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SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS OF DYES
EMITTING IN THE UV-VIS AND NEAR INFRARED REGIONS

SUMMARY

In this thesis, synthesis, characterization and applications of synthetic organic dyes,
especially Aza-BODIPY derivatives, which can absorb and emit light in a wide
wavelength range are discussed. Aza-BODIPY dyes have remarkable applications in
various fields such as biological imaging, photodynamic therapy and sensor
technologies due to their light emitting properties in the near infrared (NIR) region
(700-1700 nm). In this study, two different Aza-BODIPY derivatives were
synthesized using the O'Shea method: one was unsubstituted and the other had a
structure containing para-hydroxyl (p-OH) group. Then, the unsubstituted Aza-
BODIPY compound was converted to new derivatives containing bromine and formyl
groups by bromination and formylation processes. These three different dye molecules
were used in the detection of nitroaromatic compounds and the effects of different
electron donating (EDG) and electron withdrawing (EWG) groups on the sensor
performance were investigated.

In the second application, a selective IDA (Indicator Displacement Assay) sensor
system against halogen ions (especially fluoride ion) was designed by combining Aza-
BODIPY and calix[4]pyrrole molecules. There is no study in the literature where these
two molecules are used together as sensors. In the third and last application, the Aza-
BODIPY derivative was integrated into the PGMA-b-OEGMA polymeric system
synthesized by RAFT polymerization. This system was made compatible with
biological environments and a potential structure was created for intracellular imaging
applications.

The results obtained revealed that different functional groups attached to the Aza-
BODIPY center directly affect the electronic structure of the system and determine the
sensor performance. EDG groups increased the electron density of Aza-BODIPY and
provided stronger interaction with nitro compounds, while EWG groups weakened the
PET mechanism and decreased the sensitivity. However, exceptional cases such as the
resonance effect of the formyl group showed that this limitation can be overcome.

The Aza-BODIPY dye was incorporated into a polymeric framework and rendered
suitable for biological environments in the second use. Studies using intracellular
imaging may be possible with this structure. The third use was the creation of an IDA
sensor system that was selective for halogen ions, particularly fluoride ions, by
conjugating the Aza-BODIPY molecule with the calix[4]pyrrole structure.

The study generally emphasized the advantages of Aza-BODIPY dyes such as high
photostability, wide wavelength tunability and structural flexibility, while also
evaluating some limitations such as selectivity and solubility. This thesis sheds light
on the future applications by revealing the versatile usage potential of Aza-BODIPY
based systems.
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UV-GORUNUR VE YAKIN KIZILOTESIi BOLGELERDE ISIMA YAPAN
BOYALARIN SENTEZi, KARAKTERIZASYONU VE UYGULAMALARI

OZET

Rodamin, siyanin, ftalosiyanin, BODIPY ve Aza-BODIPY gibi ¢esitli sentetik organik
boyalar, benzersiz fotofiziksel 6zellikleri nedeniyle son yillarda 6nemli ilgi gérmiistiir.
Bu 6zellikler, ¢ok ¢esitli dalga boylarinda 151k emisyonlarina ve yaymalarina olanak
tanir ve bu da ¢ok ¢esitli uygulamalarda kullamilmalari1 saglar. Ornegin, genis
spektrumlu fotofiziksel 6zellikleri nedeniyle, fotodinamik terapi ve fototermal terapi
gibi c¢esitli hastalik tedavilerinde ve hiicre i¢i goriintiileme ve biyolojik goriintiileme
gibi saglik teshisi icin kritik Oneme sahip teknolojilerde yaygin olarak
kullanilmaktadirlar. Bu tiir molekiiller, tibbi uygulamalardaki kullanimlarina ek
olarak, uygun fotofiziksel 6zellikleri ve enerji transferine izin veren molekiiler yapilari
sayesinde giines hiicreleri, kemosensdrler gibi enerji malzemeleri olarak da literatiirde
yer bulmustur.

Aza-BODIPY molekiilleri, Rogers tarafindan 1943'te kesfedildiklerinden beri
biyoloji, malzeme bilimi ve sensorler gibi alanlarda genis bir uygulama yelpazesi
bulmustur. Bu kadar ¢esitli uygulama yelpazesinin nedeni, 700-1700 nm araliginda
NIR emisyonuna sahip olmalari, BODIPY molekiillerinin ise sadece 520-600 nm
araliginda olmasi ve bu nedenle BODPIY 'nin Stokes kaymalarinin 10-25 nm arasinda
kalmasina ve zayif penetrasyon derinligine yol agmasidir. Aza-BODIPY'ler, mezo
pozisyona bir azot molekiiliiniin eklenmesiyle aromatik konjugasyonu artirdik¢a
batokromatik bir kayma sergiler. BODIPY molekiillerinin analoglari olmalarinin yani
sira, artan aromatik konjugasyon genellikle 90-100 nm arasinda Amax degerine sahip
Aza-BODIPY molekiilleri ile sonuglanir ve kullanim alanina bagli olarak {istiin
ozellikler saglar. Aza-BODIPY sentezi i¢in literatiirde O'shea yontemi, Carreria
yontemi ve Lukyantes yontemi olmak tizere li¢ farkli yontem 6nerilmektedir.

Bu calisma kapsaminda iki ana Aza-BODIPY molekiilii sentezlendi. Bu sentezler, E-
kalkon bilesiginden baglanarak O'shea yontemi ile sentezlendi. Sentezlenen boyalar,
stibstitiiye bir grup igermeyen bir Aza-BODIPY molekiilii ve p-OH grubu igeren bir
Aza-BODIPY molekiiliidiir. Daha sonra, siibstitiiye bir grup igermeyen bir Aza-
BODIPY molekiilii, brominasyon ve formilleme islemi ile brom ve formil grubu i¢eren
molekiillere doniistiiriildii. Burada elde edilen ti¢ farkli boya, bu farkli EDG (Elektron
Veren Grup) ve EWG (Elektron Ceken Grup) gruplarimin halka iizerindeki etkisini
incelemek i¢in nitroaromatik sensdrler olarak kullanildi. Boylece, bu gruplarin etkisi
literatlirde yapilan c¢alisma ile karsilastirildi.

Ikinci uygulama ¢alismasinda, kalix[4]pirol molekiiliiniin hidrojen baglar1 araciligiyla
cesitli anyonlar1 (6zellikle halojenleri) ytiksek segicilikle tanima 6zelliginden ve Aza-
BODIPY'nin sundugu floresan avantajlarindan yararlanilarak bir flor sensori
sentezlenmistir ve flor anyonlarina tepkisi incelenmistir. Literatiirde iki molekiiliin
sensOr gorevi gordiigi bir ¢alisma bulunmamaktadir.
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Son boliimde, sentezlenen Aza-BODIPY tiirevi polimerik sistemlere entegre edildi.
RAFT polimerizasyonu ile sentezlenen polimerik sistemler kullanildi: PGMA-b-
OEGMA. Bu polimerik sistemler, hiicre i¢i goriintiileme uygulamalarinda kullanilmak
lizere Aza-BODIPY molekiilii ile modifiye edildi. Fonksiyonellestirilmis Aza-
BODIPY tiirevi, floresan 6zellikleri sayesinde polimerlerin hiicre i¢i etkilesimlerinin
gorlntiilenmesine olanak tanir.

Sonug olarak, Aza-BODIPY c¢ekirdegine bagli farkl elektron verici (EDG) ve elektron
ceken (EWG) gruplarmin sistemin genel elektronik yapisi iizerindeki etkisi
arastirilmistir. p-OH Aza-BODIPY, bes farkli nitroaromatik bilesige karsi test edildi.
Sonuglara gore, ticari olarak temin edilebilen nitroaromatik molekiiller (TNT, DNT ve
MNT) incelendiginde, 1x10° civarinda benzer Ksv sonuglari elde edildi. Bu benzerlik,
p-OH Aza-BODIPY'in hidroksil gruplarmin varligi nedeniyle oldukga elektron
acisindan zengin olmasina ve elektron eksikligi olan nitroaromatik bilesiklerle giiglii
etkilesimlere olanak saglamasina baglanabilir, boylece bu nitroaromatikler arasindaki
elektron eksikligi derecesi, etkilesim kuvvetini belirlemede ihmal edilebilir hale
gelmistir. Tlging bir sekilde, nitroalifatiklere yonelik baglanma sabitinin, hidrojen bag
ile rasyonalize edilebilen herhangi bir nitroaromatik bilesikten daha yiiksek oldugu
gozlemlendi. p-OH Aza-BODIPY'teki fenolik hidroksil gruplari, nitroalifatik
molekiiliin asidik protonuyla hidrojen bagi kurulmasini saglayarak potansiyel olarak
floresan sondiirmeyi kolaylastirmistur. Tiim sonuglar gz oniine alindiginda, hidroksi
grubunun eklenmesi nitroaromatik bilesiklere olan afiniteyi artirirken, ayn1 zamanda
nitroaromatiklere yonelik segiciligi azaltir. Yukarida verilen birka¢ nedene
atfedilebilecek sekilde, p-OH Aza-BODIPY'iin suda ¢6ziinmiis TNP'ye en yiiksek Ksy
degerini verdigi goézlenmistir. TNP, fenolik hidroksil grubu nedeniyle diger
nitroaromatiklere gore daha asidik bir yapiya sahiptir. Bu durum, 6zellikle elektronca
zengin bir yapiya sahip olan p-OH Aza-BODIPY 'in gii¢lii n— istiflenmesi ve asit-baz
etkilesimi gostermesine neden olmustur. TNP'nin —OH grubu bir hidrojen bagi donorii
olarak hareket edebilir ve p-OH Aza-BODIPYin hidroksil gruplart baglanma sabitini
artirmistir. Sondiirme verimleri dikkate alindiginda, tiim test edilen nitro bilesiklerinde
%60-80 oraninda sondiirme goézlenmistir ve bu, suda hazirlandiginda toplam
sondiirme gosteren TNP harig, diisiik seciciligi gostermektedir. Bu durumun, Aza-
BODIPY molekiillerinin diisiik suda ¢oziiniirliiginden kaynaklandigi ve bunun sulu
sondiirme verimini etkilemis olabilecegi diisiiniilmektedir; ancak bu fark Onemli
goriilmemistir.

Brom atomu iceren Aza-BODPIY bilesigi ilk olarak bes ayr1 nitroaromatik kimyasalla
karsilastirilarak degerlendirildi. Sonuglar, ticari olarak erisilebilen nitroaromatik
bilesikler (TNP, TNT, DNT ve MNT) incelendiginde yaklasik 1x10* MYlik 6zdes Ksv
degerlerinin elde edildigini gosterdi. p-OH Aza-BODIPY"in aksine, Brom atomu
iceren Aza-BODIPY de farkli nitro bilesikleri ile yapilan titrasyonlarin sonuglarinin
benzer Ksv degerleri vermesinin nedenlerinden biri, bu bilesigin hidrojen bagi
yapabilen hidroksi gibi bir grup icermemesidir. Ote yandan, Ksy degerleri Brom atomu
iceren Aza-BODIPY ile yapilan titrasyonlara kiyasla daha diistiktir. p-OH Aza-
BODIPY 'in hidroksil gruplari, halkanin elektron zenginligini artiran ve elektron-zayif
nitro bilesikleri ile yiiksek Ksyv ile floresan sondiirmeye sahip olan elektron veren
gruplardir. Brom gruplart elektron ¢eken gruplardir ve Aza-BODPIY halkasinin
elektron yogunlugunu azaltarak diisiik Ks degerlerinin gdzlenmesine neden
olmuslardir. ilgingtir ki, Formil grubu igeren Aza-BODIPY bilesigi nitroaromatiklere
ve nitroalifatiklere benzer bir yanit gostermistir. Aza-BODIPY genellikle nitro
gruplarinin neden oldugu PET (fotoindiiklenmis elektron transferi) mekanizmasini
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tetikleyen elektron agisindan zengin bir n-sistemi igerir ve Aldehit grubu iceren Aza-
BODPIY bilesigi ve nitro bilesikleri benzer elektron alict kapasitelerine sahip
oldugundan, Ks/'ler yaklasik 1x10* M7 lik benzer degerlerde gozlenmistir. Brom
atomu, hem elektron ¢eken (endiiktif) hem de agir atom etkisi nedeniyle sistemler arasi
gecisi (ISC) artirarak fosforesans veya iiclii durum transferi yoluyla sondiirmeyi
etkilemistir. Sondiirme verimlilikleri diisiiniildiigiinde, test edilen tiim nitro
bilesiklerinde %8-20 sondiirme gdézlemlenmistir, bu da Aza-BODIPY molekiiliine
brom grubunun eklenmesinin sistemin elektron zenginligini azalttigini gostermektedir.
Bu durum, brom grubu igeren Aza-BODIPY bielsiginin elektron agisindan fakir nitro
bilesikleriyle etkilesimini azaltmasina neden olmustur.

Formil grubu iceren Aza-BODIPY bilesigini degerlendirmek igin bes ayri
nitroaromatik bilesik kullanildi. Sonuglar, ticari olarak erisilebilen nitroaromatik
bilesikler (TNP, TNT, DNT ve MNT) analiz edildiginde yaklasik 1x10° M™Y'lik 6zdes
Ksv degerlerinin bulundugunu gosterdi. Ksv degerleri incelendiginde, Elektron veren
grup eklenmis bir p-OH Aza-BODPIY molekiiliine kiyasla benzer degerler elde edildi.
Formil grubunun elektron ¢eken gruplar oldugu bilinmesine ragmen, bu grup 1sikla
uyarildiginda rezonans etkisine sahiptir, bagli oldugu florofor grubu yiiksek enerjili
bir elektronik duruma girer. Boylece, elektron-zayif nitro bilesiklerine karsi 1x10°
diizeyinde Ksv degerleri elde edimistir. ilging bir sekilde, nitroalifatiklere yonelik
baglanma sabitinin nitroaromatik bilesikler kadar yiliksek oldugu gozlendi. Formil
grubu, sensorii elektron-zayif yapar. Bu durum Aza-BODIPY 'nin uyarilmis halde PET
(fotoindiiklenmis elektron transferi) mekanizmasina kars1 daha hassas olmasina neden
olur. PET icin gerekli enerji farki sadece aromatik degil ayn1 zamanda alifatik nitro
bilesikleri tarafindan da saglanabilir. Ciinkii nitroalifatikler de giiclii elektron
alicilaridir. Formil grubu genellikle Aza-BODIPY bilesigini elektrofilik tiirlere karsi
hassas hale getirir, ancak segicilik saglamaz. Bagka bir deyisle, Aldehit grubu iceren
Aza-BODIPY, nitroaromatik veya nitroalifatik olmalarina bakilmaksizin her iki tiir
elektron alicisina da sondiirme tepkisi gostermistir. Sondiirme verimliliklerine
bakildiginda, Bilesik 10'un nitro bilesiklerine karsi %52-79 arasinda degerlere sahip
oldugu goriilmektedir. Bu, formil grubunun QE (Sonlimleyici Verimliligi) degerini bir
elektron veren grup kadar artirmadigini, ancak rezonans etkisi nedeniyle Brom'a
kiyasla daha yiiksek sonlimleyici verimlili degerlerine sahip oldugunu gostermektedir.

Elektron veren gruplara sahip bilesiklerin Aza-BODIPY yapisinin elektron
zenginligini artirarak nitro bilesikleri ile daha giiclii etkilesimler gosterdigi
gozlemlenmistir. Ote yandan, Elektron ¢eken gruplar genellikle halkadaki elektron
yogunlugunu azaltir ve PET (fotoindiiklenmis elektron transferi) mekanizmasinin
etkinligini sinirlayarak sensor performansini disiiriir. Ancak, formil grubunun
rezonans etkisi gibi bazi istisnalar, bu tiir bilesiklerin beklenmedik sekilde etkili sensor
davranigi sergilemesine neden olmustur. Bu bulgular, Aza-BODIPY tabanh
sensorlerin secici algilama yeteneginin dogrudan fonksiyonel grup yapisiyla iliskili
oldugunu ortaya koymaktadir.

Bu tezde ytiriitiilen ¢aligmalar kapsaminda, Aza-BODIPY boyalarinin diger geleneksel
organik boyalara kiyasla avantajlart (yliksek fotostabilite, genis dalga boyu
ayarlanabilirligi, yapisal esneklik, vb.) ve bazi simirlamalar1 (segicilik sorunlari,
¢Oziiniirliik sinirlamalari, vb.) degerlendirilmistir. Elde edilen sonuglar, Aza-BODIPY
tabanli sistemlerin ¢cok yonlii kullanilabilirligini agik¢a gostermekte ve farkli alanlara
kolayca entegre edilebilen bir platform saglamaktadir.
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1. INTRODUCTION

Various synthetic organic dyes, such as rhodamine, cyanine, phthalocyanine,
BODIPY, and Aza-BODIPY, have attracted considerable attention in recent years due
to their unique photophysical properties. These properties allow them to absorb and
emit light over a wide range of wavelengths, which enables them to be used in a wide
variety of applications. For example, due to their broad-spectrum photophysical
properties, they are widely used in various disease treatments such as photodynamic
therapy and photothermal therapy, as well as in technologies that are critical to health
diagnosis such as intracellular imaging and bioimaging (Celli et al., 2010) (Kowada et
al., 2015). In addition to their use in the medical applications, such molecules have
also found a place in the literature as energy materials such as solar cells,
chemosensors thanks to their suitable photophysical properties and their molecular

structures that allow energy transfer (Klfout et al., 2017).

Organic dye research, which began with the discovery of aniline dye in the 19"
century, has diversified and increased until today (Johnston, 2008). Over time, each
new organic dye molecule discovered has offered certain advantages and
disadvantages compared to existing systems; this has caused the dyes to be preferred
in different application areas according to their properties. In particular, the ability of
these dyes to absorb and emit at different wavelengths has contributed significantly to
the expansion and diversification of their areas of use. Phthalocyanine is one of the
most researched organic dyes and is an important molecule used in photodynamic
therapy and optoelectronics. These dyes generally gain these properties due to their
aromatic ring structure and their ability to coordinate metal ions (Lever, 1965). On the
other hand, BODIPY compounds are preferred as fluorescent probes due to their
superior photostability. Aza-BODIPY's are formed by adding a nitrogen atom to the
meso position of BODIPY molecules; this modification gives them the ability to work
in the near-IR region. This feature creates an ideal situation especially for intracellular
imaging applications (Sonkaya et al., 2022).



In the literature, in current studies, especially in the bioimaging applications, studies
on molecules that emit light in the near-IR region have begun to increase, and many
organic dyes have been synthesized in this context, examples of which are
phthalocyanines, BODIPYs, Aza-BODIPYs and porphyrins (Escobedo et al., 2010)
(Figure 1.1).
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Figure 1.1 : General molecular formulas of phthalocyanines, BODIPYSs, Aza-
BODIPYs and porphyrins.

Despite the abundance of various organic dyes that emit and absorb in the near-IR
region, these molecules often present two main disadvantages: poor thermal stability
and photostability. However, the Aza-BODIPY dyes, which were introduced to the
literature by Rogers in 1943 (Figure 1.2), were formed by adding nitrogen to the meso
position of the BODPIY molecules, and have managed to overcome these two
disadvantages and have increased in popularity in recent years because they can emit
light at different wavelengths, allowing for various modifications based on the starting
molecules (Rogers, 1943). Accordingly, Aza-BODIPY molecules offer a wide range
of applications thanks to their structural and photophysical properties, and form the
basis of this thesis (Kaur et al., 2024)(Zhao et al., 2023) (Shi et al., 2020). Within the
scope of the thesis, various Aza-BODIPY derivatives were synthesized and
structurally modified. These molecules were evaluated as sensors for the detection of
nitroaromatic compounds, in IDA (Indicator Displacement Assay) systems and in
intracellular imaging applications. As a result of the studies, it was observed that these

molecules gave promising successful results in the mentioned application areas.
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Figure 1.2 : The first Aza-BODIPY molecules synthesized in the literature (Rogers,
1943).






2. THEORETICAL PART

2.1. Aza-Boron-Dipyrromethene (Aza-BODIPY) Molecules

BODIPYs are known as a fluorescent dye core and are formed by the complexation of
two pyrrole rings with BF> (boron difluoride). Aza-BODIY molecules are usually
obtained by replacing a carbon atom with a nitrogen atom, thus taking the suffix Aza-
. The structure of the Aza-BODIPY molecules restricts the rotation of the double
bonds and this ensures that the resulting molecule is planar and rigid which is showing
increased fluorescence yield and luminescence (d¢/brightness). This causes the
molecule to generally resort to emission as a relaxation mechanism after absorption,
and this restriction of rotation in the double bonds generally shifts the emission
wavelength to the near-IR region (L. Zhang et al., 2023). This change generally causes
them to have a higher quantum yield, photo and thermal stability and narrow emission
bands compared to BODIPY molecules (Figure 2.1). Aza-BODIPY molecules
generally exhibit increased m electron delocalization, which results in their
fluorescence properties. In addition, the core structure of the resulting Aza-BODIPY
molecule generally exhibits electron-withdrawing properties and contains reactive
regions around this core. This allows the addition of electron-donating groups or

various functional groups to the Aza-BODIPY derivatives (Lu et al., 2014).
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Figure 2.1 : General molecular structures of BODIPY and Aza-BODIPY molecules
(@) and Aaps and Aem Values (b) (Zhao et al., 2023).

Since their discovery by Rogers in 1943, Aza-BODIPY molecules have found a wide
range of applications in biology, materials science, and sensors. The reason for such a
diverse range of applications is that they have NIR emission in the range of 700-1700
nm, while BODIPY molecules have only 520-600 nm, which causes the Stokes shifts
of BODPIY to remain between 10-25 nm, leading to poor penetration depth (Kaur et
al., 2024). Aza-BODIPYs exhibit a bathochromatic shift as the addition of a nitrogen
molecule to the meso position increasing aromatic conjugation. In addition to being
analogs of BODIPY molecules, increased aromatic conjugation generally results in
Aza-BODIPY molecules with Amax between 90-100 nm and provide superior properties
depending on the field of use (Schéfer et al., 2022).

There are three different methods proposed in the literature for the synthesis of Aza-
BODIPY, namely O'shea's method, Carreria's method and Lukyantes' method
(Killoran et al., 2002)(Zhao and Carreira, 2005)(Donyagina et al., 2008). (Figure 2.2)
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Figure 2.2 : Synthesis of Aza-BODIPY, namely O'shea’s method, Carreria's method
and Lukyantes' method (Kaur et al., 2024).

In the synthesis method presented by O'shea et al., Michael addition was made to
symmetric or asymmetric E-chalcone compounds and then they were fused with
NH;OAc and in the last step BF2 chelate was formed with BF3.OEt,. The advantage
of this synthesis method is that it includes mild reaction conditions and various
functionalized Aza-BODIPY compounds can be obtained from the starting materials.
The disadvantage is that the yield of all reactions is low (Killoran et al., 2002). On the
other hand, while the Carreira method can synthesize Aza-BODIPY compounds in
high yields, the disadvantage of this method is that the reaction conditions used are
more hazardous. In this method, substituted pyrroles are directly cyclized and then
converted into BF, chelate (Zhao and Carreira, 2005). The method proposed by
Lukyanets et al. leads to the synthesis of only symmetric Aza-BODIPY compounds

and has low yields (Donyagina et al., 2008).



Tetra-aryl systems are one of the generally preferred methods for red shifting in Aza-
BODIPY molecules. In this case, four aromatic rings are attached to the core Aza-
BODIPY molecule. This generally shifts the absorption and emission properties to the
near-IR region. In addition, conformational restriction of these molecules allows the
absorption and emission maxima to be increased. By this method, intramolecular free
movements are restricted and directed to energy discharge by emission during
relaxation, which causes a significant extension of the emission wavelength. Two
widely used methods for this purpose are B—-O chelation and carbocyclic fusion
(Chibani et al., 2012). (Figure 2.3)
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Figure 2.3 : Tetra-aryl, B-O chelation and carbocyclic fusion systems in Aza-
BODIPY molecules (Chibani et al., 2012).

The addition of different substituents, i.e. electron donating (EDG) and withdrawing
groups (EWG), to the Aza-BODIPY's affects their photophysical properties and can
generally lead to their use in different application areas. EDG can cause a redshift in
the emission wavelength, reducing the quantum yield. On the other hand, EWG
increases the redshift, increases the absorbed wavelength and also offers high molar
absorptivity (Shukla et al., 2023). (Table 2.1)

Table 2.1: Effects of EDG and EWG on Aza-BODIPY molecules (Killoran et al.,
2002)(Murtagh et al., 2009)(Koch and Ravikanth, 2019)(Gorman et al., 2004).
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Table 2.1 (continued): Effects of EDG and EWG on Aza-BODIPY molecules
(Killoran et al., 2002)(Murtagh et al., 2009)(Koch and Ravikanth, 2019)(Gorman et

al., 2004).
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Different functionalization methods of Aza-BODIPY dyes are also available.
Especially for biological applications, it is of great importance that Aza-BODIPY
molecules are water soluble. Such modifications, unlike those mentioned above,
usually involve additional chemical reactions after the synthesis of the molecules. The
planar and rigid structures of the Aza-BODIPY molecules and their large aromatic ring
systems cause aggregation via m—m interactions. This aggregation occurs particularly
as a result of the overlapping of p-orbitals and the stacking of molecules. This
significantly reduces their water solubility and limits their use in biological
applications. Although conventional Aza-BODIPY dyes are hydrophobic,
hydrophilicity is often possible by modifying their structure, encapsulating them in



nanoparticles, or integrating them into polymeric systems. Due to the all these
characteristics given, Aza-BODIPYs have variety of applications in different areas
such as: probes for the detection of metal ions and biological analytes, pH sensors,
photodynamic therapy (PDT), photothermal therapy (PTT), photoacoustic (PA)
imaging, optoelectronics (Kaur et al., 2024)(Xu et al., 2020).

2.2. Aza-BODIPY Based Fluorescent Sensor Systems for Detection of Nitro

Aromatic Compounds

Nitroaromatic compounds (NACs) have high potential energy due to the simultaneous
presence of high oxidizing and reducing groups in their structures and are widely used
in many areas such as plastic explosive fillers, military ammunition and industrial
explosives (Bener et al., 2022)(Albert et al., 1999)(Meaney and McGuffin, 2008).
These compounds pose great risks in terms of security, as they are highly sensitive to
external factors such as heat, friction or impact. At this point, the detection of NACs
is of great importance in many critical areas from military security to environmental
and public health. NACs such as TNT (trinitrotoluene), DNT (dinitrotoluene) and TNP
(trinitrophenol)  and  aliphatic ~ nitro  compounds such as RDX
(cyclotrimethylenetrinitramine) and NG (nitroglycerin) are widely used as explosives,
but also cause serious health and environmental problems due to their high toxicity
and carcinogenic effects (Saxena et al., 2005)(Behera et al., 2020)(Kovacic and
Somanathan, 2014). (Figure 2.4) These compounds have a high risk of spreading into
the environment during production, storage and disposal processes. Especially if they
mix with drinking water and soil, they can cause long-term permanent damage to living
organisms; they can lead to liver damage, nervous system disorders, muscle diseases
and cancer (United States Enviromental Protection Agency, 2014). In addition, NACs
pose a great threat in terms of illegal use and can be used in terrorist acts and illegal
explosive production. Therefore, rapid, sensitive and reliable detection of NACs is
necessary not only to ensure national security, but also to prevent environmental
pollution and protect public health (Jiao et al., 2022)(Santiwat et al., 2023).
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Figure 2.4 : Chemical structures of the most common examples of nitro compounds.

10



At this point, while traditional detection methods (GC-MS, LC-MS, X-ray Imaging,
etc.) offer an expensive and laborious method that is not suitable for field use,
fluorescence chemosensors offer lower cost, fast and portable solutions. Fluorescence
chemosensors are inherently realized using optically active compounds such as
organic fluorophore materials, quantum dots and metal-organic cages and
conjugated/unconjugated polymeric systems containing them. Consequently, they
provide high sensitivity and selectivity and have an important place in environmental,
health and safety areas by enabling the detection of target components at lower
concentrations. Although organic fluorophore materials have been tried as explosive
sensors in the literature due to their n-n interactions, the majority of studies focus on
pyrene, rhodamine, coumarin, triphenylamine, tetraphenyl ethene and porphyrin
(Gunturkun et al., 2023)(Lv et al., 2023)(Selatnia et al., 2018)(Jing et al., 2019)(Sun
etal., 2017)(Xue et al., 2023).

For example, He et al. (2011) developed fluorescent polymeric films for the purpose
of nitroaromatic sensing in water (He et al., 2011). For this purpose, poly(pyrene-co-
phenyleneethylene) was synthesized and coated on the surface of glass plates. This
study demonstrated not only the selective response to TNT but also the ease of
applicability of the sensor by film formation. Another study based on pyrene is the
study of polyethersulfone-based nanofiber by Lei et al (Sun et al., 2015). Similarly, a
polystyrene-based, pyrene-covalently bonded nanofiber membrane that can operate
both in agueous media and in the vapor phase was studied by Uyar et al (Senthamizhan
et al., 2015). Both studies highlight the durability of the high fluorescence intensity of
pyrene groups in flexible electrospun nanofibers and the ease of use and

reproducibility of the nanofibers in the detection of NACs. (Figure 2.5)
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Figure 2.5 : Schematic representation of the polymeric films developed by He et al.
(2011) for nitroaromatic detection in water (a) and analysis results against TNT
molecule (b) (He et al., 2011).

Qayyum et al. (2021) evaluated AlEgens (aggregation-triggered emission) as
explosive sensors using TPE-based thiophene system (Qayyum et al., 2021). The
importance of the water dependence of the emission capabilities of AIEs in terms of
determination of aqueous media was emphasized in the study, and in which there was
a significant response capability for nitrophenol (Ksy, =2 x 10° M™). In addition, the
study, in which various nitroaromatic compounds were tested, showed the damping
effect colorimetrically with strip probes. This study, which is distinguished from other
examples in terms of being an AIE study, is a common situation for TPA and TPE
based explosive sensors. In the study conducted by Ece Akkog¢ and Biinyamin Karagoz
in 2022, uniform pyrene-based microspheres with a diameter of 1 um were synthesized
by dispersion polymerization using EGDMA (ethylene glycol dimethacrylate) and
PySt (4-pyrenylstyrene) monomers and used as explosive sensors (Akkoc and
Karagoz, 2022). (Figure 2.6)
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Figure 2.6 : Schematic representation of the use of the cross-linked molecularly
imprinted fluorescent conjugated polymer (MICP) system as a nitroaromatic sensor,
developed by Ece Akkog and Biinyamin Karag6z in 2022 (Akkoc and Karagoz,
2022).

In another study conducted by Sen et al. in 2021, a TNT-sensitive and selective optical
sensor was designed that works with the FRET (fluorescence quenching amplification
resonance energy transfer) mechanism of the rhodamine 110 dye (Sen et al., 2021).
Rhodamine, which provides a strong donor with the presence of amine groups,
interacts with electron-deficient -NO2 in TNT species and offers an effective method
for the determination of TNT with a detection limit at ppm level, which is not affected
by potential external analytes that may come from camouflage materials (Akkoc and
Karagoz, 2022). The obtained microspheres were tested with TNP, TNT and DNT in
various solvent environments and it was stated that they showed very strong
fluorescence activity even at very low concentrations (6.67 pg/mL solvent). In the
study, it was emphasized that the detection limit was reached at the nanomolar level
(LOD 1.39 ppb for DNT) and P(PySt-EGDMA) microspheres showed high selectivity
and sensitivity against DNT.

In a study conducted by Isci et al. (2025), an explosive sensor system based on TPA
and TPE compounds TT (thienothiophene) based AIE (aggregation induced emission)

13



was tested. In the study, the effect of the electron density of TPA and TPE on
selectivity was explained and it was emphasized that it was a system sensitive to TNP
(Ksv = 29000 M) This study, which differs from other examples in terms of being an
AIE study, is a common situation for TPA and TPE based explosive sensors (Isci et
al., 2025).

However, Aza-BODIPY compounds (4,4'-difluoro-4-bora-3a,4a,8-triaza-s-indacenes)
have properties that can compete with known fluorophore compounds with their high
absorption coefficients, chemical and photostability, high quantum yield and sharp
fluorescence peaks and stand out as a very promising group of dyes for the detection
of NACs (Hall et al., 2005)( Li et al., 2020). The Aza-BODIPY compound, unlike
many other fluorophore compounds commonly used in the literature, stands out with
its ability to absorb and emit in the near infrared (NIR) and infrared (IR) regions. In
this way, it has great potential, especially in terms of environmental health and
biological monitoring. Dyes that can emit in the NIR region minimize their effects on
living organisms. Therefore, Aza-BODIPYs could become an important research tool
in areas such as environmental monitoring and health security. Moreover, their high
quantum yield and stability make them ideal for long-term and reliable detection
applications.

In the literature, the first and only explosive sensor made with Aza-BODIPY's was
realized by Sadikogullari et al. in 2023 via tetraphenyl conjugated Aza-BODIPY and
was shown to be suitable for the detection of NACs. This sensor can be easily applied
on solid surfaces or in solution and its use as strip probes was convenient. In the study,
it was also emphasized that Aza-BODIPY has advantages over other dyes frequently
encountered in the literature in the field of bioaccumulation due to its low toxicity and
high lipophilicity (Sadikogullari et al., 2023). (Figure 2.7)
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Figure 2.7 : Schematic representation of the Aza-BODIPY compound from the
nitroaromatic sensor study conducted in the literature (Sadikogullari et al., 2023).

2.3. Aza-BODIPY Based Fluorescent IDA Sensor Systems

Since 1867, when optical-based sensors were discovered, molecular sensors have
gained an important place in the identification of specific analytes in the biological,
environmental and agricultural fields (Wu et al., 2017). In the development of
molecular sensors, some limitations have created some guidelines that guide
researchers; these limitations are complex reaction steps and reusability of sensors
(Sedgwick et al., 2021). In the design of sensors, researchers generally studied host-
guest interactions in nature and designed their molecular structures accordingly
increase the reusability of sensors. This interaction also paved the way for IDA
(indicator displacement assays) sensors, called supramolecular-based molecular
sensors. IDA sensor systems consist of two important parts, which are the molecules
that form the host-guest system that is tried to be imitated in nature. Here, the guest
molecule is an optical molecule that is generally an indicator, and the host is a synthetic
sensor (Sedgwick et al., 2021) (Figure 2.8).

O
I——

Analyte

Receptor-Indicator (off) Receptor-Analyte Indicator (on)

Figure 2.8 : Schematic representation of the traditional IDA sensors (Sedgwick et
al., 2021).
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Designed IDA (Indicator Displacement Assay) molecules must be designed
appropriately according to some properties of the analyte. These properties can
generally be classified as the size, charge or hydrophobicity of the analyte. In addition,
the affinity of the host molecule to be used for the analyte must be higher than other
similar molecules. When the analyte binds to the host molecule, an indicator molecule
must be released in the environment; thus, a colorimetric or optical signal can be
obtained. The fact that this signal is directly proportional to the analyte concentration
forms the basis of the working principle of a sensor (Nguyen and Anslyn, 2006). IDA
sensors can be constructed using a variety of supramolecular structures such as
calix[4]arene, resorcin[4]arene or calix[4]pyrrole (Lo and Wong, 2008)(Gropp et al.,
2018)(Amharar and Aydogan, 2022).

Calix[4]pyrrole molecules are molecules that find their place in sensor and biology
applications in the literature, especially due to their ion recognition and ion transport
properties (Kim and Sessler, 2015). These molecules can recognize various anions
(especially halogens) with high selectivity through hydrogen bonds, thanks to the four

pyrrole rings in their structures (Figure 2.9).

Figure 2.9 : Structure of calix[4]pyrrole.

One of the most important features of calix[4]pyrrole molecules is their ability to
undergo structural changes during sensor applications. This feature allows them to
react to the analyte, increasing their turn-on sensor properties, i.e. their ability to react
in the analyte environment. Calix[4]pyrrole has been used extensively in the literature
for the detection of anions. In this thesis, Aza-BODIPY and calix[4]pyrrole molecules
will be brought together and made into a sensor for the fluoride ion.

Fluoride is often found in medicines, underground water sources and chemical warfare
agents (Sakai et al., 2005)(Ayoob and and Gupta, 2006). Therefore, it is important that

its detection is done quickly and with high accuracy. Boron-dipyrromethane and
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dipyrromethene have generally been used as fluoride sensors, but these sensors operate
with the indicator-spacer-receptor (ISR) approach (Chen et al., 2021)(You et al.,
2010). The use of IDA sensors for this purpose will generally solve the problems of
the above approach and there are examples in the literature (Amharar and Aydogan,
2022). Within the scope of this thesis, the advantages offered by IDA sensors will be
used and the high ¢/brightness features of Aza-BODIPY will be integrated into these
systems.

In their study, Amharar and Aydogan (2022) developed a low-cost and high-sensitivity
turn-on IDA sensor to detect fluoride ion using the octamethylcalix[4]pyrrole
molecule (Amharar and Aydogan, 2022). Here, 4-methylumbelliferone and
fluorescein molecules and their tetrabutylammonium (TBA) salts were used together
to impart fluorescence properties to the sensor, i.e. to produce a fluorescent

chemosensor. The schematic representation of the study is given in Figure 2.10.

-1 350

300

Q
N
Fl. Intensity

5;0 6(')0
Wavelength (nm) Wavelength (nm)

Figure 2.10 : Fluoresence responses towards fluoride anion by the molecules
synthesized by Amharar and Aydogan (2022) (a) and schematic representation of the
turn-on IDA sensor system for fluoride detection in the literature (b) (Amharar and
Aydogan, 2022).
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In this study, the researchers reported that they developed a cheap system for fluoride
anion detection, and the system they developed worked well in ACN and THF. They
also observed that the sensor system was selective for fluoride anion in the presence
of other anions, but they mentioned that the system they developed had a low detection
limit for fluoride anion detection.

As mentioned, Aza-BODIPY molecules have recently attracted attention in the
literature and have been used as fluorine anion sensors. Zou et al. (2014) developed an
Aza-BODIPY sensor in a turn-off mechanism, i.e. by losing its fluorescence property,
both in solution and in living HeLa cells (Zou et al., 2014). Aza-BODIPY was
synthesized by researchers by combining 4-bromophenol and magnesium, then reacted
with phthalonitrile. Then a silicon group was added to the Aza-BODIPY molecule,
which reacted with the fluorine anion in the medium, destroying the fluorescence
property of the dye and forming a turn-off sensor. The schematic representation of the

study is given in Figure 2.11.

IR Sensor

Figure 2.11 : Schematic representation of the turn-off fluoride sensor system
containing Aza-BODIPY core in the literature (Zou et al., 2014).

Swamy P. et al. (2015) synthesized triarylborane—Aza-BODIPY conjugate in a study
and applied it as a sensor for fluorine anion. In this study, the synthesized molecule
contains two triarylborane groups that emit light in the visible region and one Aza-
BODIPY molecule that emits light in the near-IR region (Swamy P et al., 2015). The
absorption range of the final product synthesized was reported to be 300-800 nm. It
was emphasized that the interaction between the groups emitting light in the visible
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region and the Aza-BODIPY core was weak and in this case, it was determined that
there was energy transfer to the core part. This explains the wide absorption range.
Later, when this molecule was used as a counter-sensor for fluorine anion, quenching
was observed in both regions and it was emphasized that the molecule showed turn-
off sensor properties against anions. Figure 2.12 emphasizes the synthesized molecule

and its wide spectrum range.

NIR

Cegpei A

Visible

Figure 2.12 : Triarylborane—Aza-BODIPY conjugate synthesized by Swamy P. et al.
(2015) and its wide range spectrum (Swamy P et al., 2015)

2.4. Aza-BODIPY Molecules for Cell Imaging Agents

Fluorescence imaging is a technique that has gained popularity and has been studied
more recently due to its advantages over similar imaging studies in the literature as a
highly sensitive, less harmful and less costly (Xu et al., 2020). Due to these advantages,
this method has potential in physiological studies and pathological imaging. This
method generally requires a fluorescent molecule such as an organic dye. In the
selection of probes to be used in these studies, molecules that emit light especially in

the near-IR region (700-1700 nm) have attracted the attention of researchers and have
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begun to be used. Here, there are various advantages offered by such emitting sizes.
To give a brief example; these molecules have high light uptake and low photon
scattering. In addition, their low autofluorescence properties provide an example for
obtaining high-resolution images (Tian et al., 2019). Today, studies have shifted from
traditional Near-IR-I region fluorescent molecules to Near-IR-11 region fluorescent
molecules. In this case, Aza-BODIPY molecules that exhibit fluorescence in both
regions have gained popularity, and modified Aza-BODIPY molecules or these
molecules integrated into polymeric systems have been used as intracellular imaging

agents in the literature. Electromagnetic spectrum has been given in Figure 2.13.

GAMMA X-RAY uv INFRARED MICRO RADIO

VISIBLE

Figure 2.13 : Electromagnetic spectrum (Austin et al., 2021).

Zhu et al. (2017) used the Aza-BODIPY molecule for intracellular imaging in a study
(Zhu et al., 2017). Here, the researchers used the dye molecule functionalized with
tetraphenylethylene and fluorene on MCF-7 cells and observed that the molecules
effectively entered the cell and gave strong red fluorescence in the cytoplasm. They
observed that the groups they added also improved the fluorescence properties, shifted
the emission wavelength to longer waves and increased the fluorescence efficiency.
This study also shows that the properties of these molecules can be improved by adding
groups and that such applications are more suitable. Fluorescence images of cells
stained with Aza-BODIPY and DAPI (4',6-diamidino-2-phenylindole) dyes are given
in Figure 2.14.
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DAPI Aza-BODIPY Merge

Figure 2.14 : Fluorescence images of cells stained with Aza-BODIPY and DAPI
dyes from study demonstrated by Zhu et al. (2017) (Zhu et al., 2017).

Chansaenpak et al. (2018) encapsulated Aza-BODIPY molecules in biodegradable
polymeric nanoparticles (AZB-NO2@PCL) for intracellular imaging, thus increasing
the water solubility of these molecules (Chansaenpak et al., 2018). They then used the
resulting polymeric system as an imaging tool on human glioblastoma cells, and the
results were promising. It was observed that the resulting nanoparticles were taken into
the cells within 3 hours, and the fluorescence signal increased over time, and also
showed high biocompatibility. Fluorescence images of cells stained with Aza-
BODIPY and DAPI dyes are given in Figure 2.15.

DAPI AZB-NO,@PCL Merge

24 pg/ml 6h

Figure 2.15 : Fluorescence images of cells stained with Aza-BODPI1Y and DAPI
dyes from study demonstrated by Chansaenpak et al. (2018) (Chansaenpak et al.,
2018).

In the study conducted by A. Li et al. (2025), new photosensitizers that target the
plasma membrane of cancer cells and have strong properties for photodynamic therapy
(PDT) were developed by fluorinating the Aza-BODIPY molecule with perfluoro-tert-
butoxymethyl (PFBM) groups (Li et al., 2025). It was reported in this study that the
developed dye molecules target the plasma membrane of cancer cells and are activated

by light and kill cancer cells. The fluorination in this study transforms Aza-BODIPY
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from an ordinary dye into a smart therapeutic agent that both finds and kills cancer
cells and can perform dual imaging. (Figure 2.16)
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Figure 2.16 : Schematic representation of the study of the Aza-BODIPY molecule,
which was developed by Li et al. (2025) and used as both a visualization and
therapeutic agent (A. Li et al., 2025).

2.5. Aim of the Thesis

Aza-BODPIY molecules are one of the organic dyes that have become popular in the
literature as mentioned above. This popularity is due to their various properties and
some advantages compared to other dyes mentioned in the literature. Because the
structure of the Aza-BODIPY molecules prevents the double bonds from rotating, the
resultant molecule is rigid and planar, exhibiting higher luminescence (¢/brightness)
and fluorescence yield. Due to the constraint of rotation in the double bonds, the
molecule often turns to emission as a relaxation mechanism after absorption, which
typically causes the emission wavelength to move to the near-IR region. This situation
generally makes them a potential candidate for biological applications in biological
systems, both because the wavelength is less dangerous for living cell samples
compared to other dyes and because they have less autofluorescence. Their ability to
absorb and emit in the near-IR region has also paved the way for sensor applications
and various studies have been done in this area. The thesis will focus on the synthesis,
effects of different substituent on molecules, characterization and various application
areas of these potentially promising Aza-BODIPY molecules.

Within the scope of this study, two main Aza-BODIPY molecules were synthesized.
These molecules were synthesized by O'shea method, namely starting from E-chalcone
compound. The synthesized dyes are an Aza-BODIPY molecule without a substituted
group and an Aza-BODIPY molecule with a p-OH group. Then, an Aza-BODIPY
molecule without a substituted substance was converted into molecules containing

bromine and aldehyde in pyrrolitic positions by bromination and formylation
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processes respectively. The three different dyes obtained here were used as
nitroaromatic sensors to examine the effect of these different EDG and EWG groups
on the ring. Thus, the effect of these groups was compared with the study done in the
literature (Sadikogullari et al., 2023).

In the second application study, a fluorine sensor will be synthesized by taking
advantage of the property of calix[4]pyrrole molecule to recognize various anions
(especially halogens) with high selectivity through hydrogen bonds and the
fluorescence advantages offered by Aza-BODIPY, and its response to fluoride anion
will be investigated. There is no study in the literature where these two molecules act

as a sensor.

In the last part, synthesized aza-BODIPY derivative is integrated into polymeric
systems. Polymeric systems synthesized by RAFT polymerization were used: PGMA-
b-OEGMA. That polymeric systems were modified with Aza-BODIPY molecule for
their use in intracellular imaging applications. The functionalized Aza-BODIPY
derivative allows the visualization of intracellular interactions of polymers thanks to

its fluorescence properties.
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3. EXPERIMENTAL PART

3.1. Materials

All solvents used in the syntheses and purifications were provided by LabKim. The
reagents used in the syntheses were provided by Aldrich Chemicals. Deuterated
solvents required for characterization (NMR spectroscopy) and silica/Alumina solid
phases used in column chromatography for purification after synthesis processes were

provided by Merck Millipore.

3.2. Instrumentation

NMR analysis have been performed using an Agilent VNMRS 500 MHz Nuclear
Magnetic Resonance Spectrometer at ITU Department of Chemistry, whereas
spectrophotometric analysis have been performed using a PG Instruments T80+ UV-
Vis spectrophotometer. An Agilent Cary Eclipse fluorescence spectrophotometer
equipment was used to detect fluorescence at room temperature using a quartz cell
with a 10 mm path length. Thermo LCQ-Deca ion trap mass instruments (HR-MS)
were used to record the mass spectra. Measurements using gel permeation
chromatography (GPC) were performed using an Agilent device (model 1100). A
Cary 630 FT-IR instrument (Agilent Technologies) was used to capture Fourier
transform infrared (FT-IR) spectra in the 4000-400 cm™' range. Time-resolved
fluorescence data were recorded using a Horiba Jobin Yvon SPEX Fluorolog 3-2iHR

(France) instrument.
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3.3. Synthetic Procedures

3.3.1. Synthesis of p-OH substituted Aza-BODIPY compound

3.3.1.1. Synthesis of 4 — hydroxy — E — chalcone (1)

O o) 0
1 Ji NaOH 4
+ —_—
EtOH, reflux, 2h O 0
HO HO (1)

Figure 3.1 : Synthesis of 4 — hydroxy — E — chalcone (1).

5 mL benzaldehyde (0.049 mol) and 6.672 g p-hydroxyacetophenone (0.049 mol) were
dissolved in 39 mL of ethanol. In a different flask, the basic solution was prepared by
dissolving 4.9 g of NaOH (0.123 mol) in 49 mL of water and allowed to reach room
temperature. The prepared NaOH solution was added dropwise to the solution
containing benzaldehyde and p-hydroxyacetophenone. The reaction mixture was
stirred under reflux for 2 hours. After the completion of the reaction which was
observed by TLC, the mixture was cooled to room temperature. 1N HCI solution was
added to the cooled reaction mixture under ice bath and precipitation was observed.
After the precipitation was complete, the mixture was kept in the refrigerator (~4 °C)
overnight. Then, the precipitate was filtered, washed with cold MeOH and
recrystallized in EtOH/Water mixture. The resulting solid was observed as pale
yellow. The reaction scheme of synthesis of 4 — hydroxy — E — chalcone is given in
Figure 3.1.

Yield observed: 82% (9 g product)

'H — NMR(500 MHz, CDCI3): 6 =8.05 - 7.99 (m, 2H, Aromatic H); § =7.82 (d, J =
15.6, 1H, CH = CH); 6 = 7.68 — 7.63 (m, 2H, Aromatic H); 6 = 7.55 (d, J = 15.7, 1H,
CH = CH); 8 = 7.47 — 7.38 (m, 3H, Aromatic H); 8 = 6.99 — 6.92 (m, 2H, Aromatic
H); 5 =5.91 (s, 1H, —OH). (Figure 3.2)

13C - NMR(125 MHz, CDCIs): 6 = 188.95 (1C, Carbonyl); 6 = 160.10 (1C,H - C -
C—-OH); 5=149.37 (1C,H-C =C -H); 8 = 144.27 (1C, Aromatic); 6 = 131.18 (3C,
Aromatic); 6 = 130.42 (2C, Aromatic); 6 = 128.95 (2C, Aromatic); & = 128.40 (1C,
Aromatic); 6 = 128.40 (1C,H-C =C - H); 6 = 121.84 (2C, Aromatic) (Figure 3.4)
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Figure 3.2 : (500 MHz, CDCls) *H — NMR of Compound 1.
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Figure 3.3 : (125 MHz, CDClIs) *3C — NMR of Compound 1.
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3.3.1.2. Micheal addition of nitromethane to 4 — hydroxy — E — chalcone (2)

0O NO,
_ CH3NO,, DEA O
—>
O O EtOH, reflux, 24h O O
HO
(1) HO (2)

Figure 3.4 : Micheal addition of nitromethane to 4 — hydroxy — E — chalcone (2).

0.0045 mol Compound 1 (1 g) was dissolved in 15 mL of methanol to prepare a
solution in a 2 necked round bottom flask. To this solution, a mixture containing 2.3
mL of diethylamine (0.022 mol) and 2.4 mL of nitromethane (0.045 mol), prepared in
a different flask, was added dropwise. The reaction mixture was refluxed for 24 hours.
After the progress of the reaction monitored by TLC, the mixture was cooled and
acidification was performed by adding 1N HCI dropwise under an ice bath. The
reaction mixture was kept in the refrigerator (~4 °C) overnight, and the reaction
mixture was used in the next step for the synthesis of p — OH substituted Aza-
dipyrromethene compound. The reaction scheme of Michael addition of nitromethane

to 4 — hydroxy — E — chalcone is given in Figure 3.4.

3.3.1.3. Synthesis of p — OH substituted Aza-dipyrromethene (3)

L O

o (NO <N

NH,4OAc

O O —_— \_NH Nx
EtOH, reflux, 24h
HO

HO OH
(2) 3)

Figure 3.5 : Synthesis of p — OH substituted Aza-dipyrromethene (3).

2.5 g (0.009 mol) of Compound 2 was taken and dissolved in 65 mL of EtOH. 24.25
g (0.315 mol) of ammonium acetate was added to the resulting solution. The reaction
mixture was refluxed for 24 h. After the reaction period, EtOH was evaporated, and
the precipitated materials were washed with distilled water. The precipitate was then
dried, yielding blue-black solids (3) (Murtagh et al., 2009). The reaction scheme of
synthesis of p — OH substituted Aza-dipyyromethene is given in Figure 3.5.
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Yield observed: 45% (1 g product)

'H — NMR (500 MHz, DMSO-de): & = 10.26 (s, 1H, —-OH); 8 = 8.11 — 8.06 (m, 4H,
Aromatic H); 6 =7.96 — 7.89 (m, 4H, Aromatic H); 6 = 7.53 (s, 2H, dipyrromethene);
8=17.46(t,J=17.6,4H, Aromatic H); 6 =7.37 (t, J = 7.3, 2H, Aromatic H); 6 =7.04 —
6.98 (m, 2H, Aromatic H). (Figure 3.6)

13C _NMR (125 MHz, DMSO-ds): § = 161.41 (2C, dipyrromethene); 6 = 157.76 (1C,
dipyrromethene); 6 = 144.77 (1C, dipyrromethene); 6 = 141.97 (1C, dipyrromethene);
0 =132.55 (2C, Aromatic); 6 = 132.41 (2C, Aromatic); 6 = 129.86 (6C, Aromatic); o
=129.49 (2C, Aromatic); 6 = 129.14 (6C, Aromatic); 6 = 122.17 (2C, Aromatic); 6 =
119.97 (4C, Aromatic); 6 = 126.55 (2C, dipyrromethene); 6 = 116.36 (1C,
dipyrromethene). (Figure 3.7)
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Figure 3.6 : (500 MHz, DMSO-ds) *H — NMR of Compound 3.
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Figure 3.7 : (125 MHz, DMSO-ds) *C — NMR of Compound 3.

3.3.1.4. Synthesis of p-OH substituted-Aza-BODIPY (4)

~ N \
\ NH N BF3OEt2 DIEA \ N. —,N\
DCM rt, 24h +
HO OH
(3)

Figure 3.8 : Synthesis of p-OH substituted-Aza-BODIPY (4).

0.3 g (0.00062 mol) of Compound 3 was taken and dissolved in 30 mL DCM in a 2
necked round bottom flask. 1.08 mL (0.0062 mol) of diisopropylethylamine was added
to the resulting solution and the mixture was stirred for 10 min. Then, 1.1 mL (0.0086
mol) of BFs Et.O was added to the solution. The reaction mixture was stirred under N2
atmosphere for 24 h. At the end of the reaction period, 30 mL of EtOH was added to
the mixture and DCM and EtOH were removed in a rotavapor. The resulting solid was
washed with distilled water and purified by column chromatography using
DCM/EtOAC (4:1). As a result, the formation of a red metallic solid was observed
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(Murtagh et al., 2009). The reaction scheme of synthesis of p — OH substituted Aza-
BODIPY is given in Figure 3.8.

Yield observed: 50% (0.15 g product)

'H - NMR(500 MHz, DMSO-de): 6 = 10.45 (s, 1H, -OH); § =8.12 (dd, J = 30.9, 8.2
Hz, 8H, Aromatic H); 6 =7.54 (dd, J = 15.6, 8.3 Hz, 6H, Aromatic H); 6 =7.46 (t, 2H,
dipyrromethene); 6 = 6.94 (d, J = 8.9 Hz, 4H, Aromatic H). (Figure 3.9)

13C —NMR(125 MHz, DMSO-ds): 6 = 161.41 (2C, dipyrromethene); 8 = 157.76 (1C,
dipyrromethene); 6 = 144.77 (1C, dipyrromethene); 6 = 141.97 (1C, dipyrromethene);
0 =132.55 (2C, Aromatic); 6 = 132.41 (2C, Aromatic); 6 = 129.86 (6C, Aromatic); 6
= 129.49 (2C, Aromatic); 6 = 129.14 (6C, Aromatic); 6 = 122.17 (2C, Aromatic); & =
119.97 (4C, Aromatic); & = 126.55 (2C, dipyrromethene); 6 = 116.36 (1C,
dipyrromethene). (Figure 3.10)

F — NMR(470 MHz, DMSO-ds): 6 = -130.52 (g, J = 65.5, 32.3 Hz, BF>). (Figure
3.11)
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Figure 3.9 : (500 MHz, DMSO-ds) *H — NMR of Compound 4.
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3.3.2. Synthesis of tetra phenyl Aza-BODIPY compound

3.3.2.1. Synthesis of E — chalcone (5)

o) o) O

I NaOH =
+ —_—
EtOH, reflux, 2h O O

(5)
Figure 3.12 : Synthesis of E — chalcone (5).

2.95 mL benzaldehyde (0.029 mol) and 3.39 ml acetophenone (0.029 mol) were
dissolved in 12 mL of ethanol. In a different flask, the basic solution was prepared by
dissolving 2.960 g of NaOH (0.074 mol) in 29.5 mL of water and allowed to reach
room temperature. The prepared NaOH solution was added dropwise to the solution
containing benzaldehyde and acetophenone. The reaction mixture was stirred under
reflux for 2 hours. After the completion of the reaction observed by TLC, the mixture
was cooled to room temperature. 1N HCI solution was added to the cooled reaction
mixture under ice bath and precipitation was observed. After the precipitation was
complete, the mixture was kept in the refrigerator (~4 °C) overnight. Then, the
precipitate was filtered, washed with cold MeOH and recrystallized in EtOH/Water
mixture. The resulting solid was observed as pale yellow. The reaction scheme of
synthesis of E-chalcone is given in Figure 3.12.

Yield observed: 89% (5.5 g product)

'H — NMR(500 MHz, CDClIs): & = 8.06 — 8.02 (m, 2H, Aromatic H); § =7.83 (d, J =
15.7, 1H, CH = CH); 6 = 7.66 (dd, J = 6.9, 2.8 Hz, 2H, Aromatic H); 6 =7.61 (t,J =
7.4 Hz, 1H, CH = CH); 6 = 7.57 — 7.50 (m, 3H, Aromatic H); § = 7.46 — 7.42 (m, 3H,
Aromatic H). (Figure 3.13)

13C — NMR(125 MHz, CDCIs): § = 190.60 (1C, Carbonyl); 6 = 144.87 (1C,H-C =
C—H;3=134.9 (1C, Aromatic); 6 =132.8 (1C, Aromatic); 6 = 130.56 (1C, Aromatic);
6 =128.46 (2C, Aromatic); 6 = 128.52 (2C, Aromatic); 6 = 128.98 (3C, Aromatic); o
=128.64 (2C, Aromatic); 6 = 122.12 (1C, H — C = C — H). (Figure 3.14)
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3.3.2.2. Micheal addition of nitromethane to E — chalcone (6)

O 9) NOZ
Z CH3NO, DEA
|O |O EtOH, reflux, 24h O O
(6)

Figure 3.15 : Micheal addition of nitromethane to E — chalcone (6).

0.024 mol Compound 6 (5.5 g) was dissolved in 45 mL of ethanol to prepare a solution
in a 2 necked round bottom flask. To this solution, a mixture containing 22.98 mL of
diethylamine (0.22 mol) and 11.77 mL of nitromethane (0.22 mol), prepared in a
different flask, was added dropwise. The reaction mixture was refluxed for 24 hours.
After the progress of the reaction was monitored by TLC, the mixture was cooled and
acidification was performed by adding 1IN HCI dropwise under an ice bath. The
reaction mixture was kept in the refrigerator (~4 °C) overnight, and precipitation was
observed. The reaction scheme of Michael addition of nitromethane to E-chalcone is
given in Figure 3.15.

Yield observed: 69% (5 g product)

'H — NMR(500 MHz, CDCIs3): 6 = 7.93 (dd, J = 8.5, 1.3 Hz, 2H, Aromatic H); & =
7.61 — 7.56 (m, 1H, Aromatic H); & = 7.50 — 7.45 (m, 2H, Aromatic H); & = 7.38 —
7.26 (m, 6H, Aromatic H); 6 =4.85 (dd, J = 12.5, 6.6 Hz, 1H, 2ON-CH); 6 = 4.71 (dd,
J=125, 8.0 Hz, 1H, 2ON-CH); & = 4.29 — 4.20 (m, 1H, CH-CH); 6 = 3.53 — 3.41 (m,
2H, CH-CH). (Figure 3.16)

13C — NMR(125 MHz, CDCIs): & = 196.83 (1C, Carbonyl); § = 139.12 (1C,
Aromatic); 6 = 136.38 (1C, Aromatic); 6 = 133.57 (1C, Aromatic); 6 = 129.08 (2C,
Aromatic); 6 = 128.75 (2C, Aromatic); 6 = 128.02 (3C, Aromatic); 6 = 127.89 (2C,
Aromatic); 6 = 79.57 (1C, 2ON-CH); 6 = 41.53 (1C, CH-CH); & = 29.29 (1C, CH-
CH). (Figure 3.17)
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3.3.2.3. Synthesis of Aza-dipyrromethene (7)

v O

o (N SN
NH,OAc

e \_NH N=x
O O EtOH, reflux, 24h

(7)
Figure 3.18 : Synthesis of Aza-dipyrromethene (7).

2.5 g (0.0055 mol) of Compound 6 was taken and dissolved in 65 mL of EtOH. 15.03
g (0.195 mol) of ammonium acetate was added to the resulting solution. The reaction
mixture was refluxed for 24 h. After the reaction period, EtOH was evaporated, and
the precipitated materials were washed with distilled water. The precipitate was then
dried, yielding blue-black solids (Killoran et al., 2008). The reaction scheme of
synthesis of Aza-dipyrromethene is given in Figure 3.18.

Yield observed: 94% (3.8 g product)

'H — NMR (500 MHz, CDCI3):  =8.08 (d, J = 7.1 Hz, 4H, Aromatic H); 3 = 7.99 —
7.95 (m, 4H, Aromatic H); & = 7.55 (t, J = 7.5 Hz, 4H, Aromatic H); & = 7.46 (dt, J =
20.8, 7.5 Hz, 6H, Aromatic H); 6 = 7.37 (t, J = 7.3 Hz, 2H, Aromatic H); 6 = 7.22 (s,
2H, dipyrromethene). (Figure 3.19)

13C — NMR (125 MHz, CDCIs): = 155.11 (1C, dipyrromethene); 6 = 149.60 (1C,
dipyrromethene); 6 = 142.66 (1C, dipyrromethene); & = 133.71 (1C, Aromatic); 6 =
132.19 (1C, dipyrromethene); & = 130.06 (2C, Aromatic); 6 = 129.15 (6C, Aromatic);
8 =129.08 (2C, Aromatic); 6 = 128.01 (6C, Aromatic); 6 = 126.56 (2C, Aromatic); &
=114.92 (2C, Aromatic). (Figure 3.20)
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Figure 3.19 : (500 MHz, CDCls) *H — NMR of Compound 7.
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Figure 3.20 : (125 MHz, CDCls) **C — NMR of Compound 7.
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3.3.2.4. Synthesis tetra phenyl of Aza-BODIPY (8)

N
\\NH \N \\ BF3OEt2 DIEA \ N -
DCM rt, 24h

Figure 3.21 : Synthesis of tetra phenyl Aza-BODIPY (8).

1 g (0.0022 mol) of Compound 7 was taken and dissolved in 30 mL DCM in a 2 necked
round bottom flask. 3.4 mL (0.0022 mol) of diisopropylethylamine was added to the
resulting solution and the mixture was stirred for 10 min. Then, 3.67 mL (0.0025 mol)
of BFs Et2O was added to the solution. The reaction mixture was stirred under N2
atmosphere for 24 h. At the end of the reaction period, 30 mL of EtOH was added to
the mixture and DCM and EtOH were removed in a rotavapor. The resulting solid was
washed with distilled water and purified by column chromatography using DCM/HEX
(3:2). As a result, the formation of a blue-black solid was observed (Killoran et al.,
2008). The reaction scheme of synthesis of Aza-BODIPY is given in Figure 3.21.
Yield observed: 91% (1 g product)

'H — NMR (500 MHz, CDClIs): 6 = 8.10-8.04 (m, 8H, Aromatic H); 6 = 7.52 — 7.43
(m, 12H, Aromatic H); 6 = 7.06 (s, 2H, dipyrromethene). (Figure 3.22)

13C — NMR (125 MHz, CDClIs): = 155.57 (1C, dipyrromethene); 6 = 145.61 (1C,
dipyrromethene); 6 = 144.22 (1C, dipyrromethene); 6 = 132.31 (1C, Aromatic); 6 =
131.60 (1C, dipyrromethene); & = 130.93 (2C, Aromatic); 6 = 129.54 (6C, Aromatic);
6 =129.40 (2C, Aromatic); 6 = 128.66 (6C, Aromatic); 6 = 128.62 (2C, Aromatic); o
=119.15 (2C, Aromatic). (Figure 3.23)

39



7.27 cdeli3

—1.68 H20

3

NENRNANNRNRNNRR

—7.06

2.09—

T T T T T T T T T T T T T T T T T T T T T
110 805 800 795 79 78 78 775 770 765 760 755 750 745 740 735 730 725 720 715 710
ppm

Figure 3.22 : (500 MHz, CDCl3) *H — NMR of Compound 8.
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Figure 3.23 : (125 MHz, CDCls) **C — NMR of Compound 8.
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3.3.3. Bromination of the tetra phenyl Aza-BODIPY (9)

N N
S AN N\ . S N N\
\ N.=_N< Bra Br—\ N.=_N< Br
E + Benzene, rt, 2h E +
O O O O
)

(9

Figure 3.24 : Bromination of the tetra phenyl Aza-BODIPY (9).

0.1 g of Compound 8 (0.0002 mol) was dissolved in 10 mL of benzene in a 2 necked
round bottom flask. 0.032 mL of bromine (0.0006 mol) was added to the resulting
reaction mixture. The reaction mixture was stirred at room temperature for 2 hours and
the completion of the reaction was observed by TLC. Benzene was then removed using
a rotary evaporator and Compound 9 was obtained (Gorman et al., 2004). The reaction
scheme of bromination of the Aza-BODIPY is given in Figure 3.24.

Yield observed: 92% (0.12 g product)

'H - NMR (500 MHz, CDClg): 6 =7.91 - 7.86 (m, 4H, Aromatic H); = 7.74 (dd, J
=7.6,1.9 Hz, 4H, Aromatic H); 6 = 7.51 — 7.43 (m, 12H, Aromatic H). (Figure 3.25)
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Figure 3.25 : (500 MHz, CDCls) *H — NMR of Compound 9.

3.3.4. Formylation of the tetra phenyl Aza-BODIPY (10)

N
~ BN \
\ N.—,N\ POCI3DMF \ N _ N\
E + DCE, reflux, 2h
Q) O

(10)

Figure 3.26 : Formylation of the tetra phenyl Aza-BODIPY (10).

6 mL of DMF (0.077 mol) and 6 mL of POCIs (0.064 mol) in equal volumes were
stirred under nitrogen (N2) atmosphere at low temperature. After stirring for 30 min,
the mixture was brought to room temperature. Then, 0.18 g of Compound 8 (0.0036
mol) dissolved in 15 mL of DCE was added to the reaction medium and the mixture
was stirred under N2 atmosphere for 5 min. The reaction mixture was then stirred at 70
°C for 2 h. After the reaction was completed, the mixture was cooled to room

temperature and kept in an ice bath. For neutralization, 250 mL of saturated NaHCOs
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solution was added to the mixture and stirred for 1 h. Finally, Compound 10 was
purified by column chromatography using Petroleum Ether/EtOAc (1:1) solvent
system (Jiao et al., 2009). The reaction scheme of formylation of the Aza-BODIPY is
given in Figure 3.26.

Yield observed: 89% (0.16 g product)

'H — NMR (500 MHz, CDCIs): 6 =9.78 (s, 1H, Aldehyde); 6 = 8.08 (d, J = 7.8 Hz,
4H, Aromatic H); 6 = 7.87 (s, 2H, Aromatic H); 6 =7.74 (d, J = 7.8 Hz, 2H, Aromatic
H); 6=7.53 (q, J = 9.4, 8.4 Hz, 13H, Aromatic H); 6 = 7.23 (s, 1H, dipyrromethene).
(Figure 3.26)
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Figure 3.27 : (500 MHz, CDCls) *H — NMR of Compound 10.

3.3.5. Synthesis of Aza-BODIPY containing PGMA-b-OEGMA polymeric system

Aza-BODIPY carrier polymeric system was synthesized with RAFT polymerization
system to control the PDI (Polydispersity Index) chain length. The synthesis of the

polymeric system consists of three main parts.

1. Synthesis stage of PGMA macro-CTA

2. Synthesis of PGMA-b-OEGMA
43



3. Attachment of Aza-BODIPY (Compound 4) molecule to the obtained PGMA-b-
OEGMA polymer by epoxy opening reaction

3.3.5.1. Synthesis of PGMA macro-CTA (11)

CN
©YS~H/T’\‘/\/COOH
X
S 0”0

]

+
©\KS\C|:/N\,COOH CX)% ABBN
Y CH4CN, 70 °C

S
(11)
Figure 3.28 : Synthesis of PGMA macro-CTA (11).

Glycidyl methacrylate (GMA) which was first purified to remove the inhibitor it
contained, For this purpose, aluminum oxide 90 active neutral was used,
azobisisobutyronitrile  (AIBN), cyano-4-(phenylcarbothiolthio)pentanoic  acid
(CPADB) and acetonitrile (ACN) were used for the synthesis of PGMA macro-CTA.
In this process, GMA served as monomer, CPADB as RAFT agent and AIBN as
polymerization initiator, while ACN was used as solvent. Excluding solvent, the
GMA:CTA:AIBN molar ratio was determined as 1:0.02:0.0025. For synthesis, 2.85 g
GMA (0.02 mol), 0.112 g CPADB (0.0004 mol) and 0.0082 g AIBN (0.00005 mol)
were dissolved in 25 mL acetonitrile (ACN) in a bottom flask. The mixture was
dissolved under N2 gas and purged from ambient air by nitrogen flow in an ice bath
for 30 min. Then, the reaction medium was completely filled with N2 gas and the
bottom flask was sealed. The reaction was started at 70 °C and continued for 8 h. At
the end of the period, the reaction medium was suddenly cooled and the obtained
polymer was precipitated in a mixture of petroleum ether and diethyl ether (total 100
mL) at a 1:1 volume/volume ratio. Finally, the product was purified by drying under
vacuum (Karagoz et al., 2014). The reaction scheme of synthesis of PGMA macro-
CTA is given in Figure 3.28.
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Figure 3.29 : (500 MHz, CDCl3) *H — NMR of Compound 11.

3.3.5.2. Synthesis of PGMA-b-OEGMA (12)
CN
©\st COOH
S o oyo ox
@(SWCOOH (I) ﬁ \7)
s X H AIBN o ©
O —_—
W) N o) Toluene, 70 °C
0 F
:o

(@)

™

(12)

Figure 3.30 : Synthesis of PGMA-b-OEGMA (12).

Oligo(ethylene glycol) methacrylate (OEGMA) was used for synthesis of PGMA-b-
OEGMA. PGMA-b-OEGMA was synthesized by RAFT polymerization. GMA
CTA:OEGMA:AIBN = 1:20:2:0.4 ratio was preferred for the synthesis. For synthesis,
1.235 g PGMA CTA (10x10°mol), 0.288 g OEGMA (2x10mol) and 0.0066 g AIBN
(4x10° mol) were dissolved in 5 mL toluene in a bottom flask. The mixture was

dissolved under N2 gas and purged from ambient air by nitrogen flow in an ice bath
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for 30 min. Then, the reaction medium was completely
bottom flask was sealed. The reaction was started at 70 °C
At the end of the period, the reaction medium was sudde
polymer was precipitated in a mixture of petroleum ether

a 1:1 volume/volume ratio. Finally, the product was purifi

filled with N2 gas and the
and continued for overnight.
nly cooled and the obtained
and hexane (total 10 mL) at

ed by drying under vacuum.

The reaction scheme of synthesis of PGMA-b-OEGMA is given in Figure 3.30.
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Figure 3.31 : (500 MHz, CDCl3) *H — NMR of Compound 12.

3.3.5.3. Synthesis of PGMA-b-OEGMA_Aza-BODIPY (13)

0 o
c 0
S

(13)

Figure 3.32 : Synthesis of PGMA-b-OEGMA_Aza-BODIPY (13).
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Synthesis of PGMA-b-OEGMA_Aza-BODIPY polymer PGMA-b-OEGMA:Aza-
BODIPY = 1:20. For this, 0.912 g (6x10° mol) of PGMA-b-OEGMA polymer and 6.3
g (12x10* mol) of Compound 4 were taken and stirred in MeOH for 4 days. After
cooling, the reaction mixture was dried in a freeze dryer and filtered with distilled
water using a dialysis membrane with a 1000 cut-off (Chung et al., 2015). The reaction
scheme of synthesis of PGMA-b-OEGMA_Aza-BODIPY is given in Figure 3.32.
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Figure 3.33 : (500 MHz, CDCls) *H — NMR of Compound 13.
3.3.6. Synthesis of Aza-BODIPY-C4P Molecule

3.3.6.1. Synthesis of compound 4 TBA salt (14)

Figure 3.34 : Synthesis of Compound 4 TBA Salt (14).
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A 0.6 mmol MeOH solution of Compound 4 was prepared and reacted with
tetrabutylammonium hydroxide in 1M MeOH at twice ratio. Following that, the
reaction mixture was stirred for two hours at room temperature. Following methanol
evaporation, the products were triturated in diethyl ether and vacuum-dried at 40 °C.
The reaction scheme of synthesis of Compound 4 TBA Salt is given in Figure 3.34.
'H — NMR (500 MHz, CDCIs): 6 = 9.01 (s, Pyrrole NH,); § = 8.06 (dd, J = 14.3, 8.0
Hz, Aromatic H, 8H); 6 =7.46 (dt, J = 15.2, 7.3 Hz, 4H, Aromatic H); 7.08 — 6.91 (m,
8H, Aromatic H). (Figure 3.35)
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Figure 3.35 : (500 MHz, CDCl3) *H — NMR of Compound 14.

3.3.6.2. Synthesis of Compound 4-Calix[4]pyrrole molecule (15)

Wy o)

i\ r‘ §
/K

Figure 3.36 : Synthesis of Compound 4-Calix[4]pyrrole molecule (15).
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Compound 4 TBA salt solution was prepared in 0.6 mmol water and twice this amount
of equal amount of Calix[4]pyrrole was reacted. Following that, the reaction mixture
was stirred for two hours at room temperature. Following methanol evaporation, the
products were triturated in diethyl ether and vacuum-dried at 40 °C. (Figure 3.37)

'H — NMR (500 MHz, CDCI5): § = 8.04 (dd, J = 37.8, 8.2 Hz, Aromatic H, 4H); § =
7.36 (dt, J = 46.8, 7.5 Hz, Aromatic H, 8H); 6 =6.63 (d, J = 8.7 Hz, 4H, Aromatic H);
8=2.94-2.87 (m, 8H, N-CH); 8 =1.43 - 1.33 (m, 8H, N-CH); 6 =1.24 (h,J=7.2
Hz, 8H, N-CH); 6 = 0.87 (t, J = 7.3 Hz, 8H, N-CH).
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ppm

Figure 3.37 : (500 MHz, CDCl3) *H — NMR of Compound 15.
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4. RESULTS AND DISCUSSION

In this thesis, Aza-BODIPY compounds were synthesized and structurally modified to
explore their potential in various application areas. The performance and behavior of
each compound were evaluated within the scope of its specific use, and the results
were interpreted accordingly, providing insight into the structure—property
relationships influenced by different substituents.

4.1. Comparative Study of Hydroxy-, Bromo-, and Formyl-Substituted Aza-
BODIPY Dyes for Detection of Nitroaromatic Compounds

Aza-BODIPY compounds are generally studied as sensors and their sensor properties
against NACs have also been investigated in the literature (Sadikogullari et al., 2023).
The unique part of this study is the investigation of the effect of EDG and EWG groups
on this sensor application of Aza-BODIPY. For this purpose, Compounds 4, 9 and 10,
which were synthesized and characterized within the scope of the thesis, were
preferred for analysis. For the synthesis of Compound 4, firstly 4 — hydroxy — E —
chalcone was synthesized and the synthesis of the material was proven by NMR
characterizations. (Figure 3.2, Figure 3.3) After that, Michael addition of to 4 —
hydroxy — E — chalcone has been done and the synthesis of the material was proven by
NMR characterizations. (Figure 3.5, Figure 3.6) p — OH Substituted Aza-
dipyrromethene was synthesized and its synthesis was proven by NMR
characterizations. (Figure 3.8, Figure 3.9) Finally, the synthesis of Compound 4 was
proven by NMR characterizations. (Figure 3.11, Figure 3.12, Figure 3.13) Before
formylation and bromination processes, aza-BODIPY compound was synthesized.
Synthesis of E-chalcone compound was proven by NMR technique. (Figure 3.15,
Figure 3.16) Michael addition of NO> to E-chalcone compound was proven by NMR
technique. (Figure 3.18, Figure 3.19) Then, synthesis of aza-dipyrromethene
compound was proven by NMR characterization (Figure 3.21, Figure 3.22) and
synthesis of Compound 8 was proven by NMR characterization. (Figure 3.24, Figure

3.25) Then, bromination synthesis of Compound 8 was made and Compound 9 was

51



synthesized and characterized by NMR. (Figure 3.27) Compound 8 was formylated
and Compound 10 was synthesized. It was characterized by NMR technique. (Figure
3.29)

In order to compare the experimental results, each compound was prepared as 5 uM
in DMSO and the analyte materials (Trinitrophenol, Trinitrotoluene, Dinitrotoluene,
Mononitrotoluene, Nitrobenzene, Nitromethane, Nitroethane and Nitropropane) were
prepared as 500 uM and gradually added to the solution in 2.5 pL aliquots per
application. Also, TNP was prepared as 500 uM in water and used in titration. All
fluorescence measurements were taken at room temperature, and the maximum
wavelength was found to be 746 nm for Compound 4, 677 nm for Compound 9, and
662 nm for Compound 10. In order to study the optical detection of nitro compounds
using fluorescence quenching of Aza-BODIPY, fluorescence titrations were
performed at least three times. In order to determine LOD, the standard deviation (G10)
was computed from the intensity of the naked sensor (lo) in many fluorescence
measurements.

Initially, Compound 4 was tested against, five different nitroaromatic compounds.
According to results, when commercially available nitroaromatic molecules (TNT,
DNT and MNT) were examined, similar Ks results were obtained around 1x10° M,
This similarity can be attributed to Compound 4 being highly electron-rich due to the
presence of hydroxyl groups, enabling strong interactions with electron-deficient
nitroaromatic compounds, such that the degree of electron deficiency among these
nitroaromatics becomes negligible in determining the interaction strength.
Interestingly, binding constant toward nitroalifatics observed to be higher than any
nitroaromatic compound which can be rationalized by hydrogen bonding. The
phenolic hydroxyl groups in Compound 4 enable hydrogen bonding with the acidic
proton of the nitroaliphatic molecule, thereby potentially facilitating fluorescence
quenching. When all the results are considered, addition of hydroxy group increasses
affinity to nitroaromatic compounds but also decreases of the selectivity towards
nitroaromatics. It was observed that Compound 4 gave the highest Ksv value to TNP
dissolved in water, which can be attributed to reasons mentioned above. TNP has a
more acidic structure than other nitroaromatics due to its phenolic hydroxyl group.
This situation caused Compound 4, which has an electron-rich structure in particular,
to exhibit strong n— stacking and acid-base interaction. The —OH group of TNP can

act as a hydrogen bond donor and the hydroxyl groups of Compound 4 increased the
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binding constant. When, quenching efficiencies are considered 60-80% quenching was
observed in all tested nitro compounds, indicating low selectivity except for TNP
which shows total quenching when prepared in water. This situation is thought to result
from the low water solubility of Aza-BODIPY molecules, which may have affected
the aqueous quenching efficiency; however, this difference was not considered
significant. (Figure 4.1, Figure 4.2, Figure 4.3 and Table 4.1)

Table 4.1 : Ks and QE (quencher efficiency) results obtained by titration of
Compound 4 (5 uM) with 500 pM nitro compounds.

Nitro Compound Ksv (M) QE
(in solvent)

TNP (in water) 2.0x10°; 7.8x10° 97%
TNP (in DMSO) 4.1x10° 66%
TNT (in DMSO) 7.8x10% 2.8x10° 79%
DNT (in DMSO) 1.3x10° 52%
MNT (in DMSO) 2.3x10° 64%

NB (in DMSO) 1.8x10° 59%
NM (in DMSO) 2.4x10° 67%

NE (in DMSO) 5.4x10° 81%
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Figure 4.1 : Fluorescence quenching spectra of Compound 4 titrations in DMSO
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Compound 9 was first evaluated in comparison to five distinct nitroaromatic
chemicals. Results showed that identical Ksy values of about 1x10* M were achieved
when commercially accessible nitroaromatic compounds (TNP, TNT, DNT and MNT)
were investigated. Unlike Compound 4, one of the reasons why the results of the
titrations with different nitro compounds in Compound 9 give similar Ksv values is
that this compound does not contain a group such as hydroxy that can make hydrogen
bonds. On the other hand, Ksy values were lower compared to the titrations performed
with Compound 9. The hydroxyl groups of Compound 4 are EDG, which increased
the electron richness of the Aza-BODIPY ring and had a fluorescence quenching with
high Ksv with electron-poor nitro compounds. Bromine groups are EWGs and they
reduced the electron density of the Aza-BODIPY ring and caused low Ksy values to be
observed (Zhang et al., 2017). Interestingly, Compound 9 showed a similar response
to nitroaromatics and nitroaliphatics. Aza-BODIPY usually contains an electron-rich
n-system, which triggers the PET (photoinduced electron transfer) mechanism caused
by nitro groups, and since Compound 9 and nitro compounds have similar electron
acceptor capacities, the Kg's were observed at similar values of about 1x10*. Bromine
atom affected the quenching via phosphorescence or triplet state transfer by increasing
the intersystem crossing (ISC) due to both electron-withdrawing (inductive) and heavy
atom effect. When, quenching efficiencies are considered 8-20%, quenching was
observed in all tested nitro compounds, indicating the addition of bromine group on
the Aza-BODIPY molecule, decreases the electron-richness of the system. This
situation caused because of the reducing interaction of Compound 9 with electron-poor
nitro compounds. Considering all these results, it can be concluded that EWGs reduced
the electron density on the ring and limited their selectivity in a nitroaromatic sensor

application. (Figure 4.4, Figure 4.5, Figure 4.6 and Table 4.2)
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Table 4.2: Ksv and QE (quencher efficiency) results obtained by titration of
Compound 9 (5 uM) with 500 uM nitro compounds.

Nitro Compound (in Ksv (M) QE
solvent)

TNP (in water) 3.3x10% 21%
TNP (in DMSO) 1.0x 10* 8%
TNT (in DMSO) 2.7x10% 18%
DNT (in DMSO) 2.6x10* 18%
MNT (in DMSO) 1.9x10* 13%

NB (in DMSO) 3.0x10* 20%
NM (in DMSO) 1.8x10* 12%

NE (in DMSO) 2.9x10* 20%
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Finally, five distinct nitroaromatic compounds were used to evaluate Compound 10.
Results showed that identical Ks, values of about 1x10° M™ were found when
commercially accessible nitroaromatic compounds (TNP, TNT, DNT, and MNT) were
analyzed. When Ksy values were examined, similar values were obtained compared to
an Aza-BODIPY (Compound 4) molecule having an EDG group. Although formyl
group, known to be electron-withdrawing group, has a resonance effect while excited
by light, the fluorophore group to which it is attached enters a high-energy electronic
state (Szatylowicz et al., 2019). Thus, Ke values at the level of 1x10° M were
obtained against electron-poor nitro compounds. Interestingly, the binding constant
toward nitroalifatics was observed to be high as nitroaromatic compounds. The formyl
group makes the sensor electron-poor. This situation causes Aza-BODIPY to be more
sensitive to the PET (photoinduced electron transfer) mechanism in its excited state.
The energy difference required for PET can be provided not only by aromatic but also
by aliphatic nitro compounds. Because nitroaliphatics are also strong electron
acceptors. The formyl group generally makes the Compound 10 sensitive to
electrophilic species, but does not provide selectivity. In other words, Compound 10
showed a quenching response to both types of electron acceptors, regardless of
whether they were nitroaromatic or nitroaliphatic. When looking at the quenching
efficiencies, Compound 10 has values between 52-79% against nitro compounds. This
shows that the formyl group does not increase the QE value as much as an EDG, but
has higher QE values compared to Bromine due to the resonance effect. (Figure 4.7,
Figure 4.8, Figure 4.9 and Table 4.3)

Table 4.3: Ksv and QE (quencher efficiency) results obtained by titration of
Compound 10 (5 uM) with 500 uM nitro compounds.

Nitro Compound (in solvent) Ksv (M) QE
TNP (in water) 5.3x10° 79%

TNP (in DMSO) 1.4x 10° 54%

TNT (in DMSO) 2.4x10° 65%

DNT (in DMSO) 1.9x10° 62%

MNT (in DMSO) 2.2x10° 63%

NB (in DMSO) 2.6x10° 66%

NM (in DMSO) 2.2x10° 63%

NE (in DMSO) 1.8x10° 58%
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Figure 4.7 : Fluorescence quenching spectra of Compound 10 titrations in DMSO
using TNP in water (a), TNP in DMSO (b), TNT in DMSO (c), DNT in DMSO (d),
MNT in DMSO (e), NB in DMSO (f), NE in DMSO (g), NM in DMSO (i) and NP in
DMSO (j). Quencher efficiencies were also shown.
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Figure 4.9 : Limit of detection spectra of Compound 10 titrations in DMSO using
TNP in water (a), TNP in DMSO (b), TNT in DMSO (c), DNT in DMSO (d), MNT
in DMSO (e), NB in DMSO (f), NE in DMSO (g), NM in DMSO (i) and NP in
DMSO (j).
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Figures 4,10 and 4.11 present a comparative analysis of the Ksy and quantum efficiency
(QE) values, respectively, obtained from the titration experiments of Compound 4,
Compound 9, and Compound 10 with various nitro compounds.

r
Owr

—NPNococo
/A
min

H \Q
1 ,’0
K 8 &)
< <y.,()
”51,%
o
Q ..
<z 2,
N N e
< o
o(:‘
©

Figure 4.10 : Comparative Ksv values of Compound 4 (diHydroxyl), Compound 9
(diBromo) and Compound 10 (B-formyl) with the titration of nitrocompounds against
reference Aza-BODIPY compound.

Figure 4.11 : Comparative quenching efficiencies of Compound 4 (diHydroxyl),
Compound 9 (diBromo) and Compound 10 (B-formyl) with the titration of
nitrocompounds against reference Aza-BODIPY compound.
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When explosive sensors are examined in the literature, it is known that an electron-
rich sensor molecule generally reacts with electron-poor NACs and this reaction
occurs via -7 interaction (Liu et al., 2022). As a result of the analyses, it was observed
that electron donor (EDG) and electron withdrawing (EWG) groups significantly
affected the electronic density on the aromatic ring. In the comparative study
conducted on three different compounds synthesized based on the Aza-BODIPY
structure; Compound 4 contained a hydroxy group (EDG), Compound 9 a bromine
group (EWG), and Compound 10 a formyl group (EWG). The effects of these
functional groups were evaluated through the photophysical responses (Ksv and QE
values) of the compounds with nitro compounds. Since nitro compounds, as known,
have strong electron acceptor (electron-poor) properties, the PET (photoinduced
electron transfer) mechanism plays an active role in the interactions with electron-rich
sensor molecules. In this context, it is expected that Compound 4, which carries a
hydroxy group, will show the strongest interaction, and the experimental data also
confirmed this. The hydroxy group, which increases the electron density on the ring
thanks to its electron donor property, has created a more effective quenching
mechanism with nitro compounds. On the other hand, in Compound 9 carrying a
bromine group, fluorescence quantum yield was suppressed due to the electron-
withdrawing character as well as the ‘heavy atom effect’ and the interaction with nitro
compounds was weakened. Surprisingly, a stronger interaction was observed for
Compound 10 carrying a formyl group, contrary to expectations. This situation can be
explained by the resonance effect of the formyl group, which increases the energy
levels after photoexcitation in the Aza-BODIPY structure, allowing a more effective
PET interaction with nitro compounds. In other words, the formyl group made the
excited state of the system more reactive. In comparisons made with the literature, it
was observed that all the synthesized compounds responded more strongly to nitro
compounds than classical Aza-BODIPY derivatives (Sadikogullari et al., 2023).
However, the fact that they responded to certain levels not only to nitroaromatic
compounds but also to nitroaliphatic compounds reveals that these sensors have low
selectivity levels. The loss of selectivity reduces the usability of the sensors in specific
applications, but still indicates significant potential in terms of general fluorescence
sensitivity. In conclusion, in this study, the effects of three different groups (hydroxy,
bromine and formyl) added to the Aza-BODIPY dye on the optoelectronic properties

and interactions with target molecules were systematically evaluated and supported by
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experimental data. The obtained results reveal the direct effect of the functional group
selection on the sensor performance; at the same time, they shed light on the rational

design of Aza-BODIPY derivatives to develop more selective and effective sensors.

4.2. Application of Aza-BODIPY Compound (Compound 4) in Live-Cell

Imaging

Due to the low solubility of Aza-BODIPY compounds in water, it is necessary to
increase the hydrophilic properties of the molecules in applications such as
intracellular imaging. Therefore, Compound 4, which is intended to be used in
intracellular imaging within the scope of the thesis, was desired to be integrated into a
water-soluble polymeric system. Therefore, PGMA-b-OEGMA polymer was
synthesized by RAFT method. First, PGMA macro-CTA was synthesized and
characterized by NMR (Figure 3.29), then PGMA-b-OEGMA copolymer was
synthesized and characterized by NMR (Figure 3.31). The hydroxyl groups of
Compound 4 and the epoxy groups in the GMA monomer was ring-opened to obtain
the target molecule, and Compound 4 was incorporated into the polymer and
characterized using NMR. (Figure 3.33).
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Figure 4.12 : 'H-NMR spectra of PGMA macro-CTA (Compound 11), PGMA-b-
OEGMA (Compound 12), and PGMA-b-OEGMA_Aza-BODIPY (Compound 13) in
CDClz.
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After the synthesis and characterization of PGMA macro-CTA, the PGMA-b-
OEGMA polymer were synthesized. When the stacked NMRs of the two polymers are
examined in Figure 4.12, OEGMA peaks (e, f, g and i) were appeared, and the a, b1
and c12 peaks belonging to PGMA macro-CTA are preserved. This shows that the
PGMA-b-OEGMA polymer chain was successfully synthesized. After that, the
obtained PGMA-b-OEGMA polymer was dissolved in methanol and Aza-BODIPY
(Compound 4) integrated into the polymer chain by ring-opening of the epoxy. When
the NMRs between the two polymers were examined at Figure 4.12, the peaks
belonging to the epoxy (b1, b2, c1, and c2) disappeared and the peaks of Aza-BODIPY
began to appear in the aromatic region. This showed that the polymer was successfully

modified.
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Figure 4.13 : Gel permeation chromatogram of PGMA-b-OEGMA and PGMA-b-
OEGMA-co_Aza-BODIPY.

The GPC chromatograms exhibit a rightward shift in the peak, indicating an increase
in the molecular weight of the polymer and suggesting successful integration of
Compound 4 into the polymeric system. The PDI value of the two polymers was

calculated as 1.09, which is an indication that controlled polymerization took place
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and that the polymer was not damaged by the integration sequence of Compound 9.
(Figure 4.13)
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Figure 4.14 : FTIR spectra of PGMA-b-OEGMA and PGMA-b-OEGMA-co_Aza-
BODIPY.

When looking at the FTIR spectra, the disappearance of the epoxy peak seen at 910
cmt is an indication that the integration of Compound 4 was successful. In addition,
the preservation of the C-O-C stretching vibration seen at 1100 cm™ and the carbonyl
peak seen at 1724 cm™ show that the polymer is not damaged. In light of all these
results, the polymeric system to be used in intracellular imaging was successfully
synthesized. (Figure 4.14) Intracellular imaging studies of the obtained polymer will
be continued. In addition, PGMA-b-Fructose polymer will be synthesized within the
scope of the study and integrated into Compound 4 polymer by opening the epoxy.
This new polymer will also be used in intracellular studies. While the PGMA-b-
OEGMA polymer system was designed to evaluate the ability to cellular uptake, the
PGMA-b-Fructose system was developed to investigate the potential for specific
targeting to cancer cells.
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4.3. Application of Aza-BODIPY Compound as an IDA Sensor Against Fluorine

Anion

Within the scope of the thesis, Aza-BODIPY molecule (Compound 4) was complexed
with calix[4]pyrrole compound to be used as IDA sensor. For this purpose, Compound
4 was first reacted with TBA salt and turned into TBA salt and then TBA was replaced
with calix[4]pyrrole. The synthesis of two molecules were characterized by NMR.
(Figure 3.35, Figure 3.37)
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Figure 4.15 : 'H-NMR spectra of Compound 4 (in ds-DMSO), Compound 14 (in
CDCl3) and Compound 15 (in CDClIs).

Following the synthesis and characterization of Compound 4, Compounds 14 and 15
were subsequently synthesized. As shown in the stacked NMR spectra of the three
compounds (Figure 4.15), the characteristic peaks (a, b, ¢, d, and ) of Compound 4
are retained in all spectra, indicating structural continuity. Upon synthesis of
Compound 14, additional peaks (f, g, h, and i), attributed to TBA, emerged in the NMR
spectrum. In the final step, the appearance of the pyrrole NH signal in the spectrum of
Compound 15 further supports the successful completion of the synthesis.
Collectively, these spectral observations confirm the successful progression through
each synthetic step.
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Figure 4.16 : UV-Vis spectra of Compound 4, Compound 14 and Compound 15.

Compound 4, Compound 14 and Compound 15 were dissolved in DMSO and Uv-Vis
and fluorescence measurements were taken. UV-vis characterizations of the
compounds were performed. All UV-Vis measurements were taken at room
temperature and the UV-Vis spectra of Compound 4, Compound 14 and Compound
15 are given in Figure 4.16. Maximum wavelength was found to be 719 nm for

Compound 4, 739 nm for Compound 14, and 710 nm for Compound 15.
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Figure 4.17 : Fluorescence spectra of Compound 4, Compound 14 and Compound
15.
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Also, fluorescence characterizations of the compounds were performed. All
fluorescence measurements were at room temperature and the fluorescence spectra of
Compound 4, Compound 14 and Compound 15 are given in Figure 4.17. Maximum
wavelength was found to be 760 nm for Compound 4 and 750 nm for Compound 15.
But, Compound 14 shows no fluorescence emission. In light of this information, this
system can be used as a selective IDA sensor for the fluoride ion, as in the examples
in the literature.
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5. CONCLUSIONS

Aza-BODIPY molecules attract great attention in various research areas due to their
maximum emission wavelengths being tunable to the near-IR region, their high
photostability and their ease of chemical modification. Thanks to these properties, they
are suitable for use in many applications, especially in chemical sensors and biological
imaging systems. Within the scope of this thesis, various Aza-BODIPY derivatives
were synthesized, modified via functional groups and integrated into a polymeric
system. The structural and functional properties of the obtained compounds were
evaluated in detail over three different applications. Each application aims to reveal
the effect of the groups added to the Aza-BODIPY structure on the molecular
properties. In the first application area, the effect of different electron donor (EDG)
and electron withdrawing (EWG) groups attached to the Aza-BODIPY core on the
general electronic structure of the system was investigated. It was observed that
compounds with EDG groups showed stronger interactions with nitro compounds by
increasing the electron richness of the Aza-BODIPY structure. On the other hand,
EWG groups generally reduce the electron density on the ring and limit the
effectiveness of the PET (photoinduced electron transfer) mechanism, thus reducing
sensor performance. However, some exceptions, such as the resonance effect of the
formyl group, have caused such compounds to exhibit unexpectedly effective sensor
behavior. These findings reveal that the selective sensing ability of Aza-BODIPY -
based sensors is directly related to the functional group structure. In the second
application, the Aza-BODIPY dye was integrated into a polymeric structure and made
compatible with biological environments. This structure is currently being utilized in
intracellular imaging studies. The third application was based on the conjugation of
the Aza-BODIPY compound with the calix[4]pyrrole structure to create an IDA
(Indicator Displacement Assay) sensor system selective for halogen ions (especially
fluoride ions). Within the scope of the studies carried out in this thesis, the advantages
(high photostability, wide wavelength tunability, structural flexibility, etc.) and some

limitations (selectivity problems, solubility limitations, etc.) have been highlighted.
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The obtained results clearly demonstrate the versatile usability of Aza-BODIPY -based
systems and provide a platform that can be easily integrated into different areas.
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