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4.2. Experiments

The thesis project includes the synthesis of styrenic star-shaped and linear
copolymers with pyrene side groups, their characterization of structures and the use of
the resulting polymers in optical sensor applications towards to nitroaromatic
compounds. In order to obtain uniformly distributed polymers, we tried to optimize
the parameters such as the molecular weights of the polymers and the ratios between
repeating units (styrene / 4-vinylbenzyl chloride) and the TEMPO ratio in the polymer.
The data for polymers synthesized in the optimization are not included in the report.

Within the scope of the thesis, initially, initiator compounds were synthesized.
(1-6). Subsequently, linear and star-shaped styrene copolymers with styrene:4-
vinylbenzyl chloride monomer feed ratios were synthesized with 100:5, 100:10 and
100:15 per arm (St:VVBC) with chloride, azide and pyrene side groups. Different codes
were given to the polymers. For example, P1-a represents P1 polymer having chloride
side groups in this coding system. The codes were used such as P1-a and P1-b to
distinguish P1 polymers at different reaction conditions (such as different styrene:4-
vinylbenzyl chloride ratio). The encodings of all synthesized polymers are presented
in Table 4.1.

Tablo 4.1: Codings used in the synthesis of polymers.

Feed Ratio  Chlorinated Azide Pyrene Func.
Polymers )
(St:VBCI) Polymer Polymer Final Product
100:5 Pl-a P2-a P3-a
Star-Shaped
100:10 P1-b P2-b P3-b
(Tetra-func.)
100:15 P1-c P2-c P3-c
100:5 P4-a P5-a P6-a
Star-Shaped
) 100:10 P4-b P5-b P6-b
(Tri-func.)
100:15 P4-c P5-c P6-c
100:5 P7-a P8-a P9-a
Linear 100:10 P7-b P8-b P9-b
100:15 P7-c P8-c P9-c
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4.2.1. Synthesis of Pyrene Functional Tetra-Armed Star-Shaped
Styrene Copolymers (P3-(a-c))
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Figure 4.1: Synthetic procedure for the preparation of tetra-armed poly P3-(a-c).
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4.2.1.1. Synthesis of Tetrafunctional Initiators (1 and 2)

4.2.1.1.1. Synthesis of Tetrabromo-Functionalized Initiator (1)

Pentaerythritol tetrakis(2-bromoisobutyrate) (1) was synthesized according to
the literature with minor modifications [72]. Pentaerythritol (1 g, 7.34 mmol, 1 eq.)
and TEA (3.64 g, 32.32 mmol, 4.9 eq.) were dissolved in DCM (10 mL) under argon
atmosphere and the mixture was cooled to 0 °C with ice-salt mixture. BIBB (14.86 g,
64.63 mmol, 4.4 eq) dissolved in DCM (5 mL) was added dropwise in 30 minutes and
then the mixture was left stirring for 12 h at room temperature. The obtained solution
was transferred to separatory flask and washed with a 20 mL Na>COz (%10, w/v)
aqueous solution. The organic phase was dried over anhydrous MgSOs, the solvent
was evaporated, and finally, compound 1 was obtained after recrystallization with
methanol.

Yield: 4.28 g (80%). m.p: 133-135 °C. HRMS (ESI, m/z): 754.87 [M + Na]",
MWineo: 731.88 g mol™. FTIR (ATR, cm™1): 3000 and 2850 (-CH), 1729 (C=0). H
NMR (400 MHz, CDCls, 6, ppm): 4.35 (s, 8H; CH20CO), 1.96 (s, 24H; (CH3).CBr).
13C NMR (100 MHz, CDCls, &, ppm): 30.64 (s, -CH3), 43.67 (s, C-CH20)4), 55.19 (s,
C-(CHz3)2), 62.90 (s, -CH20), 170.91 (s, C=0).

4.2.1.1.2. Synthesis of Tetra TEMPO-Capped Alkoxyamine/NMP
Initiator (2)

Compound 1 (0.9 g, 1.23 mmol, 1 eq.) and TEMPO (1.84 g, 11.80 mmol, 9.6
eq.) was dissolved in THF (20 mL) in a 50 mL one-necked round bottom flask under
argon atmosphere. Then, CuBr (0.72 g, 5.04 mmol, 4.1 eqg.) was added and the mixture
was deaerated with three freeze-pump-thaw cycles. After the addition of PMDETA
(1.75 g, 10.08 mmol, 8.2 eq.), the color of the solution turned to dark green and the
reaction mixture was left stirring at room temperature for 48 h. Upon completing the
reaction, solvent was removed via rotary evaporator, the crude product was dissolved
in DCM and purified by precipitating into cold methanol:water (1:4) mixture. Finally,
compound 2 was collected as a white powdery product by filtering through a sintered
glass filter (G4) and dried under vacuum at room temperature.
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Yield: 1.22 (95%). m.p: 157-160 °C. HRMS (ESL m/z): 1037.76 [M+H],
Muwineo: 1036.77 g/mol. FTIR (ATR, cm™3): 3000 and 2850 (-CH), 1730 (C=0), 1360
(N-O), 1130 (C-O). 'H NMR (400 MHz, CDCls, &, ppm): 1.00 and 1.14 (s, 48H; CHa
(TEMPO)), 1.47 (s, 24H; CCHs), 1.40-1.70 (M, 24H; CHy), 4.24 (s, 8H; CCH>). 3C
NMR (100 MHz, CDCls, §, ppm): 17.04 (s, CHCHCH), 20.52 and 24.63 (s, CHs
(TEMPO)), 33.51 (s, OCCHs), 40.50 (s, CH2CH2CHy), 42.39 (s, C-CH20)4), 59.60 (s,
-CH;0), 62.68 (s, N-C-(CHs3)2), 81.26 (s, C-(CHz)2), 175.23 (s, C=0).

4.2.1.2. Synthesis of Chloride Side-Functional Styrenic Star
Copolymers (P1)

Chloride side-functional styrenic star copolymers (P1-a, P1-b, and P1-c) were
synthesized in the same manner via unimolecular nitroxide-mediated radical
polymerization (NMP) of styrene (St) and 4-vinylbenzyl chloride (VBCI) at different
monomer feed ratios. Therefore, the synthesis of P1-a was given as the representative
for the chloride side-functional styrenic star copolymers (Please see Table 4.2 for the
synthesis of P1-b and P1-c).

Compound 2 (0.046 g, 0.04 mmol), St (1.85 g, 17.74 mmol), VBCI (0.14 g, 0.89
mmol), and TEMPO (0.083 g, 0.53 mmol) were placed into a 25 mL Schlenk flask
under argon and freeze-thaw degassed three times. The flask was dipped into an oil-
bath, which was thermostated at 120 °C, the reaction mixture was stirred for 48 h and
then polymerization was quenched by fast cooling in a water-ice bath. The obtained
crude polymerization product was dissolved in DCM (20 mL) and purified by
precipitating twice in cold methanol. P1-a was separated on a sintered glass filter (G4)
by vacuum filtration and dried under reduced pressure at 35 °C until constant weight
was attained.

Yield: 1.57 g (77%). Mn, cpc: 15 300 g/mol; Mw/Mn: 1.46. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). 'H NMR (400 MHz, CDCls, &, ppm):
6.47—7.11 (CsHas and CeHs); 4.52 (CeH4CH2Cl); 1.44—2.05 (polymer backbone).
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Tablo 4.2: P1-(a-c) Polymers Experimental Data.

Feed Ratio Initiator Styrene VBCI TEMPO Yield
Polymer Mn,cec  PDI
(St:vBCI) (2)(mmol) (mmol) (mmol) (mmol) (%)
Pl-a 100:5 0.04 17.74 0.89 0.53 77 15300 1.46
P1-b 100:10 0.04 17.74 1.77 0.53 50 14800 1.57
Pl-c 100:15 0.04 17.74 2.66 0.53 35 13700 1.49

4.2.1.3. Synthesis of Azide Side-Functional Styrenic Star Copolymers
(P2)

The synthesis of P2-a was given as the representative for the azide side-
functional styrenic star copolymers (Please see Table 4.3 for the synthesis of P2-b and
P2-c).

Pl-a (0.8 g, Mnnwvr: 36 383 g/mol, contains 0.65 mmol of Cl units) was
dissolved in anhydrous DMF (40 mL) in a single-necked round bottom flask under
argon. NaNs (0.430 g, 6.615 mmol) was added in one portion, the mixture was purged
gently with Ar for 5 min and left stirring for two days at 60 °C. After the reaction was
completed, the raw polymerization product was transferred to a separating funnel with
DCM (100 mL), the organic layer was washed with brine (2x50 mL) and deionized
water (50 mL). The solvent was evaporated to ~5 mL and azide functional star-shaped
styrene copolymer was precipitated in cold methanol. P2-a was separated by vacuum
filtration on a sintered glass filter (G4) and dried under reduced pressure at 40 °C until
constant weight was attained.

Yield: 0.76 g (94.6%). Mncec: 15 600 g/mol; Mw/Mn: 1.46. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). tH NMR (400 MHz, CDCls, §, ppm): 6.47—
7.11 (CsHas and CeHs); 4.21 (CeH4aCH2Ng3); 1.44—2.05 (polymer backbone).

Table 4.3: P2-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer  NaNs  Yield
Polymer Mn,ecprc  PDI
Polymer (-Cl/mmol) (mmol) (%)
P2-a Pl-a 0.35 3.5 946 15600 1.46
P2-b P1-b 0.65 6.5 945 15000 1.58
P2-c P1-c 0.81 8.1 91 14100 1.57
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4.2.1.4. Synthesis of Pyrene Side-Functional Styrenic Star
Copolymers (P3)

The synthesis of P3-a was given as the representative for the pyrene side-
functional styrenic star copolymers (Please see Table 4.4 for the synthesis of P3-b and
P3-c).

P2-a (0.5 g, Mnanmr: 36 576 g/mol, contains 0.40 mmol of Nz unit), 1-
ethynylpyrene (0.27 g, 1.21 mmol), and PMDETA (0.84 g, 4.86 mmol) were dissolved
in DMF (20 mL) and the resulting solution was degassed by gently purging argon for
5 min. After the addition of CuBr (0.70 g, 4.86 mmol) in one portion, the mixture was
degassed again with argon for 5 min and left stirring at room temperature for 48 h.
Then, the solvent was removed by rotary evaporator, the residue was dissolved in
DCM (100 mL) and washed with water (2 x 100 mL). The obtained organic phases
were dried over MgSOas, concentrated to 10 mL by a rotary evaporator, and then P3-a
was purified by precipitating in cold methanol. P3-a was collected on a sintered glass
filter (G4) by vacuum filtration as a yellow product and dried under reduced pressure
at ambient temperature until constant weight was attained.

Yield: 0.45 g (76%). Mncpc: 15 900 g/mol; Mw/My: 1.45. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). tH NMR (400 MHz, CDCls, §, ppm): 7.68—
8.70 (CH, pyrene); 6.51— 7.11 (CeHa and CeHs); 5.47 (CeHaCH2N3); 1.44-2.05
(polymer backbone).

Table 4.4: P3-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer Ethynyl Pyr. Yield
Polymer Mn,cec  PDI
Polymer  (-N3/ mmol) (mmol) (%)
P3-a P2-a 0.40 1.21 76 15900 1.45
P3-b P2-b 0.69 2.07 78 15300 1.49
P3-c P2-c 1.65 4.95 80 14400 1.38
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4.3.1. Synthesis of Pyrene Functional Three-Armed Star-Shaped
Styrene Copolymers (P6-(a-c))
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Figure 4.2: Synthetic procedure for the preparation of tri-armed poly P6-(a-c).
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4.3.1.1. Synthesis of Trifunctional Initiators (3 and 4)

4.3.1.1.1. Synthesis of Tribromo-Functionalized Initiator (3)

Tribromo-functionalized initiator (3) was synthesized according to the literature
with minor modifications [73]. 1,1,1-Tris(hydroxyl methyl propane) (1 g, 7.45 mmol
1 eq.) and EtsN (2.41 g, 23.85 mmol, 3.2 eq.) were dissolved in DCM (10 mL) under
argon atmosphere and the mixture was cooled to 0 °C with ice-salt mixture. BIBB
(5.31 g, 23.11 mmol, 3.1 eq) dissolved in DCM (5 mL) was added dropwise in 30
minutes and then the mixture was left stirring for 12 h at room temperature. The
obtained solution was transferred to separatory flask and washed with a 20 mL Na>CO3
(%10, w/v) aqueous solution. The organic phase was dried over anhydrous MgSO4 and
the solvent was evaporated to give crude product. Finally, compound 3 was obtained
after recrystallization with methanol.

Yield: 3 g (70%). m.p: 55-57 °C. HRMS (ESL, m/z): 602.94 [M + Na]*, MWiheo:
579.95 g mol™. FTIR (ATR, cm™1): 3000 and 2850 (-CH), 1729 (C=0). *H NMR (400
MHz, CDCls, 8, ppm): 4.18 (s, 6H; -C-(CH20)3), 1.93 (s, 18H; (CH3).CBr), 1.63 ppm
(2H, CH3-CH2-C-), 0.97 (t, 3H, CH3-CH,-C-). $3C NMR (100 MHz, CDCls, §, ppm):
30.81 (s, (CHz3)2-C-Br), 42.09 (s, CH3-C-CH20)3), 55.55 (s, C-(CHs).), 64.87 (s, -
CH0), 23.23 (s, -CH2-CHg), 7.58 (s, -CH2-CH3), 171.30 (s, C=0).

4.3.1.1.2. Synthesis of Three TEMPO-Capped Alkoxyamine/NMP
Initiator (4)

Compound 3 (0.9 g, 1.23 mmol, 1 eq.) and TEMPO (1.74 g, 11.15 mmol, 7.2
eq.) was dissolved in THF (20 mL) in a 50 mL one-necked round bottom flask under
argon atmosphere. Then, CuBr (0.69 g, 4.80 mmol, 3.1 eq.) was added and the mixture
was deaerated with three freeze-pump-thaw cycles. After the addition of PMDETA
(1.66 g, 9.60 mmol, 6.2 eq.), the color of the solution turned to dark green and the
reaction mixture was left stirring at room temperature for 48 h. Upon completing the
reaction, solvent was removed via rotary evaporator, the crude product was dissolved
in DCM and purified by precipitating into cold methanol:water mixture (1:4).
Compound 4 was collected by filtering through a sintered glass filter (G4) and dried

under vacuum at room temperature. The final product was a white powder.
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Yield: 0.63 (50%). m.p: 133-135 °C. HRMS (ESI, m/z): 810.59 [M+H]*, Mwineo:
809.61 g/mol. FTIR (ATR, cm™%): 3000 and 2850 (-CH), 1730 (C=0), 1360 (N-O),
1130 (C-O). 'H NMR (400 MHz, CDCls, §, ppm): 1.00 and 1.14 (s, 36H; CHa
(TEMPO)), 1.46 (s, 18H; CCHs), 1.40-1.70 (m, 20H; CHy), 4.08 (s, 6H; OCH,). 3C
NMR (100 MHz, CDCls, 8, ppm): 7.25 (s, CH,.CH3), 17.06 (s, CH2CHCHy), 20.47
and 24.60 (s, CHs (TEMPO)), 22.52 (s, -CH2.CHs), 33.49 (s, OCCHs), 40.51 (s,
CH2CH2CHy), 41.05 (s, -CH,-C-CH20)3), 59.58 (s, -CH20), 63.76 (s, N-C-(CHz)2),
81.24 (s, C-(CHs)2), 175.80 (s, C=0).

4.3.1.2. Synthesis of Chloride Side-Functional Styrenic Star
Copolymers (P4)

Chloride side tri-functional styrenic star copolymers (P4-a, P4-b, and P4-c)
were synthesized in the same manner via unimolecular nitroxide-mediated radical
polymerization (NMP) of styrene (St) and 4-vinylbenzyl chloride (VBCI) at different
monomer feed ratios. Therefore, the synthesis of P1-a was given as the representative
for the chloride side-functional styrenic star copolymers (Please see Table 4.5 for the
synthesis of P4-b and P4-c).

TEMPO-capped NMP Initiator, compound 3, (0.048 g, 0.06 mmol), St (1.87 g,
17.74 mmol), VBCI (0.14 g, 0.89 mmol), and TEMPO (0.083 g, 0.53 mmol) were
placed into a 25 mL Schlenk flask under argon and freeze-thaw degassed three times.
The flask was dipped into an oil-bath, which was thermostated at 120 °C, the reaction
mixture was stirred for 48 h and then polymerization was quenched by fast cooling in
a water-ice bath. The obtained crude polymerization product was dissolved in DCM
(20 mL) and purified by precipitating twice in cold methanol. P4-a was separated on
a sintered glass filter (G4) by vacuum filtration and dried under reduced pressure at
35 °C until constant weight was attained.

Yield: 1.5 g (74%). Mn cpc: 12 100 g/mol; Mw/Ms: 1.51. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2840—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). tH NMR (400 MHz, CDCls, §, ppm): 6.47—
7.11 (CeHs and CgHs); 4.54 (CeH4CH2Cl); 1.44—2.08 (polymer backbone).
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Tablo 4.5: P4-(a-c) Polymers Experimental Data.

Feed Ratio Initiator Styrene VBCI TEMPO Yield
Polymer Mn,cec  PDI
(St:vBCI) (2)(mmol) (mmol) (mmol) (mmol) (%)
P4-a 100:5 0.09 17.94 0.89 0.53 74 12100 1.51
P4-b 100:10 0.09 17,94 1.77 0.53 68 11500 1.44
P4-c 100:15 0.09 17.94 2.69 0.53 54 11200 1.44

4.3.1.3. Synthesis of Azide Side-Functional Styrenic Star Copolymers
(P5)

The synthesis of P5-a was given as the representative for the azide side-
functional styrenic star copolymers (Please see Table 4.6 for the synthesis of P5-b and
P5-c).

P4-a (0.8 g, Manmr: 13 348 g/mol, contains 0.35 mmol of Cl units) was
dissolved in anhydrous DMF (40 mL) in a single-necked round bottom flask under
argon. NaNs (0.23 g, 3.50 mmol) was added in one portion, the mixture was purged
gently with Ar for 5 min and left stirring for two days at 60 °C. After the reaction was
completed, the raw polymerization product was transferred to a separating funnel with
DCM (100 mL), and the organic layer was washed with brine (2x50 mL) and deionized
water (50 mL). The solvent was evaporated to ~5 mL and azide functional star-shaped
styrene copolymer was precipitated in cold methanol. P5-a was dried under reduced
pressure at 40 °C for until constant weight was attained.

Yield: 0.82 g (99%). Mngcec: 12 300 g/mol; Mw/Mn: 1.51. FTIR (cm™):
30263080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 2095 (-
N=N=N-); 1601, 1493 and 1452 (C=C stretching, aromatic). *H NMR (400 MHz,
CDCls, 8, ppm): 6.47—7.11 (CeHas and CeHs); 4.23 (CeHsCH2N3); 1.44—2.05 (polymer
backbone).

Table 4.6: P5-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer  NaNs  Yield
Polymer Mn,cpc  PDI
Polymer (-Cl/mmol) (mmol) (%)
P5-a P4-a 0.35 3.5 99 12300 1.51
P5-b P4-b 0.65 6.5 98 11750 1.46
P5-c P4-c 0.81 8.1 98 11350 1.46
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4.3.1.4. Synthesis of Pyrene Side-Functional Styrenic Star
Copolymers (P6)

The synthesis of P6-a was given as the representative for the pyrene side-
functional styrenic star copolymers (Please see Table 4.7 for the synthesis of P6-b and
P6-c).

P5-a (0.4 g, contains 0.45 mmol of N3 unit), 1-ethynylpyrene (00.19 g, 0.86
mmol), and PMDETA (0.7 g, 4.0 mmol) were dissolved in DMF (20 mL) and the
resulting solution was degassed by gently purging argon for 5 min. After the addition
of CuBr (0.58 g, 4.0 mmol) in one portion, the mixture was degassed again with argon
for 5 min and left stirring at room temperature for 48 h. Then, the solvent was removed
by rotary evaporator, the residue was dissolved in DCM (100 mL) and washed with
water (2 x 100 mL). The obtained organic phases were dried over MgSOs,
concentrated to 10 mL by a rotary evaporator, and then P6-a was purified by
precipitating in cold methanol. P6-a was collected on a sintered glass filter (G4) by
vacuum filtration as a yellow product and dried under reduced pressure at ambient
temperature until constant weight was attained.

Yield: 0.36 g (77%). Mncpc: 12 600 g/mol; Mw/My: 1.44. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). *H NMR (400 MHz, CDCls, 8, ppm): 8.68
(CH, triazole ring); 7.70— 8.18 (CH, pyrene); 6.51— 7.11 (CéHs and C¢Hs); 5.53
(CeH4CH2Pyr); 1.44-2.05 (polymer backbone).

Table 4.7: P6-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer Ethynyl Pyr. Yield
Polymer Mn,cpc  PDI
Polymer  (-N3s/ mmol) (mmol) (%)
P6-a P5-a 0.45 1.35 77 12600 1.44
P6-b P5-b 0.80 2.41 70 12200 1.34
P6-c P5-c 1.02 3.06 70 11700 1.35
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4.4.1. Synthesis of Pyrene Functional Linear Styrene Copolymers (P9-
(a-c))
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Figure 4.3: Synthetic procedure for the preparation of linear poly P9-(a-c).
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4.4.1.1. Synthesis of Bifunctional Initiators (5 and 6)

4.4.1.1.1. Synthesis of Dibromo-Functionalized Initiator (5)

Ethylene glycol (1.11 g, 17.93 mmol, 1 eq.) and Et3N (3.99 g, 39.45 mmol, 2.2
eq.) were dissolved DCM (10 mL) and was cooled to 0 °C. The 5 mL DCM solution
of 2-bromoisobutrylbromide (8.66 g, 37.66 mmol, 2.1 eq) was then added dropwise to
the mix in 30 min with stirring and the mixture was stirred for 12 h at room
temperature. The mix was washed with a 20 mL Na,COz (%10, w/v) ag. solution. The
organic phase was dried over anhydrous MgSO4 and the solvent was evaporated to
give crude product. Finally, the product (5) was obtained after recrystallization with
methanol.

Yield: 452 g (70%). m.p: 42-46 °C. HRMS (ESI, m/z): 382.93 [M + Na]",
MWiheo: 359.94 g mol. FTIR (ATR, cm™!): 3000 and 2850 (-CH), 1729 (C=0). H
NMR (CDCls, 400 MHz), 5 (ppm): 4.45 (s, 4H, RO-(CH2)2-OR) and 1.95 (s, 12H, -
(CHs3)2). 3C NMR (CDCls, 400 MHz), § (ppm): 171.42 (C=0), 63.19 (-(CH.).), 55.34
(-C-) and 30.69 (-(CHs)2).

4.4.1.1.2. Synthesis of Two TEMPO-Capped Alkoxyamine/NMP
Initiator (6)

Ethane-1,2-diyl bis(2-bromo-2-methylpropanoate) (5) (1.52 g, 4.22 mmol, 1
eq.), 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) (3.16 g, 20.25 mmol, 4.8 eq.)
and CuBr (1.27 g, 8.86 mmol, 2.1 eq.) were dissolved in THF (20 mL) in a 100 mL
flask, and the solution was deaerated with three cycles of freezing-pump-thawing.
Then PMDETA (3.07 g, 17.72 mmol, 4.2 eq.) was added into the flask and the solution
turned to dark green in color. The mixture was kept at room temperature for 48 h and
was precipitated twice in 500 mL H,O:MeOH (1:9) solvent mix. with vigorous stirring.
Then filtered, washed with same solvents and kept under vacuum overnight. Finally,
the product (6) was obtained in 60% yield.

Yield: 1.30 (60%). m.p: 90-94 °C. HRMS (ESIL, m/z): 513.38 [M+H]", Mwitheo:
512.38 g/mol. FTIR (ATR, cm™): 3000 and 2850 (-CH), 1730 (C=0), 1360 (N-O),
1130 (C-O). *H NMR (400 MHz, CDClIs, 8, ppm): 1.01 and 1.61 (s, 24H; CH3
(TEMPOQ)), 1.49 (s, 12H; OCCHg), 1.40-1.80 (m, 12H; CHy>), 4.35 (s, 4H; OCH,). **C
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NMR (100 MHz, CDCls, 3, ppm): 17.07 (s, CH;CHCHy), 20.49 and 24.47 (s, CHa
(TEMPO)), 33.49 (s, OCCHs), 40.58 (s, CH2CH2CHy), 59.57 (s, N-C-(CHs)z), 62.68
(s, -OCHz), 81.11 (s, OC-(CHs)z), 175.81 (s, C=0).

4.4.1.2. Synthesis of Chloride Side-Functional Styrenic Linear
Copolymers (P7)

Chloride side-functional linear copolymer (P7-a) were synthesized in the same
manner with star shaped copolymers (P1-a and P4-a) via unimolecular NMP of
styrene (St) and 4-vinylbenzyl chloride (VBCI).

Compound 6 (0.046 g, 0.09 mmol), St (1.87 g, 17.94 mmol), VBCI (0.14 g, 0.89
mmol), and TEMPO (0.084 g, 0.54 mmol) were placed into a 25 mL Schlenk flask
under argon and freeze-thaw degassed three times. The flask was dipped into an oil-
bath, which was thermostated at 120 °C, the reaction mixture was stirred for 48 h and
then polymerization was quenched by fast cooling in a water-ice bath. The obtained
crude polymerization product was dissolved in DCM (20 mL) and purified by
precipitating twice in cold methanol. P7-a was separated on a sintered glass filter (G4)
by vacuum filtration and dried under reduced pressure at 35 °C until constant weight
was attained.

Yield: 0.99 g (48%). Mn, cec: 8 200 g/mol; Mw/Mn: 1.29. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2840—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). 'H NMR (400 MHz, CDCls, &, ppm):
6.47—7.11 (CsHas and CeHs); 4.52 (CeHaCH2Cl); 1.44—2.02 (polymer backbone).

Tablo 4.8: P7-(a-c) Polymers Experimental Data.

Feed Ratio Initiator Styrene VBCI TEMPO Yield
Polymer Mn,cpc PDI
(St:VBCI) (2)(mmol) (mmol) (mmol) (mmol) (%)
P7-a 100:5 0.09 17.94 0.89 0.53 48 8200 1.29
P7-b 100:10 0.09 17.94 1.77 0.53 47 7700 1.31
P7-c 100:15 0.09 17.94 2.69 0.53 62 7400 1.35
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4.4.1.3. Synthesis of Azide Side-Functional Styrenic Linear
Copolymers (P8)

Azide (-Ns) side-functional linear copolymer (P8-a) were synthesized in the
same manner with star shaped copolymers (P2-a and P5-a).

P7-a (0.66 g, Mnanmr: 29.895 g/mol, contains 0.29 mmol of CI units) was
dissolved in anhydrous DMF (40 mL) in a single-necked round bottom flask under
argon. NaNs (0.19 g, 2.9 mmol) was added in one portion, the mixture was purged
gently with Ar for 5 min and left stirring for two days at 60 °C. After the reaction was
completed, the raw polymerization product was transferred to a separating funnel with
DCM (100 mL), and the organic layer was washed with brine (2x50 mL) and deionized
water (50 mL). The solvent was evaporated to ~5 mL and azide functional linear
styrene copolymer was precipitated in cold methanol. P8-a was dried under reduced
pressure at 40 °C for 24 h.

Yield: 0.60 g (90.9%). Mngec: 8 300 g/mol; Mw/Mn: 1.29. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 2095 (-
N=N=N-); 1601, 1493 and 1452 (C=C stretching, aromatic). *H NMR (400 MHz,
CDCls, 6, ppm): 6.47—7.11 (CeHas and CeHs); 4.23 (CeHaCH2N3); 1.44—2.05 (polymer
backbone).

Table 4.9: P8-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer  NaNs  Yield
Polymer Mn,cpc  PDI
Polymer (-Cl/mmol) (mmol) (%)
P8-a P7-a 0.29 2.9 90.9 8300 1.29
P8-b P7-b 0.53 5.3 84.4 7850 1.31
P8-c P7-c 0.83 8.3 87.2 7600 1.35

4.4.1.4. Synthesis of Pyrene Side-Functional Styrenic Linear
Copolymers (P9)

Pyrene (-Pyr) side-functional linear copolymer (P9-a) were synthesized in the
same manner with star shaped copolymers (P3-a and P6-a).

P8-a (0.3 g, Mnnmr: 30 080 g/mol, contains 0.26 mmol of N3 unit), 1-
ethynylpyrene (0.19 g, 0.86 mmol), and PMDETA (0.15 g, 0.86 mmol) were dissolved
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in DMF (20 mL) and the resulting solution was degassed by gently purging argon for
5 min. After the addition of CuBr (0.12 g, 0.86 mmol) in one portion, the mixture was
degassed again with argon for 5 min and left stirring at room temperature for 48 h.
Then, the solvent was removed by rotary evaporator, the residue was dissolved in
DCM (100 mL) and washed with water (2 x 100 mL). The obtained organic phases
were dried over MgSQg, concentrated to 10 mL by a rotary evaporator, and then P9-a
was purified by precipitating in cold methanol. P9-a was collected on a sintered glass
filter (G4) by vacuum filtration as a yellow product and dried under reduced pressure
at ambient temperature until constant weight was attained.

Yield: 0.26 g (71%). Magec: 8 400 g/mol; Mw/Mn: 1.29. FTIR (cm™):
3026—3080 (CH stretching, aromatic); 2848—2920 (CH stretching, aliphatic); 1601,
1493 and 1452 (C=C stretching, aromatic). *H NMR (400 MHz, CDCls, §, ppm): 8.68
(CH, triazole ring); 7.70— 8.18 (CH, pyrene); 6.51— 7.11 (Ce¢Hs and CeHs); 5.53
(CsH4CH2N3); 1.44-2.05 (polymer backbone).

Table 4.10: P9-(a-c) Polymers Experimental Data.

Precursor Pre. Polymer Ethynyl Pyr. Yield
Polymer Mn,cpc  PDI
Polymer  (-N3/ mmol) (mmol) (%)
P9-a P8-a 0.26 0.86 71 8400 1.29
P9-b P8-b 0.42 1.26 70 8000 1.25
P9-c P8-c 0.47 1.41 68 7700 1.29
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5. RESULTS and DISCUSSION

5.1. Characterization of Pyrene Functional Tetra-Armed
Star-Shaped Styrene Copolymers (P3-(a-c))

Pyrene functional tetra-Armed star-shaped styrene copolymers (P3-(a-c)) were
prepared using styrene (St) and 4-vinylbenzylchloride (VBCI) as the monomer at
different molar ratios (St:VBCI; 100:5, 100:10 and 100:15 per arm). Chemical
structures of the synthesized small molecular compounds and star-shaped styrenic
copolymers were determined by FTIR and *H NMR spectroscopies. Also used GPC,
DSC and TGA characterization techniques for chemical structure determination.

The tetra-armed star-shaped styrenic copolymers having pyrene side-groups
(P3-(a-c)) were prepared using core-first approach (Figure 4.1), by which the number
of arms of the star polymer could be clearly defined and would be equal to the number
of the functional units on the polymerization-initiating compound [74-75]. Besides,
this method provides good control on the macromolecular architecture [76]. The tetra-
functional initiator (2) was synthesized via facile esterification and atom transfer
radical addition (ATRA) reactions. Firstly, pentaerythritol was reacted with 2-
bromoisobutyryl bromide and the product (1) was purified easily by crystallization.
Then, compound 1 was used to produce transient carbon centered radicals in the
presence of CuBr/PMDETA catalyst system, which readily reacted with 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) to yield a novel tetra-TEMPO functional
alkoxyamine unimolecular initiator compound (2). Unimolecular alkoxyamine
initiators generate a stable free nitroxide radical (TEMPQO) and a carbon-centered
radical on the initiator (small molecule or macroinitiator) at considerably high
temperatures. Carbon-centered radicals initiate the polymerization by attacking double
bonds of monomers whereas TEMPO can only mediate the reaction by capping and
de-capping the growing chain ends of the polymer. Besides, unimolecular
alkoxyamine initiators allow preparation of star macroinitiators. Then, the
unimolecular initiator (2) was employed in the nitroxide mediated radical
polymerization (NMP) of St and VBC at different monomer feed ratios to produce a
tetra-armed styrenic star copolymers with chloride side-functional units (P1-(a-c)).

NMP method is a prominent technique among controlled living radical polymerization
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(CLRP) techniques since it does not require metal catalysts which are very difficult to
get rid of. Besides, it is tolerant to variety of functional groups and allows easy
purification of the polymerization products. Then, the reaction of chloride side-groups
of (P1-(a-c)) with sodium azide in DMF in mild reaction conditions straightforwardly
gave azide-functional star-shaped styrenic copolymers (P2-(a-c)). In the final step, we
took the advantage of Cu(l)-catalyzed 1,3-dipolar cycloaddition (click) reaction to
attach fluorescent-active pyrene moieties to the pendant groups of the polymer arms.
In this manner, azide functional units of (P2-(a-c)) were reacted with alkyne unit of 1-
ethynylpyrene, providing pyrene-functional styrenic star copolymers (P3-(a-c)). Click
reactions have considerably high compatibility to various functional units and solvents
and give regiospecific 1,3-cycloaddition products with near quantitative yields under

mild reaction conditions.
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Figure 5.1: FTIR spectra of compound 1, 2.

Chemical structures of the synthesized small molecular compounds and star-
shaped styrenic copolymers were determined by FTIR and *H NMR spectroscopies.
In the FTIR spectra of compound 1 and 2 (Figure 5.1), aliphatic CH and C=0

stretching signals were observed around 2850-3000 and 1730 cm™, respectively.
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Besides, NO stretching frequencies of compound 2 were overlapped by those of
geminal CHs deformations of TEMPO unit.
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Figure 5.2: *H NMR spectra of compound 1, 2.

The most meaningful information on the success of the synthesis of compound
1 and 2 came from their *H NMR spectra (Figure 5.2). The methylene (CH.OC=0)
and terminal CHz protons of 1 resonated at 4.35 and 1.96 ppm, respectively. Upon
ATRA reaction of compound 1 with TEMPO, the signals of these protons shifted to
higher magnetic field and were observed at 4.24 and 1.47 ppm, respectively, indicating
completeness of the reaction. Besides, some new peaks were also observed at 1.00-
1.14 and 1.40-1.70 ppm, which were attributed to methyl and methylene protons of
TEMPO moiety.
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Figure 5.3: 3C NMR spectra of compound 1, 2.

The structure of initiator 1 and 2 was also confirmed by **C NMR spectroscopy
(Figure 5.3). The peak (a) of eight methyl carbon atoms of 1 was presented as a sharp
peak at 30.64 ppm in the spectrum. Quaternary carbon atoms (b and e) gave resonance
at 43.67 and 55.19 ppm, relatively. The methlyene carbon signal (d) is at 62.90 ppm.
Carbonyl carbons (c) gave resonance at 170.91. The methylene and methyl carbon
atoms in the TEMPO ring of the compound 2 (labeled as a, b, c, d, ) are clearly seen
at 17.04, 40.50, 62.68, 20.52 and 24.63 ppm in the spectrum, relatively. The peak (f)
of eight methyl carbon atoms was also presented as a one peak at 33.51 ppm in the
spectrum. Quaternary carbon atoms (g and j) gave resonance at 81.26 and 42.39 ppm,
relatively. The methlyene carbon signals (i) is at 59.60 ppm. Carbonyl carbons (h) gave
resonance at 175.23.

In the mass spectra of initiators 1 and 2 obtained in the positive ion mode. The
experimental results (m/z= 732.8 (M+1)) was very close to the theoretically expected

one (m/z=731.8). Threotical mass of initiator (2), m/z: 1036.77. The found m/z value
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15 1037.76 (M+1) in the spectrum (Appendix A). Thus, all the above results confirmed
the successful synthesis of initiators 1 and 2.
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Figure 5.4: FTIR spectra of P1, P2, P3 series polymers.

FTIR spectra of tetra armed styrenic star copolymers were demonstrated in
Figure 5.4. In these spectra, aromatic and aliphatic CH stretching signals of the star
copolymers were observed around 3026—3080 and 2848—2920 cm ™!, respectively. The
peaks seen at 1601, 1493 and 1452 cm™! were assigned to aromatic C=C stretching
frequencies in the phenyl rings. On the other hand, C=0 stretching signal of the
initiator was hardly seen at 1730 cm™ due to dilution of this residue in the polymer
structure. Upon the reaction of the chloride functional styrenic star polymers (P1-(a-
¢)) with sodium azide, emergence of a new signal emerged at 2098 cm™ in the the
FTIR spectrum of P2-(a-c) is a qualitative indication for the presence of azide
functional unit in the chemical structure of the yielded polymer (P2-(a-c)). Then, after
the Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction between P2-(a-c) and 1-
ethynylpyrene, the complete disappearance of this signal indicated that azide-

functional units were quantitively converted to pyrene groups, yielding P3-(a-c).
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Figure 5.5: a) *H NMR spectra of P1-a, P2-a, P3-a, b) P1, P2, P3 series polymers.

'H NMR spectra of the styrenic star copolymers were given in Figure 5.5. In

these spectra, the polymer backbone protons gave signals between 1.44 and 2.02 ppm,
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while aromatic CH protons (Hap) in styrene and vinylbenzyl repeating units produced
resonances between 6.47— 7.11 ppm. In the *H NMR spectrum of P1-(a-c) (Figure
5.5b), the signal of the methylene protons (H¢) adjacent to the benzene ring was
observed at 4.52 ppm, and shifted slightly to higher magnetic field (4.21 ppm) as a
result of azidification. After 1,3-dipolar cycloaddiditon (click) reaction between P2-
(a-c) with 1-ethynylpyrene, these signals moved to downfield and gave resonances at
5.47 ppm. The clear shift of H¢ protons on azidification and click reactions further
proves the success of the reactions. Besides, some new proton resonance signals were
seen in the *H NMR spectrum of P3-(a-c) and they were attributed to triazole methine
protons (Hg, 8.70 ppm) and aromatic CH protons of pendant pyrene units (He, 7.68-
8.68 ppm).

Average molecular weights (M» and Mw) and polydispersity indexes (PDIs) of
the obtained star-shaped styrenic polymers were determined via gel permeation
chromatography (GPC) analysis. The star polymers demonstrated monodisperse
chromatogram curves with reasonably low PDI values between 1.38 and 1.58, pointing
out that either polymerization products or post-modified polymers contained only the
targeted ones. On the other hand, the values obtained through GPC experiments are
only estimated results based on linear polystyrene standards. Unfortunately, these
calibration standards have different hydrodynamic volumes from the synthesized star-
shaped polymers with different functional units. Therefore, average molecular weights
obtained from conventional GPC experiments have limited reliability with respect to
those obtained via NMR calculations [30]. In the *H NMR spectra of the prepared star
polymers, any discernable signal belonging to terminal TEMPO and initiating core
residues were not observed since they are overlapped by those of the repeating units
or diluted by those of long polymer chains. On the other hand, m/n ratios for the
monomeric residues (see Figure 4.1) were calculated from ratios of integral peak areas
aromatic phenyl (CeHs plus CsHs-CH>-) and methylene protons next to the benzene
ring (CeHs—CH>) and were summarized in Table 5.1. Thus, the molar mass of the
polymer fragments having single functional grup (-Cl or -N3) were computed with the
equation (m/n) X My of styrene + My of chloride or azide functional repeating units
[61].
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Table 5.1: Results of the star-shaped styrenic copolymers with different side-

functional groups.

Polymers Feeds Composition * Mn,NMR Mn,cpc®  Mw/Mn P Functional
(n/m) Groups

Pl-a 100:5 10 36400 15300 1.46
P1-b 100:10 5.2 28800 14800 1.57 -Cl
Pl-c 100:15 2.6 18000 13700 1.49
P2-a 100:5 10 36600 15600 1.46
P2-b 100:10 5.2 29000 15000 1.58 -N;
P2-c 100:15 2.6 17800 14100 1.57
P3-a 100:5 10 43300 15900 1.45 I;IN )
P3-b 100:10 5.2 38200 15300 1.49 N O
P3-c 100:15 2.6 27300 14400 1.38 ”O

a See Figure 4:1 for “n” and “m”. It was calculated from ratios of integral peak areas aromatic phenyl

(CsHs plus CgH4-CH,-) and methylene protons next to the benzene ring (CsHs—CHy) in related 'H

NMR spectra.

® My, cpc and My/M, were determined via GPC analysis using linear polystyrene calibration standards

with narrow molecular weight distributions.
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Figure 5.6: DSC curves of P1, P2, P3 series polymers.
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Differential scanning calorimetry (DSC) experiments were conducted to
determine thermal phase transitions of the prepared styrenic star copolymers. The
midpoint of the heat capacity change was taken as glass transition temperature (Tg)
and the relevant data were presented in Table 5.2. DSC thermograms of P1-P3 series
copolymers were demonstrated in Figure 5.6. In these thermograms, T4 of chloride-
functional tetra-armed star shaped (P1-(a-c)) were found to be close to each other.
Upon incorporation and increase in the number of azide-functional units, only slight
enhancement was observed in the Tg4 values of the copolymers (P2-(a-c)). On the other
hand, binding of pendant bulky pyrene groups raised substantially the Ty of P1-c by
25 °C and increase in Tg values of the pyrene-functional copolymers were getting more
pronounced for P2-c (36 °C) and P3-c (51 °C) as their pyrene contents were increased.
These results were attributed to the increase in the rigidity of the pyrene-functional
star copolymers due to m-stacking interaction between pyrene side-units, as well as
their bulky structure [30].

Table 5.2: Thermal properties of star-shaped styrenic copolymers with
different functional groups.

Polymers Tg(°C)2  Tonset °C)®  Tmax (°C) ¢  Char Yield (%) ¢
Pl-a 96 286 405 4
P2-a 100 271 394 6
P3-a 125 328 401 15
P1-b 103 287 417 8
P2-b 105 235 392 8
P3-b 141 336 387 23
Pl-c 102 264 402 12
P2-c 109 218 385 14
P3-c 160 306 409 28
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Table: 5.2. Continuation of the table.

aTgis the glass transition temperature (The midpoint of the heat capacity
change was taken) of the polymers in DSC experiments.

b Tonset iS the onset decomposition temperature (3% mass fraction loss) of
the polymers in TGA experiments.

¢ Tmax IS the temperature corresponding to the maximum rate of weight loss

in TGA experiments.

d The percent of the mass remained at 700 °C in TGA experiments.
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Figure 5.7: TGA thermograms of P1, P2, P3 series polymers.

Thermal stabilities of the synthesized tetra-armed star-shaped copolymers were
studied via TGA experiments under inert nitrogen atmosphere. Percent weight
loss/temperature curves of the P1-P3 series star-shaped copolymers were
demonstrated in Figure 5.7. The data related to their initial (Tonset) and maximum (Tmax)
decomposition temperatures as well as their percent char yields were summarized in
Table 5.2. In these thermograms, chloride-functional star copolymers decomposed in
a single step starting around 264-287 °C, whereas azide-functional copolymers showed
two-step decomposition profiles due to evolution of nitrogen gas above 200 °C [77-
78]. Besides, the amount of decomposition in the first step and decrease in the Tonset
values of the star copolymers became more remarkable as the azide content of the
copolymers was increased. On the other hand, incorporation of pyrene-functional units

considerably enhanced Tonset Values of the star copolymers as well as their char yields.
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5.2. Characterization of Pyrene Functional Three-Armed
Star-Shaped Styrene Copolymers (P6-(a-c))

Tri-Pyrene Functional Star-Shaped Styrene Copolymers (P6-(a-c)) were
prepared using styrene (St) and 4-vinylbenzylchloride (VBCI) as the monomer at
different molar ratios (St:VBCI; 100:5, 100:10 and 100:15 per arm). Chemical
structures of the synthesized small molecular compounds and star-shaped styrenic
copolymers were determined by FTIR and *H NMR spectroscopies. Also used GPC,
DSC and TGA characterization techniques for chemical structure determination.
Finally, nitroaromatic sensing applications of pyrene functional polystyrene
copolymers were performed via fluorescence spectroscopy.

The synthesis of pyrene-functional star-shaped styrenic copolymers (P6-(a-c))
were started with the preparation of the tri-bromo functional compound (3) through
esterification of pentaerythritol and 2-bromoisobutyryl bromide. Then, an atom
transfer radical addition (ATRA) reaction between bromide functional groups of 3 and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in the presence of CuBr/PMDETA
catalyst system produced a novel tri-TEMPO functional alkoxyamine compound (4).
Subsequently, compound 4 was employed a unimolecular initiator in the NMP of St
and VBC at different monomer feed ratios to produce a tri-armed styrenic star
copolymers with chloride side-functional units (P4-(a-c)). Then, chloride side-groups
of (P4-(a-c)) were reacted with sodium azide in DMF, yielding azide-functional star-
shaped styrenic copolymers (P5-(a-c)). Finally, pyrene-functional styrenic star
copolymers (P6-(a-c)) were obtained quantitatively through 1,3-dipolar cycloaddition

(click) reaction between azide-functional groups of (P5-(a-c)) and 1-ethynylpyrene.
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Figure 5.8: FTIR spectra of compound 3, 4.

Chemical structures of the synthesized small molecular compounds and star-
shaped styrenic copolymers were determined by FTIR and *H NMR spectroscopies.
In the FTIR spectra of compound 3 and 4 (Figure 5.8), aliphatic CH and C=0
stretching signals were observed around 2800-3000 and 1730 cm™, respectively.
Besides, NO stretching frequencies of compound 4 were overlapped by those of

geminal CHs deformations of TEMPO unit.
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Figure 5.9: *H NMR spectra of compound 3, 4.

The most meaningful information on the success of the synthesis of compound
3 and 4 came from their 'H NMR spectra (Figure 5.9). The methylene (Hp,
CH20C=0), (Hc, CH2-CHs3) and terminal CHs protons (Ha and Hq) of 3 resonated at
4.35, 1.63, 1.96 and 0.97 ppm, respectively. Upon ATRA reaction of compound 3 with
TEMPO, the signals of these protons (Hb, Ha and Hq) shifted to higher magnetic field
and were observed at 4.08, 1.46 and 0.91 ppm, respectively, indicating completeness
of the reaction. Besides, some new peaks were also observed at 1.00-1.14 and 1.40-

1.70 ppm, which were attributed to methyl and methylene protons of TEMPO moiety.
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Figure 5.10: 3C NMR spectra of compound 3, 4.

The structure of initiator 3 and 4 was also confirmed by **C NMR spectroscopy
(Figureb5.10). The terminal methyl carbon atom (g) gave resonance at 7.58 ppm. The
peak (a) of six methyl carbon atoms of 3 was presented as a sharp peak at 30.81 ppm
in the spectrum. Quaternary carbon atoms (b and e) gave resonance at 55.55 and 42.09
ppm, relatively. The methlyene carbon signals (d) and (f) are at 64.87 and 23.23 ppm,
respectively. Carbonyl carbons (c) gave resonance at 171.30. The methylene and
methyl and quaternary carbon atoms in the TEMPO rings of 4 (labeled as a, b, c, d, )
are clearly seenat 17.06, 40.51, 63.76, 24.67 and 20.47 ppm in the spectrum, relatively.
The peak (f) of six methyl carbon atoms was also presented as a one peak at 33.49 ppm
in the spectrum. Quaternary carbon atoms (g and j) gave resonance at 81.24 and 41.05
ppm, relatively. The methlyene carbon signals (i and k) were at 59.58 and 22.52 ppm,
respectively. Carbonyl carbons (h) gave resonance at 175.50 (lowest field). Besides,
the terminal -CHz carbon atom (I) was shown at highest field (7.25 ppm).

In the mass spectra of initiators 3 and 4 obtained in the positive ion mode. The

experimental results (m/z= 601.4 (M+Na)) was very close to the theoretically expected
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one (m/z=577.9). Threotical mass of initiator (2), m/z: 809.61. The found m/z value is
810.59 (M+1) in the spectrum (Appendix A). Thus, all the above results confirmed the

successful synthesis of initiators 3 and 4.
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Figure 5.11: FTIR spectra of P4, P5, P6 series polymers.

FTIR spectra of styrenic tri-functional star copolymers were demonstrated in
Figure 5.11. In these spectra, aromatic and aliphatic CH stretching signals of the tri-
functional star copolymers were observed around 3026—3080 and 2840-2920 cm !,
respectively. The peaks seen at 1601, 1493 and 1452 cm™! were assigned to aromatic
C=C stretching frequencies in the phenyl rings. On the other hand, C=0 stretching
signal of the initiator was hardly seen at 1730 cm™ due to dilution of this residue in the
polymer structure. Upon the reaction of the chloride functional styrenic star polymers
(P4-(a-c)) with sodium azide, emergence of a new signal emerged at 2095 cm™ in the
the FTIR spectrum of P5-(a-c) is a qualitative indication for the presence of azide
functional unit in the chemical structure of the yielded polymers (P5-(a-c)). Then, after
the Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction between P5-(a-c) and 1-
ethynylpyrene, the complete disappearance of this signal indicated that azide-

functional units were quantitively converted to pyrene groups, yielding P6-(a-c).
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'H NMR spectra of the styrenic tri-functional star copolymers were given in
Figure 5.12. In these spectra, the polymer backbone protons gave signals between 1.44
and 2.02 ppm, while aromatic CH protons (Hay) in styrene and vinylbenzyl repeating
units produced resonances between 6.47— 7.11 ppm. In the *H NMR spectrum of P4-
(a-c) (Figure 5.12b), the signal of the methylene protons (Hc) adjacent to the benzene
ring was observed at 4.52 ppm, and shifted slightly to higher magnetic field (4.21 ppm)
as a result of azidification. After 1,3-dipolar cycloaddiditon (click) reaction between
P5-(a-c) with 1-ethynylpyrene, these signals moved to downfield and gave resonances
at 5.47 ppm. The clear shift of Hc protons on azidification and click reactions further
proves the success of the reactions. Besides, some new proton resonance signals were
seen in the *H NMR spectrum of P6-(a-c) and they were attributed to triazole methine
protons (Hg, 8.70 ppm) and aromatic CH protons of pendant pyrene units (He, 7.68-
8.68 ppm).

Average molecular weights (Mn and Mw) and polydispersity indexes (PDIs) of
the obtained star-shaped styrenic polymers were determined via gel permeation
chromatography (GPC) analysis. The star polymers demonstrated monodisperse
chromatogram curves with reasonably low PDI values between 1.34 and 1.51, pointing
out that either polymerization products or post-modified polymers contained only the
targeted ones. On the other hand, the values obtained through GPC experiments are
only estimated results based on linear polystyrene standards. Unfortunately, these
calibration standards have different hydrodynamic volumes from the synthesized star-
shaped polymers with different functional units. Therefore, average molecular weights
obtained from conventional GPC experiments have limited reliability with respect to
those obtained via NMR calculations [30]. In the *H NMR spectra of the prepared star
polymers, any discernable signal belonging to terminal TEMPO and initiating core
residues were not observed since they are overlapped by those of the repeating units
or diluted by those of long polymer chains. On the other hand, m/n ratios for the
monomeric residues (see Figure 4.2) were calculated from ratios of integral peak areas
aromatic phenyl (CsHs plus CeHs-CH>-) and methylene protons next to the benzene
ring (CsHs—CH2) and were summarized in Table 5.3. Thus, the molar mass of the
polymer fragments having single functional grup (-Cl or -N3) were computed with the
equation (m/n) X My of styrene + My, of chloride or azide functional repeating units
[61].
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Table 5.3: Results of the tri-armed star-shaped styrenic copolymers with different
side-functional groups.

Polymers Feeds Composition Mn NMR Mn,cpc®  Mw/Mn P Functional
(n/m) Groups

P4-a 100:5 10.1 13400 12100 151
P4-b 100:10 6.7 14900 11500 1.44 -Cl
P4-c 100:15 3.9 17600 11200 1.44
P5-a 100:5 10.1 13500 12300 151
P5-b 100:10 6.7 15000 11750 1.46 -N3
P5-c 100:15 3.9 17800 11350 1.46
P6-a 100:5 10.1 15800 12600 1.44 1\\IN )
P6-b 100:10 6.7 18700 12200 1.34 N O
P6-c 100:15 3.9 24600 11700 1.35 "O

2 See Figure 4:2 for “n” and “m”. It was calculated from ratios of integral peak areas aromatic phenyl

(CsHs plus CgH4-CH,-) and methylene protons next to the benzene ring (CsHs—CHy) in related 'H

NMR spectra.

® Mn.cpc and Mw/Mn were determined via GPC analysis using linear polystyrene calibration standards

with narrow molecular weight distributions.
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Figure 5.13: DSC curves of P4, P5, P6 series polymers.

Differential scanning calorimetry (DSC) experiments were conducted to
determine thermal phase transitions of the prepared styrenic tri-armed star copolymers.
The midpoint of the heat capacity change was taken as glass transition temperature
(Tg) and the relevant data were presented in Table 5.4. DSC thermograms of P4-P6
series copolymers were demonstrated in Figure 5.13. In these thermograms, Ty of
chloride-functional tetra-armed star shaped (P4-(a-c)) were found to be close to each
other. Upon incorporation and increase in the number of azide-functional units, only
slight enhancement was observed in the Ty values of the copolymers (P5-(a-c)). On
the other hand, binding of pendant bulky pyrene groups raised substantially the T4 of
P4-c by 25 °C and increase in Tq values of the pyrene-functional copolymers were
getting more pronounced for P5-c (36 °C) and P6-c (51 °C) as their pyrene contents
were increased. These results were attributed to the increase in the rigidity of the
pyrene-functional star copolymers due to w-stacking interaction between pyrene side-

units, as well as their bulky structure [30].
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Table 5.4: Thermal properties of tri-armed star-shaped styrenic copolymers

with different functional groups.

Polymers Tg(°C)2  Tonset °C)®  Tmax (°C) ¢ Char Yield (%) ¢
P4-a 103 290 403 3
P5-a 106 262 401 4
P6-a 125 338 397 10
P4-b 103 267 406 3
P5-b 100 235 390 3
P6-b 137 340 381 17
P4-c 103 281 409 6
P5-c 97 224 382 6
P6-C 143 340 386 22

aTyis the glass transition temperature (The midpoint of the heat capacity change was taken)

of the polymers in DSC experiments.

b Tonset is the onset decomposition temperature (3% mass fraction loss) of the polymers in

TGA experiments.

® Tmax IS the temperature corresponding to the maximum rate of weight loss in TGA

experiments.

d The percent of the mass remained at 700 °C in TGA experiments.
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Figure 5.14: TGA thermograms of P4, P5, P6 series polymers.
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Thermal stabilities of the synthesized tri-armed star-shaped copolymers were
studied via TGA experiments under inert nitrogen atmosphere. Percent weight
loss/temperature curves of the P4-P6 series star-shaped copolymers were
demonstrated in Figure 5.14. The data related to their initial (Tonset) and maximum
(Tmax) decomposition temperatures as well as their percent char yields were
summarized in Table 5.4. In these thermograms, chloride-functional star copolymers
decomposed in a single step starting around 267-290 °C, whereas azide-functional
copolymers showed two-step decomposition profiles due to evolution of nitrogen gas
above 220 °C [77-78]. Besides, the amount of decomposition in the first step and
decrease in the Tonset Values of the star copolymers became more remarkable as the
azide content of the copolymers was increased. On the other hand, incorporation of
pyrene-functional units considerably enhanced Tonset Values of the star copolymers as

well as their char yields.

5.3. Characterization of Pyrene Functional Linear Styrene
Copolymers (P9-(a-c))

Pyrene Functional Linear Styrene Copolymers (P9-(a-c)) were prepared using
styrene (St) and 4-vinylbenzylchloride (VBCI) as the monomer at different molar
ratios (St:VBCI; 100:5, 100:10 and 100:15 per arm). Chemical structures of the
synthesized small molecular compounds linear styrenic copolymers were determined
by FTIR and *H NMR spectroscopies. Also used GPC, DSC and TGA characterization
techniques for chemical structure determination. Finally, nitroaromatic sensing
applications of pyrene functional polystyrene copolymers were performed via
fluorescence spectroscopy.

The synthesis of pyrene-functional linear styrenic copolymers (P9-(a-c)) were
started with the preparation of the di-bromo functional compound (5) through
esterification of ethyleneglycol and 2-bromoisobutyryl bromide. Then, an atom
transfer radical addition (ATRA) reaction between bromide functional groups of 5 and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in the presence of CuBr/PMDETA
catalyst system produced a novel TEMPO functional alkoxyamine compound (6).
Subsequently, compound 6 was employed a unimolecular initiator in the NMP of St
and VBC at different monomer feed ratios to produce linear copolymers with chloride

side-functional units (P7-(a-c)). Then, chloride side-groups of (P7-(a-c)) were reacted
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with sodium azide in DMF, yielding azide-functional linear styrenic copolymers (P8-
(a-c)). Finally, pyrene-functional styrenic linear copolymers (P9-(a-c)) were obtained
quantitatively through 1,3-dipolar cycloaddition (click) reaction between azide-

functional groups of (P8-(a-c)) and 1-ethynylpyrene.
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Figure 5.15: FTIR spectra of compound 5, 6.

Chemical structures of the synthesized small molecular compounds and linear
styrenic copolymers were determined by FTIR and *H NMR spectroscopies. In the
FTIR spectra of compound 5 and 6 (Figure 5.15), aliphatic CH and C=0 stretching
signals were observed around 2850-3000 and 1730 cm™, respectively. Besides, NO
stretching frequencies of compound 6 were overlapped by those of geminal CH3
deformations of TEMPO unit.
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Figure 5.16: *H NMR spectra of compound 5, 6.

The most meaningful information on the success of the synthesis of compound
5 and 6 came from their *H NMR spectra (Figure 5.16). The methylene (CH.OC=0)
and terminal CHs (a) protons of 5 resonated at 4.45 and 1.95 ppm, respectively. Upon
ATRA reaction of compound 5 with TEMPO, the signals of these protons shifted to
higher magnetic field and were observed at 4.35 and 1.49 ppm, respectively, indicating
completeness of the reaction. Besides, some new peaks were also observed at 1.01-
1.61 and 1.40-1.80 ppm, which were attributed to methyl and methylene protons of
TEMPO moiety.
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Figure 5.17: 3C NMR spectra of compound 5, 6.

The structure of initiator compounds 5 and 6 was also confirmed by *C NMR
spectroscopy (Figure 5.17). The peak (a) of four methyl carbon atoms of 5 was
presented as a sharp peak at 30.69 ppm in the spectrum. Quaternary carbon atom (b)
gave resonance at 55.34 ppm. The methlyene carbon signal (d) is at 63.19 ppm.
Carbonyl carbons (c) gave resonance at 171.42. The methylene and methyl carbon
atoms in the TEMPO ring of the compound 6 (labeled as a, b, c, d, ) are clearly seen
at 17.07, 40.58, 62.68, 20.49 and 24.47 ppm in the spectrum, relatively. Quaternary
carbon atom (f) gave resonance at 81.11 ppm. The peak (g) of four methyl carbon
atoms was also presented as a one peak at 33.49 ppm in the spectrum. The methlyene
carbon signals (i) is at 59.57 ppm. Carbonyl carbons (h) gave resonance at 175.81.

In the mass spectra of initiator 6 obtained in the positive ion mode, the
experimental result (m/z= 513.4 (M+1)) was very close to the theoretically expected
one (m/z=512.4). (Appendix A).
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Figure 5.18: FTIR spectra of P7, P8, P9 series polymers.

FTIR spectra of linear copolymers were depicted in Figure 5.18. In these spectra,
aromatic and aliphatic CH stretching signals of the linear copolymers were observed
around 3026—3080 and 2840—2920 cm™!, respectively. The peaks seen at 1601, 1493
and 1452 cm™! were assigned to aromatic C=C stretching frequencies in the phenyl
rings. On the other hand, C=0 stretching signal of the initiator was hardly seen at 1730
cmt due to dilution of this residue in the polymer structure. Upon the reaction of the
chloride functional styrenic linear polymers (P7-(a-c)) with sodium azide, emergence
of a new signal emerged at 2095 cm™ in the the FTIR spectrum of P8-(a-c) is a
qualitative indication for the presence of azide functional unit in the chemical structure
of the yielded polymer (P8-(a-c)). Then, after the Cu(l)-catalyzed 1,3-dipolar
cycloaddition reaction between P8-(a-c) and 1-ethynylpyrene, the complete
disappearance of this signal indicated that azide-functional units were quantitively
converted to pyrene groups, yielding P9-(a-c).
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'H NMR spectra of the styrenic linear copolymers were given in Figure 5.19. In
these spectra, the polymer main chain protons gave signals between 1.44 and 2.05
ppm, while aromatic CH protons (Hapb) in styrene and vinylbenzyl repeating units
produced resonances between 6.47— 7.11 ppm. In the *H NMR spectrum of P7-(a-c)
(Figure 5.19b), the signal of the methylene protons (Hc) adjacent to the benzene ring
was observed at 4.52 ppm, and shifted slightly to higher magnetic field (4.23 ppm) as
a result of azidification. After 1,3-dipolar cycloaddiditon (click) reaction between P8-
(a-c) with 1-ethynylpyrene, these signals moved to downfield and gave resonances at
5.53 ppm. The clear shift of Hc protons on azidification and click reactions further
proves the success of the reactions. Besides, some new proton resonance signals were
seen in the *H NMR spectrum of P9-(a-c) and they were attributed to triazole methine
protons (Hg, 8.68 ppm) and aromatic CH protons of pendant pyrene units (He, 7.70-
8.18 ppm).

Average molecular weights (Mn and Mw) and polydispersity indexes (PDIs) of
the obtained linear styrenic polymers were determined via gel permeation
chromatography (GPC) analysis. The polymers demonstrated monodisperse
chromatograms with reasonably low PDI values between 1.25 and 1.35, pointing out
that either polymerization products or post-modified polymers contained only the
targeted ones. Moreover, the values obtained through GPC experiments are only
estimated results based on linear polystyrene standards. Unfortunately, these
calibration standards have different hydrodynamic volumes from the synthesized
linear polymers with different functional units. Therefore, average molecular weights
obtained from conventional GPC experiments have limited reliability with respect to
those obtained via NMR calculations.[30] In the *H NMR spectra of the synthesized
polymers, any discernable signal belonging to terminal TEMPO and initiating core
residues were not observed since they are overlapped by those of the repeating units
or diluted by those of long polymer chains. On the other hand, m/n ratios for the
monomeric residues (see Figure 4.3) were calculated from ratios of integral peak areas
aromatic phenyl (CsHs plus CeHs-CH>-) and methylene protons next to the benzene
ring (CsHs—CH2) and were summarized in Table 5.5. Thus, the molar mass of the
polymer fragments having single functional grup (-Cl or -N3) were computed with the

equation (m/n) x Mw of St + Mw of chloride or azide functional repeating units.[61]
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Table 5.5: Results of the linear styrenic copolymers with different side-functional

groups.
Polymers Feeds Composition * Mn NMR Mn,cpc® Mw/Mn P Functional
(n/m) Groups
P7-a 100:5 8.4 29900 8200 1.29
P7-b 100:10 4.8 37800 7700 131 -Cl
P7-c 100:15 3.7 25000 7400 1.35
P8-a 100:5 8.4 30100 8300 1.29
P8-b 100:10 4.8 38000 850 1.31 -N3
P8-c 100:15 3.7 25200 7600 1.35
P9-a 1005 8.4 36600 8400 1.29 &N :
P9-b 100:10 4.8 51200 8000 1.25 N O
P9-c 100:15 3.7 33500 7700 1.29 "O

2 See Figure 4:3 for “n” and “m”. It was calculated from ratios of integral peak areas aromatic phenyl

(CeHs plus CeHa-CH,-) and methylene protons next to the benzene ring (CsHa—CH,) in related *H

NMR spectra.

® My.cpc and Mw/M, were determined via GPC analysis using linear polystyrene calibration standards

with narrow molecular weight distributions.
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Figure 5.20: DSC curves of P4, P5, P6 series polymers.

Table 5.6: Thermal properties of linear styrenic copolymers with different
functional groups.

Polymers Tg (°C)?  Tonset °C) b Tmax (°C) ¢ Char Yield (0/0) d

P7-a 90 260 403 4
P8-a 100 222 400 6
P9-a 128 301 413 10
P7-b 93 272 399 4
P8-b 102 229 383 6
P9-b 137 283 397 12
P7-c 96 274 407 5
P8-c 105 230 386 7

P9-c 142 330 BYe 14




Table: 5.6: Continuation of the table.

aTyis the glass transition temperature (The midpoint of the heat capacity change was taken)
of the polymers in DSC experiments.

b Tonset iS the onset decomposition temperature (3% mass fraction loss) of the polymers in
TGA experiments.

¢ Tmax IS the temperature corresponding to the maximum rate of weight loss in TGA
experiments.

4 The percent of the mass remained at 700 °C in TGA experiments.

Differential scanning calorimetry (DSC) experiments were conducted to
determine thermal phase transitions of the prepared styrenic linear copolymers. The
midpoint of the heat capacity change was taken as Ty and the related data were
presented in Table 5.6. DSC thermograms of P7-P9 series copolymers were
demonstrated in Figure 5.20. In these thermograms, Tq of chloride-functional linear
polymers (P7-(a-c)) were found to be close to each other. Upon incorporation and
increase in the number of azide-functional units, only slight enhancement was
observed in the T4 values of the copolymers (P8-(a-c)). On the other hand, binding of
pendant bulky pyrene groups raised substantially the Tq of P9-a by 28 °C and increase
in Ty values of the pyrene-functional copolymers were getting more pronounced for
P9-b (35 °C) and P9-c (37 °C) as their pyrene contents were increased. These results
were attributed to the increase in the rigidity of the pyrene-functional linear
copolymers due to m-stacking interaction between pyrene side-units, as well as their
bulky structure [30].
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Figure 5.21: TGA thermograms of P4, P5, P6 series polymers.
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Thermal stabilities of the synthesized linear copolymers were studied via TGA
experiments under inert nitrogen (N2) gas atmosphere. TGA thermograms of the P7-
P9 series copolymers were demonstrated in Figure 5.21. The data related to their initial
(Tonset) and maximum (Tmax) decomposition temperatures as well as their percent char
yields were summarized in Table 5.6. In these thermograms, chloride-functional
copolymers decomposed in a single step starting around 260-274 °C, whereas azide-
functional copolymers showed two-step decomposition profiles due to evolution of
nitrogen gas above 220 °C [77-78]. Incorporation of pyrene-functional units

considerably enhanced Tonset Values of the polymers as well as their char yields.

5.4. Spectrophotometric Measurements and Nitroaromatic
Sensing Applications of Pyrene-Functional Styrenic
Copolymers

The presence of pyrene moieties in P3-a, P3-b, P3-c, P6-a and P9-a were further
confirmed by absorption and fluorescence spectroscopy experiments and their UV-vis
spectra in DMF were demonstrated in Figure 5.22(a), along with 1-ethynylpyrene for
comparison purposes. In these spectra, all of the pyrene side-functional copolymers
demonstrated typical pyrene absorption bands with strong broadening above 300 nm,
regardless of their topologies. This peak broadening indicated ground state pyrene-
pyrene association [42,79] induced by increased local concentration of pyrene units on
the polymer skeleton [80]. P3-a, P3-b, P3-c and P6-a showed featureless broad bands
between 390 and 450 nm and their absorptions in this spectral range were much
stronger than that of the linear copolymer (P9-a). Whereas, 1-ethynylpyrene, as an
analogous compound to pyrene, did not make any absorption in this range. These
results were thought to indicate that the emergence of broad band in the UV-vis spectra
of pyrene-pendant copolymers were resulted from m —n* electron transitions induced
by close proximity of the pyrene pendant groups on the polymer chains [81].

The fluorescence spectra of pyrene P3-a, P3-b, P3-c, P6-a and P9-a along with
that of 1-ethynylpyrene were demonstrated in Figure 5.22(b). As seen from the Figure
5.22(b), 1-ethynylpyrene depicted characteristic pyrene monomer emission bands with
maxima at 391 and 405 nm. On the other hand, there observed broad excimer emission
bands with a maximum around 485 nm as well as well-structured pyrene monomer

emission signals in the emission spectrum of the pyrene-pendant star and linear
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copolymers. The monomer emission intensity of the linear P9-a polymer was stronger
than those of the pyrene-pendant star copolymers. Besides, as the pyrene contents of
the tetra-armed star copolymers were increased from P3-a to P3-b, intensities of their
monomer emission bands considerably weakened with respect to the excimer emission
bands due to increased local concentration of pendant pyrene units in the polymer arms
[80,82]. The intensity of the monomer emission of tri-functional star-shaped polymer

P6-a appears to be close to the monomer intensity value of P3-a.
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Figure 5.22: a) Absorption and b) emission spectra of 1-ethynylpyrene (1.33x10°
M), P3-a (2.56x10° M), P3-b (2.78x10° M), P3-c (3.22x10° M), P6-a (2.47x107°
M), P9-a (2.93x10° M) in DMF at room temperature.

Pyrene and its derivatives in solid or solution phase have been widely used in
the fluorometric determination nitroaromatic compounds. Pyrene itself gives monomer
emissions in various solvents at dilute concentrations and it needs to be concentrated
to millimolar or higher concentrations to produce excimer emissions [83]. Since,
excimer emissions of pyrene are prone to be affected by the polarity of the environment
[40,46] and have been commonly used in turn-off fluorescence detection of various
quencher molecules.

The potential of pyrene functional polystyrene copolymers as fluorescent probes
towards nitroaromatic compounds were evaluated in DMF at 350 nm excitation
wavelength (Aext) at room temperature. The Figure 5.23 depicts fluorescence emission
spectra of P3-a before and after titration with different concentrations of picric acid
(PA) from 1 to 25 equivalents (to number of moles of pyrene units). These spectra
explicitly show significant and gradual changes in the emission intensity of P3-a upon
the addition of increasing amounts of PA. The quenching efficiency (QE) of PA was
calculated using the following formula: QE=((lo — 1)/10)x100, where lo and | are the
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emission intensities before and after the addition of PA, respectively. According to
Figure 5.23(b), P3-a lost 31.5% of its initial fluorescence emission intensity after the
addition of 1 equivalent of PA, it showed very strong quenching (around 75%) at a
slightly higher concentration (5 equivalent), and finally full quenching was observed
when PA concentration reached 25 equivalents ratio. On the other hand, Figure 5.23(c)
provides visual proof for the quenching phenomenon of P3-a with PA. The
photographic images from left to right belong to P3-a solutions in quartz cuvettes
before and after the addition of 5, 10, 15, 20, and 25 equivalent of PA under UV light
(Aext-254 nm) at room temperature. The image clearly shows gradual decrease in the
fluorescence emission intensity of P3-a up to complete quenching as the concentration

of PA in the media increases.
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Figure 5.23: a) Fluorescence emission spectra and b) quenching ratios of P3-a in

the presence of increasing concentrations of PA. c) The photographic images of

P3-a solutions in quartz cuvettes under UV light at room temperature before and
after the addition of 25 eq. of PA.

Fluorescence emission quenching ratios of pyrene-functional star-shaped
polymers (P3-a, P3-b, P3-c, P6-a) and the linear polymer (P9-a) in the presence of 25
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equivalents of PA were shown in Figure 5.24 As it is seen from the figure that all of
the star-shaped and linear polymers gave very similar responses to the presence of PA.
Besides, as the pyrene content of the tetra-armed polymers increased from P3-a to P3-
c, there observed only very slight and insignificant enhancement in their quenching
ratios, due to increased probability of pyrene groups to approach PA molecules in
proper orientations. Shortly, the obtained results showed that the differences in the
topology of these pyrene-functional polymers did not much affect their fluorescence
emission behaviors and quenching ratios in the presence PA. Fluorescence emission
quenching ratios of all synthesized polymers in the presence of increasing
concentrations of NACs presented in Appendix B.
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Figure 5.24: Quenching ratios of P3-a, P3-b, P3-c, P6-a, P9-a in the presence of
25 equivalents of picric acid.

Selectivity is a key parameter for a sensing material to be used in real-life
applications, thus, the interference of other widespread nitroaromatics was
investigated. Fluorescence emission spectra of P3-a before and after addition of 25
equivalents of different nitroaromatic compounds were depicted in Figure 5.25. It is
notable that the presence of 25 eq. of 2,4-dinitrophenol (DNP) and 4-nitrophenol (NP)
effectively decreased fluorescence emission intensity of P3-a by 84.2% and 82.6%,
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respectively. In other respects, 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotolunene
(DNT), and 4-nitrotoluene (NT) were found to quench the emission intensity only by
44.0%, 32.6%, and 28.8%, respectively. It is remarkable that increase in the number
of nitro groups on the aromatic rings of nitrophenols or nitrotoluenes enhanced their
quenching efficiencies towards P3-a and the highest quenching efficiency was
obtained with PA (99.4%). Curiously, 4-nitrophenol (NP) had more quenching effect
(almost two-fold) than 2,4,6-trinitrotoluene (TNT) on P3-a and this higher quenching
efficiency of NP may be attributed to its stronger binding affinity to P3-a. Pyrene units
are attached to the polymer chains through triazole bridges and these connecting units
include three highly electronegative nitrogen atoms which makes the triazole C°-H
bonds strongly polarized [84]. These C°-H hydrogen atoms can make effective
hydrogen bonding with nitroaromatic compounds [85] and it appears to be as a clear
explanation for the sensitivity of the pyrene-functional polymers in this study. On the
other hand, nitrophenols have strongly polarized O-H bonds and they behave as weak
acids [86-87]; therefore, they have the ability to form strong complexes through C-H
and N-N=N parts of triazole group. These charactestics of nitrophenols make them

superior quenchers for the pyrene-functional polymers in this thesis project.
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6. CONCLUSION

Fluorescence active polymers are one of the best alternative materials for
selective and sensitive detection of nitroaromatic compounds (NACSs). Pyrene is a very
important PAH compound and have been the most frequently used fluorophore to
prepare fluorescently labeled polymers. Pyrene-containing polymers were mainly used
as fluorescence probes against nitroaromatic compounds. Star-shaped polymers have
been known to have several advantages over their linear analogues of the same
molecular weight, such as higher solubilities, lower solution and melt viscosities as
they have less chain entanglements due to their compact and branched molecular
structures. Whereas, the scientific papers and thesis studies reporting star-shaped
polymers having pyrene functional groups for fluorescence applications are rare. The
effect of polymer topology on fluorescence detection of NACs has been investigated
as extensively as it is in this thesis.

Within the scope of this dissertation study, novel tri-, tetra-armed star-shaped
and linear styrenic nine different copolymers having pyrene side-groups were
designed, successfully synthesized. The attained polymers were employed as
fluorescence sensing probe for fast and sensitive determination of nitroaromatic
compounds. The synthesis of the copolymers started with NMP of St and VBC in the
presence of Br- (1, 3 and 5) and novel TEMPO end-capped unimolecular NMP (2, 4
and 6) initiator compounds to yield chloride-functional linear and star copolymers
(P1-(a-c), P4-(a-c) and P7-(a-c)). Subsequent to the modification of chlorides to azide
groups (P2-(a-c), P5-(a-c) and P8-(a-c)), quantitative attachment of pyrene units was
succeeded via 1,3-dipolar cycloaddition reaction between 1-ethynylpyrene and azide-
functional groups of the copolymers (P2-(a-c), P5-(a-c) and P8-(a-c)), yield pyrene-
functional (P3-(a-c), P6-(a-c) and P9-(a-c)). The success and completeness of the
reactions for the synthesis of the small compounds and the copolymers were confirmed
via FTIR and 'H NMR spectroscopic measurements. Besides, monodisperse
chromatogram curves of these copolymers and as well as their reasonably low PDI
values obtained from GPC analysis provided further proofs for the effectiveness of the
synthetic procedure to produce targeted linear and star copolymers. The presence of
pyrene units in the styrenic copolymers were further confirmed by absorption and

fluorescence spectroscopy measurements. These pyrene-containing copolymers
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depicted typical pyrene absorption bands with strong broadening above 300 nm,
indicating ground state pyrene-pyrene association, due to increased local concentration
of pendant pyrene units on the polymer chains. In the fluorescence experiments, they
gave characteristic pyrene monomer emission signals with maxima at 391 and 405 nm
as well as broad excimer bands centered around 485 nm. The monomer emission
intensity of the linear analogue polymers was stronger than those of star-shaped ones
and these signals of the star copolymers weakened with respect to their excimer
emission bands as their pyrene contents increased from P3-a to P3-c due to increased
close proximity of the pyrene groups. P3-(a-c) gave very sensitive responses to the
presence of nitroaromatic compounds and it was attributed to the hydrogen binding
interaction of the polymers through their triazole linkers with considerably high dipole
moment. The highest quenching efficiency was observed for PA (99.4%) followed by
DNP (84.2%), NP (82.6%), TNT (44.0%), DNT (32.6%), and NT (28.8%). High
quenching ability of nitrophenolic compounds was attributed to their strong binding
affinity for P3-(a-c) due to the acidity of phenolic hydroxyl units. On the other hand,
guenching ratios of P3-(a-c), P6-a-c and P9-a in the presence of 25 equivalents of PA
were observed to be very close to each other. These results indicated that P3-(a-c), P6-
a and P9-a are promising polymers to be used as selective and sensitive probes for the

fluorescence detection of phenolic nitroaromatic compounds, especially picric acid.
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APPENDICES

Appendix A: Mass Spectra of Small Compounds

S103775689 M+1
e

380 1000 1020 1040 1060 1080 1100 1120 1140 1180 1180
Counts vs. Mass-to-Charge (m/'z)
Figure A 1.1: Mass spectra of compound 2.
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Figure A 1.2: Mass spectra of compound 4.
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Figure A 1.3: Mass spectra of compound 6.
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Appendix B: Fluorescence Emission Quenching Spectra of Polymers
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Figure B 1.1: Quenching ratios of P3-a in the presence of increasing

concentrations of a) NP, b) DNP, ¢) NT, d) TNT in DMF at room temperature.
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Figure B 1.2: Quenching ratios of a) P3-a, b) P3-b, ¢) P3-c in the presence of

increasing concentrations of PA.
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Figure B 1.3: Quenching ratios of a) P6-a, b) P9-b in the presence of increasing
concentrations of PA.
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