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PREFACE 

 The chemistry of dipyrromethene ligands has attracted much attention due to 

their inherent ability to form stable co-ordination complexes. The conjugated π-

system of these ligands endowed their complexes with favorable optical properties 

such as intense absorption with high molar absorption coefficients (ε > 104 M-1cm-1) 

and moderate to quantitative fluorescence quantum yields. Furthermore, these 

systems possessed long excited singlet-state lifetimes (1 to 10 ns), and versatile 

charge-transfer properties. Among these, the boron complexes such as 4,4-difluoro-4-

bora-3a,4a-diaza-s-indacenes, abbreviated as BODIPYs have been well explored in the 

literature, however, the aza-dipyrromethenes and their boron complexes (aza-

BODIPYs) attracted much less attention. The aza-BODIPY dyes showed around 100 

nm bathochromic shifted absorption, when compared to BODIPYs. The nitrogen lone 

pair at the 8-position found to contribute to the orbital levels of the actual cyanine 

framework, reducing the HOMO–LUMO energy gap relative to BODIPY dyes bearing 

similar substituents. The electrochemical measurements and molecular-orbital 

calculations furthermore confirmed the observed red-shifted absorption and 

emission maxima in these systems.  

 The present thesis based on the aza-BODIPYs has been divided into four 

chapters and of which the first chapter presents an overview of the aza-BODIPY dyes, 

with a particular emphasis on their applications. Some of these aspects include the 

design strategy of the aza-BODIPY dyes with improved absorption properties, singlet 
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oxygen yields and a brief survey of their use as sensitizers in photodynamic, 

photovoltaic and molecular recognition applications. In addition, the specific 

objectives of the present thesis were briefly described at the end of this chapter. 

 The design of novel aza-BODIPY dyes and tuning of their excited state 

properties such as triplet excited state and singlet oxygen generation efficiencies 

through the judicious halogenation form the subject matter of 2nd Chapter. In this 

context, we have synthesized a series of novel aza-BODIPY derivatives 4a-c, 5a,c and 

6b,c by substituting with bromine and iodine atoms and have investigated their 

photophysical properties under different conditions. These derivatives showed 

strong NIR absorption in the range of 660-680 nm and exhibited fluorescence 

quantum yields (ΦF) of ca. 0.05-0.08. The quantum 

yields of triplet excited state and singlet oxygen 

generation were determined and which showed 

significant dependence on the position and extent 

of halogenation of the parent dye and the 

heaviness of the substituent. For example, we observed negligible triplet excited state 

(ΦT) and singlet oxygen yields (ΦΔ) for the parent unsubstituted aza-BODIPY, 4a (Δ 

= 0.01). However, upon peripheral bromination and iodination resulted in a marginal 

improvement as in the case of 4b (T = 0.07, Δ = 0.012) and 4c (T = 0.08, Δ = 

0.02). Surprisingly, the core substituted dyes, 5a (T = 0.68, Δ = 0.65), 5c (T = 0.70, 

Δ = 0.60) 6b, (T = 0.78, Δ = 0.70) and 6c (T = 0.86, Δ = 0.80) showed 

significantly improved triplet excited state and singlet oxygen generation efficiencies, 
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when compared to the peripheral substituted systems. The dye 6c, substituted with 

six iodine atoms at the core and peripheral phenyl rings showed quantitative 

quantum yield values of triplet excited state and singlet oxygen generation efficiency 

of ca. 86% and 80%, and these are the highest values reported in the literature for the 

aza-BODIPY derivatives. The results of these investigations demonstrated that these 

dyes exhibited favorable photophysical properties and high quantum yields of triplet 

excited state and singlet oxygen and hence can have potential as sensitizers for 

various applications. 

 The third chapter of the thesis deals with the investigation of in vitro 

photobiological properties of the selected aza-BODIPY derivatives, 5a,c and 6b,c as 

well as their efficacy as catalysts in singlet oxygen mediated photooxygenation 

reactions. To overcome the issue of water solubility, we have formulated the 

nanomicelles by the encapsulation of aza-BODIPY dyes 5a,c and 6b,c into the 

hydrophobic pocket of an amphiphilic lipid, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE). Further, the 

in vitro photodynamic therapeutic applications 

studies of the DSPE-BODIPY conjugates using 

MDA-MB-231 cells showed that these 

nanomicelles were cytotoxic only in presence of 

light with a low IC50 value of 2 µM for the 

conjugate with the aza-BODIPY derivative, 5a as the sensitizer. The mechanism of 

biological activity has been evaluated through FITC-Annexin V/propidium iodide 

staining experiments. We observed ca. 86% cell death in presence of 2 µM of DSPE-
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BODIPY conjugates and the mechanism of cell death was found to be through 

apoptosis. The apoptotic mediated cell destruction was further confirmed by 

morphological transformation, chromatin condensation, TMRM experiments and 

activation of caspase 3. The CM-H2DCFDA assay has further revealed the involvement 

of reactive oxygen species during the apoptotic mediated pathway.  

 We have further explored the potential use of these aza-BODIPY derivatives as 

catalysts for photooxygenation reactions. The aza-BODIPY dyes, 5a,c, 6b,c and the 

commonly used sensitizers such as tetraphenylporphyrin (TPP), Rose Bengal (RB) 

and Methylene Blue (MB) were used for the oxidation of 1-naphthol to 1,4-

napthoquinone under artificial light as well as sunlight irradiation conditions. 

Interestingly, the aza-BODIPY dye, 6b showed ca. 100% conversion of 1-napthol to 

1,4-naphthoquinone in ca. 30 min. The versatility of the sensitizer was examined by 

employing the oxidation of different substrates such as thioanisole and furfural. We 

observed efficient conversion in presence of the aza-

BODIPY catalysts. Interestingly, these dyes can be 

uniformly loaded onto polystyrene matrix and can be 

used in the photooxidation of organic systems. The 

energy demand is low and the conditions used are 

simple employing the aza-BODIPYs when compared to the standard laboratory 

oxidation reactions; hence such a conversion can be regarded as a green reaction. 

These results confirmed that the aza-BODIPY derivatives under irradiation, act as 

novel sensitizers in photodynamic therapy and also as “sustainable catalysts” for 

photooxygenation reactions. 

(80%)

(100%)
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 Synthesis of the functional aza-BODIPY dyes and investigations of their 

photophysical properties and chemodosimetric applications are described in Chapter 

4. We have synthesized the aza-BODIPY dyes, 3a-c by changing the peripheral 

substitution with azido, amino and dimethylamino groups, and have investigated 

their photophysical properties. These dyes showed strong absorption in the range 

700-800 nm, while the fluorescence maxima 

were observed in the region 750-950 nm. We 

have investigated the interactions of the amino 

derivative, 3b, with various anions and which 

showed selective recognition of nitrite ions 

(NO2
-). The successive addition of nitrite ions, 

to the protonated form of the probe, 3b, resulted in a hypochromicty in the 

absorbance at 570 nm, along with a gradual red shift in the maximum to 630 nm. The 

probe, 3b showed selective recognition of the nitrite ions through a distinct visual 

color change from bright blue to intense green with a sensitivity of 20 ppb (0.5 µM). 

Uniquely, this probe can be coated on a glass surface to fabricate a simple solid-state 

dipstick device. Such a dipstick device can be used for the visual detection of the 

nitrite ions in presence of other competing anions in distilled as well as natural water 

resources. This probe can be furthermore used for the sensitive detection of the 

nitrate ions (NO3
-) when coupled in a reduction step.   

 On the other hand, the azido-aza-BODIPY dye, 3a showed selective 

interactions with hydrogen sulfide (H2S) through a color change from bright blue to 

purple with a detection limit of ca. 0.5 ppm. The gradual addition of H2S to the probe 

H
2
S 
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3a induced ca. 50% hypochromicity at 700 nm with a concomitant bathochromic shift 

of ca. 50 nm, through an isosbestic point at 726 nm. The observed purple color 

corresponds to the reduced amino aza-BODIPY dye, 3b. The linearity of concentration 

dependent absorption changes supported its utility for the on-site analysis and 

estimation of H2S in the aqueous medium. In contrast, the dimethylamino-aza-

BODIPY derivative, 3c exhibited negligible affinity for the anions tested. Thus, by 

tuning the photophysical properties through the judicious functionalization, we have 

been successful in developing novel aza-BODIPY dyes for their use in the detection 

and analysis of biologically important molecules such as NO2
-, NO3

- and H2S.  

 In summary, we have synthesized novel aza-BODIPY dyes and have tuned 

their photophysical properties through appropriate substitution and explored their 

applications in photodynamic therapy, photooxygenation and molecular recognition.  

These systems showed good solubility in the organic media and exhibited high 

photostability, favorable absorption and fluorescence properties. The halogenated 

aza-BODIPY dyes showed excellent triplet excited state quantum yields and singlet 

oxygen generation efficiencies, thereby their use as sensitizers in photodynamic 

therapy as well as photooxygenation reactions. On the other hand, the amino and 

azido aza-BODIPY dyes showed selectivity for biologically important ions and 

demonstrating thereby their application as chemodosimeters. Overall, our results 

demonstrate that, the aza-BODIPY dyes reported in the thesis are the versatile 

systems, which can be further explored for their material and biological applications. 

Note: The numbers of various compounds given here correspond to those given under the 

respective chapters. 
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CHAPTER 1 

AZA-BODIPY DYES: UNVEILING THE HIDDEN VERSATILITY 

 

 

1.1. INTRODUCTION 

Myriad classes of highly fluorescent organic compounds are available in the 

literature for various applications. Among these, 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, abbreviated as BODIPY, has gained much attention as being one of the most 

versatile fluorophores. The BODIPY dyes were synthesized for the first time by Treibs 

and Kreuzer, (Treibs et al., 1968) but not much explored until the end of the 1980s. The 

potential fluorescence properties of these dyes were explored only late 1980s and 

which has resulted in synthesis of new and novel BODIPY based dyes and their 
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commercialization for labeling applications (Monsma et al., 1989; Haughland et al., 

1988; Wories et al., 1985). The fundamental aspects on the chemical reactivity and the 

photophysical properties of the BODIPY dyes have been well explored since then as 

reflected in the publication of papers and patents in the literature (Figure 1.1A).  

0

100

200

300

400

500

600

1
9

9
6

 

1
9

9
8

 

2
0

0
0

 

2
0

0
2

 

2
0

0
4

 

2
0

0
6

 

2
0

0
8

 

2
0

1
0

 

2
0

1
2

 

2
0

1
4

 

A) B) 

2
0

0
5

 

2
0

0
6

 

2
0

0
7

 

2
0

0
8

 

2
0

0
9

 

2
0

1
0

 

2
0

1
1

 

2
0

1
2

 

2
0

1
3

 

2
0

1
4

 0

5

10

15

20

25

30

N
o

: 
o

f 
P

u
b

li
ca

ti
o

n
s 

 

Figure 1.1. Statistical survey of the number of publications on A) BODIPY and B) aza-

BODIPY dyes appeared in the literature up to 2014. 

Unlike BODIPY dyes, aza-dipyrromethenes and their boron complexes (aza-

BODIPYs), which differ only at the meso carbon atom, have been rarely explored in the 

literature due to their negligible fluorescence and synthetic difficulty, when compared 

to the BODIPY dyes. Though these compounds were first reported in 1940s but have 

been remained unexplored for applications since that time (Rogers, 1943; Knott, 1947). 

However, this class of dyes has attracted considerable attention from the beginning of 

21st century with the report from O’Shea and co-workers (Killoran et al., 2002).  

The first chapter of the present thesis gives an overview of the scope and 

applications of this neglected class of chromophore, aza-BODIPY dyes. Furthermore, it 
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also includes a brief discussion on the parent BODIPY dyes and their limitations 

followed by the development of aza-BODIPY dyes and their use as the sensitizers for 

biological and molecular recognition applications. In addition, the objectives of the 

present thesis are also briefly described at the end of this chapter. 

1.2. BODIPY DYES: HISTORICAL DEVELOPMENTS  

Of the various fluorophores reported, 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) dyes, display favorable properties, and hence attracted much 

attention during the last three decades. Although the first example of this class of dyes 

was reported in 1968, the possible applications of BODIPY-based dyes as biological 

labeling agents, electroluminescent devices, tunable laser dyes, solid-state solar 

concentrators, and fluorescent switches were fully recognized only in the mid-1990s 

(Ulrich et al., 2008; Loudet et al., 2007). The huge appeal of these dyes in the recent 

times may be due to their stability, relatively high molar absorption coefficients (Ɛmax) 

and fluorescence quantum yields (ΦF), and good solubility in various solvents.  The 

excitation/emission wavelengths in the visible spectral region (500-600 nm), and 

fluorescence lifetimes in the nanosecond range added to their use in biological 

applications (Boens et al., 2012; Diring et al., 2009; Cakmak et al., 2009; Goze et al., 

2006; Yilmaz et al., 2006; Rohand et al., 2005). In addition, the spectroscopic and 

photophysical properties of BODIPY dyes can be fine-tuned by the attachment of 

different functional groups at the appropriate positions of the BODIPY core (Scheme 

1.1). These dyes were synthesized from the pyrrole derivatives and the corresponding 

aldehydes through an in situ multi-step reaction. Using this synthetic strategy, 
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numerous BODIPY systems have been prepared from readily available pyrrole 

derivatives (Peters et al., 2007; Golovkova et al., 2005; Trieflinger et al., 2005; Turfan et 

al., 2002; Haugland et al., 1996).  

 

Scheme 1.1. The mode of numbering of BODIPY dyes and their resonance structures. 

Urano et al., have reported a BODIPY based probe 1 for imaging acidic 

endosomes in cancer cells (Chart 1.1). These systems were non-fluorescent in the non-

protonated form (ΦF = 0.002), but upon protonation, exhibited strong fluorescence (ΦF 

= 0.55–0.60). Based on this, a selective strategy for in vivo tumor visualization was 

developed in which the pH-triggerable fluorescent probes were conjugated to a cancer 

targeting monoclonal antibody (trastuzumab) (Urano et al., 2009). Detailed confocal 

spectroscopy studies have revealed that the probe-antibody conjugates were not 

fluorescent outside tumor cells at neutral pH. After internalization by endocytosis, the 

probe-antibody conjugates were highly fluorescent after accumulation (after 4 h) in 

endosomes or lysosomes (pH=5–6) because of acidic pH of the tumor cells. In another 

report, Boens and co-workers have synthesized BODIPY-linked aza-crown ether sensor, 

2 having high selectivity for potassium over other alkali ions. This was the first 

example of a probe synthesized using SNAr of 3,5-dichloroBODIPY. The authors have 

attributed the observed significant blue shift in the absorption and emission spectra 
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due to the large conformational change of the sensor upon binding with K+ ions 

(Baruah et al., 2005). 

                

Chart 1.1     

Akkaya and co-workers, have described the formation of the distyryl-BODIPY 

dyes via Knovenagel condensation reaction since 2,7-methyl substituents on BODIPYs 

were found to be reasonably acidic for such a reaction. The authors have synthesized 

the brominated BODIPY dye, 3 having oligoethylene glycol fragments to promote 

water-solubility (Chart 1.2) and have investigated the photodynamic therapeutic (PDT) 

properties. The compound 3 exhibited an EC50 (conc. required for 50% of the maximal 

effect) of 200 nM under low fluence rate LED irradiation and the cytotoxicity was 

attributed to cell-membrane damage as indicated via fluorescence microscopy (Atilgan 

et al., 2006). In a similar study, Ng and co-workers have developed a series of 

unsymmetrical distyryl-BODIPY dyes and have observed that the N-methylated 

derivative, 4 was found to be highly photocytotoxic with IC50 value of 15 nM (Chart 1.2). 

The high potency was attributed to their low aggregation tendency, high efficiency in 

generating singlet oxygen and high cellular uptake (He et al., 2011). 
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Chart 1.2 

Apart from the molecular recognition and photodynamic therapeutic 

applications, the BODIPY derivatives were widely used as energy transfer cassettes, 

initially conceptualized by Ziessel and co-workers. Various synthetic strategies have 

been developed by covalent attachment of an ancillary light absorber to the BODIPY 

core to form the conjugates 5-7 (Chart 1.3) (Ziessel et al., 2005; Wan et al., 2003). An 

important feature of these systems was that the two chromophores remained 

electronically isolated because of the orthogonal arrangement around the connecting 

linkage. The rate of energy transfer depended on the structure of the dual-dye system 

and which decreased with the increasing center-to-center separation in line with a 

dipole–dipole transfer mechanism. The overall energy-transfer efficiency exceeded ca. 

90%, even in the most extended system, 5. Significantly, the faster energy transfer was 

observed when the anthracene donor was attached to the long axis of the BODIPY 

acceptor, as in 6, than when the donor was coupled to the short axis, as in 7 (Chart 1.3). 
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Chart 1.3 

Recently, Zhao and co-workers have designed a small library of BODIPY based 

organic triplet sensitizers 8-10 (Chart 1.4) and have investigated the phenomenon of 

triplet-triplet annihilation based fluorescence upconversion. The absorption of the 

sensitizers exhibited a broad range of 510–630 nm and the variation of the absorption 

wavelength of the sensitizers was accomplished by extension of π-conjugation 

framework of the molecules. These molecules showed relatively weak fluorescence and 

the exhibited the lifetimes of the triplet excited states in the range of 66 µs. The 

derivative, 8 showed a much lower T1 energy level than the other sensitizers which 

was rationalized due to its spin density distribution. With perylene or 1-chloro-9,10-

bis(phenylethynyl)anthracene as the triplet acceptor, significant upconversion (ΦUC up 

to 6.1%) was observed in solution samples and polymer matrix. The authors have 

attributed the efficient upconversion with 8-10 was due to the iodo substitution, which 

were directly substituted on the BODIPY core. This hypothesis was confirmed by 
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comparing with a model compound that lacks iodine atoms at the core (Wu et al., 2011; 

Zhao et al., 2011). 

 

Chart 1.4 

Ravikanth and co-workers have developed a short and rapid synthetic route for 

the polyarylated BODIPY dyes, avoiding the use of aryl-substituted pyrroles. The 

authors have utilized hexabromo-BODIPY as the key synthon in their strategy to 

prepare a set of aryl-substituted BODIPYs by coupling with arylboronic acids through 

Pd(0) coupling conditions. The X-ray analysis showed that the structure was distorted 

with a propeller like conformation, and electrochemical studies have indicated that 

these compounds exhibit reversible oxidation and reduction potentials. The absorption 

and emission bands of the aryl substituted derivatives showed large red shifts with 

significant fluorescence quantum yields as well as lifetimes as compared to the un-

substituted BODIPYs (Scheme 1.2) (Lakshmi et al., 2011). 
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Scheme 1.2. Schematic representation of the fluorescence OFF-ON switching during 

the formation of hexaaryl-BODIPY dye from the corresponding hexa-bromo synthon.  

The aforementioned literature reports have demonstrate that the applications 

of BODIPY dyes range from the fields of fluorescence labeling, light harvesting, to 

therapeutic applications. However, these dyes suffer from some undesirable 

characteristics such as poor solubility and unfavorable optical properties for 

applications in biology. For example, most of the BODIPY derivatives reported showed 

absorption in the short wavelength and emission less than 600 nm. In this context, 

several attempts have been made by Ziessel, Burgess and Akkaya groups in the 

literature to improve the absorption properties of the BODIPY dyes (Haefele et al., 

2010; Cakmak et al., 2009; Yilmaz et al., 2006; Atilgan et al., 2008; Goze et al., 2006). 

However, most of these explored strategies were to extend the conjugation through the 

introduction of styryl arms at the peripheral positions of the BODIPY chromophore. 

Thus, the core modification of the BODIPY framework was largely unrealized, which 

otherwise can lead to the development of molecules that can be efficiently utilized for 

molecular recognition and in therapeutic applications. The most promising alternative 

to BODIPY derivative was obtained by replacing the meso carbon atom with a nitrogen 
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atom, named ‘aza-BODIPY’ dye, which showed significantly bathochromic shifted 

strong NIR absorption in the region of 600-800 nm. 

1.3. AZA-BODIPY- A VERSATILE ALTERNATIVE TO BODIPYs 

 Very recently, an increasing interest has been focused on 4-bora-3a,4a,8-

triazaindacene dyes (commonly referred to as aza-BODIPY dyes) owing to their 

absorption and fluorescence in the far-red and near-IR regions of the spectrum. 

Notably, the aza-BODIPY dyes show absorbance and fluorescence around 650 and 700 

nm respectively, and further bathochromic shift in these properties can be achieved 

through judicious substitution. The nitrogen lone pair at the 8-position in these 

systems has been found to be responsible for the reduction in the HOMO–LUMO energy 

gaps relative to the normal BODIPY dyes bearing similar substituents. Results of 

electrochemical measurements as well as the molecular-orbital calculations were in 

supportive of this hypothesis (Ulrich et al., 2008).  

 The synthesis of the aza-BODIPY dyes involves the intermediate precursor, aza-

dipyrromethene, which was obtained by the condensation of hydroxylamine with 1-

oxopropionitrile followed by BF3·OEt2 complexation (Oki et al., 1995; Sathyamoorthi et 

al., 1993). In this context, serious efforts have been made to obtain the symmetric and 

asymmetric aza-BODIPY dyes primarily by the groups of O’Shea and Carreira, 

motivated by their potential applications as biological labels, sensitizers for 

photodynamic therapy and as luminescent proton sensors (Carreira et al., 2006; Zhao 

et al., 2005; Killoran et al., 2002).  
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1.3.1. Design and Synthetic Strategy of Aza-BODIPYs 

 One-pot synthetic route towards the aza-dipyrrins was established as early as in 

1943s (Knott, 1947; Davies et al., 1944; Rogers, 1943), but their complexation to yield 

the aza-BODIPY dyes was reported only in 1994. As shown in Scheme 1.3, the one-pot 

sequence comprises condensation of the nitromethane adducts of chalcones (A) at 

elevated temperatures with a nitrogen source to form the pyrrole derivatives (B), 

which were partially nitrosated to yield (C) in the reaction mixture. A cross-

condensation of these two pyrrole moieties then resulted in the formation of aza-

dipyrromethene (D). Unfortunately, such aza-BODIPY dyes can only be synthesized 

from the heavily substituted pyrrole derivatives, such as 2,4-diarylpyrroles or ring 

annulated pyrroles (Zhao et al., 2006; Zhang et al., 2005). Several groups have 

attempted to synthesize the corresponding alkyl aza-BODIPY dyes without any success.  

 

Scheme 1.3. Synthesis of aza-BODIPY dyes through the formation of nitrosopyrrole. 
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Recent synthetic evidence also confirmed the instability of the alkylated pyrroles and 

nitrosopyrroles under previously established reaction conditions (Liras et al., 2007).  

The most direct synthetic route for the aza-dipyrromethenes was reported by 

O’shea et al., which involves the heating of 4-nitro-1,3-diarylbutan-1-ones with an 

ammonium source in an alcohol solvent (Scheme 1.4). Even though the synthesis was 

relatively simple; but the reaction mechanism was not clearly understood. The authors 

have proposed a mechanism for the formation of aza-dipyrromethenes from the 

corresponding nitromethane adducts using 15N labelling methods. A study of the 

dimerization pathway of the pyrroles revealed an unprecedented nitrogen 

rearrangement in the final stages involving a ring-opening/closing of the pyrrole ring.  

 

Scheme 1.4. Proposed mechanism and pathways for the formation of the aza-

dipyrromethene from their corresponding nitromethane derivatives. 
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Evidence has been provided to support the formation of a key intermediate (H), which 

subsequently undergoes dimerization with a loss of ammonia to yield (I) or it can also 

react with 2,4-diphenylpyrrole (E) to yield the product. Both reaction pathways have 

been proposed for the transformation of (A) to the final product (I) (Grossi et al., 2012). 

1.3.2. Conformationally Restricted Aza-BODIPY Dyes 

 It may be mentioned that the widespread applications of the aza-BODIPY dyes, 

when compared to BODIPYs have been limited due to their low fluorescence quantum 

yields. The weak fluorescence observed for the aza-BODIPY dyes has been attributed to 

the free rotation of the phenyl rings around the BODIPY chromophore. Carreira and 

coworkers in 2005 have developed a novel strategy for the synthesis of the structurally 

rigidified aza-BODIPY dyes. It was speculated that the rigidified aza-BODIPY core 

would offer a bathochromic shifted absorption, high extinction coefficients, and 

enhanced fluorescence quantum yields. The authors have synthesized a 

conformationally restricted NIR aza-BODIPY dye, 11, which expectedly showed intense 

absorption and exhibited high fluorescence quantum yields (ɛ = 159000 M-1cm-1; F = 

0.28) (Chart 1.5) (Zhao et al., 2005, 2006). 

 

Chart 1.5 
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 The synthesis and theoretical analysis of a series of fused-ring-expanded aza-

BODIPY dyes have been described by Kobayashi et al. using substituted phthalonitriles 

and aryl magnesium bromides. The synthetic strategy adopted for the conformationally 

restricted aza-BODIPY dyes was simple when compared to the conventional reaction 

(Scheme 1.5). An initial nucleophilic attack by the Grignard reagent at the carbon atom 

of the nitrile moiety yielded the intermediate [(2-cyanoaryl)(aryl)methylene]-amide 

(A), which subsequently underwent ring cyclization to form the isoindol derivative (B). 

The reaction of the magnesium salt of B with phthalonitrile gave (C), which on further  

      

Scheme 1.5. Synthesis of conformationally restricted aza-BODIPY dyes. 
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reaction with a Grignard reagent and followed by complexation with BF3-OEt2 yielded 

the corresponding aza-BODIPY derivatives. Interestingly, the benzo and 1,2-naphtho-

fused aza-BODIPY dyes displayed markedly red-shifted absorption and emission bands 

(>700 nm), when compared to the tetraaryl-aza-BODIPYs (Lu et al., 2011). 

Kobayashi et al. have synthesized novel pyrrolopyrrole aza-BODIPY analogues 

(PPABs), 12-14 from diketopyrrolopyrrole and heteroaromatic amines using titanium 

tetrachloride (Chart 1.6).  These systems interestingly showed intense absorption in 

the lower-energy visible region and exhibited significant fluorescence quantum yields 

of F = 0.80 (Chart 1.6). A significant perturbation of the energy levels of the frontier 

orbitals by the heteroaromatic units was inferred from the red-shifted absorption 

bands of the PPABs. The inclusion of the aryl substituent at the α-positions also found 

to play a major role in their absorption properties through alteration of the planarity 

(Shimizu et al., 2013).  

                              

Chart 1.6 
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1.3.3. NIR Absorbing Aza-BODIPY Dyes 

 The typical aza-BODIPY derivatives showed absorption and emission maxima in 

the region 600-700 nm. To improve their absorption properties in the NIR region, two 

common approaches were adopted. One of these strategies was to modify the 

peripheral phenyl groups through introducing the electron donating group and 

extending the conjugation length (Bellier et al., 2011; Gorman et al., 2004). The other 

strategy was to fuse the 3- and 5-phenyl groups to the aza-BODIPY core to form the six 

membered rings (Loudet et al., 2008; Zhao et al., 2006). The synthesized systems 

showed significant NIR bathochromic shifts and which was ascribed to the better 

electron delocalization due to the enhancement of coplanarity of the aza-BODIPY core 

(Zhang et al., 2012). 

 Xiao et al. have developed a feasible strategy to extend the absorption and 

fluorescence properties of the aza-BODIPY dyes, 16-17 by replacing the phenyl rings 

with thiophene in the parent aza-BODIPY dye, 15 (Chart 1.7). The thienyl bearing dyes 

16 and 17 showed bathochromic shifts in the range of 60−90 nm in both the 

absorption and emission spectra, when compared to that of 15. The X-ray 

crystallographic data, DFT calculations and electrochemical investigations of these 

systems have confirmed that the origin of the bathochromic shift was due to the 

smaller torsion angles, and higher electron donating capability of thienyl against 

phenyl units. For example, the thiophene substituted aza-BODIPY derivative 16, 

exhibited strong NIR fluorescence with a quantum yield of 0.46 in acetonitrile, 

indicating its potential as a very competitive NIR fluorophore (Zhang et al., 2012).   
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Chart 1.7 

 In another report, Andraud and co-workers have investigated the effect of 

position of the thiophene substitution on the photophysical properties of the aza-

BODIPY dyes (Chart 1.8). The substitution of thiophene at 3, 5 (18) or 1, 7-positions 

(19) induced a significant bathochromic shift in the absorption and emission compared 

to their parent phenyl substituted derivatives. For example, the derivative 19 showed 

relatively a broad absorption spectrum, while the aza-BODIPY dye 18, substituted with  

 

Chart 1.8 
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thiophene at 3, 5-positions, showed relatively red-shifted absorption and emission 

spectra and significant fluorescence quantum yields. Similarly, the incorporation of 

electron donating aniline moiety at 3, 5-positions as in the case of 20 resulted in 

significant bathochromic shifts both in the absorption and emission maxima (Bellier et 

al., 2012). These results have been attributed to the increased electron-donating effect 

of the thiophene and aniline moieties, when compared to the parent dye. 

1.3.4. Aza-BODIPY Dyes as Singlet Oxygen Sensitizers 

The substitution of the meso-carbon of BODIPY dyes with the nitrogen atom in 

the aza-BODIPYs dyes led to some surprising effects in their photophysical properties 

as we discussed earlier in this chapter. Interestingly, the heavy atom substitution at 

2,6-positions of the aza-BODIPY resulted in a reduction in the fluorescence quantum 

yields, and simultaneously an increased population of the triplet excited states was 

observed. For example, O'Shea and co-workers have reported the aza-BODIPY dyes, 

21-22 with and without the bromo substitution at the core position (Chart 1.9). Of 

these systems, the bromo derivatives, 22a and 22b exhibited triplet excited states and 

 

Chart 1.9 
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increased singlet oxygen generation, when compared to the non-halogenated systems 

21a and 21b (Killoran et al., 2002). In 2005, the same group had reported the effect of 

acid on the generation of singlet oxygen by the aza-BODIPY dyes. The ability of these 

dyes to regulate the generation of singlet oxygen in response to an acidic 

environmental stimulus was studied by trapping with 1,3-diphenylisobenzofuran 

(DPBF) (Scheme 1.6). In DMF alone, 23 exhibited negligible generation of singlet 

oxygen, however by the addition of an acid, singlet oxygen generation by the derivative 

23 was found to be enhanced significantly when compared to the parent derivative. By 

comparing singlet oxygen generation rates of 23 in the presence and absence of acid 

gave a relative rate enhancement of ca. 8.5. These observations have been attributed to 

the control of singlet oxygen by the Photo-induced Electron Transfer (PET) mechanism 

(McDonnal et al., 2005). Even though, there were a few more reports on singlet oxygen 

generation by the aza-BODIPY dyes, a systematic tuning of the triplet excited state and 

singlet oxygen generation were not explored in the literature. 

 
Scheme 1.6. Schematic representation of singlet oxygen generation switching in the 

aza-BODIPY dyes through protonation. 
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1.3.5. Aza-BODIPY Dyes as Chemosensors 

The development of organic chromophores having absorption in the near-

infrared (NIR) and visible spectral regions has been an attractive area since such 

systems can have potential use as optical probes. In this context, O’Shea and co-

workers have reported the aza-BODIPY derivative 24 (Chart 1.10), which showed 

excellent sensor performance with significant OFF–ON fluorescence intensity 

responses and low microenvironment polarity effects. Upon protonation, the 

fluorescence spectrum of 24 showed a strong proton induced fluorescence 

enhancement (Killoran et al., 2006). In 2008, the same group has reported an intrinsic 

dual chemosensor based on the aza-BODIPY dye which can be used for monitoring of 

the pH changes. For example, 25 having two intrinsically connected amine donors 

exhibited pronounced spectral changes in response to acid analyte (Chart 1.10). The 

authors have made the aqueous solutions of the chemosensor, 25, using the emulsifier 

Cremophor EL (CrEL), which showed a complete quenching of the fluorescence in the 

pH range, where the amine receptor remained un-protonated and upon protonation, 

                         

Chart 1.10 
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the fluorescence spectrum showed a strong proton induced fluorescence enhancement 

at 685 nm (Killoran et al., 2008).  

 Akkaya et al. have reported the first application of an aza-BODIPY dye in metal 

ion recognition. The authors have synthesized a pyridyl substituted aza-BODIPY dye, 

26, having the pyridyl substituents at positions 1 and 7 which acted as a well-defined 

pocket for the metal ion binding (Scheme 1.7). This aza-BODIPY derivative showed 

effective interaction with Hg(II) ions, when compared to other ions and signaled the 

event through changes in both absorption and emission properties. Of the various 

metal ions, the mercuric ions produced the largest spectral changes in both the 

absorption and emission spectra, thereby demonstrating their selective detection. On 

mercuric ion addition, the absorption maximum of 26 shifted from 655 to 690 nm 

through a clear isosbestic point at 672 nm (Coskun et al., 2007). 

         

Scheme 1.7. Schematic representation of the recognition of mercuric ions (Hg2+) in the 

well-defined pocket of aza-BODIPY dye 26. 

 Kobayashi and co-workers have reported a novel aza-BODIPY, 27, containing 

two fused pyrazine rings from the pyrazine phthalonitrile precursors (Figure 1.2). This 

derivative was found to be highly selective for the NH4+ ions and has exhibited 
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pronounced spectral changes from green to pink enabling their facile naked-eye 

detection. This observed NH4+ mediated color change and fluorescent quenching was 

attributed to the formation of H-aggregates of the aza-BODIPY. Upon addition of the 

NH4+ ions, there was a marked decrease in the molar absorption coefficient and which 

was associated with a quenching of the fluorescence intensity (Liu et al., 2011). 

        

Figure 1.2. Structure of the aza-BODIPY based chemosensor, 27 and its one-

dimensional crystal arrangement viewed along the c axis. (Adapted from the reference 

Liu et al., 2011). 

  The chemosensors based on the aza-BODIPY dyes, thus discussed in this section 

were some of the important representative examples of each category reported in the 

literature so far. As indicated, most of these systems were limited to either metal 

cations or to detect the changes in pH of the medium. There were no scientific reports 

which deal with the detection of environmentally important toxic anions as well as 

biologically important neutral molecules by using the aza-BODIPY derivatives. In this 

context, a well and designed chemodosimetric approach based on the novel aza-

BODIPY based probes would be highly useful for the development of selective probes 

for biologically relevant anions and neutral molecules. 



Chapter 1: Versatility of Aza-BODIPY Dyes 
 

23 

 

1.3.6. Aza-BODIPY Dyes as Energy Transfer Cassettes 

Many biological experiments involve irradiating a mixture of different 

fluorescent probes with a single excitation source. To be effective in such multiplexing 

experiments, the fluorophore must have intense and well resolved fluorescence 

emission peaks. The applications of the dyes that emit close to the excitation 

wavelength will be limited due to the resolution problems, while for the dyes that emit 

far from the excitation wavelength will suffer from the reduction in intensity (Ulrich et 

al., 2008). To overcome these issues, radiationless electronic energy transfer has been 

used in such multiplexing experiments. In these systems, the energy of a donor dye 

(that absorbs at relatively short wavelengths) transferred to an acceptor dye that emits 

at longer wavelengths. Therefore, the development of ‘energy transfer cassettes,’ in 

which the donor and acceptor components are introduced simultaneously as a single 

unit, has received intense attraction during the last decade. In this context, the BODIPY 

derivatives have been widely used as energy transfer antennas, but their analogues, the 

aza-BODIPYs have not been explored despite the fact that they have intriguing 

spectroscopic and excited-state dynamics in the NIR region (Batat et al., 2011). 

 Fukuzumi and co-workers have developed a ‘molecular clip’ featuring an NIR 

emitting aza-BODIPY which was covalently linked to two zinc-porphyrins to host a 

three dimensional electron acceptor fullerene, 28 via a ‘two-point’ metal−ligand axial 

coordination (Chart 1.11). In this case, an efficient singlet-singlet energy transfer from 

the excited porphyrin moiety to the aza-BODIPY part was observed in the dyad and 

triad in nonpolar solvents. In contrast, both the electron and energy transfer processes 
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were observed in polar solvents. Furthermore, these supramolecular polyads were 

utilized to build photoelectrochemical cells and the presence of the aza BODIPY and 

fullerene entities of the tetrad improved their overall light energy conversion efficiency. 

An incident photon-to-current conversion efficiency was observed to be ca. 17% for 

the tetrad modified electrode (D’Souza et al., 2012). 

 

Chart 1.11 

 In another report, Ng and co-workers have described a β-cyclodextrin 

conjugated aza-BODIPY dyad, which formed stable complexes with metal-free and zinc 

(II) tetrasulfonated porphyrins in water (Figure 1.3). The UV-Vis studies have revealed 

formation of a 1:1 host–guest complex between aza-BODIPY-β-CD conjugate and the 

porphyrin guest molecules. The resulting complexes exhibited predominantly a 

photoinduced energy or electron transfer processes depending on the nature of 
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porphyrin chromophore. When the porphyrin center was changed from metal-free to 

zinc (II), there was a switch over of the photoinduced process from the energy transfer 

to the electron transfer in the complex, and which was confirmed through time-

resolved fluorescence and picosecond transient measurements (Shi et al., 2013). 

Energy Transfer 
(M = H2) 

Electron Transfer 
(M = Zn) 

 

Figure 1.3. The schematic representation of the switching of electron transfer and 

energy transfer processes in β-CD-aza-BODIPY–porphyrin conjugates. 

Andraud and co-workers have reported the two photon absorption (TPA) 

properties of the two extended π-conjugated aza-BODIPY dyes, 29-30 having O-hexyl 

and N, N-dialkyl chains (Chart 1.12). For example, the O-hexyl derivative, 29 showed 

relatively less non-linear optical (NLO) activity, when compared to the N-alkyl 

derivative, 30 which exhibited significant TPA cross section values (around 600 GM) 

over the broad 1300–1450 nm spectral range. Furthermore, at lower wavelengths, a 

significant increase was observed with a maximal two-photon cross-section of 1070 
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GM at 1220 nm. Thus the versatile nature of these of chromophores can be explored 

further to optimize properties in the NIR region by functionalization and to develop 

novel and efficient TPA systems based on aza-BODIPY dyes (Bouit et al., 2009). 

 

Chart 1.12 

 Maury and co-workers have introduced few novel conjugated aza-BODIPY dyes, 

31-32 having pendant nitrofluorenylethynyl substituents at the peripheral phenyl 

arms (Chart 1.13). This functionalization allows for moving the absorption and 

luminescence of these dyes in the NIR region (ca. 650-750 nm), conserving a good 

quantum yield. These marked red shift in the absorption and fluorescence spectra 

observed for these dyes were attributed to the extension of conjugation and charge 

transfer character, whereas the large emission Stokes-shift observed was due to the 

excited state reorganization. The authors have successfully achieved the bathochromic 

shift in the photophysical properties of the aza-BODIPY dyes and extended into the NIR 

region alternatively through peripheral substitution (Bellier et al., 2011). 



Chapter 1: Versatility of Aza-BODIPY Dyes 
 

27 

 

 

Chart 1.13 

1.3.7. Aza-BODIPY Dyes as Therapeutic Agents 

 Investigation of the non-porphyrin photosensitizers for the development of 

novel photodynamic therapeutic (PDT) agents has been an active area of research in 

recent years. Among these sensitizers, the aza-BODIPY derivatives show favorable 

strong absorption in the NIR region, resistance to photobleaching, and higher light–

dark toxicity ratios than the conventional PDT sensitizers. O'Shea and co-workers have 

reported a few water soluble aza-BODIPY dyes, 33-35 bearing sulfonic acid, carboxylic 

acid or quaternary amine moieties (Chart 1.14). The in vitro photobiological properties 

using DMEM solutions of 33-35 indicated their efficient internalization in MDA-MB-

231 cells at a relatively short incubation period. The nuclear co-staining with 4,6- 

diamidino-2-phenylindole (DAPI) showed that the sub-cellular localization of these 

dyes in the cytoplasm (Tasior et al., 2010). 
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Chart 1.14 

 Similarly, the same group developed few aza-BODIPY based nanoparticles 

systems that switch their fluorescence ON following cellular uptake but remained as 

fluorescence OFF in the extracellular environments (Chart 1.15). The mechanism was 

based on the control of molecular fluorophore aggregates at the particle surface. The 

reason for the fluorescence OFF state in the aqueous environment was assigned due to 

the aggregation of the hydrophobic fluorophore. However, in the presence of a micelle 

forming disaggregating agents, the fluorophore molecules were far from the surface of 

the particles and hence exhibited enhancement of the fluorescence intensity. 

Furthermore, the authors have explored the conjugate, 36 as a real time in vitro 

imaging agent using MDA-MB-231 (breast cancer), HEK293T (kidney), and CAKI-1 

(renal cancer) cell lines. Interestingly, this system showed OFF-ON fluorescence 
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switching by the uptake of cells (Palma et al., 2011). As these systems exhibit strong 

NIR absorption and high cellular uptake, the appropriately substituted aza-BODIPY 

based sensitizers can have application as effective PDT and imaging agents.  

  

Chart 1.15 

1.3.8. Photovoltaic Applications of Aza-BODIPY Dyes 

 Development of organic electronic devices, such as organic light-emitting diodes 

(OLEDs), dye sensitized solar cells, organic field effect transistors (OFETs), and organic 

memory devices, has been an active area of research in recent years (Dou et al., 2013; 

Grimsdale et al., 2009; McCulloch et al., 2006; Möller et al., 2003; Burroughes et al., 

1990). Of the various chromophores, the aza-BODIPY dyes have attracted much 

interest owing to their high molecular extinction coefficients and better photostability. 

These dyes have been investigated as p-type or donor materials in solution-processed 

bulk heterojunction (BHJ) solar cells (Mueller et al., 2012; Rousseau et al., 2009; Hong 

et al., 2009). For example, Giordani and co-workers have described an amine 

functionalized donor-acceptor system, 37 containing aza-BODIPY dye as the donor and 

functionalized single-wall carbon nanotube (SWNT) as the acceptor (Chart 1.16). The 
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transient absorption measurements have confirmed the efficient electron transfer from 

the photoexcited aza-BODIPY to SWNT resulting in the formation of radical ion pair 

state with a lifetime of 1.2 ns (Flavin et al., 2011). 

   

Chart 1.16 

 In another report, the inverted organic solar cells based on poly(3-

hexylthiophen-2,5-diyl) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) 

blended with two different NIR absorbing benz-annulated aza-BODIPY dyes, 38 and 39 

were constructed (Min et al., 2013). The amount of these two aza-BODIPY dyes, 38 and 

39 within the P3HT and PCBM matrix, was systematically varied, and the 

characteristics of the respective devices were recorded. Although the addition of both 

the aza-BODIPY dyes enhanced the absorption of the blends, only the addition of 

phenyl substituted aza-BODIPY dye, 38 showed improved overall power conversion 

efficiency (PCE) in the NIR region when comparative to the thiophenyl derivative, 39 

(Figure 1.4). These results paved the way for the integration of NIR absorbing aza-

BODIPY derivatives as sensitizers in the fabrication of ternary composite solar cells. 
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Figure 1.4. The structure of the aza-BODIPY dyes 38 and 39, and the schematic 

illustration of P3HT:aza-BODIPY:PCBM solar cell architecture (Adapted from the 

reference Min et al., 2013). 

1.4. OBJECTIVES OF THE PRESENT INVESTIGATION 

The aza-dipyrromethenes and their boron complexes (aza-BODIPY), which 

differ from the widely exploited BODIPY dyes by the substitution at the meso position 

(8th position), have not been well explored in the literature. As these aza-BODIPY dyes 

exhibit high photostability and strong absorption in the NIR region, the appropriately 

substituted systems can be investigated for their use as effective sensitizers for 

biological and material applications. In this context, our main goal was to design novel 

aza-BODIPY systems and explore their scope and applications in photodynamic 

therapy, photooxygenation reactions and molecular recognition. One of our objectives 

was to design sensitizers based on the aza-BODIPY dyes and investigation of their 

excited state properties such as triplet excited state quantum yields and singlet oxygen 
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generation efficiency. It was also of our interest to investigate the effect of heavy atom 

substitution on the photophysical properties of various aza-BODPYs including their 

efficacy as singlet oxygen generators. Another objective of the present thesis has been 

to investigate in vitro photobiological properties of the aza-BODIPY derivatives thus 

synthesized as well as their efficacy as catalysts in the singlet oxygen mediated green 

photooxygenation reactions. Yet another objective of our study was to design 

functionalized novel aza-BODIPY derivatives and evaluation of their potential as 

efficient probes for environmentally and biologically important analytes. 

We have synthesized novel few halogenated aza-BODIPY dyes and have tuned 

their quantum yields of triplet excited states as well as their singlet oxygen generation 

efficiency. Our detailed studies indicated that these systems exhibit good solubility in 

common organic solvents, strong absorption in the NIR region and excellent 

photostability. Moreover, through proper halogenations, we have been successful in 

tuning their triplet excited state and singlet oxygen quantum yields from ca. 1% to 90%. 

In vitro photobiological studies of the selected aza-BODIPY dyes using the amphiphilic 

lipid, DSPE have revealed that these conjugates effectively induced apoptosis mediated 

cancerous cell destruction. Furthermore, we have demonstrated that the selected aza-

BODIPY dyes were found to be quite efficient as green catalysts for photooxidation of 

aromatic alcohols (phenol and thiophenol) to their corresponding oxidized products in 

both solution and also when coated on the polymer matrix. Lastly, the aza-BODIPY dyes 

substituted with azido and amino functional groups were found to act as selective and 

sensitive probes for the on-site analysis and detection of biologically important 

analytes such as H2S and nitrite ions in the aqueous medium.  



 

 

CHAPTER 2 

DESIGN OF AZA-BODIPY DYES: TUNING OF TRIPLET EXCITED 

STATE AND SINGLET OXYGEN GENERATION EFFICIENCIES 

 

 

2.1. ABSTRACT 

We synthesized a new series of aza-BODIPY derivatives (4a-c, 5a,c and 6b,c) 

with appropriate substitution of heavier halogen atoms such as bromine and iodine, 

and have investigated their photophysical properties. These derivatives showed strong 

NIR absorption in the range of 660-680 nm and have exhibited good solubility in the 

common organic solvents such as CHCl3, CH3CN, THF, DMSO, and DMF. Fluorescence 

quantum yields (ФF) of these derivatives were determined and the values are found to 

be in the range of 0.05-0.08. The triplet excited state and singlet oxygen generation 
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quantum yields of these dyes were tuned by the proper substitution of halogen atoms. 

The effect of substitution has been studied in detail by varying the position and number 

of halogen atoms in the aza-BODIPY dyes. The quantum yields of triplet excited state 

(T) and singlet oxygen generation (Δ) showed significant dependence on the 

position of halogenation of the parent dye and the heaviness of the halogen substituent. 

For example, we observed negligible triplet excited state and singlet oxygen yields of ca. 

0.01 for the parent unsubstituted aza-BODIPY, 4a, which upon peripheral bromination 

and iodination resulted in a marginal improvement as in the case of 4b (T = 0.07, Δ = 

0.012) and 4c (T = 0.08, Δ = 0.02). In contrast, the core substituted dyes 5a (T = 

0.68, Δ = 0.65), 5c (T = 0.70, Δ = 0.60) 6b, (T = 0.78, Δ = 0.70) and 6c (T = 0.86, 

Δ = 0.80) showed high triplet excited state yields and singlet oxygen generation 

efficiencies when compared to the peripheral substituted systems.  

For example, the dye 6c, substituted with six iodine atoms at the core and 

peripheral phenyl rings showed significant quantum yields of triplet excited state (T = 

0.86) and singlet oxygen generation efficiency (Δ = 0.80). As far as we know, these are 

the highest values so far reported in the literature for the triplet excited state and 

singlet oxygen generation quantum yields for aza-BODIPY derivatives. The uniqueness 

of these aza-BODIPY systems is that they are quite stable under irradiation conditions 

and possess strong NIR absorption. Moreover, by the judicious substitution of bromine 

and iodine atoms, we could successfully tune the triplet excited state and singlet 

oxygen yields from almost zero to ca. 86%, thereby demonstrating their potential as 

novel sensitizers for biological applications. 
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2.2. INTRODUCTION 

Singlet oxygen, O2 (1g), is the lowest excited electronic state of molecular 

oxygen, which has a characteristic chemistry that sets it apart from the triplet ground 

state of molecular oxygen, O2 (3g-) (Ogilby, 2010). Singlet oxygen, is a reactive species 

in a broad range of chemical and biological processes, like photodynamic therapy 

(PDT) (Dougherty et al., 2001; Lindsey, 2000; Bonnett et al., 1995), age related macular 

degeneration (Kelkar et al., 2011; Johan et al., 2009), waste-water treatment in 

environmental chemistry and photooxygenation reactions in fine chemical industry 

(Griesbeck et al., 2012; Fudickar et al., 2011; Timothy et al., 2011; Greer et al., 2006). 

The chemistry of singlet oxygen differs from that of molecular oxygen since it is an 

efficient electrophilic oxidant to several electron rich organic substrates. The presence 

of unpaired valence electrons in the ground state configuration of molecular oxygen is 

unusual and possesses high chemical reactivity. This typical electronic configuration of 

molecular oxygen gives rise to three different energetically close lying electronic states 

such as the triplet ground state (3∑g-), the excited singlet state (1∆g), and the singlet 

ground state (1∑g+) (Skovsen et al., 2005). The ‘‘classic’’ and most commonly cited 

reactions of singlet oxygen with an organic molecule invariably produces a peroxide as 

an initial product. Although, many of these peroxides can be isolated and characterized 

at low temperature (Kang et al., 2002; Orfanopoulos et al., 1990), they are often stable 

precursors to other products in systems of functional importance (e.g., a live cell). 

Specifically, the peroxide O–O bond has low dissociation energy and as such readily 

cleaved to yield oxygen-based radicals (e.g., ˙OH from a hydroperoxide). These radicals 
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can then propagate to generate a wide range of other reactive intermediates and, 

ultimately, a variety of reaction products (Halliwell et al., 1999). Hence, singlet oxygen 

has the ability to interrupt the cellular functions in living organisms and exhibits high 

chemical reactivity towards most of the organic molecules due to the spin-allowed 

nature of its reactions. 

Although singlet oxygen can be produced in a variety of ways such as chemical 

reaction, gas phase discharge etc., a convenient and most common method is through 

the sensitization reaction due to its extensive applications. The photosensitization is a 

light induced chemical process wherein the photosensitizer upon irradiation gets 

excited to its singlet excited state. This excited state of the photosensitizer can undergo 

intersystem crossing to the triplet excited state, where it can transfer its energy to 

molecular oxygen to produce singlet oxygen (Kamkaew et al., 2013; Avirah et al., 2012; 

Awuah et al., 2012). The quantitative generation of singlet oxygen (Φ) is one of the 

most essential requirements with regard to its applications.  For the efficient 

generation of singlet oxygen in quantitative yields, the sensitizer should have high 

intersystem crossing efficiency and as well as high triplet quantum yields. 

The main strategy adopted to enhance the intersystem crossing efficiency of a 

sensitizer is based on “heavy atom effect” by introducing heavy atoms such as bromine, 

iodine and transition metal ions (Scott et al., 2010; Ramaiah et al., 1997; Detty et al., 

1990; Turro, 1978). An electronic transition from a singlet to a triplet excited state 

within a molecule is a spin-forbidden process and as such occurs inefficiently for many 

compounds. In order for a transition between states of different spin multiplicities to 

occur effectively, a spin-orbit perturbation is generally required (Lower et al., 1966). 
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Enhanced spin-orbit perturbations can be achieved by the attachment of a heavy atom 

directly onto the molecule (internal heavy atom effect) or placing the molecule in a 

surrounding environment containing heavy atoms (external heavy-atom effect)  

(Koziar et al., 1978; McClure, 1949; Yuster et al. 1949). A series of photosensitizers 

have been reported in the literature as singlet oxygen generators, which include 

Methylene Blue, Rose Bengal, porphyrins, chlorins, bacteriochlorins, phthalocyanines, 

and squaraines (Marydasan et al., 2013; Karunakaran et al., 2013; Ishii et al., 2012; 

Randy  et al., 2011; Jisha et al., 2010; Ribeiro et al., 2006; Pushpan et al., 2002; Bonnett 

et al., 2001).  

Recently, the boron complexes such as 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacenes, abbreviated as BODIPYs have been reported to hold great promise as ideal 

sensitizers owing to their favorable properties (Ozlem et al., 2009; Ziessel et al., 2009; 

Loudet et al., 2007). These systems exhibit strong absorption in the range 500-600 nm, 

and significant fluorescence quantum yields and high photostability. In contrast, the 

aza-dipyrromethenes and their boron complexes (aza-BODIPYs) showed around 100 

nm bathochromic shifted absorption, when compared to BODIPYs; but have attracted 

less attention (Gallagher et al., 2005; Gorman et al., 2004). In this context, we designed 

a series of novel aza-BODIPY derivatives 4a-c, 5a,c and 6b,c (Chart 2.1), and have 

investigated their photophysical properties under different conditions. Our results 

demonstrate that, the triplet excited state as well as singlet oxygen generation 

efficiencies of these aza-BODIPY derivatives can be successfully tuned from around ca. 

1% to 86% through proper heavy atom substitution. 
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Chart 2.1. Structures of the aza-BODIPY derivatives 4-6 synthesized. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Synthesis and Photophysical Properties 

 The synthesis of the aza-BODIPY derivatives 4a-c, 5a,c and 6b,c was achieved 

as shown in Scheme 2.1. The compounds 4a-c were synthesized in a facile three-step 

route starting from the chalcones 1a-c, which in turn were synthesized by aldol 

condensation reaction between the corresponding aldehyde and acetophenone. 

Addition of nitromethane to the chalcone in presence of diethylamine in methanol gave 

the addition products 2a-c in ca. 75-80% yields. Subsequently, the condensation 

products 3a-c were prepared by refluxing 2a-c with ammonium acetate in ethanol for 

48 h. The product precipitated during the course of the reaction was filtered and 

recrystallized to yield the aza-dipyrromethenes, 3a-c (40-50%) having violet metallic 

luster. Subsequently, 3a-c were converted to the targeted aza-BODIPY derivatives 4a-c 
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(65-70%) by refluxing with boron trifluoride diethyl etherate and triethylamine in 

toluene for 5 h. The products 4a-c formed were isolated, purified through column 

chromatography and were characterized on the basis of spectral and analytical 

evidence (Scheme 2.1). 

 

Scheme 2.1. Synthesis of the aza-BODIPY derivatives 4a-c. 

The iodination of the aza-BODIPY derivatives 4a-c was achieved using N-

iodosuccinimide (NIS) in a mixture (3:1) of chloroform and acetic acid. The selective 

iodination can be done by controlling the equivalents of NIS. When 2.5 equivalents of 

NIS was used, we could isolate the compounds 5a,c in 60-65% yields having iodine 

atoms only at the core of the pyrrole ring. On the other hand, when the iodination was 

carried out using 4.5 equivalents of NIS under similar conditions gave the tetraiodo 

derivatives 6b,c. The reaction mixture after column chromatography yielded the aza-

BODIPY derivatives 6b,c in 65-68% yields (Scheme 2.2). All these products were 
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recrystallized from toluene and characterized on the basis of spectral and analytical 

evidence. 

 

Scheme 2.2. Synthesis of the aza-BODIPY derivatives 5a,c and 6b,c. 

The starting aza-dipyrromethenes 3a-c, showed absorption in red region (610-

625 nm) having molar extinction coefficients in the range 3 × 104  - 7 × 104  M-1cm-1 

(Figure 2.1A). The attachment of the lewis acid BF2+ to the ligand induced a red-shift in 

the absorption spectra of the aza-BODIPY derivatives. In the case of the aza-BODIPY 

derivatives 4a-c, we observed a bathochromic shift in the absorption of ca. 50-60 nm 

as compared to its corresponding dipyrromethene derivatives (Figure 2.2A). Notably, 

in the case of the iodinated systems, the core substituted derivatives 5a and 5c showed 

blue shifted absorption maximum at 660 and 670 nm, respectively, while the 
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derivatives 6b,c having substitution both at the peripheral and core positions, 

exhibited absorption maximum at 666 and 676 nm, respectively. All these aza-BODIPY 

derivatives showed good solubility and exceptional stability in common organic 

solvents such as CHCl3, CH3CN, THF, DMSO, and DMF.  
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Figure 2.1. Representative A) absorption and B) fluorescence spectra of the aza-

dipyrromethenes 3b (10 µM), and 3c (10 µM) in DMSO, λex = 610 nm.  
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Figure 2.2. Normalized A) absorption and B) fluorescence spectra of the aza-BODIPY 

dyes 4b (5 µM), 5c (5 µM), and 6c (5 µM) in DMSO, λex = 650 nm.  
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 The fluorescence properties of the aza-dipyrromethenes and aza-BODIPY dyes 

were investigated in DMSO. Upon excitation of aza-dipyrromethenes, 3a-c at 610 nm 

we observed the fluorescence spectra having bands in the range of 650-670 nm (Figure 

2.1B). The aza-BODIPY derivatives 4-6 exhibited emission maximum in the range 690-

770 nm region with a large Stoke shift of ca. 530-1730 cm-1 (Figure 2.2B). The 

fluorescence quantum yields of these derivatives were determined by using Nile blue 

as the reference (ΦF = 0.27 in methanol) (Sens et al., 1981) and the values are found to 

be in the range 0.05-0.08. The relatively low quantum yields exhibited by these 

derivatives can be attributed to the enhanced intersystem crossing (ISC) because of the 

presence of heavy atoms such as bromine and iodine. The photophysical properties of 

these aza-BODIPY dyes are summarized in Table 2.1. 

Table 2.1. Photophysical characteristics of 4a-c, 5a,c and 6b,c.a,b 

Compound λmax, nm ε, 104 M-1cm-1 λem, nm τT, μs ΦT[c] 

4a 680 5.9 ± 0.06 772 28 0.01 ± 0.002 

4b 664 3.8 ± 0.15 701 44 0.07 ± 0.002 

4c 675 5.2 ± 0.04 710 7.8 0.08 ± 0.001 

5a 660 8.3 ± 0.02 706 1.9 0.68 ± 0.02 

5c 670 7.1 ± 0.11 695 1.8 0.70 ± 0.03 

6b 666 6.9 ± 0.05 694 1.5 0.78 ± 0.02 

6c 676 4.9 ± 0.07 712 1.6 0.86 ± 0.03 

[a] Average of more than three experiments, [b] in DMSO, [c] yields calculated through triplet-

triplet energy transfer method. 
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2.3.2. Quantification of Triplet Excited States  

The aza-BODIPY derivatives due to their strong absorption in the NIR region can 

have immense potential as efficient sensitizers in photodynamic therapy (PDT). Since 

the photodynamic activity of the photosensitizers is expected to involve in the 

generation of singlet oxygen, it is our objective to study the excited state properties of 

the synthesized compounds. In order to characterize the transient intermediates such 

as triplet excited states in these systems, we have carried out nanosecond laser flash 

photolysis of aza-BODIPY derivatives under different conditions. All the derivatives 

have sufficient absorption at 355 nm making it possible to excite them directly with the 

third harmonic of the Nd:YAG laser. Figure 2.3A shows the transient absorption 

spectrum of 6b in DMSO obtained after 355 nm laser excitation (10 ns, 50 mJ/pulse). 

Upon excitation of 6b gave the formation of fairly strong transient absorption having 

peaks at 320 and 510 nm, with a bleach in the region corresponding to its ground state 

absorption. The transient formed from 6b within the laser pulse, decayed by a first-

order process and led to the recovery of the ground state absorption (Figure 2.3B), 

thereby ruling out the formation of any permanent products or degradation of the dye 

under these conditions. To characterize the transients involved, we have checked the 

transient absorption after purging with oxygen under similar conditions. We observed 

that the transient absorption was readily quenched by dissolved oxygen, suggesting 

that the absorption may be due to the formation of triplet excited state (Ramaiah et al., 

1997). Further, the formation of triplet excited state was confirmed and quantified by 

quenching the transients using β-carotene, a well-known triplet excited state quencher. 
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Upon addition of β-carotene, which possesses a low energy level triplet excited 

state, led to a quenching of the transient absorption, and was accompanied by a growth 

of a new transient absorption at 515 nm, corresponding to β-carotene triplet excited 

state. Since the intersystem crossing efficiency in β-carotene is negligible, the 

formation of the β-carotene triplet excited state upon laser excitation of 6b clearly 

confirms the involvement of triplet excited states of the aza-BODIPY dye, 6b. 

Furthermore, the triplet excited state quantum yield (ФT) of 6b was measured by 

employing the method of energy transfer to β-carotene using tris(bipyridyl)-

ruthenium(II) complex as the reference. The quantum yield value was found to be 0.78 

± 0.02 with a lifetime of 1.5 s.   
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Figure 2.3. A) Transient absorption spectra of 6b (10 µM) following 355 nm laser 

pulse excitation; time-resolved absorption spectra recorded at (a) 0.1, (b) 0.4, (c) 1, (d) 

2, and (e) 4 μs. B) The transient decay of 6b (10 µM) at 510 nm. 

Similarly, upon excitation of 6c, having six iodine atoms, with 355 nm laser 

pulse in DMSO led to the formation of a transient absorption having peaks at 330 and 
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520 nm, with a bleach in the region corresponding to its ground state absorption 

(Figure 2.4). The transient having absorptions at both the wavelengths were fitted 

through the single exponential decay fitting and was confirmed as triplet excited state 

by the oxygen quenching experiments. The triplet excited state quantum yield (ФT) for 

6c showed a higher value of 0.86 ± 0.03 with a triplet lifetime of 1.6 s, determined by 

the energy transfer to β-carotene using tris(bipyridyl)ruthenium(II) complex as the 

reference. Notably, this is the highest triplet excited state quantum yield value, 

reported for the aza-BODIPY systems so far in the literature. 
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Figure 2.4. A) Transient absorption spectra of 6c (12 µM) following 355 nm laser pulse 

excitation; time-resolved absorption spectra recorded at (a) 0.1, (b) 0.5, (c) 1, (d) 2, 

and (e) 5 μs. B) The transient decay of 6c (12 µM) at 520 nm. 

The core only iodinated derivative 5a, on the other hand, showed transient 

absorption maximum at 460 nm, with a bleach in the region 560-700 nm, where it has 

strong ground state absorption (Figure 2.5). The triplet excited state of 5a was 

confirmed by quenching with molecular oxygen and the quantum yield of triplet 

excited state was calculated to be 0.68 ± 0.02 with a triplet lifetime of 1.9 s.  Another 
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core iodinated aza-BODIPY derivative 5c having two additional peripheral iodine 

atoms, showed similar transient absorption spectra with a maximum at 520 nm and a 

bleach in the region 650-670 nm (Figure 2.6).  The triplet excited state quantum yield 

of 5c was found to be 0.70 ± 0.03, with a triplet lifetime of 1.8 s because of the 

presence of peripheral iodine atoms when compared to 5a. 
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Figure 2.5. A) Transient absorption spectra of 5a (10 µM) following 355 nm laser 

pulse excitation; time-resolved absorption spectra recorded at (a) 0.1, (b) 1, (c) 2, (d) 3, 

(e) 4 and (f) 10 μs. B) Transient decay of 5a (10 µM) at 460 nm. 

In contrast, the non-core iodinated aza-BODIPY dyes 4a-c showed transient 

maxima at 450, 430 and 460 nm, respectively. The parent non-halogenated dye 4a 

exhibited low quantum yield of triplet excited state (T = 0.01 ± 0.002) with a triplet 

lifetime of 28 µs. The bromo substituted aza-BODIPY dye, 4b on the other hand, 

showed a relatively better triplet quantum yield of ca. 0.07 ± 0.002 with a lifetime 

value of 44 μs, whereas the iodo derivative, 4c exhibited almost similar triplet excited 

state quantum yield value of ca. 0.08 ± 0.001, with a lifetime of 7.8 μs, when compared 
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to 4b. Notably, when the pyrrole ring was iodinated (core substitution), we observed 

excellent yields of the triplet excited states as we have obtained T = 0.68 and 0.70 for 

5a and 5c, respectively. Interestingly, when the core of the pyrrole as well as the 

peripheral phenyl ring was substituted with iodine atoms, we observed significant 

enhancement in the triplet quantum yields of T = 0.78 and 0.86 for 6b and 6c 

respectively. Thus through proper substitution, we could tune the triplet excited state 

quantum yields from ca. 1% to as high as 86% for the aza-BODIPY derivatives for their 

potential applications (Table 2.1). 
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Figure 2.6. A) Transient absorption spectra of 5c (8 µM)  following 355 nm laser pulse 

excitation; time resolved absorption spectra recorded at (a) 0.1, (b) 1, (c) 2, (d) 3 and 

(e) 12 µs. B) The transient decay of 5c (8 µM)  at 460 nm. 

2.3.3. Quantification of Singlet Oxygen Generation 

Enhanced triplet quantum yields are favorable for the efficient generation of 

singlet oxygen and hence we have examined the efficacy of the photosensitized singlet 

oxygen generation by these aza-BODIPY systems. The quantum yields of singlet oxygen 
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generation were determined indirectly by monitoring the photooxidation of 1,3-

diphenylisobenzofuran (DPBF) through absorption spectroscopy (Mirenda et al., 2010; 

Rossi et al., 2008; Morone et al., 2006) as well as by directly monitoring the 

luminescence intensity at 1270 nm (Mark et al., 2002; Quimby et al., 1975). For the 

indirect method, a solution of the aza-BODIPY derivative and DPBF was irradiated 

using 630 nm long pass over a period of 6-600 s depending on the derivatives, and the 

decrease in the absorption band (~10%) of DPBF at 418 nm was monitored (Figure 

2.7A). The same experiment was repeated with a reference sensitizer such as 

Methylene Blue (MB, Φ∆ = 0.52), under similar conditions (Ogilby et al., 1983; Nemoto 

et al., 1969). Yields for the generation of singlet oxygen were calculated by plotting the 

reduction in absorbance (∆OD) of DPBF in presence of the aza-BODIPY as well as 

Methylene Blue (MB), against the irradiation time (Figure 2.7B). The plot followed a   
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Figure 2.7. A)  Absorption spectra of DPBF upon irradiation in the presence of 5a (4 

µM) for 15 s, (a) 0 s to (d) 15 s (recorded at 5 s interval). B) Plot of change in 

absorbance of DPBF at 418 nm vs irradiation time (λirr = 630 nm) in the presence of 5a 

(4 µM) against methylene blue (MB) (3 µM) as the standard in DMSO. 
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good linearity. From the slope and by knowing the singlet oxygen generation quantum 

yields (Ф) of the reference sensitizer, we have calculated the quantum yields of singlet 

oxygen generation for the aza-dipyrromethenes and aza-BODIPY derivatives.  

The aza-dipyrromethenes 3a-c showed negligible singlet oxygen generation 

efficiency. In contrast, when they were complexed with BF2, non-negligible singlet 

oxygen quantum yields were observed for the dyes 4a-c due to the formation of the 

triplet excited states in these dyes as evidenced from laser flash photolysis studies. The 

singlet oxygen generation quantum yields were determined by DPBF trap degradation 

experiments and the values are found to be in the range of ca. 0.009±0.001 and 

0.012±0.003 for 4a and 4b, respectively. The yields were increased to ca. 0.02±0.003 

by the replacement of bromine with iodine, as in the case of 4c. Unlike the core free 

derivatives 4a-c, the aza-BODIPY dyes 5a,c and 6b,c having the core iodo substitution  
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Figure 2.8. A) Absorption spectra of DPBF upon irradiation in presence of 5c (5 µM). 

(a) 0 and (e) 20 s (recorded at 5 s interval). B) Plot of change in absorbance of DPBF at 

418 nm vs irradiation time (λirr = 630 nm) in the presence of 5c (5 µM) and methylene 

blue (MB) (3 µM) as the standard in DMSO. 
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showed expectedly good to quantitative yields of singlet oxygen generation efficacy. 

For example, when the derivative 5a, having only two iodine atoms at the core of the 

pyrrole was irradiated in the presence of DPBF, showed a considerable decrease 

(>10%) in absorbance at 418 nm within 10-15 s. The singlet oxygen quantum yield of 

5a was calculated with respect to MB and the value is found to be ca. 0.65 ± 0.02 

(Figure 2.7B).  Similarly, the derivative, 5c with four iodine atoms in the core and 

peripheral positions also exhibited enhanced singlet oxygen generation efficiency as 

compared to its parent derivative 4c. DPBF trap experiments using the derivative 5c 

enabled us to quantify its efficiency of generation of singlet oxygen and we obtained 

the quantum yield values of ca. 0.68 ± 0.03 (Figure 2.8).  

On the other hand, the derivatives 6b and 6c, which showed the highest triplet 

excited state quantum yields of ca. 80% and 86%, exhibited the maximum efficiency of 

singlet oxygen generation. The aza-BODIPY dye 6b, having four iodine atoms and two  
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Figure 2.9 A) Absorption spectra of DPBF upon irradiation in presence of 6b (5 µM) 

for 8 s, (a) 0 s to (e) 8 s (recorded at 2 s interval). B) Plot of change in absorbance of 

DPBF at 418 nm vs irradiation time (irr = 630 nm) in the presence of 6b (5 µM) against 

methylene blue (MB) (3 µM) as the standard in DMSO. 
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bromine atoms, when irradiated with 630 nm long pass filter, led to the drastic 

reduction in the absorbance of DPBF within ca. 4-6 s. Singlet oxygen generation 

quantum yield was calculated to be ca. 0.70 ± 0.03 for 6b (Figure 2.9). Interestingly, in 

the case of 6c with six iodine atoms at both core as well as in the peripheral positions 

showed highest quantum yield of ca. 0.80 ± 0.02, when compared to the standard MB 

(Figure 2.10). To the best of our knowledge, these are the highest singlet oxygen 

generation quantum yield values reported so far in the literature for the aza-BODIPY 

dyes (Table 2.2). 
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Figure 2.10. A) Absorption spectra of DPBF upon irradiation in presence of 6c (5 µM). 

(a) 0 and (e) 8 s (recorded at 2 s interval). B) Plot of change in absorbance of DPBF at 

418 nm vs irradiation time (λirr = 630 nm) in the presence of 6c (5 µM) and methylene 

blue (MB) (3 µM) as the standard in DMSO.  

From these investigations, it can be confirmed that, the triplet excited state and 

and singlet oxygen quantum yields of the aza-BODIPY dyes strongly depend on the 

number and position of heavier halogen atoms such as bromine and iodine.  Further, to 

check the resistance of these dyes towards photo-bleaching, we have carried out the 
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control experiments by the continuous irradiation of an oxygen saturated solution of 

these dyes for 0-2 h. We observed negligible changes in their absorption spectra, 

confirming thereby the stability of the aza-BODIPY derivatives under these conditions 

(Figure 2.11).  

400 500 600 700 800
0.0

0.2

0.4

0.6

e

A
b

so
rb

an
ce

Wavelength (nm)

a

 

Figure 2.11. Representative absorption spectra of the aza-BODIPY dye 6b (8 µM) 

showing the changes before and after the continuous irradiation using 630 nm long 

pass filter for a) 0 and e) 2 h.   

To further confirm the quantum yields of singlet oxygen generation, we have 

employed the direct method by monitoring singlet oxygen luminescence at 1270 nm. 

For the direct measurement of singlet oxygen through NIR luminescence method, we 

used Fluorolog-3 spectrofluorimeter connected with an NIR detector and 450 W Xenon 

lamp as the light source. To obtain the singlet oxygen luminescence at 1270 nm in the 

steady-state, we prepared optically matched solutions of the selected aza-BODIPY dyes 

and a common reference sensitizer, Rose Bengal (RB). The aza-BODIPY dye, 6b was 

excited at different wavelengths so as to obtain the maximum intensity of the signal. It  
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Figure 2.12. Singlet oxygen luminescence spectra of representative aza-BODIPY dyes 

5a (10 µM), 6b (10 µM) and RB (10 µM) in acetonitrile after the excitation at 630 nm. 

Table 2.2. Quantum yields of singlet oxygen generation of aza-BODIPY dyes.[a] 

Compound Ф by DPBF trap[b]  Ф by 1270 emission[c] 

4a 0.009± 0.001 [d] 

4b 0.012 ± 0.003 [d] 

4c 0.02 ± 0.003 [d] 

5a 0.65 ± 0.02 0.50 ± 0.04 

5c 0.68 ± 0.03 0.70 ± 0.02 

6b 0.70 ± 0.03 0.80 ± 0.03 

6c 0.80 ± 0.02 0.90 ± 0.04 

[a]Average of more than three experiments, [b]quantified through scavenging of 1O2 by DPBF, 

[c]yields calculated by a relative method with respect to RB (Ф = 0.79) (Esser et al., 1994), 

[d]not determined. 

was observed that when 6b, was excited using 630 nm, we observed the maximum 

intensity of the singlet oxygen luminescence (Figure 2.12). We have carried out the 
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similar trials with all other aza-BODIPY derivatives as well as RB and observed the 

signal at 1270 nm with difference in intensities, which correspond to singlet oxygen 

luminescence.  By comparing the emission intensities of the aza-BODIPY dyes and RB, 

singlet oxygen quantum yields (ф∆) were determined by a relative method (Mathai et 

al., 2007) following the literature protocol. The quantum yields obtained were in good 

agreement with the values obtained through the DPBF trap degradation method as 

summarized in Table 2.2. 

 

Figure 2.13. Bar diagram showing the percentage of singlet oxygen generated by the 

aza-BODIPY derivatives, 4a-c, 5a,c and 6b,c. 

Figure 2.13 shows the relative percentage quantum yields of singlet oxygen 

generation of all the aza-BODIPY derivatives 4a-c, 5a,c and 6b,c synthesized. We 

observed a marginal increase in the singlet oxygen generation of the aza-BODIPY dyes 

with peripheral substitution of halogen atoms, 4b-c and a significant enhancement was 

observed in the case of the core substituted systems, 5a, 5c, 6b and 6c. These results 

demonstrate that by proper substitution of halogen atoms, the systematic tuning of 
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triplet excited state as well as singlet oxygen generation of aza-BODIPY derivatives can 

be achieved. 

2.3.4. Halogenation vs Triplet Excited State and Singlet Oxygen Yields 

 It has been reported that the triplet excited state quantum yields as well as 

singlet oxygen generation efficiencies of a sensitizer can be altered by suitably 

incorporating heavy atoms onto the molecular structure (Ramaiah et al., 1997; Detty et 

al., 1990; Turro, 1978). In the present case, in order to investigate the effect of 

halogenation in aza-BODIPY dyes, we have substituted the halogen atoms such as 

bromine and iodine at the core as well as peripheral phenyl rings. We observed a low 

singlet oxygen generation for the unsubstituted aza-BODIPY 4a, indicating that this 

derivative showed negligible triplet excited state yields. However, upon bromination 

and iodination resulted in the improved triplet excited state and singlet oxygen 

generation yields as observed in the case of 4b-c. The enhancement of quantum yields 

of triplet excited state and singlet oxygen generation was found to depend on the 

position of halogenation of the parent dye and the heaviness of the halogen substituent. 

The comparison between the peripheral halogenated aza-BODIPY dyes 4b and 4c and 

that of the unsubstituted dye 4a showed a marginal improvement of ca. 6-7% in triplet 

excited state quantum yields and ca. 0.3% and 1.1%, in the efficiency of singlet oxygen 

generation, respectively (Scheme 2.3). In contrast, the core substitution of the aza-

BODIPY dyes showed a significant influence on the triplet excited state and singlet 

oxygen generation efficiency. For example, the core iodinated aza-BODIPY dyes 5a and 

5c showed ca. 64% and 66% enhancement in the singlet oxygen yields as compared to  
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Scheme 2.3. Triplet excited state and singlet oxygen generation efficiencies of various 

aza-BODIPY derivatives synthesized. 

the parent dyes 4a and 4c, respectively. An interesting observation is the additive 

effect observed on iodination at the core as well as at the peripheral rings. For example, 

6b having substitution at the core and also at the two peripheral phenyl rings showed 

ca. 70% and ca. 68% of enhancement in the triplet excited state and singlet oxygen 

generation yields, respectively, as compared to the bromo substituted dye, 4b. Similar 

observations were made with 6c having two iodine atoms in the core and four iodine 

atoms in the peripheral phenyl rings. This compound showed the maximum additive 
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effect and exhibited an enhancement of ca. 78% in both triplet excited state and singlet 

oxygen generation efficiencies as compared to 4c. 

When compared between 6b and 6c that differ only in the peripheral halogen 

atoms (bromine to iodine), we observed ca. 10% enhancement in the singlet oxygen 

yields of 6c as compared to 6b. Similarly ca. 10-12% difference was observed between 

5c and 6c (Scheme 2.3). These results demonstrate that the halogenation of the 

peripheral phenyl rings of the aza-BODIPYs has only marginal improvement (ca. 10-

15%) on the quantum yields of triplet excited state and singlet oxygen generation. In 

contrast, significant enhancement of ca. 65-70% was observed, when the core pyrrole 

rings of the aza-BODIPYs were substituted with halogen atoms.  

2.4. CONCLUSIONS 

In summary, we have designed and synthesized a series of novel aza-BODIPY 

derivatives 4a-c, 5a,c and 6b,c through a high yielding synthetic route and have 

investigated their photophysical properties as well as tuned their excited state 

properties such as quantum yields of triplet excited state and singlet oxygen generation 

efficiency. All these derivatives showed strong absorption in the region 660-680 nm 

with high molar extinction coefficient values. Moreover these dyes exhibited good 

solubility and exceptional photostability in all the organic solvents. The substitution of 

these derivatives with heavy atoms at the core as well as the peripheral positions 

resulted in significant enhancement in their triplet excited state and singlet oxygen 

generation yields.  
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The excited state studies have revealed that the non-halogenated aza-BODIPY 

derivative 4a showed a triplet and singlet oxygen generation quantum yield of ca. 1%, 

while the quantum yields were found to be enhanced with the substitution of halogen 

atoms due to internal ‘heavy atom effect’. Interestingly, the aza-BODIPY derivative 6c 

having six iodine atoms at the core and peripheral positions exhibited quantitative 

triplet excited state quantum yield of ca. 0.86 ± 0.03 and singlet oxygen generation 

efficiency of ca. 0.80 ± 0.02, which are the highest values so far reported for the aza-

BODIPY systems. Thus, the triplet excited state and singlet oxygen generation efficiency 

of these systems could be tuned from ca. 1% to as high as 86% by the judicious 

substitution of bromine and iodine atoms. Our results demonstrate that these novel 

aza-BODIPY derivatives exhibit favorable photophysical properties including strong 

NIR absorption and excellent singlet oxygen generation efficiency and hence can have 

potential applications as sensitizers in photodynamic therapy as well as green 

photooxygenation catalysts. 

2.5. EXPERIMENTAL SECTION 

2.5.1. General Techniques 

Melting points were determined on a Mel-Temp II melting point apparatus. The 

electronic absorption spectra were recorded on a Shimadzu UV-3101 or 2401PC UV-

Vis-NIR scanning spectrophotometer. The fluorescence spectra were recorded on a 

SPEX-Fluorolog F112X spectrofluorimeter. 1H and 13 C NMR spectra were recorded on a 

500 MHz Bruker advanced DPX spectrometers with chemical shifts reported relative to 
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TMS. Photophysical studies were carried out using spectroscopic grade solvents. IR 

spectra were recorded on a PRESTIGE-21 FTIR-84005 IR spectrometer. MALDI-TOF MS 

analysis was performed with a Shimadzu Biotech Axima CFR plus instrument equipped 

with a nitrogen laser in the linear mode using 2,5- dihydroxybenzoic acid (DHB) as the 

matrix. The transient absorption studies were carried out using a nanosecond laser 

flash photolysis system by employing an Applied Photophysics model LKS-20 laser 

kinetic spectrophotometer using OCR-12 Series Quanta Ray Nd:YAG laser. The analyzer 

and laser beams were fixed at right angles to each other. The laser energy was 60-65 

mJ at 355 nm. Quantum yields of fluorescence were measured by the relative method 

using optically matching solutions. All experiments were carried out at room 

temperature (25 0C). 

2.5.2. Materials and Methods  

Starting materials. 3,5-Dimethoxybenzaldehyde, 4-bromoacetophenone, 4-

iodoacetophenone, nitromethane, diethylamine, ammonium acetate, borontrifluoride 

diethyl etherate, triethylamine, N-iodosuccinimide, Methylene Blue, Rose Bengal, β-

carotene were purchased from Aldrich and S. D. Fine Chemicals, India. 1,3-

Diphenylisobenzofuran (DPBF) was recrystallized from a mixture (1:1) of ethanol and 

chloroform. β-carotene was used after recrystallizing from a mixture (1:1) of ethanol 

and chloroform. All the solvents used were purified and distilled before use by 

standard methods. 3-(3,5-Dimehoxyphenyl)-1-phenylprop-2-en-1-one (1a), mp 81-82 

oC (mixture mp 80-82 °C), 4-bromophenyl-3-(3,5-dimethoxyphenyl)prop-2-n-1-one 

(1b), mp 86-87 oC (mixture mp 86-88 °C), and 4-iodophenyl-3-(3,5-dimethoxyphenyl)-
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prop-2-n-1-one (1c), mp 86-87 oC (mixture mp 86-88 °C), were synthesized by 

modifying the literature reported procedures (Lv et al., 2010). 

2.5.3. Synthesis of the Aza-BODIPY Derivatives 4-6 

General procedure for the synthesis of 2a-c: To a solution of 1a-c (2 g, 5.76 

mmol) dissolved in 80 mL of methanol was added diethylamine (4 mL) and 

nitromethane (2 mL) and refluxed for 24 h. The mixture was neutralized using 1N HCl 

and extracted with chloroform. Removal of the solvent gave a residue, which was 

separated by column chromatography over silica gel. Elution of the column with a 

mixture (1:9) of ethyl acetate and hexane gave 2a-c in good yields. 

3-(3,5-Dimethoxyphenyl)-4-nitro-1-phenylbutan-1-one (2a): 75%, IR (KBr) 

νmax 1680, 1562, 1280 cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.88 (2H, d, J = 8.5 Hz), 7.73 

(2H, d, J = 8.5 Hz), 7.70 (1H, s), 7.41 (1H, s), 6.77 (2H, s), 4.20 (1H, s), 4.11 (1H, s), 4.05 

(1H, t, J = 7 Hz), 3.84 (6H, s), 3.05 (2H, s); 13C NMR (CDCl3, 125 MHz) δ 161.1, 145.4, 

137.9, 137.4, 136.5, 129.9, 122.0, 106.4, 102.9, 100.6, 55.5; FAB-MS m/z Calcd for 

C18H19NO5: 329.35; Found: 329.36 (M+).  

1-(4-Bromophenyl)-3-(3,5-dimethoxyphenyl)-4-nitrobutan-1-one (2b): 

78%, IR (KBr) max 1683, 1595, 1298, 1205 cm-1; 1H NMR (CDCl3, 500 MHz) δ  7.67 (2H, 

d, J = 8.5 Hz), 7.49 (2H, d, J = 8.5 Hz), 6.31 (2H, s), 6.25 (1H, s), 4.70 (1H, t, J = 8 Hz), 4.58 

(1H, s), 4.05 (1H, t, J = 7 Hz), 3.66 (6H, s), 3.35 (2H, q, J = 6.5 Hz); 13C NMR (CDCl3, 125 

MHz) δ 194.8, 160.1, 140.3, 134.0, 130.9, 128.4, 127.7, 104.6, 98.1, 78.3, 54.2, 40.3, 

38.3; FAB-MS m/z Calcd for C18H18BrNO5: 408.24; Found: 408.23 (M+). 
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3-(3,5-Dimethoxyphenyl)-1-(4-iodophenyl)-4-nitrobutan-1-one (2c): 75%, 

IR (KBr) νmax 1685, 1586, 1208 cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.83 (2H, d, J = 8.5 

Hz), 7.62 (2H, d, J = 8.5 Hz), 6.40 (2H, d, J = 2 Hz), 6.39 (1H, t, J = 2.5 Hz), 4.79 (1H, q, J = 

8 Hz), 4.67 (1H, q, J = 8 Hz), 4.15 (1H, m), 3.76 (6H, s), 3.43 (2H, m); 13C NMR (CDCl3, 

125 MHz) δ 196.2, 161.2, 141.3, 138.1, 135.6, 129.4, 101.7, 99.3, 79.3, 53.4, 41.4, 39.3; 

FAB-MS m/z Calcd for C18H18INO5: 456.03; Found: 456.51 (M+). 

General procedure for the synthesis of 3a-c: The nitromethane derivatives  

2a-c (2.45 mmol) and ammonium acetate (7.6 g, 95 mmol) were dissolved in ethanol 

(20 mL) and heated under reflux for 48 h. The precipitated product was filtered, 

washed with cold ethanol, dried and recrystallized from chloroform to give 3a-c as 

violet crystals with a metallic luster. 

(Z)-3-(3,5-Dimethoxyphenyl)-N-(3-(3,5-dimethoxyphenyl)-5-phenyl-2H-

pyrrol-2-ylidene)-5-phenyl-1H-pyrrol-2-amine (3a): 40%, mp 220-221 °C; IR (KBr) 

max 3062, 1597, 1537, 1348 cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.97 (4H, d, J = 8 Hz), 

7.62 (2H, d, J = 8 Hz), 7.56 (6H, d, J = 7 Hz), 7.49 (2H, d, J = 7 Hz),  7.11 (2H, s), 6.94 (2H, 

d, J = 8.5 Hz), 3.95 (6H, s), 3.76 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 154.8, 149.5, 149.3, 

148.8, 142.7, 132.2, 129.9, 129.1, 127.0, 126.5, 121.9, 114.0, 112.3, 111.0, 56.0, 55.8; 

FAB-MS m/z Calcd for C36H31N3O4: 570.23; Found: 570.23 (M+). 

(Z)-5-(4-Bromophenyl)-N-(5-(4-bromophenyl)-3-(3,5-dimethoxyphenyl)-

2H-pyrrol-2-ylidene)-3-(3,5-dimethoxyphenyl)-1H-pyrrol-2-amine (3b): 50%, mp 

245-246 °C; IR (KBr) max 2999, 1589, 1456, 1338, 1278 cm-1; 1H NMR (CDCl3, 500 

MHz)  δ 7.77 (4H, d, J = 8.5 Hz), 7.67 (4H, d, J = 8.5 Hz), 7.10 (2H, s), 7.08 (4H, m),  6.48 
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(2H, t, J = 2.5 Hz), 3.69 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 161.4, 160.6, 156.4, 154.0, 

149.7, 143.3, 140.8, 138.1, 135.2, 132.4, 131.8, 130.9, 128.6, 127.8, 124.5, 123.6, 117.22, 

115.5, 106.9, 105.5, 100.9, 100.6, 55.5; FAB-MS m/z Calcd for C36H29Br2N3O4: 727.44; 

Found: 727.45 (M+). 

(Z)-3-(3,5-Dimethoxyphenyl)-N-(3-(3,5-dimethoxyphenyl)-5-(4-iodophen 

yl)-2H-pyrrol-2-ylidene)-5-(4-iodophenyl)-1H-pyrrol-2-amine (3c): 40%, mp 236-

237 °C; IR (KBr) νmax 2997, 1681, 1591, 1454 cm-1; 1H NMR (CDCl3, 500 MHz)  δ 7.87 

(4H, d, J = 8.5 Hz), 7.63 (4H, d, J = 8.5 Hz), 7.10 (2H, s), 7.08 (4H, d, J = 2.5),  6.48 (2H, s), 

3.69 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 161.4, 156.6, 137.9, 128.8, 117.2, 105.5, 95.6, 

55.6, 55.3; FAB-MS m/z Calcd for C36H29I2N3O4: 823.03; Found: 823.14 (M+). 

General procedure for the synthesis of aza-BODIPY dyes 4a-c: The 

compounds 3a-c (0.45 mmol) dissolved in dry toluene (80 mL) were treated with 

triethylamine (0.8 mL, 4.6 mmol) and stirred for 10 min at 30 °C. To this reaction 

mixture, boron trifluoride diethyl etherate (1 mL, 8.13 mmol) was added and heated at 

80 °C for 4 h. The solvent was evaporated, washed with water (2 × 50 mL) and 

extracted with chloroform. Removal of the solvent gave a residue, which was separated 

by column chromatography over silica gel. Elution of the column with a mixture (1:1) 

of dichloromethane and hexane gave the products 4a-c as metallic brown solids. 

1,9-Bis(3,5-dimethoxyphenyl)-5,5-difluoro-3,7-diphenyl-5H-dipyrrolo[1,2 

-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (4a): 75%, mp 239-240 °C; IR (KBr) 

max 1595, 1500, 1452, 1267, 1122 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.09 (4H, s), 7.85 

(2H, q, J = 8.5 Hz), 7.67 (2H, s), 7.57 (6H, s), 7.50 (2H, s), 7.14 (2H, d, J = 8.5 Hz), 3.87 
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(6H, s), 3.78 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 158.1, 150.8, 148.9, 144.7, 143.5, 

131.1, 130.9, 129.3, 128.5, 124.7, 122.9, 118.9, 112.5, 55.7, 55.6; FAB-MS m/z Calcd for 

C36H30BF2N3O4: 617.45; Found: 617.45 (M+). 

3,7-Bis(4-bromophenyl)-1,9-bis(3,5-dimethoxyphenyl)-5,5-difluoro-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (4b): 80%, mp 284-

285 °C; IR (KBr) max 1587, 1473, 1398, 1261 cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.90 

(4H, d, J = 8.5 Hz), 7.63 (4H, d, J = 8.5 Hz), 7.12 (4H, s), 6.96 (2H, s), 6.54 (2H, s), 3.76 

(12H, s); 13C NMR (CDCl3, 125 MHz) δ 160.8, 158.2, 145.7, 144.9, 133.8, 132.0, 131.0, 

130.2, 126.0, 119.6, 107.3, 102.3, 99.9, 55.5; FAB-MS m/z Calcd for C36H28BBr2F2N3O4: 

775.24; Found: 775.24 (M+). 

1,9-Bis(3,5-dimethoxyphenyl)-5,5-difluoro-3,7-bis(4-iodophenyl)-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (4c): 82%, mp 259-

261 °C; IR (KBr) νmax 1585, 1512, 1489, 1284 cm-1; 1H NMR (CDCl3, 300 MHz) δ 7.85 

(4H, d, J = 8.7 Hz), 7.76 (4H, d, J = 8.7 Hz), 7.12 (4H, d, J = 2.1 Hz), 6.96 (2H, s), 6.54 (2H, 

s), 3.75 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 160.9, 158.4, 145.8, 144.9, 137.9, 133.9, 

131.0, 130.9, 130.8, 119.6, 107.3, 102.3, 98.5, 55.3; FAB-MS m/z Calcd for 

C36H28BF2I2N3O4: 869.02; Found: 869.36 (M+). 

General Procedure for the synthesis of 5a,c: To a solution of 4a,c (0.26 mmol) 

in a mixture (40 mL, 3:1) of chloroform and acetic acid, N-iodosuccinimide (0.15 g, 0.65 

mmol) was added and stirred at 30 °C for 4-5 h. The reaction mixture was washed with 

sodium thiosulphate followed by sodium bicarbonate solution and extracted with 

chloroform. Removal of the solvent gave a residue, which was separated by column 
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chromatography over silica gel. Elution of the column with a mixture (1:9) of methanol 

and chloroform gave 60-65% of 5a,c. 

1,9-Bis(3,5-dimethoxyphenyl)-5,5-difluoro-2,8-diiodo-3,7-diphenyl-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (5a): 60%, mp 236-

237 °C; IR (KBr) νmax1598, 1485, 1379, 1263cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.55 (4H, 

m), 7.44 (2H, dd, J = 2 Hz), 7.40 (6H, m), 7.29 (2H, d, J = 2 Hz), 6.89 (2H, d, J = 8.5 Hz), 

3.89 (6H, s), 3.64 (6H,s); 13C NMR (CDCl3, 125 MHz) δ 160.05, 149.6, 147.4, 146.5, 143.9, 

130.2, 129.5, 129.2, 126.9, 123.8, 123.2, 113.1, 109.5, 55.0, 54.7; FAB-MS m/z Calcd for 

C36H28BF2I2N3O4:  870.03; Found: 871.20 (M+1+). 

1,9-Bis(3,5-dimethoxyphenyl)-5,5-difluoro-2,8-diiodo-3,7-bis(4-iodo 

phenyl)-5H-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (5c): 65%, 

mp 263-264 °C; IR (KBr) νmax 1579, 1508, 1423, 1321 cm-1; 1H NMR (CDCl3, 500 MHz) δ 

7.86 (4H, d, J = 8.5 Hz), 7.79 (4H, d, J = 9 Hz), 7.13 (2H, s), 6.68 (2H, d, J = 2.5 Hz), 6.44 

(2H, d, J = 2.5 Hz), 3.88 (6H, s), 3.67 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 159.5, 158.1, 

156.7, 146.3, 145.3, 137.4, 137.0, 137.1, 129.7, 123.1, 108.3, 98.9, 98.6, 97.7, 79.3, 55.6, 

54.7; FAB-MS m/z Calcd for C36H26BF2I4N3O4: 1121.04; Found: 1121.38 (M+). 

General procedure for the synthesis of 6b-c: To a solution of 4b-c (0.26 mmol) 

in a mixture (40 mL, 3:1) of chloroform and acetic acid, N-iodosuccinimide (260 mg, 

1.16 mmol) was added and stirred at 30 °C for 10 h. The reaction mixture was washed 

with sodium thiosulphate followed by sodium bicarbonate solution and extracted with 

chloroform. Removal of the solvent gave a residue which was separated by column 
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chromatography over silica gel. Elution of the column with a mixture (1:9) of methanol 

and chloroform gave 65-70% of 6b-c. 

3,7-Bis(4-bromophenyl)-5,5-difluoro-2,8-diiodo-1,9-bis(2-iodo-3,5-dimet- 

hoxyphenyl)-5H-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (6b): 

65%, mp 308-310 °C; IR (KBr) νmax 1587, 1506, 1477, 1336, 1278 cm-1; 1H NMR (CDCl3, 

500 MHz) δ 7.93 (3H, d, J = 8.5 Hz), 7.63 (5H, d, J = 11.5 Hz), 6.64 (1H, s), 6.37 (2H, s), 

5.30 (1H, s), 3.89 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 159.0, 157.9, 153.0, 144.3, 

142.7, 132.0, 129.5, 125.6, 80.2, 56.9; FAB-MS m/z Calcd for C36H24BBr2F2I4N3O4:  

1279.64; Found: 1279.63 (M+). 

5,5-Difluoro-2,8-diiodo-1,9-bis(2-iodo-3,5-dimethoxyphenyl)-3,7-bis(4-

iodophenyl)-5H-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (6c): 

68%, mp 305-307 °C; IR (KBr) νmax 1556, 1462, 1409, 1261 cm-1; 1H NMR ([d6]DMSO, 

500 MHz) δ 7.97 (4H, t, J = 2.5 Hz), 7.79 (2H, d, J = 8.5 Hz), 7.39 (2H, d, J = 8 Hz), 7.27 

(1H, s), 6.70 (2H, d, J = 9.5 Hz ), 5.76 (1H, s), 3.89 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 

159.4, 159.3, 154.9, 153.7, 145.6, 143.8, 143.1, 137.6, 137.4, 136.5, 131.8, 130.9, 125.0, 

101.5, 94.7, 78.9, 78.5, 55.6, 55.5; FAB-MS m/z Calcd for C36H24BF2I6N3O4: 1373.62; 

Found: 1373.92 (M+). 

2.5.4. Determination of Triplet Excited State Quantum Yields (ΦT) 

Nanosecond laser flash photolysis studies were carried out by employing an 

Applied Photophysics model LKS-20 laser kinetic spectrometer using OCR-12 Series 

Quanta Ray Nd:YAG laser. The analyzing and laser beams were fixed at right angles to 

each other. The laser energy was 64 mJ at 355 nm. The triplet excited state yields (ΦT) 
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of the aza-BODIPY derivatives were measured employing an earlier described method 

of energy transfer to β-carotene using Ru(bpy)32+, as the reference. For these 

experiments, optically matched (355 nm) solutions of Ru(bpy)32+ or the aza-BODIPY 

derivatives were mixed with a known volume of β-carotene solution (end 

concentration of β-carotene was 2.0 × 10-4 M). The transient absorbance (∆A) of the β-

carotene triplet excited state, formed by the energy transfer from Ru(bpy)32+ or the 

aza-BODIPY triplet, was monitored at 510 nm. By substituting the quantum yield of the 

reference sensitizer and from the comparison of plateau absorbance following the 

completion of sensitized triplet excited state formation, properly corrected for the 

decay of the donor triplets in competition with energy transfer to β -carotene, enabled 

us to estimate ΦT of the aza-BODIPY derivatives  based on eq. 2.1, 

ΦT
𝑏𝑜𝑑 = ΦT

𝑟𝑒𝑓 ΔA𝑏𝑜𝑑

ΔA𝑟𝑒𝑓

kobs
𝑏𝑜𝑑

kobs
𝑏𝑜𝑑 − k0

𝑏𝑜𝑑

kobs
𝑟𝑒𝑓

− k0
𝑟𝑒𝑓

kobs
𝑟𝑒𝑓

 ……… . (Eq. 2.1) 

 

where superscripts ‘bod’ and ‘ref’ designate the different aza-BODIPY derivatives and 

Ru(bpy)32+, respectively, kobs, is the pseudo-first-order rate constant for the growth of 

the β-carotene triplet and k0 is the rate constant for the decay of the donor triplets, in 

the absence of β-carotene, observed in solutions containing Ru(bpy)32+ or aza-BODIPY 

dye at the same optical density (OD) as those used for sensitization. The direct 

excitation of β-carotene did not result in any significant triplet formation under these 

experimental conditions, because of negligible triplet yield. The ΦTref in methanol for 

Ru(bpy)32+ was taken to be unity (Kumar et al., 1984). The ΦT data obtained in this 

manner are reliable to the extent to which the assumption regarding 100% efficiency of 

energy transfer to β-carotene is valid. 
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2.5.5. Estimation of Singlet Oxygen Generation 

Indirect Method-Degradation of DPBF: Singlet oxygen generation studies were 

carried out with a light source 200 W mercury lamp (model 3767) on an Oriel optical 

bench (model 11200) with a grating monochromator (model 77250). The intensity of 

light was maintained constant throughout the irradiations by measuring the output 

using an Oriel photodiode detection system (model 7072). The quantum yields for 

singlet oxygen generation in DMSO were determined by monitoring the photooxidation 

of DPBF sensitized by the aza-BODIPY derivatives. DPBF is a convenient acceptor since 

it absorbs in a region of dye transparency and rapidly scavenges singlet oxygen to give 

colorless endoperoxide products (Scheme 2.4). 

 

Scheme 2.4. Singlet oxygen mediated photooxidation of DPBF. 

This reaction occurs with little or no physical quenching. Singlet oxygen 

quantum yields were measured at low dye concentrations (optical density 0.2-0.3 at 

the irradiation wavelengths >630 nm) to minimize the possibility of singlet oxygen 

quenching by the dyes. The photooxidation of DPBF was monitored between 2 s to 2 

min, depending on the efficiency of the dye sensitizer. No thermal recovery of DPBF 

(from a possible decomposition of endoperoxide product) was observed under the 
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conditions of these experiments. The quantum yields of singlet oxygen generation (ΦΔ) 

were calculated by a relative method using optically matched solutions and comparing 

the quantum yield of photooxidation of  DPBF sensitized by the dye of interest to the 

quantum yield of MB (ΦΔ = 0.52) as the reference (Nemoto et al., 1969). The following 

eq. 2.2 was used,      

Φ∆𝑏𝑜𝑑 =  Φ∆𝑀𝐵 m𝑏𝑜𝑑  F𝑀𝐵

m𝑀𝐵  F𝑏𝑜𝑑
......... (Eq. 2.2) 

 

where superscripts ‘bod’ and ‘MB’ designate aza-BODIPY derivatives and MB, 

respectively, Φ∆ is the quantum yield of singlet oxygen, ‘m’ is the slope of a plot of 

difference in change in absorbance of DPBF (at 418 nm) with the irradiation time and 

‘F’ is the absorption correction factor, which is given by F = 1 – 10–OD (OD at the 

irradiation wavelength). 

Direct Method-Singlet Oxygen Luminescence at 1270 nm: In the direct 

method, we monitored the singlet oxygen emission intensity generated by the aza-

BODIPY derivatives and reference Rose Bengal (RB) by using Fluorolog 3 

spectrofluorimeter (FL3-221) connected with a NIR detector (Hamamatsu H10330A-

45) with 450 W Xenon lamp as excitation source. To obtain the direct singlet oxygen 

luminescence intensity by steady-state method, we prepared optically matching 

solutions of the aza-BODIPY dyes and RB (OD - 0.1≤x≥0.15) in acetonitrile and used 

excitation wavelength of 630 nm. We collected the emission from 1100 nm to 1400 nm 

region with an integration time of 0.5 s per nanometer using 12 nm band pass through 

Hamamatsu H10330A-45. The singlet oxygen luminescence maximum was observed 

normally in the region 1268-1273 nm and obtained the luminescence maximum at 
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1270 nm. From the luminescence intensities obtained in the presence of the 

compounds 4-6, and the standard RB using the optically matched solutions under 

identical conditions, we calculated the singlet oxygen quantum yields employing the 

equation 2.3, 

Φ∆𝑏𝑜𝑑 =  Φ∆𝑅𝐵  I𝑅𝐵    I∆𝑏𝑜𝑑   τ𝑅𝐵
 

I𝑏𝑜𝑑    I∆𝑅𝐵   τ𝑏𝑜𝑑
......... (Eq. 2.3) 

 

where IRB and Ibod denote for the incident light intensities on the reference and the aza-

BODIPY samples, I∆bod and I∆RB represent singlet oxygen luminescence intensity at 1270 

nm for the aza-BODIPY dyes and the reference, respectively. τRB and τbod represent the 

lifetime of singlet oxygen in particular solvent and ф∆RB is the singlet oxygen quantum 

yield of the reference, RB.  
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3.1. ABSTRACT 

With an objective to explore the applications of the aza-BODIPY systems, we 

have investigated their use in photodynamic therapy and green photooxygenation 

reactions. We have selected the aza-BODIPY derivatives 5a,c and 6b,c as these dyes 

exhibited excellent singlet oxygen generation and have formulated their 

nanoconjugates with an amphiphilic lipid, 1,2-distearoyl-sn-glycero-3-phosphoethanol 

amine-N-[methoxy(polyethylene glycol)-2000] (DSPE) to improve their solubility in 

the aqueous medium. The DSPE-BODIPY nanospheres, thus synthesized were 

characterized using spectroscopic and morphological techniques. Further, we have 

investigated in vitro PDT activity of the DSPE-BODIPY conjugates in MDA-MB-231, 
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MCF-7 and HeLa cells. We observed favorable IC50 values of 2, 7, 9 and 12 µM, 

respectively, for the DSPE conjugates of the aza-BODIPY derivatives 5a, 5c, 6b and 6c 

in MDA-MB-231 cell lines. The mechanism of biological activity has been evaluated 

through Annexin V-FITC/ propidium iodide staining experiments, which revealed that 

the DSPE conjugate with aza-BODIPY dye, 5a effectively induced apoptosis mediated 

cell death. Tetramethylrhodamine methyl ester assay and chromatin condensation 

experiments revealed ca. 80% and 85% decrease, respectively, in mitochondrial inner 

membrane potential upon PDT treatment. Notably, we observed the activation of 

caspase-3 and significant production of ROS as confirmed by CM-H2DCFDA assay, 

furthermore confirmed ROS mediated apoptotic cell death.  

As these aza-BODIPY dyes exhibited quantitative singlet oxygen generation, we 

explored their catalytic activity in singlet oxygen mediated photooxygenation reactions. 

We have employed naphthols, thioanisole and furfural as the substrates for 

photooxygenation in presence of different aza-BODIPY sensitizers, 5a,c and 6b,c and 

compared with the standard sensitizers such as tetraphenylporphyrin (TPP), Rose 

Bengal (RB) and Methylene Blue (MB). Of all these sensitizers, the aza-BODIPY dye, 6b, 

showed ca. 100% conversion using both artificial light and normal sunlight irradiation 

conditions. Uniquely, these dyes can be uniformly adsorbed onto polystyrene matrix 

and can be used for the photooxidation of organic molecules. The energy demand of the 

entire reaction was low compared to the standard oxidation reactions carried out in 

laboratory and using photochemical reactors. Therefore, the aza-BODIPY derivatives 

under investigation act as attractive “sustainable catalysts” for efficient green 

photooxygenation reactions.  
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3.2. INTRODUCTION 

3.2.1. Basic Aspects of Photodynamic Therapy 

Photodynamic therapy (PDT) has been attracting much attention as an 

alternative to the traditional cancer treatments due to its high selectivity in the 

destruction of tumor cells over normal cells (Bonnet, 2000). PDT involves the 

generation of highly toxic and reactive oxygen species (ROS) upon excitation of a 

photosensitizer (Patrice, 2003; Sharman et al., 1999) which ultimately destroy the 

tumor tissue.  PDT comprises various four stages, in which the first stage involves the 

administration of the sensitizer into the body. The sensitizer then selectively found to 

accumulate around the tumor tissue when allowed for a suitable period of incubation 

in the stage 2. When the target tissue was irradiated in the stage 3, the light acts as a 

stimulus, and the cytotoxic agents such as ROS were generated due to the excitation of 

the sensitizer. These species react with the biological targets such as proteins, amino 

acids, lipids, nucleotides and nucleic acids thereby disrupt the normal functions of the 

cell and causing cell death in stage 4. A sensitizer in PDT can, therefore, be regarded as 

a ‘stimuli-responsive system’, being inactive in dark but becomes active only when 

irradiated with light of an appropriate wavelength. 

Two main reaction pathways were proposed to be involved in the PDT action 

(Wainwright, 2009). The first pathway, called the type I mechanism, which involves the 

generation of radical species through either hydrogen abstraction or redox processes 

between a sensitizer in the excited state and the biomolecules. The second pathway is 

called, the type II mechanism, wherein the sensitizer in the triplet excited state 
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generates singlet oxygen (1O2) from the ground-state molecular oxygen (3O2) through 

an energy transfer process (Greer, 2006; Schmidt, 2006) (Figure 3.1). It has been 

postulated that singlet oxygen was responsible for the photoinactivation of tumor cells 

by a majority of the reported photosensitizers. 
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Figure 3.1. Modified Jablonski diagram illustrating the various photophysical 

processes occur upon excitation of a photosensitizer (PS) in PDT treatment. 

 The most desirable photosensitizer should have strong absorption in the longer 

wavelength region, ideally in the 600-850 nm region, which is known as the 

‘photodynamic window’, wherein the tissue penetration by light is very high (Lovell et 

al., 2010; Dougherty et al., 1992). The sensitizer should also exhibit high triplet excited 

state yields with long lifetimes and should be able to generate reactive species such as 

singlet oxygen in quantitative yields. In addition, the sensitizer should have minimal 

dark toxicity and only be cytotoxic in the presence of light. It should also be 
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preferentially retained by the target tissue and be rapidly excreted from the body. 

Several compounds from the simple aromatics to complex macrocycles have been 

proposed as sensitizers in PDT including porphyrins, phthalocyanines, chlorins, 

bacteriochlorins, cyanines, Rose Bengal, Methylene Blue, squaraines, 5-aminolevulinic 

acid and their derivatives (Karunakaran et al., 2013; Avirah et al., 2012; Thomas et al., 

2012; Devi et al., 2008; Dougherty et al., 1992; Foote, 1991). The most extensively 

studied sensitizer was Photofrin@, a hematoporphyrin derivative (HpD), for which 

first regulatory authorizations for the clinical use were obtained in a number of 

countries. Most of the sensitizers based on porphyrins exhibit slow metabolic 

degradative pathways and, unfortunately, were activated by light of wavelength below 

600 nm, which cannot penetrate more than a few millimeters into the skin (Basu et al., 

2012; Wainwright, 2008). Due to this reason, recently, there has been increased 

interest in the development of dyes that possess absorption in the red to NIR region 

(Avirah et al., 2008, 2007; de Rosa et al., 2002).  

3.2.2. Examples of Photooxygenation Reactions 

The singlet oxygen mediated photooxygenation reactions have attracted much 

attention in recent years due to their importance in stereoselective synthesis, 

industrial processes and material science (Ribeiro et al., 2013; Fudickar et al., 2011; 

Ravelli et al., 2009; Hoffmann, 2008; Griesbeck et al., 2008; 2004; Palmisano et al., 

2007; Protti et al., 2007; Albini et al., 2004). These reactions can be classified under the 

well known ene reaction, [4+2] and [2+2] cycloaddition as well as heteroatom 

oxidation (e.g., sulfide to sulfoxide) (Li et al., 2013; Takaguchi et al., 2004) (Scheme 3.1).  
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Scheme 3.1. Representative examples of singlet oxygen mediated reactions. 

The generation of singlet oxygen for the practical purpose can be achieved in 

solution by the decomposition of an endo-peroxide or by the photochemical triplet-

triplet sensitization from an appropriate sensitizer. A variety of sensitizers have been 

reported in the literature, which differ with respect to their chemical stability and 

singlet oxygen quantum yields (Griesbeck et al., 2005). Moreover, most of these singlet 

oxygen mediated reactions have been studied extensively by using artificial light 

sources such as mercury or halogen lamps, limiting their industrial use due to the high 

energy demand. To overcome these disadvantages, sunlight as a sustainable light 

source has been explored with limited success for such applications (Hajimohammadi 

et al., 2011; Haggiage et al., 2009; Oelgemoller et al., 2005; Esser et al., 1994). In this 

context, we have explored the potential of the aza-BODIPY derivatives 5a, 5c, 6b and 

6c in PDT as well as singlet oxygen mediated catalytic organic transformation reactions 

(Chart 3.1). Our results demonstrate that these derivatives exhibit favorable 

photophysical and photobiological properties and hence can have use as sensitizers in 

PDT and photooxygenation reactions, and are worth for further explorations. 
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Chart 3.1. Structures of the aza-BODIPY derivatives under investigation. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Preparation of DSPE-BODIPY Conjugates 

The aza-BODIPY derivatives 5a, 5c, 6b, and 6c, which were described in 

Chapter 2 of the thesis, have been selected for investigations since these derivatives 

have exhibited favorable photophysical properties including singlet oxygen generation 

efficiency. To carry out the biological studies in the aqueous medium, we have 

encapsulated these dyes into amphiphilic nanoparticle systems derived from lipids. 

Encapsulation of hydrophobic dyes into nanoparticles not only solubilizes them in the 

aqueous medium but also known to aid their specific accumulation in the tumor tissue 

(Kim et al., 2004; Adams et al., 2003; Perkins et al., 2000). For the preparation of 
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nanomicelles, we have chosen an amphiphilic lipid, namely, 1,2-distearoyl-sn-glycero-

3-phosphoethanol amine-N-[methoxy(polyethylene glycol)-2000] (DSPE), which has 

an ability to spontaneously form micelles with hydrophobic core upon dispersion in 

the aqueous solutions (Wang et al., 2011; Torchilin, 2007). 

Aza-BODIPY 

hydrophobic 

hydrophilic 

DSPE-BODIPY nanomicelle  

Figure 3.2. Schematic representation of the nanomicelle formed from 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE) 

and a representative aza-BODIPY dye, 5a. 

The encapsulation of aza-BODIPY dyes into DSPE nanomicelles were carried out 

using the lipid-hydration method, wherein, the lipid-PEG conjugates form amphiphilic 

micellar structures consisting of a hydrophilic polymer shell and an organic lipidic core 

(Figure 3.2). The aza-BODIPY dyes were solubilized within the lipid-rich area and 

incorporated into nanosized structures that can aid their accumulation at the tumor 

sites (Maeda et al., 2010; Nasongkla et al., 2006; Lukyanov et al., 2002). At 

concentrations above the reported critical micelle concentration of DSPE (1 µM) 

(Ashok et al., 2004), various drug-to-lipid ratios were examined for their drug 
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encapsulation efficiency. By keeping the concentration of aza-BODIPY dyes constant 

and increasing the concentration of DSPE, it was found that highest encapsulation 

efficiencies were obtained for the ratio of 3:1 (DSPE/aza-BODIPY). The amount of 

encapsulation of aza-BODIPY dyes into the DSPE micelles were determined using UV-

Vis spectroscopy and found to be ca. 95%. As a control and to understand the effect of 

variable concentration of DSPE on the nanomicelle formation, we have analyzed the 

size of nanomicelles formed through dynamic light scattering (DLS) technique. By 

varying the concentration of DSPE from 100 µM to 1 mM in the aqueous medium, we 

observed that the formation of micelles having uniform spherical shape with a 

hydrodynamic diameter of ca. 20 ± 0.5 nm (Kastantin et al., 2009; Ashok et al., 2004).  
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Figure 3.3. Representative example of A) size distribution and B) correlogram of the 

dynamic light scattering experiments corresponding to DSPE-BODIPY nanomicelles 

(200 M) formed from the aza-BODIPY derivative 5a and DSPE.   

The assembled DSPE-BODIPY structures were characterized using various 

spectroscopic and morphological analyses. DLS measurements revealed that the 

nanomicelles formed were in the uniform spherical shape with hydrodynamic 
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dimensions of 150 ± 30 nm in diameter (Figure 3.3). The smooth correlation evidenced 

the uniformity of the assembled spherical shaped nanomicelles in the solution. 

Furthermore, the evidence for the synthesized nanomicelles was obtained through 

transmission electron microscopy (TEM) experiments, which confirmed the formation 

of spherical nanomicelles having a diameter of 150 ± 30 nm (Figure 3.4). These 

nanosized spheres with a potent sensitizer, the aza-BODIPY 5a have been used for the 

in vitro biological investigations. 

 

Figure 3.4. Transmission electron microscopic (TEM) images of DSPE-BODIPY 

nanomicelles (200 M) formed from the aza-BODIPY derivative 5a and DSPE. 

3.3.1.1. Investigation of In Vitro Photobiological Properties  

To investigate the in vitro photodynamic efficacy of the DSPE-BODIPY 

nanomicelles in cells, we have employed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay, which is a standard colorimetric technique used for 

the measurement of cellular proliferation (cell growth). MTT is yellow in color, but 

when reduced, it transforms to purple formazan by cellular reductase enzymes present 

in living cells (Scheme 3.2). To determine the photocytotoxicity of the DSPE-BODIPY 

conjugates, we have carried out the MTT assay in three different cancer cell lines; MCF-
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7 (human breast cancer), HeLa (cervical cancer) and MDA-MB-231 (aggressive human 

breast cancer). The light source used for the irradiations was a commercially available 

VINVISH PDT laser with the excitation wavelength at 630 nm (10 mW/cm2, 15 min). 

The IC50 value, which is a direct measurement of cytotoxicity, was quantified by 

measuring the absorbance of the formazan formed in the region 500-600 nm, under 

different conditions such as with and without irradiation. 

 

Scheme 3.2. Enzymatic conversion of MTT (yellow) to formazan (purple). 

The percentage of growth inhibition of cells in the presence of DSPE-BODIPY 

conjugates formed from different aza-BODIPY derivatives 5a, 5c, 6b, 6c and the control 

samples such as DSPE alone, and aza-BODIPYs alone were determined using MTT 

assay with and without irradiation (Figure 3.5).  The DSPE-BODIPY conjugate formed 

from the aza-BODIPY dye, 5a showed highest photocytotoxicity and exhibited an IC50 

value of 2 µM in MDA-MB-231 cells. Similar experiments were carried out for the 

conjugates prepared using 5c, 6b and 6c under similar conditions and IC50 values 

obtained are 7, 12 and 9 µM, respectively (Table 3.1). To evaluate the cell selectivity, 

we employed other two different cancer cell lines, namely, MCF-7 and HeLa. As 

summarized in Table 3.1, we have made similar observations albeit with little 

difference in IC50 values. Among the various nanoconjugates screened, the conjugate 



Chapter 3:  Aza-BODIPY dyes for photodynamic therapy and photooxygenation reactions 

 

81 

 

derived from the aza-BODIPY dye, 5a was found to be most efficient and hence we have 

investigated this system for further detailed photobiological investigations to 

understand the mechanism of its biological activity. 
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Figure 3.5. A) Histogram depicting the cytotoxicity of the DSPE-BODIPY conjugate of 

5a in light (green) and dark (blue) in MDA-MB-231 cells. B) Plot showing the 

percentage of growth inhibition in presence of DSPE-BODIPY in MDA-MB-231 cells 

upon irradiation using VINVISH PDT laser (600-720 nm, 50 mJ/cm2, 1 h). 

Table 3.1. The IC50 values of DSPE-BODIPY conjugates in different cell lines.* 

Aza-BODIPY used 

for DSPE-BODIPY 

conjugates 

Half inhibitory concentration (IC50) values in µM 

MDA-MB-231 MCF-7 HeLa 

5a 2.0 2.5 3.5 

5c 7.0 6.0 7.0 

6b 9.0 8.0 10.0 

6c 12.0 10.0 9.0 

*The values are the average of more than three independent experiments. 
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To understand the mechanism of the PDT activity and cellular damage induced 

by the DSPE-BODIPY conjugates, we performed Annexin V-FITC/PI assay using flow 

cytometric analysis. For this, Annexin V-FITC was used together with propidium iodide 

(PI), which was another fluorescent probe to distinguish viable cells from the dead 

cells. The former can penetrate through the intact and viable cells, whereas the 

propidium iodide can only pass through dead cells (Figure 3.6). The cell populations   

at different phases of cell death, namely, viable (Annexin V-FITC (-ve)/PI (-ve)), early 
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Figure 3.6. Flow cytometric analysis of MDA-MB-231 cells after PDT treatment with A) 

vehicle control, B) light control, C) dark control and D) in presence of DSPE-BODIPY, 

0.5 µM, E) 1 µM and F) 2 µM.  
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apoptotic (Annexin V-FITC (+ve)/PI (-ve)) and necrotic or late-stage apoptotic 

(Annexin V-FITC (+ve)/PI (+ve)) were examined at different drug doses. The lower left 

quadrant (Q3) of each panel showed the viable cells, since they were negative for both 

Annexin V-FITC and PI, whereas the lower right quadrants (Q4) represent the 

apoptotic cells (Annexin V-FITC (+ve)/PI (-ve)). We observed that most of the cells 

were negative for both Annexin V-FITC and PI with DSPE-BODIPY (2 µM) in the dark, 

which indicates that this conjugate shows negligible toxicity in MDA-MB-231 cells 

under these conditions. However, upon illumination, the percentage of cells in the 

lower right quadrant (Q4), i.e., in the early apoptotic stage (i.e., externalization of 

phospholipid phosphatidylserine but not membrane leakage, Annexin V-FITC (+ve)/PI 

(-ve)) increased from 1.2% to 86.5%, when the concentration of DSPE-BODIPY was 

increased from 0 to 2 µM. These results clearly indicate that the photoactivated DSPE-

BODIPY conjugates induce cancer cell death predominantly through apoptosis. 

The nature of cell death induced by the DSPE-BODIPY conjugate was evidenced 

through the phase contrast microscopic morphological analysis of the cells in the 

presence and absence of light (Figure 3.7). The MDA-MB-231 cells were irradiated 

before and after incubating with the DSPE-BODIPY and also with the lipid DSPE alone 

as a vehicle control. We observed significant changes in cell morphology only after 

treatment with DSPE-BODIPY followed by irradiation. These morphological 

transformations indicate good cell cytotoxicity towards MDA-MB-231 cells. In contrast, 

the light controls (where the cells were only irradiated), dark controls (where cells 

were treated with the photosensitizers in the dark) and the vehicle control             

(DSPE alone) showed negligible changes in the cell morphology confirming thereby the  
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A) 

D) C) 

B) 

 

Figure 3.7. Morphological changes of MDA-MB-231 cell lines, A) light control B) dark 

control and after PDT with DSPE-BODIPY, plus light C) 0.5 µM and D) 1 µM. 

apoptotic mediated cell death caused by the nanoconjugate, DSPE-BODIPY in the 

presence of light. Further, the cells were treated with the DSPE-BODIPY 

nanoconjugates together with the staining agent, Hoechst (Figure 3.8). It was found 

that PDT with DSPE-BODIPY in MDA-MB-231 cells at 2 µM, resulted in ca. 85% 

decrease in fluorescence intensity of the Hoechst dye to nuclear condensation. 

A)   

D)   C)   

B)   

 

Figure 3.8. Confirmation of chromatin condensation by Hoechst staining in MDA-MB-

231 cells; A) light control, B) dark control, and in the presence of DSPE-BODIPY, plus 

light C) 1 µM, D) 2 µM. 
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In contrast, the control experiments (dark and light only) showed negligible nuclear 

condensation, which clearly confirm a gradual concentration dependent destruction of 

the cancerous tissue due to the PDT activity of the DSPE-BODIPY nanoconjugates.  

 The apoptosis mediated cell death was furthermore evidenced through 

tetramethylrhodaminemethyl ester (TMRM) treatment. TMRM is a cell-permeable 

cationic, red-orange fluorescent dye that is readily sequestered by the active 

mitochondria. The changes in mitochondrial membrane potential via apoptosis were 

monitored through imaging of TMRM fluorescence intensity. The photodynamic 

treatment of MDA-MB-231 cells with DSPE-BODIPY nanoconjugates at 2 µM resulted 

in about ca. 80% decrease in membrane potential. In contrast, the controls showed 

negligible decrease in mitochondrial membrane potential. These observations suggest 

that the DSPE-BODIPY induces cell death during PDT treatment predominantly 

through apoptotic pathway (Figure 3.9). 

A) B) 

C) D) 

 

Figure 3.9. Reduction in fluorescence intensity of tetramethylrhodaminemethyl ester 

(TMRM) showing the decrease in mitochondrial membrane potential in MDA-MB-231 

cells; A) light control, B) dark control, in presence of DSPE-BODIPY, plus light C) 1 µM, 

D) 2 µM. 
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 The cell death through apoptotic pathway was accomplished by a conserved 

intracellular machinery of execution, which was mainly attributed to the activation of 

the caspase family of cysteine proteases. Caspase-3 is a common effector of most of the 

apoptotic pathways, expressed as a proenzyme of 32 kDa that in response to several 

stimuli gets cleaved, generating two subunits of 17 and 12 kDa. Detection of active 

caspase-3 in cells and tissues can be achieved by several methods, and one of the 

important methods is Western blotting. We observed the cleavage of caspase-3 in the 

presence of 2 µM of DSPE-BODIPY conjugate, which unambiguously confirmed the 

apoptotic mediated cell death during PDT (Figure 3.10) using aza-BODIPY dyes.  

Caspase-3 

Cleaved 
Caspase-3 

Light 
control 

Dark 
control 

1µM 2µM 

 

Figure 3.10. Western blot analysis showing the caspase-3 activity in presence of DSPE-

BODIPY plus light (1 µM and 2 µM) and the controls under similar conditions.  

To understand the involvement of reactive oxygen species (ROS), we quantified 

the generation of ROS in cells during the PDT treatment with DSPE-BODIPY conjugates, 

using 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate acetyl ester 

(CM-H2DCFDA) assay. In the reduced form, CM-H2DCFDA is non-fluorescent, but after 

cellular oxidation followed by esterases mediated hydrolysis of acetate groups results 

in a green fluorescent derivative. When MDA-MB-231 cells were treated with DSPE-
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BODIPY (2 µM) and irradiation followed by the addition of CM-H2DCFDA, we observed 

fluorescence in ca. 80% of cells (Figure 3.11). In contrast, light alone and DSPE-

BODIPY in the dark, showed only background values of ca. 10% and ca. 5%, 

respectively. These results demonstrate that only DSPE-BODIPY conjugates upon 

excitation generate concentration dependent ROS, which are primarily involved in the 

apoptosis mediated cell death. 

A) B) 

C) D) 

 

E) 

 

Figure 3.11. Confocal microscopy images showing concentration dependent green 

fluorescence in MDA-MB-231 cells after PDT with DSPE-BODIPY and incubation with 

CM-H2DCFDA at A) light control, B) dark control, in presence of DSPE-BODIPY plus 

light, C) 1 µM, D) 2 µM, and E) quantification of ROS generation by FACS analysis. 

3.3.2. Photooxygenation Reactions Using Aza-BODIPY Derivatives  

As the aza-BODIPY derivatives showed high singlet oxygen generation efficiency, 

it was of our interest to explore their use as photooxygenation catalysts. The different 

aza-BODIPY dyes (5a, 5c, 6b and 6c) and three commonly used standard sensitizers 

such as tetraphenylporphyrin (TPP), Rose Bengal (RB) and Methylene Blue (MB) were 
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employed for the photooxygenation reactions (Chart 3.2). To screen the sensitizer 

efficiency, we have used the most common reaction of i.e., the oxidation of 1-naphthol 

to 1,4-naphthoquinone (Scheme 3.3). 1,4-Naphthoquinones are important natural 

products and serve as valuable building blocks in the synthesis of several biologically 

active compounds (Suchard et al., 2006; Thomson, 1997; Wakamatsu et al., 1984; 

Crouse et al., 1981). 

 

Chart 3.2 

 

Scheme 3.3. Photooxygenation of 1-naphthol using the aza-BODIPY 6b. 

3.3.2.1. Efficiency of Aza-BODIPYs vs Standard Sensitizers 

The photooxygenation reaction using various sensitizers and the aza-BODIPY 

dyes was carried out under identical conditions and using three different irradiation 



Chapter 3:  Aza-BODIPY dyes for photodynamic therapy and photooxygenation reactions 

 

89 

 

light sources, namely, i) 200 W Hg lamp (energy of output light ca. 6-8 mJ); ii) direct 

sunlight (Trivandrum, India, November-December 2011, 8.5°N 76.9°E, 5 m above sea 

level, energy of output light ca. 20-25 mJ) and iii) focused sunlight using convex lens 

(location as above and energy of output light ca. 200-220 mJ). The progress of the 

photooxygenation reaction was analyzed by thin layer chromatography (TLC), NMR 

and gas chromatography (GC) in all the cases. We have selected the aza-BODIPY dye, 

6b as the lead molecule for further photooxygenation reactions. We chose 6b due to its 

high photostability and good solubility in common organic solvents among the various 

aza-BODIPY dyes and also due to its comparable singlet oxygen generation efficiency as 

that of the standard sensitizers like TPP, MB and RB (Hajimohammadi et al., 2011; 

Haggiage et al., 2009; Oelgemoller et al., 2005; Esser et al., 1994). The preparative 

photooxygenation reactions were carried out by irradiating a solution of 1-naphthol 

(0.2 mM) in CH3CN (3 mL) in the presence of sensitizers (2 µM) and the analysis of the 

reaction mixture was carried out by GC, TLC and 1H NMR. We observed ca. 100% 

conversion of 1-naphthol to 1,4-naphthaquinone in the presence of aza-BODIPY dye, 

6b as the sensitizer. We have monitored the conversion through UV-Vis spectroscopy 

and we could observe a regular decrease in the absorption of 1-naphthol at 295 nm, 

with the concomitant formation of a new band at 320 nm, corresponding to 1,4-

naphthoquinone (Figure 3.12). In contrast, the standard sensitizers such as TPP, MB 

and RB, under similar irradiation conditions, showed very low conversion efficiency of 

ca. 40%, 26% and 20%, respectively (Table 3.2). The low conversion efficiency of 

standard sensitizers could be due to their poor photostability under the irradiation 

conditions. As reported in the literature, TPP, MB and RB showed non-negligible 
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decrease in absorbance with the irradiation time (Griesbeck et al., 2007). The aza-

BODIPY derivative 6b, on the other hand, showed high efficiency and exceptionally 

high photostability for more than 8 h and thereby demonstrating its superiority over 

the currently used sensitizers for photooxygenation reactions. 
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Figure 3.12. A) Absorption spectra indicating the formation of 1,4-naphthoquinone 

from 1-naphthol by the irradiation using 200 W mercury lamp in presence of the dye, 

6b (2 µM). B) Photograph showing the method of irradiation using Oriel lamp. 

With an objective to develop a ‘green’ and ‘sustainable’ procedure for the 

photooxygenation reaction, we have carried out the conversion of 1-naphthol to 1,4-

naphthoquinone using normal sunlight as the light source (energy of the output light is 

ca. 20-25 mJ). Interestingly, we observed that the reaction required around ca. 1 h for 

ca. 100% conversion in the presence of the dye 6b. The commonly used sensitizers 

such as TPP, MB and RB showed less than ca. 50% conversion efficiency under similar 

conditions. These observations demonstrate that the aza-BODIPY dyes having high 

photostability and ideal absorption makes them attractive photooxygenation catalysts.  

B) 
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Table 3.2. Photooxygenation of 1-naphthol to 1,4-naphthoquinone using various 

sensitizers and light sources in acetonitrile. 

Sensitizer 

 

Φ∆ 

Yield (%)[a] 

200 W Hg lamp[b] 
Sunlight 

(direct) [c] 

Sunlight 

(focussed) [d] 

5a 0.65 85 80 85 

5c 0.68 80 80 90 

6c 0.80 90 85 90 

6b 0.70 100 100 100 

TPP 0.74 40 40 60 

MB 0.52 26 38 40 

RB 0.79 20 24 20 

[a] Average of more than three experiments. Singlet oxygen generation yields of TPP, MB and 

RB were taken from the literature. Energy of outputs light measured by Oriel photodiode 

(Model 7072) were [b] 8 h, 6-8 mJ; [c] 1 h, 20-25 mJ; [d] 0.5 h, 200-220 mJ. 

Further to understand the effect of intensity of sunlight on the efficiency of the 

reaction, we have carried out the photooxygenation reaction using focused sunlight as 

reported in the literature (Wurm et al., 1985; Durchstein et al., 1984; Griffiths et al., 

1976). We have used acetonitrile as the solvent because of the solubility and non-

volatility. Following this strategy, various solutions of sensitizers were exposed in a 

quartz tube and purged with a gentle stream of oxygen. The sunlight was focused on 

the quartz tube using a convex lens and a 570 nm long pass filter (energy of the focused 

light was around 200-220 mJ) (Figure 3.13). All experiments gave satisfactory yields in 

reasonable periods of time without any noticeable side products. The known 

sensitizers MB, RB and TPP showed almost similar yields in acetonitrile as previously 
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discussed in the literature. Interestingly, the aza-BODIPY derivative 6b exhibited much 

improved efficiency and required only ca. 30 min irradiation to achieve ca. 100% 

conversion to 1,4-napthoquinone. The results with both artificial light, as well as 

sunlight as the irradiation source suggest that the aza-BODIPY derivatives can catalyze 

the singlet oxygen mediated photooxygenation reactions quite efficiently. 

              

Figure 3.13. Photographs showing the photooxygenation reaction of 1-naphthol (0.2 

mM) in the presence of the aza-BODIPY catalyst, 6b (2 µM) under direct sunlight 

(Trivandrum, India, November-December 2011, 8.5°N 76.9°E, 5 m above sea level). 

3.3.2.2. Photooxygenation of Substituted Naphthols 

To investigate the generality of the aza-BODIPY as efficient sensitizers towards 

photooxygenation reactions, we have carried out the conversion of two more naphthol 

derivatives such as 1,5-dihydroxynaphthalene and 1,6-dihydroxynaphthalene (Scheme 

3.4). The naphthoquinone derivatives based on 5-hydroxy-1,4-naphthoquinone 

(Juglone) represent an important class of natural products (Suchard et al., 2006). The 

photooxygenation reactions were carried out by the similar procedure as for 1-

naphthol and the progress of the reactions was monitored by TLC at each 15 min 

intervals and quantified by 1H NMR and GC-MS. After an illumination time of 5 h using 
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200 W Hg lamp, the naphthols showed ca. 100% conversion to their corresponding 1,4- 

naphthoquinones in the presence of aza-BODIPY dye, 6b as the sensitizer, whereas the 

standard dyes showed less than ca. 50% conversion efficiency. We have monitored 

these reactions through UV-Vis spectroscopy (Figure 3.14). For example, 1,6-

dihydroxynaphthalene showed an absorption maximum at 300 nm, which upon 

irradiation and in the presence of the sensitizer exhibited hyperchromicity at 380 nm, 

due to the formation of the product, 6-hydroxy-1,4-naphthoquinone. Similar 

observations were made with 1,5-dihydroxynaphthalene to yield Juglone in ca. 100% 

yield. The conversion efficiency was found to be fast when we changed the irradiation 

source from artificial Hg lamp to sunlight. Notably, we observed ca. 100% conversion 

for both of these reactions in 30 min by the irradiation using ordinary sunlight in the 

presence of continuous stream of oxygen as summarized in Table 3.3. 

 

Scheme 3.4. Conversion of 1,5-dihydroxynaphthalene and 1,6-dihydroxynaphthalene 

to the corresponding naphthoquinones by the irradiation in presence of sensitizers. 
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Figure 3.14. A) Absorption spectra showing the conversion of 1,6-dihydroxy-

naphthalene to 6-hydroxy-1,4-naphthaquinone by the irradiation using 200 W mercury 

lamp in the presence of 6b (2 µM); a) 0 h, i) 5 h. 

Table 3.3. Photooxygenation of naphthols using various sensitizers and light sources.* 

 
 

Substrate 

 
 

Product 

Photooxygenation reactions 

Sensitizer Hg Lamp, 5 h 
Yield (%) 

Sunlight, 30 min 
Yield (%) 

 

 

 

 

6b 100 100 

TPP 40 40 

MB 15 15 

RB 10 10 

 

 

 

 

6b 100 100 

TPP 38 55 

MB 20 25 

RB 10 20 

[a] Average of more than three experiments; energy of output light measured by Oriel 

photodiode (Model 7072),  [b] 8 h, 6-8 mJ; [c] 1 h, 20-25 mJ; [d] 0.5 h, 200-220 mJ.  
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3.3.2.3. Photooxygenation of Thioanisole by Aza-BODIPYs 

We have further explored the efficiency of the sensitizers as photocatalysts by 

employing the conversion of thioanisole to sulfoxides. Sulfoxides are important 

intermediates in pharmaceutical and fine chemical industry (Fernandez et al., 2003; 

Carreno et al., 1995). The selective oxidation of sulfides to sulfoxides has been one of 

the important transformations from a synthetic point of view (Chen et al., 2010). 

Photocatalytic oxidation of sulfide to sulfoxide was reported using Ru(bpy)32+ in 

acetonitrile by Zen and coworkers (Zen et al., 2003). More recently, it was reported 

that the BODIPYs can be used as photocatalysts for the aerobic oxidation of thioanisole 

with an efficacy of ca. 89% (Li et al., 2011). In another report, Cibulka and Albini have 

described the photooxidation of thioanisole to sulfoxide using flavin as the sensitizer 

(Dadova et al., 2012). Furthermore, Li and coworkers have improved the rate of 

oxidation reaction and have achieved ca. 100% conversion efficiency by modifying the 

BODIPYs by incorporating with iodine atoms (Li et al., 2013).  

 

Scheme 3.5. Conversion of thioanisole to methylphenylsulfoxide by the sensitizers. 

In this context, it was our interest to explore the utility of aza-BODIPYs as 

catalysts in the conversion of thioanisole to sulfoxide in presence of both artificial light 

and sunlight irradiation (Scheme 3.5). The concentration of aza-BODIPY catalyst used 

in the conversion was ca. 1 mol% of the substrate, thioanisole. A 200 W mercury lamp 
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with a bandpass filter (λ = 570 nm) was used as the visible light source (ranges from 

400 to 700 nm). The conversion of the reaction was determined through GC-MS by 

integrating the peaks of the reaction mixtures assigned to the sulfide substrate and 

sulfoxide product. We observed ca. 100% conversion of thioanisole to 

methylphenylsulfoxide in 3 h by using aza-BODIPY dye, 6b as the catalyst (Table 3.4). 

To examine the effect of light source, we have replaced the artificial light with normal 

sunlight (energy of the output light was maintained as ca. 25±5 mJ throughout the 

reaction) and the thioanisole oxidation was found to takes place efficiently, in ca. 1 h. 

Interestingly, no sulfones were detected in the reaction mixture even after 10 h 

irradiation demonstrating a high degree of selectivity of this reaction. These results 

clearly demonstrate the aza-BODIPY sensitizers have advantages over the conventional 

oxidizing agents as well as common sensitizers in the selective oxidation of thioanisole 

to methylphenylsulfoxide. 

Table 3.4. Photooxygenation of thioanisole to methylphenylsulfoxide using various 

sensitizers and light sources.* 

Sensitizer Φ(1O2) 

Yield (%) 

200 W Hg lamp 
Irradiation (3 h) 

Sunlight 

Irradiation (3 h) 

6b 0.70 80 100 

TPP 0.74 15 20 

MB 0.52 10 15 

RB 0.79 5 15 

   *Average of more than three independent experiments in acetonitrile. 
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3.3.2.4. Photooxygenation of Furfural by Aza-BODIPYs 

To investigate the versatility of the aza-BODIPY catalysts, we have chosen 

furfural for singlet oxygen photooxygenation reaction (Scheme 3.6). Furan and its 

derivatives are among the most reactive substrates for singlet oxygen leading to 5-

hydroxy-2-(5H)-furanone, which is a key constituent of the potent analgesic and anti-

inflammatory agent manoalide and many other natural and unnatural products of 

medicinal importance (Lattmann et al., 1996; Kanazawa et al., 1975; Heather et al., 

1974; Meyers et al., 1974). The photosensitizer (1% mol of the substrate) was added to 

a solution of 2-furfural in CH3CN. The resultant mixture contained in a Pyrex vessel was 

vigorously stirred at room temperature under O2 and irradiated with a 200 W mercury 

lamp through a UV-cut-off filter (Scheme 3.6). GC analysis indicated the complete 

oxidation of furfural after 3 h of irradiation using aza-BODIPY dye, 6b as the catalyst.  

 

Scheme 3.6. Conversion of furfural to furanone by the irradiation in the presence of 

sensitizers. 

Removal of the sensitizer by filtration, and removal of the solvent under vacuum gave 

the product, 5-hydroxy-2-(5H)-furanone, which was characterized using various 

spectroscopic techniques. We have further carried out these reactions in presence of 

sunlight as the light source. We observed that the aza-BODIPY 6b was efficient in the 

conversion of furfural to furanone under these conditions (Table 3.5).  
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Table 3.5. Photooxygenation of 2-furfural using various sensitizers and light sources.* 

Sensitizer 

Yield (%)  

200 W Hg lamp (3h) Sunlight (3h) 

6b 100 100 

TPP 80 80 

RB 70 50 

MB 50 45 

   *Average of more than three independent experiments in acetonitrile. 

3.3.2.5. Photooxygenation on Polystyrene Support 

To demonstrate the potential applications of singlet oxygen mediated 

photooxygenation reactions, recently efforts have been made to adsorb the sensitizers 

on various matrices. We have performed the singlet oxygen photooxygenation with the 

sensitizers adsorbed on commercially available raw polystyrene beads. The aza-

BODIPY sensitizer dissolved in dichloromethane was transferred in catalytic amounts 

into the polystyrene network by dissolving the polystyrene in a solution of 

dichloromethane and subsequent evaporation of the solvent. The substrate (1-

naphthol) was transferred onto the polymer beads by the same procedure as in the 

case of the sensitizers. After evaporation of the excess solvent, a layer of sandy solid 

was obtained, which was irradiated in a loosely covered petri dish under sunlight 

without external cooling or purging with oxygen. After irradiation, the product was 

extracted from the polymer beads by repeatedly washing with hexane, in which the 

aza-BODIPY dyes were not soluble. We have observed ca. 50% conversion of                  
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1-naphthol to 1,4-naphthoquinone in the presence of the aza-BODIPY, 6b, while TPP 

gave around ca. 20% under similar conditions.  

3.4. CONCLUSIONS 

In summary, the aza-BODIPY dyes under investigation exhibited good solubility 

and excellent photostability. The conjugates of these dyes with an amphiphilic lipid, 

DSPE gave the formation of nanospheres having diameter of ca. 150±30 nm. The in 

vitro PDT efficacy of these nanospheres using MDA-MB-231 cells revealed that the 

conjugate with the aza-BODIPY derivative, 5a showed high photocytotoxicity with an 

IC50 value of 2 µM. The in vitro studies have indicated that the biological activity of 

these nanomicelles can be attributed predominantly to the generation of reactive 

species such as singlet oxygen. The mechanism of cell death induced by these 

conjugates was determined to be apoptotic pathway, as evidenced through Annexin V-

FITC/PI flow cytometric analysis, morphological transformation, nuclear condensation, 

and activation of caspase-3.  

Of the various dyes investigated, the aza-BODIPY, 6b was found to be the most 

efficient catalyst in the photooxygenation reactions under both artificial light as well as 

sunlight irradiation conditions. Furthermore, these dyes can be uniformly loaded onto 

the polystyrene matrix and can be used in the photooxidation reactions. This simple 

and convenient strategy using the aza-BODIPY dyes represents a practical alternative 

to the standard oxidizing agents. Our results have demonstrated that the aza-BODIPY 

dyes under investigation can act not only as efficient green photooxygenation catalysts 

but also as sensitizers in photodynamic therapy.  
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3.5. EXPERIMENTAL SECTION 

3.5.1. General Techniques 

The melting points of various compounds were determined using Mel-Temp 

melting point apparatus and compared with the authentic samples, reported in the 

previous chapter. The electronic absorption spectra were recorded on a Shimadzu UV-

3101 or 2401PC UV-Vis-NIR scanning spectrophotometer. 1H NMR spectroscopy was 

performed on a 500 MHz Bruker advanced DPX spectrometer. Yields of the reactions 

were obtained using Shimadzu QP2010 Gas chromatograph mass spectrometer. The 

photoactivation was done using VINVISH PDT laser (600-720 nm, 200J cm-2, 50 mW 

cm-2). Flow cytometric analysis was carried out in a BD FACS Aria 2 machine. Gel 

electrophoresis was carried out using a BIO-RAD Gel DOC XR. 

3.5.1.1. Transmission Electron Microscopy (TEM) Analysis 

TEM analysis was performed on JEOL 100 kV high resolution transmission 

electron microscope. The DSPE-BODIPY nano conjugates (3:1, 200 µM) in PBS buffer 

were drop casted on the top of carbon-coated Cu grid. The samples were dried by a 

vacuum pump under reduced pressure for 1 h at room temperature. The accelerating 

voltage of the transmission electron microscope was 100 kV and the beam current was 

65 A. Samples were imaged using a Hamamatsu ORCA CCD camera. 

3.5.1.2. Scanning Electron Microscopy (SEM) Analysis  

The SEM studies were carried out using ZEISS EVO MA and LS series scanning 

electron microscope. The operating range was between 100-230V at 50-60Hz single 
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phase with a consumption of 2.5 kVA. The sample solution (200 µM) in PBS buffer was 

drop casted directly on the top of the aluminium grid and the solvents were allowed to 

evaporate at ambient conditions. The obtained sample was coated with copper in order 

to attain the easy passage flow of electrons. 

3.5.1.3. Dynamic Light Scattering (DLS) Analysis  

The DLS studies were carried out on a Nano Zeta Sizer, Malvern instruments. 

The samples were prepared in water/PBS buffer at required concentrations. The light 

scattering experiments were performed under low polydispersity index by using glass 

cuvettes. The hydrodynamic diameters and polydisperse indices of the samples were 

determined using a Malvern Zeta Nano-ZS system. 

3.5.2. Materials and Methods 

Tetramethylrhodaminemethyl ester, hoechst, propidium iodide, FITC-Annexin V, 

3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Methylene Blue 

(MB), Rose Bengal (RB), naphthols, thioanisole, furfural were purchased from S.D. Fine 

chemicals, India; Sigma-Aldrich; U.S.A Merk Chemicals, Germany. DSPE was purchased 

from Avanti polar lipid, USA. CM-H2DCFDA was purchased from Invitrogen. The aza-

BODIPY derivatives, 5a, 5c, 6b and 6c were synthesized as described in Chapter 2 of 

the thesis and characterized using different spectroscopic and analytical techniques. All 

the solvents used were purified and distilled before use by standard methods. 

3.5.2.1. Determination of Cytotoxicity (IC50 value) 

3(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a 

standard colorimetric assay for measuring cellular proliferation (cell growth). The 
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cancer cells (5 x 103 cells per well) were added to wells of two 96 well microliter plate. 

One for dark cytotoxicity and another for light cytotoxicity with 150 μL Dulbecco's 

Modified Eagle Medium (DMEM) with 10% serum and incubated for 24 h. Then added 

0.625 to 10 μM of the various DSPE-BODIPY conjugates in serial dilution (stock 100 

mM diluted using DMEM for test) for control and incubated for 24 h and irradiated in 

one plate using VINVISH PDT lamp (70 W for 15 min) while the other plate was kept in 

dark. After 24 h of incubation, the plates were removed from the incubator and added 

10 μL of MTT (5 mg/mL stock) to each well. After 4 h, the supernatant was removed 

taking care that the formazan crystals formed were not being removed and added 100 

μL of isopropyl alcohol to each well. The plates were covered with aluminium foil and 

kept on a shaker until crystals were dissolved. The absorbance at 570 nm was 

monitored and the percentage growth inhibition was calculated using the equation 3.1, 

                  %Growth inhibition = (control-test)/control) ×100 ……… (Eq. 3.1)      

3.5.2.2. Flow Cytometric Analysis with Annexin V-FITC/PI Assay 

  After appropriate treatments, the cells were harvested by gentle scraping 

followed by their re-suspension in PBS. Annexin V-FITC/PI staining was done using 

Invitrogen (USA) kit, following manufacturer’s protocol. Viable cells were not stained 

with Annexin V-FITC/PI (bottom left quadrant). After PDT, with the DSPE-BODIPY 

nanomicelles (2 µM), a significant number of cells were stained positive by Annexin V-

FITC, indicating apoptosis mediated cell death.  

3.5.2.3. Tetramethylrhodamine Methyl Ester (TMRM) Assay 

Tetramethylrhodamine, methyl ester (TMRM) is a cell-permeate, cationic, red- 
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orange fluorescent dye that is readily sequestered by active mitochondria. For this 

assay we seeded MDA-MB-231 cells in a 75 cm2 flask and incubated for 24 h. Stock 

solution of the DSPE-BODIPY nanomicelles was prepared and it is further diluted to 

two different concentrations such as 1 μM and 2 μM in order to carry out the 

concentration dependent analysis. The nanoconjugate was then injected to the MDA-

MB-231 cancerous cell lines at two different concentrations and was analyzed using 

fluorescent microscopic technique.  

3.5.2.4. Chromatin Condensation Assay by Hoechst Staining 

To study chromatin condensation, approximately 105 MDA-MB-231 cells were 

seeded in 96 well culture dishes and incubated for 24 h. Then, cells were incubated 

with 1 µM and 2 µM DSPE-BODIPY for 24 h followed by photoirradiation using 

VINVISH PDT lamp. Light and Dark control were taken as previously described. After 

24 h of treatment MDA-MB-231 cells were rinsed twice with PBS and stained with 5 

µg/ml Hoechst dye for 15 min at room temperature. Cells were then washed twice with 

PBS and visualized under an inverted fluorescence microscope. 

3.5.2.5. Detection of Reactive Oxygen Species 

 For the detection of the reactive oxygen species (ROS) produced, approximately 

106 MDA-MB-231 cells were plated in 60 mm and 96 well (BD falcon) plates with 

serum containing media. After 24 h, the cells were treated with 2 µM of DSPE-BODIPY 

for 24 h and irradiation was carried out for 30 min. To one of the plates, DSPE-BODIPY 

was added and kept in dark as the dark control. Immediately after PDT, cellular ROS 

content was determined using CM-H2DCFDA probe according to the manufacturer’s 
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instructions (Invitrogen). Confocal images and differential interference contrast (DIC) 

images were acquired using Nikon A1R microscope system. Images were merged and 

processed using Nikon Imaging Software (NIS-Elements AR).   

3.5.3. Photooxygenation Reactions 

3.5.3.1. Irradiation with Artificial Light (200 W mercury lamp) 

Photolysis was carried out with a light source 200 W Mercury lamp (model 

3767). The intensity of the output light was maintained constant (5-6 mJ) throughout 

the irradiations by measuring the output using an Oriel photodiode detection system 

(model 7072). Appropriate filters were used to avoid the photobleaching of the dyes 

due to direct UV exposure. The substrate was dissolved in 5-10 mL of the solvent. The 

sensitizer was added (1 mol percent) and the solution was irradiated at room 

temperature, while purging with a gentle stream of oxygen. The progress of the 

reaction was monitored by UV, TLC or GC analysis. All experiments gave satisfactory 

results in reasonable periods of time without any noticeable side products.  

3.5.3.2. Irradiation with Sunlight 

Oriel photodiode detection system (model 7072) was used for measuring the 

output intensity of the sunlight. The substrate and sensitizer were dissolved in suitable 

solvent and the solution was exposed to direct sunlight with a gentle stream of air. The 

progress of the reaction was monitored by TLC or GC analysis. The same sets of 

reactions were carried out simultaneously to maintain the intensity of the sunlight 

uniform. The convex lenses and suitable filters were used for the experiments with 

concentrated sunlight. 
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3.5.3.3. Photooxygenation on Polystyrene Support 

The aza-BODIPY and the reference sensitizers were transferred in catalytic 

amounts onto the polystyrene network by dissolving the raw polystyrene in a solution 

of the sensitizer in dichloromethane in a petri dish. The solvent was subsequently 

evaporated at room temperature. The substrate was also transferred in the same 

procedure and evaporated to get a sandy solid. The petri dish was further subjected to 

sunlight irradiation in open air for about 3 to 5 h. The product thus obtained was 

washed out using hexane and the petri dish with sensitizer encapsulated polystyrene 

was reused for next reaction. 



CHAPTER 4 

NOVEL AZA-BODIPY DYES: TUNING OF PHOTOPHYSICAL AND 

MOLECULAR RECOGNITION APPLICATIONS 

 

H
2
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4.1. ABSTRACT 

With an objective to develop optical probes based on aza-BODIPY dyes, we 

synthesized a few novel N-substituted NIR absorbing dyes 3a-c and have investigated 

their photophysical and molecular recognition properties under different conditions. 

These dyes showed strong absorption in the range of 700-800 nm with fluorescence in 

the region 750-950 nm. We observed a profound red shift in the absorption and 

fluorescence spectra of the aza-BODIPY dyes with the substitution from azido to amino 

to dimethylamino groups. Electrochemical and theoretical calculations have confirmed 

a consistent decrease in HOMO-LUMO gap in the case of 3a-c, which is in agreement 

with the observed spectral changes. 
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We have investigated the interactions of the amino derivative, 3b, with various 

biologically relevant anions. This aza-BODIPY dye exhibited selective interactions with 

nitrite ions (NO2-) when compared to other anions and showed a distinct visual color 

change from bright blue to intense green with a sensitivity of 20 ppb (0.5 µM). 

Successive addition of nitrite ions, to the protonated form of the probe, 3b resulted in a 

hypochromicity in absorbance at 570 nm along with a gradual red shift in the maximum 

to 630 nm. Uniquely, this probe can be coated on a glass surface to fabricate a simple 

solid-state dipstick device that can be used for the visual detection of the NO2¯ ions in 

presence of other competing anions in distilled as well as natural water resources. This 

probe can be furthermore used for the sensitive detection of the nitrate (NO3¯) ions 

through a reduction step and freshly generated nitric oxide (NO) in aqueous medium.  

On the other hand, the azido aza-BODIPY dye, 3a showed selective interactions 

with hydrogen sulfide (H2S), when compared to other anions and neutral molecules. 

The detection of H2S can be visualized through a color change from bright blue to purple 

with a detection limit of 0.5 ppm. The sensitivity of the probe was observed to be ca. 20-

fold higher than the allowed exposure limits of H2S as defined by US-EPA. The linear 

behavior of concentration dependent absorption changes confirmed the utility of the 

dye 3a as a probe for the on-site analysis and estimation of H2S in the aqueous medium. 

In contrast to the dyes 3a and 3b, the dimethylamino-aza-BODIPY derivative, 3c 

exhibited negligible affinity for all the anions tested. These results demonstrate that the 

functional aza-BODIPY dyes, 3a and 3b can have potential use as probes for the 

detection and on-site analysis of biologically important anions and neutral molecules. 
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4.2. INTRODUCTION 

 The BODIPY dyes hold great promise as ideal materials owing to their favorable 

optical and electronic properties (Bozdemir et al., 2010; Loudet et al., 2007). In recent 

years, there has been increased interest in tuning of optical properties of these dyes by 

the appropriate substitution. The tuning of absorption as well as emission properties of 

these dyes, can be achieved through extending conjugation and by the use of fused 

pyrrole rings (Haefele et al., 2010; Cakmak et al., 2009; Yilmaz et al., 2006; Atilgan et al., 

2008; Goze et al., 2006; Baruah et al., 2005). Alternatively, O’Shea, Akkaya and 

Kobayashi have achieved the synthesis of 8-aza-boradiazaindacenes (aza-BODIPYs), 

which exhibited around 100 nm bathochromic shift in absorption in the region 600-800 

nm, when compared to BODIPYs (Shimizu et al., 2013; Lu et al., 2011; Liu et al., 2011; 

Ozlem et al., 2009; McDonnell et al., 2006, 2005; Gorman et al., 2004). Furthermore, the 

optical properties of the aza-BODIPYs can be tuned by substituting with electron 

donating groups at the peripheral positions. Such dyes having NIR absorption can have 

potential applications as chemosensors for various anions, cations and neutral 

molecules. In this context, the interaction of aza-BODIPY dyes with metal ions at 

different pH have been reported in the literature by different research groups (Killoran 

et al., 2008; Coskun et al., 2007; Killoran et al., 2006). However, the recognition of 

anions and neutral molecules by the aza-BODIPY dyes are less explored. 

Among the various ions, the nitrite (NO2–) ions are considered to be type A 

inorganic contaminants in drinking water, and have proven to be of significant threat to 

human health (Chen et al., 2012; Xiao et al., 2010; Daniel et al., 2009). The nitrite ions, 
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upon interaction with proteins, act as important precursors for the generation of highly 

carcinogenic N-nitrosamines (Ye et al., 2011; Kilfoy et al., 2011; Greer et al., 2005). 

Excessive consumption of NO2– can lead to a number of medical issues such as 

esophageal cancer, infant methemoglobinemia (blue baby syndrome), spontaneous 

abortion and birth defects in the central nervous system (Manassaram et al., 2006; 

Brender et al., 2004; Hanajiri et al., 2002). The maximum contaminant levels (MCL), 

legislated by the U.S. Environmental Protection Agency (EPA), of NO2– ions is 1 ppm 

(21.7 μM) and analogous guideline values set by the World Health Organization (WHO) 

is 3 ppm (World Health Organization, 2008; Focazio et al., 2006; Buldt et al., 1999; Hill, 

1996; United States Environmental Protection Agency, 1995). Therefore, the 

determination of NO2– levels is essential for monitoring drinking water quality and 

clinical diagnosis. On the other hand, among the variety of neutral species, hydrogen 

sulfide (H2S) and the development of H2S sensors has gained much attraction due to its 

toxicity (Tanizawa et al., 2011; Boehning et al., 2003; Abe et al., 1996). The rapid 

detection of H2S is imperative because of its high reactivity and adverse effects on 

human health. Higher levels of H2S can induce shock, convulsions, coma, and death. 

Moreover, H2S prevents cellular respiration due to complexation with cytochromes 

which ultimately can lead to death (Chen et al., 2007).  

The most common techniques used for the detection of these toxic species were 

electrochemical methods (Lin et al., 2011; Wang et al., 2010; Lawrence et al., 2004; 

2000), gas chromatography (Moorcroft et al., 2001; Richardson et al., 2000; Radford-

Knaery et al., 1993; Kim et al., 1989), fluorescence and colorimetric methods (Lippert et 

al., 2011; Peng et al., 2011; Qian et al., 2011). Of the various optical methods reported, 
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the spectrophotometric technique is simple and can be used for the visual on-site 

analysis. The spectrophotometric techniques are more reliable and accurate since they 

offer a fast response. The commercially used nitrite sensor, Griess reagent, is based on 

this technique, which involves the diazotization of sulphanilamide by nitrous acid under 

acidic conditions. The coupling of in situ generated diazonium ion with N-(1-

naphthyl)ethylenediamine, leads to the formation of azochromophore (European 

Standard, 1993, EN 26777; Fox J. B., 1979). However, a special attention is required for 

the preparation and storage of these reagents because of the usage of high 

concentrations of three different components. Besides, the way of detection makes it 

difficult in the fabrication of a simple strip or dipstick for the practical applications. 

Herein, we designed and synthesized three novel aza-BODIPY derivatives, 3a-c 

and tuned their photophysical properties by changing the substitution at peripheral 

phenyl rings with azido, amino and dimethylamino moieties and investigated their 

interactions with various anions, cations and neutral molecules. Interestingly, the azido 

aza-BODIPY, 3a showed high selectivity and sensitivity towards H2S, whereas the amino 

derivative 3b showed selective interactions with nitrite ions (NO2-) in aqueous medium.  

 

Chart 4.1. Structures of the aza-BODIPY derivatives 3a-c. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Synthesis and Photophysical Properties   

The synthesis of the aza-BODIPY dyes 3a-c was achieved in a facile three step 

route by modifying the reported procedures. All the three derivatives were synthesized 

from their corresponding nitromethane adducts 1a-c. The parent amino adduct, 1b was 

synthesized by the Michael addition reaction of nitromethane to the amino chalcone, 

which was prepared by the aldol condensation reaction between 4-aminoacetophenone 

and 3,4-dimethoxybenzaldehyde. The derivative 1b was subsequently converted to 

azido and dimethylamino adducts 1a and 1c by the diazotization reaction with sodium 

azide and N-alkylation with methyl iodide, respectively (Scheme 4.1). The condensation 

products 2a-c were generated by refluxing 1a-c with ammonium acetate in ethanol for 

48 h. The crude product was isolated and purified through column chromatography to  

 

Scheme 4.1. Synthesis of the nitromethane adducts 1a-c. 
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yield the aza-dipyrromethenes, 2a-c in ca. 40-50% yields. These aza-dipyrromethenes 

2a-c were converted to the targeted aza-BODIPY dyes 3a-c by the treatment with boron 

trifluoride diethyletherate and N, N-diisopropylethylamine in DCM for 24 h at room 

temperature (ca. 75-80%) (Scheme 4.2). All these derivatives were purified and were 

characterized by various spectroscopic and analytical techniques. 

 

Scheme 4.2.  Synthesis of the aza-BODIPY derivatives 3a-c. 

The synthesized aza-BODIPY derivatives, 3a-c showed good photostability and 

solubility in most of the organic solvents such as CHCl3, DCM, CH3CN and THF. These 

dyes were characterized by their intense absorption in the NIR region. For example, the 

azido aza-BODIPY, 3a showed a sharp absorption band at 700 nm with a molar 

extinction coefficient value of 5.66 x 104 M‾1cm‾1 in THF. When the azido group was 

replaced with more electron rich amino group, the absorption maximum was red 

shifted to 750 nm with an extinction coefficient value of 4.80 x 104 M‾1cm‾1. 

Furthermore, the dimethylamino substitution at para position of the peripheral phenyl 

group, 3c resulted in a 40 nm red-shift in the absorption spectrum and showed a 
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maximum at 790 nm with an extinction coefficient value of 1.16 x 104 M‾1cm‾1. In these 

cases, we observed a regular bathochromic shift of ca. 40-50 nm in the absorption 

spectrum of the aza-BODIPY dyes, when substituted with azido to amino to 

dimethylamino groups (Figure 4.1).  The absorption properties of these systems are 

summarized in Table 4.1. 
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Figure 4.1. Normalized UV-Vis absorption spectra of the aza-BODIPY derivatives 3a     

(2 M), 3b (2 M) and 3c (2 M) in THF. 

We observed the similar trend in the fluorescence spectra of the dyes, 3a-c 

(Figure 4.2). The azido aza-BODIPY, 3a showed an emission maximum at 750 nm with a 

quantum yield of ΦF = 0.07, wherein we have used indotricarbocyanine dye as the 

reference (ФF = 0.28) (Samtsov et al., 2009). On the other hand, the fluorescence 

maximum of the amino derivative, 3b shifted to 815 nm and showed reduction in the 

fluorescence quantum yields (ΦF = 0.02) (IR-125 was used as the reference, ФF = 0.13) 

(Rurack et al., 2011). Interestingly, the dimethylamino derivative, 3c exhibited large 

stokes shift with an emission maximum of 945 nm in THF.  
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Figure 4.2. Normalized fluorescence spectra of the aza-BODIPY derivatives 3a (2 M), 

3b (2 M), 3c (2 M) in THF. λex 680, 740 and 800 nm for 3a, 3b and 3c, respectively. 

Table 4.1. Summary of photophysical properties of 3a-c. 

 

Comp

ound 

max (nm) 

(ε,104 

M-1cm-1)[a] 

em 

(nm) 

EHOMO[b] 

(eV) 

ELUMO[b] 

(eV) 

Egap[b] 

(eV) 

Theore

tical 

Experi

mental 

Theore

tical 

Experi

mental 

Theore

tical 

Experi

mental 

3a 
700 

(5.66 ± 0.06) 
750 -5.52 -5.13 -3.49 -3.54 2.03 1.59 

3b 
750 

(4.80 ± 0.08) 
815 -4.97 -4.96 -3.01 -3.46 1.96 1.49 

3c 
790 

(1.16 ± 0.18) 
945 -4.75 -4.85 -2.88 -3.45 1.87 1.40 

[a]Average of more than three independent experiments, [b]calculated by using B3LYP/6-31g* 

method (theoretical) and by cyclic voltammetry (experimental). 

4.3.2. Electrochemical and Theoretical Calculations 

The cyclic voltammetry was used to investigate the electronic effects of the 

substituents at peripheral phenyl rings of the aza-BODIPY dyes 3a-c. These 
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electrochemical investigations provided information with regard to the HOMO and 

LUMO levels of the molecules. The first oxidation potential (Eox) of these derivatives 

were measured using cyclic voltammetry and the measurements were carried out with 

10-3 M of the dyes in CH3CN using Fc/Fc+ as the external standard. HOMO energy levels 

of the dyes in eV can be derived from Equation 4.1 (Djurovich et al. 2009). The oxidation 

potential values were obtained for Fc/Fc+ vs Ag/AgCl and are found to be of 0.44 V. 

EHOMO = −[Eox  BODIPY 𝑣𝑠 Ag AgCl  − Eox  Fc Fc+  𝑣𝑠 Ag AgCl  ] − 4.8 ....... (Eq. 4.1) 
 

Eox determined from the cyclic and square wave voltammograms of the aza-

BODIPY dye, 3b (Figure 4.3) was found to be 0.598 V vs Ag/AgCl and the corresponding 

HOMO energy level was found to be at –4.96 eV. The LUMO levels of these dyes were 

determined from the difference of HOMO energy value and the optical transition energy 

(E0-0). E0-0 was determined by employing the optical transition wavelength (λ0-0) 

obtained from the offset values of the normalized absorption spectra of these dyes in  
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Figure 4.3. A) Square wave and B) cyclic voltammograms of 3b (1 mM) in acetonitrile 

using tetrabutylammonium hexafluorophosphate as supporting electrolyte at a 

scanning rate of 100 mV/sec. 
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acetonitrile. The LUMO energy of the derivative, 3b was found to be at -3.46 eV. 

Similarly, the azido and dimethylamino aza-BODIPY dyes 3a and 3c were also subjected 

to electrochemical characterizations and the energy level values obtained are 

summarized in Table 4.1. 

The theoretical calculations of 3a-c were carried out using density functional 

theory (DFT) method used for similar systems by the application of B3LYP/6-31g* level 

of theory. The HOMO-LUMO gaps (band gap) for these dyes were determined 

theoretically and are found to be 2.03, 1.96 and 1.87 eV for 3a, 3b and 3c, respectively, 

These values are in agreement with those obtained through the experimental 

measurements (Figure 4.4). The band gap values of the aza-BODIPY dyes were found to 

decrease from azido (3a) to amino (3b) to dimethylamino (3c) derivatives (Table 4.1). 
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Figure 4.4. Energy level diagram containing the HOMO and LUMO levels, A) 3a, B) 3b, 

and C) 3c, calculated by using B3LYP/6-31g* method. 
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4.3.3. Aza-BODIPY (3b) as a Probe for Anions  

To investigate the potential of aza-BODIPY derivative 3b as the molecular probe, 

we have studied its interactions with various anions at different conditions. Uniquely, 

the successive addition of the NO2- ions to the protonated form of the probe 3b resulted 

in a hypochromicty in absorbance at 570 nm along with a gradual red shift in the 

maximum. With the addition of 2 ppm (43 µM) of the nitrite ions, we observed ca. 70% 

hypochromicity at 570 nm with a concomitant bathochromic shift of 60 nm and a 

change in color from blue to green (Figure 4.5A). Analysis of the concentration 

dependent absorbance revealed a linear response of the aza-BODIPY, 3b for nitrite ions 
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Figure 4.5. A) Changes in absorption spectra of the aza-BODIPY probe 3b (20 μM) in 1N 

HCl by the successive addition of nitrite (NO2-) ions in water a) 0 ppm, j) 2 ppm. B) The 

linear plot for the estimation of limit of detection.  

in the range of 0–2 ppm (Figure 4.5B). The limit of detection (LOD) of the probe 3b 

towards the nitrite ions was found to be 20 ppb (0.5 M), which is far more sensitive 

than the maximum contaminant levels of nitrite ions (MCL = 1 ppm, 21.7 µM) as per the 
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US-EPA. The deep green colored species generated in the assay was visible, 

demonstrating the utility of aza-BODIPY, 3b for the visual detection of nitrite ions. 

4.3.3.1. Selectivity of Detection of Nitrite Ions 

To investigate the selectivity of the aza-BODIPY probe, 3b towards NO2- ions, 

similar titration experiments were carried out with other biologically relevant anions 

such as SO42-, Cl-, HSO3-, CO32-, CH3COO-, NO3-, S2O32-, and N3-. We observed negligible 

changes in the absorption spectra of the probe 3b even at 100-fold higher 

concentrations of these ions when compared to the NO2- ions (Figure 4.6). It is evident  
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Figure 4.6. Absorption spectral changes showing the negligible interaction of probe 3b 

(20 μM) in 1N HCl with the addition of various competitive anions a) 0; e) 10 mM; A) 

azide  (N3-), B) carbonate (CO32-), C) nitrate (NO3-) and D) sulphate (SO42-) ions. 



Chapter 4: Aza-BODIPY dyes as chemodosimeters 
 

119 

 

from these studies that only NO2- ions induced the bathochromic shift and decreased 

absorbance of the probe 3b (Figure 4.7). Also, the probe 3b can selectively detect the 

presence of nitrite ions from a mixture of other competitive anions. 
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Figure 4.7. Selectivity plot showing the changes in absorbance of the aza-BODIPY probe 

3b (20 μM) in 1N HCl at 570 nm by the addition of various competitive anions such as 

NO2-, CH3COO-, N3-, HSO3-, CO32-, Cl-, NO3-, SO42-, S2O32- under identical conditions. 

4.3.3.2. Estimation of Nitrite Ions in Natural Water Resources 

 The NO2- ion contamination in water causes several health problems and hence it 

is important to estimate these ions in natural water resources. We explored the ability 

of the probe 3b to quantify the amount of NO2- ions present in complex environmental 

water resources such as lake, sea and river and also in the presence of the mixture of 

other anions. We have collected the samples from Arabian Sea, Lake Vellayani and River 

Karamana, located in Trivandrum, Kerala.  To evaluate the potential of probe 3b in the 

determination of NO2- concentration, the probe was treated with NO2- ions at various 

concentrations. The probe concentration was kept constant at 30 μM, while the 

concentration of the NO2- ions was varied from 0 to 2 ppm. The amount of NO2- ions can 



Chapter 4: Aza-BODIPY dyes as chemodosimeters 
 

120 

 

be estimated from the linear plot obtained between the changes in absorbance of the 

probe 3b at 570 nm and the NO2- ion concentration. 
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Figure 4.8. A) Changes in the absorption spectra of probe 3b (30 µM) by the successive 

addition of nitrite ions, a) 0 k) 2 ppm. B) Linear plot between the absorbance of probe 

3b at 570 nm vs NO2- concentration.  
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Figure 4.9. A) Changes in the absorption spectra of Griess reagent by the addition of 

nitrite ions, a) 0 k) 2 ppm. B) Linear plot between the absorbance at 540 nm vs nitrite 

concentration. 
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We observed that the aza-BODIPY probe 3b gave accurate results in the 

quantification of NO2- ions in both distilled water as well as natural water sources like 

sea, lake and river (Table 4.2, Figure 4.8) even in the presence of other competitive 

anions. The control experiments were carried out with the commercial nitrite sensor, 

Griess reagent under identical conditions (Figure 4.9). The Griess reagent involves the 

diazotization reaction and coupling of the in situ generated diazonium ion with N-(1-

naphthyl)ethylenediamine, thereby generating azochromophore, having absorption at 

540 nm. Our results demonstrated that the aza-BODIPY probe, 3b could accurately 

estimate the presence of the nitrite ions in natural water samples both qualitatively and 

quantitatively. 

Table 4.2. Estimation of NO2– ions in the environmental samples.* 

Sample source [NO2–] a (ppb) [NO2–] b (ppb) [NO2–] c (ppb) 

Distilled water 262 264 ± 2 263 ± 3 

Sea water 262 262 ± 2 258 ± 2 

Lake water 262 265 ± 4 265 ± 3 

River water 262 266 ± 3 265 ± 4 

Mixture of anionsd 262 266 ± 4 267 ± 3 

The values given are the average of more than three independent experiments. Concentration of 

the NO2
– aspiked, bestimated by probe 3b, cestimated by Griess reagent, *Arabian Sea, Lake 

Vellayani and River Karamana are located in Trivandrum, India. dMixture of anions contained 

SO42-, Cl-, HSO3-, CO32-, CH3COO-, NO3-, S2O32-, and N3- of  10 ppm each. 
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4.3.3.3. Mechanism and Kinetics of Detection of Nitrite Ions 

The addition of dilute acid (1N HCl) to the probe 3b afforded the protonated 

species, which was characterized by a blue-shift in the absorption spectra from 750 nm 

to 570 nm. The pH of the medium was kept constant (pH <1) throughout the experiment. 

Interestingly, the protonated form of the probe 3b showed a broad absorption band, 

shifted hypsochromically to 570 nm with an intense blue color (Figure 4.10A). The blue 

color of the protonated species turned to green in the presence of nitrite ions (Figure 

4.10B). The possible mechanism for these changes can be attributed to the diazotization 

reaction between the protonated form of the probe 3b and the nitrite ions present in 

the water. The diazonium salt thus formed in situ undergoes hydrolysis in the aqueous 

medium to give green hydroxyl substituted product, 3b–OH (Scheme 4.3), which was 

isolated and characterized on the basis of spectral and analytical evidence. The IR 

spectrum of the hydroxy derivative 3b–OH showed a broad band at 3298 cm-1 and the 

FAB-MS showed a characteristic peak at 650.87, which confirmed the formation of the 
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Figure 4.10. A) Absorption spectra of the protonated form of the probe 3b (30 μM) (pH 

= 0.2) and B) the hydroxy derivative 3b-OH. 
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hydroxyl substituted product 3b–OH. The concentration dependent absorption spectra 

of the protonated form of 3b showed a linear dependence even at higher concentrations, 

which ruled out the formation of the aggregates under these conditions (Figure 4.11). 

 

Scheme 4.3.  Possible mechanism for the nitrite sensing using aza-BODIPY probe 3b. 
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Figure 4.11. A) Concentration dependent absorption spectra of the probe 3b in 1N HCl 

a) 2 and j) 60 µM. B) Linear plot between the absorbance of the protonated form of the 

probe 3b at 570 nm vs concentration. Data points represent the mean of more than 

three independent experiments (±SD). 

As the detection strategy requires a fast response to the practical applications, it 

was of our interest to investigate the kinetics of the reaction between the aza-BODIPY 
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probe, 3b and nitrite ions. We have monitored the changes in absorbance of the probe 

at 570 nm in presence of about ten equivalents of NO2– ions. The time-dependent 

absorption changes (Figure 4.12 A) showed that the reaction was completed within a 

rapid period of 5 s. The rate constant (k') for the reaction was calculated by applying the 

pseudo-first order approximation from the slope of the straight line between time and 

the relative changes in absorbance. The value is found to be 0.142 ± 0.013 s−1 (Figure 

4.12 B). 
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Figure 4.12. A) The temporal profile of absorbance at λabs = 570 nm observed from the 

reaction between protonated form of the probe 3b (20 µM) and nitrite ions. B) Pseudo 

first-order kinetic plot of reaction of 3b (5 µM) with NO2- ions (50 M) in acetonitrile.  

4.3.3.4. Estimation of Nitrate Ions by the Reduction Method 

In addition to the nitrite ions (NO2–), the presence of the nitrate (NO3–) ions also 

can be estimated using the aza-BODIPY dye, 3b by the application of a simple reduction 

step using hydrazine sulphate as the reducing agent. To facilitate this reduction, the 

nitrate ions in water were mixed with hydrazine sulphate and its cofactors (See 

Experimental section for the details of the reduction) and then incubated at room 
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temperature, to generate nitrite ions in situ. The reduced nitrite ions in the samples 

behaved the same as that of the direct titrations (Figure 4.13). We observed a decrease 

in absorbance of 3b at 570 nm with a bathochromic shift as in the case of direct nitrite 

detection. The complete reduction was ensured by the treatment of the reducing agent 

with an equimolar nitrite-nitrate mixture and the concentration of the nitrite ions 

estimated was found to be almost doubled after the reduction as compared to the 

original concentration, which evidenced the complete reduction (Figure 4.14). The 

accurate estimation of the nitrite and nitrate ions would be useful for the estimation of 

the highly reactive nitrogen species such as nitric oxide (NO) in the aqueous as well as 

the biological samples since the nitric oxide is known to undergo rapid oxidation to 

nitrite and nitrate ions. 
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Figure 4.13. A) Changes in the absorption spectra of probe 3b (20 M, protonated) by 

the successive addition of NO3– ions after treating with hydrazine sulphate a) 0 e) 2 ppm. 

B) Linear plot between the absorbance of probe 3b (20 M) vs nitrate ion (NO3-) 

concentration. Data points represent the mean of more than three independent 

experiments (±SD). 
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Figure 4.14. Quantitative estimation of nitrate ions in presence of nitrite ions by the 

probe 3b (20 M, protonated). A) Determination of the amount of nitrite ions present 

initially in the solution. B) Determination of the amount of nitrite ions after the 

reduction of nitrate ions using hydrazine sulphate. Data points represent the mean of 

more than three independent experiments (±SD). 

4.3.3.5. Direct Detection of Freshly Generated Nitric Oxide 

The diazotization reaction is known to be 100 times more sensitive to nitric 

oxide (NO) and labile nitroso compounds than for NO2¯¯ ions (Keefer et al., 1996; Hrabie 

et al., 1993; Maragos et al., 1991), and hence we have further investigated the efficiency 

of the probe 3b, for the estimation of freshly generated NO in water. We used 

diethylamine NONOate sodium as a precursor to release NO in the aqueous medium. At 

neutral pH, each one of these precursor molecules underwent hydrolysis to generate 

two molecules of NO, following a first order reaction kinetics with a half-life time of ca. 2 

min. We observed a regular decrease in the absorption spectra at 570 nm along with a 

bathochromic shift of ca. 60 nm with the successive additions of nitric oxide (Figure 

4.15A). The concentration dependent absorbance followed a linear response to 3b for 
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nitric oxide in the range of 0–200 nM (Figure 4.15B), which enabled its accurate 

quantification in the aqueous medium. The lowest level of detection (LOD) of NO by the 

dye 3b was found to be 5 nM, which is ca. 100-fold sensitive than that of nitrite ions 

(LOD[NO2-] = 0.5 µM). 
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Figure 4.15. A) Changes in absorption spectra of the probe 3b (20 μM, protonated) by 

the successive addition of NO in water; a) 0 n) 200 nM. B) Linear response of the 

absorption changes of 3b vs the concentration of NO. Data points represent the mean of 

more than three independent experiments (±SD). 

4.3.3.6. Development of a “Dipstick” for Detection of Nitrite Ions 

To develop a simple and convenient device that can be used for the selective and 

sensitive on the spot visual detection of the nitrite ions, we have developed a dip-stick 

by coating the alumina slurry of the probe 3b, on a glass stick support (Figure 4.16A). 

The prepared stick was exposed to hydrogen chloride vapors (10% v/v) to give the 

protonated form (Figure 4.16B), which was blue in color and was used for the detection. 

The performance of the stick was examined by dipping it into a solution of various 

competitive anions and the nitrite ions in water. We observed a visual color change 
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from blue to intense green, wherever the dip-stick came into contact with the solution 

of the nitrite ions (Figure 4.16C). In solution the detection limit of the probe 3b towards 

the nitrite ions was in the range of 20 ppb (5 × 10-7 M), whereas with the dip-stick 

strategy, we observed the visible detection limit in the range of 1 ppm (2 × 10-5 M). Thus, 

our results demonstrate that the aza-BODIPY dye 3b, having two amino groups at the 

peripheral positions, is a highly selective, sensitive and environmentally viable 

molecular probe that can be used for the on-site detection and quantification of the 

nitrite (NO2-), nitrate (NO3-) and nitric oxide (NO) in the laboratory practical 

experiments as well as under the environmental conditions. 

A) B) C) 

 

Figure 4.16. Photographs of the dipstick device showing its performance in aqueous 

solution of nitrite ions (1 ppm). A) The purple colored aza-BODIPY, 3b coated over a 

glass support. B) The dipstick after exposing to the hydrogen chloride vapors turned to 

intense blue in color. C) The color change of the dipstick from intense blue to bright 

green by dipping into a solution containing nitrite ions (1 ppm). 

4.3.4. Aza-BODIPY (3a) as a Probe for Neutral Molecules 

 The aza-BODIPY 3a having intense absorption and fluorescence maxima at 700 

and 750 nm is expected to have interactions with hydrogen sulfide (H2S) due to the 
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presence of two chemically responsive azido groups at the peripheral phenyl rings. To 

investigate the potential of the aza-BODIPY derivative, 3a as the selective and sensitive 

probe for H2S, we have studied its interactions with various anions and neutral 

molecules. The chromogenic behavior of 3a was tested in THF upon addition of 

different concentrations of freshly generated H2S in water (Na2S in water was used as 

the source). Interestingly, the gradual addition of H2S (end concentration = 40 μM) to 

the probe 3a (1.0 x 10-5 M) induced ca. 50% hypochromicity at 700 nm, with a 

concomitant bathochromic shift of ca. 50 nm, through an isosbestic point at 726 nm. 

These observations correspond to the formation of purple colored and reduced amino 

aza-BODIPY derivative 3b (Figure 4.17). The product was characterized by comparing 

with the authentic sample as described in the following sections. 

Introduction of H2S elicited a significant fluorescence quenching of the probe 3a 

(ca. 97-fold) at 750 nm. We observed that, the emission of the probe 3a exhibited a red-  
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Figure 4.17. Changes in the absorption spectrum of 3a (12 μM) in THF by the 

successive additions of hydrogen sulfide (Na2S in water). [H2S] a) 0, k) 40 μM.  
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Figure 4.18. Changes in the fluorescence spectrum of 3a (12 μM) by the successive 

additions of hydrogen sulfide (Na2S in water). [H2S] a) 0, k) 40 μM. λex = 640 nm. 
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Figure 4.19. Linear plot for the estimation of limit of detection (LOD) of 3a (12 μM) 

from the absorption changes with hydrogen sulfide (H2S). Data points represent the 

mean of more than three independent experiments (±SD). 

shift with the addition of H2S and finally the saturated emission spectrum showed a 

maximum at 815 nm. The extent of fluorescence quenching was low at the initial 

additions (5-10 μM), while significant effect was observed at higher concentrations (20 

μM) of H2S and got saturated after the addition of 40 μM of H2S (Figure 4.18). Analysis of 

the concentration dependent absorbance at 700 nm revealed a linear response of 3a 
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with H2S (Figure 4.19) and hence it can be used for the accurate quantification of H2S in 

the aqueous medium. The lowest level of detection (LOD) of 3a towards H2S was found 

to be 0.5 ppm which is ca. 20 times sensitive than the allowed exposure levels (10 ppm) 

of H2S by EPA. 

4.3.4.1. Selectivity of the Detection of H2S 

The selectivity of the aza-BODIPY probe 3a towards different anions was 

investigated through UV-Vis and fluorescence spectroscopy (Figure 4.20). In contrast to 

H2S (Na2S in water), the addition of sodium salt of competitive anions such as SO42-, 

HSO3-, S2O32-, NO3-, NO2-, N3- CO32-, HCO3- and HPO42- in water caused virtually no changes  
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Figure 4.20. Absorption spectral changes of the probe 3a (12 µM) in THF with the 

addition of A) SO42-, B) HSO3-, C) (S2O32-), and D) (NO3-) ions.  [H2S] a) 0 and k) 40 mM.   
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Figure 4.21. Selectivity plot showing the changes in absorbance of probe 3a (12 µM) at 

700 nm by the addition of various anions such as N3-, HCO3-, HSO3-, NO3-, NO2-, HPO42-, 

SO42-, S2O32-, S2- and blank under identical conditions. 

  

Figure 4.22. Colorimetric response of the probe 3a (12 µM) towards various 

competitive anions. 

in the absorption as well as fluorescence spectra of probe 3a even at ca. 100- fold higher 

concentrations than that of the H2S (Figure 4.21). These results revealed that probe 3a 

shows excellent selectivity as well as sensitivity towards the H2S over the other tested 

anions. The sensing event can be visually monitored without the use of sophisticated 
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instruments and the strategy is simple and useful in practical laboratories. Compared 

with the blue colored probe 3a, the deep purple colored product 3b was found to be 

highly visible, which indicates the practical utility of the aza-BODIPY probe for on-spot 

visual detection of H2S. The presence of H2S can also be selectively detected among the 

mixture of anions demonstrating the versatility of the probe 3a (Figure 4.22). 

4.3.4.2. Mechanism and Kinetics of Detection of H2S 

To understand the sensing mechanism, the purple colored derivative obtained 

was isolated independently by the reaction of 3a with Na2S in THF at room temperature 

for 10 min. The product was unambiguously characterized, by IR, NMR and ESI-MS, as 

the amino derivative, 3b (Scheme 4.4) and compared with the authentic sample 

synthesized through a different method. To investigate the kinetics of the reaction 

between 3a and H2S, we employed pseudo-first order approximation.  We have 

monitored the changes in the absorption of the probe 3a at 700 nm with respect to time 

upon addition of excess equivalents of H2S, which revealed that the reaction was 

completed within a rapid period of 30 s. The reaction was found to proceed via a pseudo 

 

Scheme 4.4. H2S sensing mechanism of the azido-aza-BODIPY, 3a (azide to amine 

transformation through reduction).  
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Figure 4.23. A) The temporal profile of absorbance at λabs = 700 nm observed from the 

reaction between probe 3a and H2S. B) Pseudo-first-order kinetic plot of reaction of the 

probe 3a (5 µM) with H2S (50 M). Data points represent the mean of more than three 

independent experiments (±SD). 

first order kinetics. The rate constant (k') for the reaction was calculated from the slope 

of the straight line between time and relative changes in the absorbance and the 

obtained value is found to be 0.083 ± 0.021 S-1 (Figure 4.23). 

4.4. CONCLUSIONS 

In summary, we have synthesized three novel NIR absorbing aza-BODIPY 

derivatives, 3a-c and have investigated their photophysical properties as well as their 

use as probes for various biologically important molecules. The substitution of different 

functionalities such as azido, amino and dimethylamino groups on the aza-BODIPY dyes 

rendered their absorption in the red region of 700-800 nm. The fluorescence spectra of 

these derivatives exhibited a regular shift towards the NIR region from azido (3a) to 

amino (3b) to dimethylamino (3c) aza-BODIPY derivatives. The results of interactions 
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of these molecules with various analytes revealed that, the amino aza-BODIPY, 3b could 

selectively detect nitrite ions (NO2-) by a distinct visual color change from bright blue to 

intense green with a detection limit of 20 ppb. Interestingly, this probe can be employed 

for the sensitive detection of the nitrate ions (NO3-) through a simple reduction step and 

freshly generated nitric oxide (NO) in the aqueous medium. In contrast, the azido aza-

BODIPY dye, 3a exhibited selective interactions with H2S via the reduction of azido 

group to amino group. Uniquely, this probe can be utilized for the visual detection and 

on-site analysis of H2S and also in practical laboratory experiments through a distinct 

color change from bright blue to purple with a sensitivity of 0.5 ppm. Thus, the 

photophysical properties and sensing applications of aza-BODIPY dyes demonstrate 

that these systems can be effectively employed as probes for the on-site detection and 

analysis of NO2-, NO3-, NO and H2S in the aqueous medium. 

4.5. EXPERIMENTAL SECTION 

4.5.1. General Techniques  

 The melting points of the derivatives were determined on a Mel-Temp II melting 

point apparatus. The IR spectra were recorded on a Perkin Elmer Model 882 infrared 

spectrometer. The electronic absorption spectra were recorded on a Shimadzu UV-3101 

or 2401 PC UV-VIS-NIR scanning spectrophotometer. The fluorescence spectra were 

recorded on a SPEX-Fluorolog F112X spectrofluorimeter. 1H and 13C NMR were 

recorded on a 500 MHz Bruker advanced DPX spectrometer.  The mass spectra were 

recorded on Thermo Scientific Exactive ESI-MS spectrophotometer.  All the solvents 
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used were purified and distilled before use. Quantum yields of fluorescence were 

measured by the relative methods using optically dilute solutions.  

4.5.2. Materials and Methods 

Starting materials. 3,4-Dimethoxybenzaldehyde, 4-aminoacetophenone, 

nitromethane, potassium carbonate, ammonium acetate, borontrifluoride 

diethyletherate, N,N-diisopropyl-ethylamine, sodium sulfide, sodium nitrite, sodium 

nitrate, sodium azide, sodium sulphate, sodium thiosulphate, sodium carbonate and 

sodium bicarbonate were purchased from Aldrich and S. D. Fine Chemicals, India. 

4.5.3. Synthesis of Starting Materials and Aza-BODIPY Dyes 3a-c 

4.5.3.1. General Procedure for the Synthesis of 1a-c 

i) Synthesis of 1b: To a solution of the parent amino chalcone (5.76 mmol) 

dissolved in methanol (80 mL) was added activated K2CO3 and nitromethane (2 mL) 

and refluxed for 15 h. The mixture was washed with water and extracted with 

chloroform. Removal of the solvent gave a residue which was purified by column 

chromatography over silica gel. Elution of the column with a mixture (1:4) of ethyl 

acetate and hexane gave the product 1b in good yield.  

1-(4-Aminophenyl)-3-(3,4-dimethoxyphenyl)-4-nitrobutan-1-one (1b): 

85%, mp 139-140 0C, IR (KBr) νmax 3400, 1658, 1598 cm-1; 1H NMR (CDCl3, 500 MHz) δ  

7.78 (2H, d, J = 8.5 Hz), 6.81 (2H, s), 6.77 (1H, s), 6.63 (2H, d, J = 8.5 Hz), 4.84 (1H, q, J = 8 

Hz), 4.65 (1H, q, J = 8 Hz), 4.18 (2H, s), 4.16 (1H, t, J = 2.5 Hz), 3.86 (3H, s), 3.84 (3H, s), 

3.36 (2H, m); 13C NMR (CDCl3, 125 MHz) δ 194.9, 151.6, 149.3, 148.6, 132.4, 130.6, 127.0, 
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119.3, 113.8, 111.7, 111.2, 79.9, 56.1, 41.1, 39.4; FAB-MS m/z Calcd for C18H18INO5: 

344.14; Found: 344.75 (M+). 

ii) Synthesis of 1a: To a suspension of 1b (3 g) in water was added concentrated 

HCl (5.8 mL). A solution of sodium nitrite (750 mg) in water was added drop wise to the 

stirred suspension at a rate to maintain the reaction temperature <5 °C. The reaction 

mixture was allowed to stir at 0 °C for 0.5 h followed by the slow addition of sodium 

azide (750 mg). The reaction mixture was protected from light and allowed to warm to 

room temperature. After 4 h, the resulting precipitate was dissolved in ethyl acetate 

(100 mL), washed with water, dried over sodium sulphate and concentrated under 

reduced pressure. The crude viscous product obtained was chromatographed over silica 

gel with a mixture of ethyl acetate and hexane (1:4) to yield the product 1a. 

1-(4-Azidophenyl)-3-(3,4-dimethoxyphenyl)-4-nitrobutan-1-one (1a): 90%; 

mp 92-94C; IR (KBr) νmax  2124, 1598, 1495 cm-1; 1H NMR (CDCl3, 500 MHz)  7.93 

(2H,d, J = 8 Hz), 7.08 (2H, d, J = 8.5 Hz), 6.81 (1H,d, J = 18.5 Hz), 4.82 (1H, q, J = 12 Hz), 

4.69 (1H, q, J = 12.5 Hz), 4.18 (1H, m), 3.87 (3H, s), 3.84 (3H, s), 3.44 (2H, m); 13C NMR 

(CDCl3,125 MHz):  195.4, 149.2, 148.6, 145.4, 133.0, 131.4, 130.0, 119.1, 119.1, 111.5, 

111.0, 79.7, 55.9, 55.8, 41.5, 39.1; ESI-MS m/z Calcd for C18H18O5N4: 370.13; Found: 

371.13 (M+1+). 

iii) Synthesis of 1c: To a solution of 1b (3 g) in anhydrous DMF (30 mL) was 

added activated K2CO3, and methyl iodide and the solution was heated to 50 0C for 24 h. 

The reaction mixture was allowed to cool to room temperature and poured on crushed 

ice. The precipitated product was filtered, washed with water, dried and 
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chromatographed over silica gel with a mixture (1:4) of ethyl acetate and hexane to 

yield the product 1c. 

3-(3,4-Dimethoxyphenyl)-1-(4-(dimethylamino)phenyl)-4-nitrobutan-1-

one (1c): 80%, mp 80-82 C; IR (KBr) max 2801, 1683, 1595, 1298, 1205 cm-1; 1H-NMR 

(CDCl3, 500 MHz) δ  7.84 (2H, d, J = 9 Hz), 6.81 (2H, s), 6.78 (1H, s), 6.64 (2H, d, J = 9 Hz ), 

4.86 (1H, dd, J = 12 Hz), 4.67 (1H, q, J = 8 Hz), 4.15 (1H, t, J = 7 Hz ), 3.87 (6H, d, J = 11 

Hz), 3.37 (2H, m), 3.06 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 196.6, 155.5, 149.5, 147.0, 

141.7, 129.7, 126.2, 119.4, 112.1, 111.7, 79.1, 56.1, 46.6, 41.3, 39.0; FAB-MS m/z Calcd 

for C20H24N2O5: 372.41; Found: 372.29 (M+). 

4.5.3.2. General Procedure for the Synthesis of 2a-c 

The nitromethane adducts 1a-c (2 g) and ammonium acetate (24 g) were 

dissolved in ethanol (40 mL) and heated under reflux for 48 h. The precipitated product 

was washed with water and extracted using DCM (50 mL x 2). The organic extracts were 

dried over sodium sulphate and concentrated under reduced pressure. The product 

thus obtained was chromatographed over silica gel (100-200 mesh). Elusion of the 

column with a mixture of ethyl acetate and hexane (1:4) yielded the product 2a-c.   

(Z)-5-(4-Azidophenyl)-N-(5-(4-azidophenyl)-3-(3,4-dimethoxyphenyl)-2H-

pyrrol-2-ylidene)-3-(3,4-dimethoxyphenyl)-1H-pyrrol-2-amine (2a): 25%, mp > 

250 oC; IR (KBr) max 2126, 1598, 1503, 1257, 805 cm-1; 1H NMR (CDCl3, 500 MHz) δ  

7.89 (4H, d, J = 8.5 Hz), 7.58 (2H, d, J = 8 Hz), 7.49 (2H, s), 7.17 (4H, d, J = 8.5 Hz), 7.04 

(2H, s ), 6.91 (2H, d, J = 8 Hz), 3.94 (6H, s), 3.75 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 

164.4, 160.6, 150.4, 149.0, 146.3, 144.0, 141.5, 136.8, 135.8, 133.1, 130.9, 129.6, 125.5, 
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122.6, 116.5, 115.5, 112.8, 106.9, 56.1, 55.9; ESI-MS (negative mode) m/z Calcd for 

C18H18O5N2: 651.23; Found: 650.23 (M-1+). 

(Z)-5-(4-Aminophenyl)-N-(5-(4-aminophenyl)-3-(3,4-dimethoxyphenyl)-

2H-pyrrol-2-ylidene)-3-(3,4-dimethoxyphenyl)-1H-pyrrol-2-amine (2b): 40%, mp 

170-171°C; IR (KBr) max 3362, 1600, 1506 cm-1; 1H NMR (CDCl3, 300 MHz) δ  7.79 (4H, 

d, J = 8 Hz), 7.61 (2H, d, J = 8 Hz), 7.53 (2H, s), 6.99 (2H, s), 6.92 (2H, d, J = 8 Hz ), 6.81 

(4H, d, J = 8.5 Hz), 4.06 (4H, s), 3.93 (6H, s), 3.74 (6H, s); 13C NMR (CDCl3, 75 MHz) δ 

153.9, 149.2, 148.9, 148.8, 148.3, 127.5, 121.8, 115.2, 113.2, 112.4, 111.0, 56.0, 55.8; 

FAB-MS m/z Calcd for C36H31N3O4:  599.23; Found: 599.26 (M+). 

(Z)-3-(3,4-Dimethoxyphenyl)-N-(3-(3,4-dimethoxyphenyl)-5-(4-(dimethyl 

amino)phenyl)-2H-pyrrol-2-ylidene)-5-(4-(dimethylamino)phenyl)-1H-pyrrol-2-

amine (2c): 50%, mp 245-246°C; IR (KBr) max 2833, 1600, 1510, 1462, 1258 cm-1; 1H-

NMR (CDCl3, 500 MHz) δ  7.86 (4H, d, J = 8.5Hz), 7.63 (2H, d, J = 8.5 Hz), 7.57 (2H, s), 

7.02 (2H, s),  6.92 (2H, d, J = 8.5 Hz), 6.83 (4H, d, J = 8.5 Hz), 3.94 (6H, s), 3.76 (6H, s), 

3.09 (12H, s); 13C NMR (CDCl3, 125 MHz) δ 160.8, 155.3, 153.4, 150.3, 149.8, 141.5, 

136.8, 130.7, 128.3, 125.3, 122.4, 116.5, 115.9, 113.6, 112.8, 111.9, 106.0, 56.1, 55.6, 

41.3; FAB-MS m/z Calcd for C40H41N5O4: 655.32; Found: 655.51 (M+). 

4.5.3.3. General Procedure for the Synthesis of 3a-c 

The azadipyrromethene derivatives 2a-c (0.45 mmol) were dissolved in dry 

dichloromethane (80 mL) were treated with diisopropylethylamine (DIEA) (0.8 mL, 4.6 

mmol) and stirred for 10 min at 30 °C. To this reaction mixture, boron trifluoride 

diethyletherate (1 mL, 8.13 mmol) was added and stirred at 25 °C for 15-24 h. The 
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solvent was evaporated, washed with water (2 × 50 mL) and extracted with chloroform. 

Removal of the solvent gave a residue, which was purified by column chromatography 

over basic alumina. Elution of the column with a mixture (1:1) ethyl acetate and hexane 

gave the aza-BODIPY dyes 3a-c in good yields.  

3,7-Bis(4-azidophenyl)-1,9-bis(3,4-dimethoxyphenyl)-5,5-difluoro-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (3a): 75%, mp > 300°C; 

IR (KBr) max 2123, 1598, 1493, 1263, 1105, 1034, 808 cm-1; 1H NMR (CDCl3, 500 MHz) δ 

8.08 (4H, d, J = 8.5 Hz), 7.65 (2H, d, J = 8 Hz), 7.55 (2H, s), 7.15 (4H, d, J = 9 Hz), 6.96 (4H, 

d, J = 8 Hz), 3.96 (6H, s), 3.82 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 157.4, 150.7, 

149.1,145.5, 144.0, 142.5, 131.2, 128.3, 125.6, 122.8, 119.2, 117.8, 112.3, 111.2, 100.0, 

56.1, 55.9; ESI-MS (-ve mode) m/z Calcd for C36H38BF2N9O4: 699.21; Found: 698.20     

(M-1+). 

3,7-Bis(4-aminophenyl)-1,9-bis(3,4-dimethoxyphenyl)-5,5-difluoro-5H-

dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (3b): 75%, mp 192-

193°C; IR (KBr) max 3360, 1600, 1498 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.00 (4H, d, J = 

8.5 Hz), 7.64 (2H, dd, J = 8 Hz), 7.55 (2H, d, J = 2 Hz), 6.94 (4H, d, J = 6.5 Hz), 6.75 (4H, d, 

J = 8.5 Hz), 4.09 (4H, s), 3.95 (6H, s), 3.81 (6H, s); 13C NMR (CDCl3, 125 MHz) δ 156.3, 

154.2, 150.8, 149.2, 137.1, 136.9, 130.9, 130.8, 130.3, 129.5, 125.7, 122.9, 122.8, 117.6, 

112.2, 111.2, 56.1, 55.9; ESI-MS (+ve mode) m/z Calcd for C36H30BF2N3O4: 647.25; 

Found: 648.25 (M+1+). 

1,9-Bis(3,4-dimethoxyphenyl)-3,7-bis(4-(dimethylamino)phenyl)-5,5-

difluoro-5H-dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinin-4-ium-5-uide (3c): 80%, 

mp 184-185°C; IR (KBr) νmax 2930, 1602, 1498, 1421, 1263 cm-1; 1H NMR (CD3COCD3, 
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500 MHz) δ  8.24 (4H, d, J = 9 Hz), 7.83 (2H, d, J = 8.5 Hz), 7.73 (2H, s),7.38 (2H, s),  7.09 

(2H, d, J = 8.5 Hz), 6.87 (4H, d, J = 8.5 Hz), 3.92 (6H, s), 3.81 (6H, s), 3.15 (12H, s); 13C 

NMR (CDCl3, 125 MHz) δ 153.6, 151.3, 148.8, 148.7, 141.1, 127.9, 127.7, 121.7, 120.3, 

113.0, 112.4, 112.2, 110.9, 56.0, 55.8, 40.3; FAB-MS m/z Calcd for C40H40BF2N5O4: 

703.58; Found: 704.56 (M+1+). 

4.5.3.4. Characterization of the Hydroxyl Product 3b-OH 

The product formed during the sensing event was isolated and characterized 

through various spectroscopic techniques. Mp 160-161 °C; IR (KBr) νmax 3298 (broad), 

1496, 1254 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.01 (4H, d, J = 8.5 Hz), 7.65 (2H, d, J = 8 

Hz), 7.54 (5H, m), 6.96 (5H, m), 5.21 (2H, broad, -OH peak), 3.95 (6H, s), 3.82 (6H, s); 13C 

NMR (CDCl3, 125 MHz) δ 159.6, 156.3, 150.8, 149.2, 141.1, 136.1, 130.9, 130.5, 130.3, 

129.6, 126.7, 122.8, 116.2, 113.4, 111.2, 56.3, 56.1; FAB-MS m/z Calcd for 

C36H30BF2N3O6: 650.52; Found: 650.87 (M+). 

4.5.4. Electrochemical Measurements  

Redox potentials of the aza-BODIPY dyes were recorded using a BAS CV50W 

voltammetric analyzer. Solutions of 3a-c (1 × 10-3 M) in acetonitrile containing 0.1 M 

tetra-n-butylammonium hexafluorophosphate as supporting electrolyte were 

thoroughly deaerated before use. A platinum disc electrode was used as working 

electrode and a platinum wire was used as counter electrode and the potentials were 

referenced to saturated calomel electrode (SCE). 
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4.5.5. Procedure for the Preparation of the Dipstick 

Thermoplastic or glass support was cut having the dimensions of 10 x 0.4 cm. 

The probe 3b was dissolved in dichloromethane and made to a uniform slurry 

containing silica/alumina and was carefully fixed over the surface of the support using 

glue. This gave the solid-state device, dipstick, which can be used on demand. The stick 

was exposed to HCl gas followed by dipping into a solution taken in a beaker containing 

nitrite ions (2 × 10-5 M). Wherever the analyte came in contact with the stick, it resulted 

in a color change from blue to bright green, thereby indicating the presence of NO2‾ ions.  

4.5.6. Detection of Nitrate Ions- Hydrazine Sulphate Reduction Method 

The detection of nitrate ion (NO3‾) was achieved by employing a simple 

reduction step from nitrate to nitrite using hydrazine sulphate method. Initially, the 

buffer reagent was prepared by adding 25 mL of the phenol solution (4.3 mL in 100 mL 

distilled water) to 25 mL of the freshly prepared NaOH solution (1.5 g in 100 mL water) 

and shaken well. The reducing agent was prepared by mixing 25 mL solution of 

hydrazine sulphate (0.725 g in 100 mL) and 25 mL copper sulphate solution (0.010 g in 

100 mL) in a dark bottle. The buffer reagent (2 mL) was added to 50 mL nitrate solution. 

After rapidly adding 1 mL of the reducing agent to the solution, the flask was protected 

from sunlight for 10 h, which quantitatively reduces nitrate to nitrite ions. 

4.5.7. Generation of NO in Solution 

NO solution was prepared by dissolving NO precursor [2-(N,N-diethylamino)-

diazenolate 2-oxide sodium salt hydrate (diethylamine NONOate)] in 10 mM PBS 
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(pH=7.4), following a protocol developed earlier (Keefer et al., 1996; Hrabie et al., 1993; 

Maragos et al., 1991). The NO-containing PBS solutions were allowed to set for at least 

10 min before experiment. Griess test was used to confirm the concentration of NO 

generated by diethylamine NONOate. 

4.5.8. Calculation of Reaction Rates 

Kinetic studies were performed at 25±10C using a Shimadzu UV-Vis 

spectrophotometer (UV-2600). The experiments were carried out using the kinetic 

mode of the instrument, where the absorption of the aza-BODIPY derivatives 3a and 3b 

(1 equivalent) at their respective maximum were monitored with respect to time after 

the addition of analyte (10 equivalents). The slope of the straight line between time and 

relative changes in absorbance gave the pseudo-first-order rate constant for the 

reaction. 

4.5.9. Theoretical Calculations  

The structure optimizations of the aza-BODIPY derivatives 3a-c were performed 

with the Gaussian 03 package using B3LYP density functional theory (DFT). The 6-31G* 

basis set was used to treat all the atoms. The contours of the HOMO and LUMO orbitals 

of 3a-c were plotted using Gauss View. On the basis of ground-state optimization, the 

density functional theory approach was applied to predict their absorption. 
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