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SYNOPSIS 

 

 Near-infrared (NIR) absorbing chromophores have been extensively 

used in organic photovoltaics, light emitting devices, photothermal 

therapy, and bioimaging. Aza-boron-difluoride dipyrromethenes (Aza-

BODIPYs) are a class of NIR absorbing dyes derived from BODIPY 

dyes by the replacement of meso-carbon with a nitrogen atom (Figure 

1).
 
In aza-BODIPY, the presence of a nitrogen atom at the meso-

position with a lone pair of electrons perturbs the frontier energy 

levels, which leads to the lowering of the HOMO-LUMO gap as 

compared to the parent BODIPY.
 
The aza-BODIPY dye possesses 

unique properties such as absorption covering the visible-NIR region, 

excellent photochemical and thermal stability.
 
It has a fully conjugated 

framework, making it easy to modify its structure to improve 

absorption and emission properties.
 
As compared to BODIPY, aza-

BODIPY dyes show red shifted absorption and emission bands. The 

majority of literature reports describe aza-BODIPYs with tetraaryl 

substitutions on positions 1, 3, 5, and 7 of the pyrrole rings.
 
The 

substitution of various aryl moieties at α and β-positions of the aza-

BODIPY perturbs its photophysical and electrochemical properties 

significantly. Several studies on the photophysical and electrochemical 

investigations of aza-BODPY dyes, along with their applications have 

been carried out over the past couple of decades. 

 

Figure 1. Chemical structure of BODIPY and aza-BODIPY dyes. 
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In this work, we explore different donor (triphenylamine, 

phenothiazine, N,N dimethylaniline, anisole etc.) and acceptor (TCBD) 

functionalized aza-BODIPY dyes. The optical and electrochemical 

properties of these donor-acceptor (D–A) chromophores along with 

computational calculations were studied. The aza-BODIPY derivatives 

presented in this work have been classified as the symmetrical aza-

dipyrromethene and aza-BODIPY dyes based on the functionalization 

at the 1, 3, 5 and 7 positions (Figure 2). The functionalization of same 

donor or acceptor units on 1, 3, 5 and 7 positions or functionalization 

of same substituent at 1, 7 position and 3, 5 position results in 

symmetrical aza-BODIPY dyes. On the other hand, the substitution of 

various donor/acceptor units at one side on 1, 3, 5, and 7 positions 

results in unsymmetrical aza-BODIPY dyes (Figure 2). 

The main objectives of the present study are: 

1. To design and synthesis of donor-/acceptor functionalized 

aza-dipyrromethenes and aza-BODIPYs. 

2. Investigate the optical and electrochemical properties of the 

donor-/acceptor functionalized aza-dipyrromethenes and aza-

BODIPYs. 

3. To study the effect of different donor functionalization on the 

optical and electrochemical properties of aza-BODIPY dye. 

4. To understand the effect of incorporation of tetra-cyano 

acceptors (TCBD and DCNQ) on ethyne bridged donor 

functionalized aza-BODIPYs.  

5. To tune the HOMO–LUMO energy gap by functionalizing 

donor/acceptor substituents to the aza-BODIPYs. 

6. To understand the HOMOs and LUMOs of aza-BODIPY 

dyes and their energy levels energy with the help of DFT and 

the TD-DFT calculations. 
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Figure 2. General classification of aza-BODIPYs in this work. 

Chapter 1: Introduction 

This chapter describes the synthesis and functionalization approaches 

of aryl substituted aza-BODIPY derivatives along with their 

applications in biomedicine and material science. 

Chapter 2: Materials and experimental techniques 

In this chapter we provided an overview of the general experimental 

methods, characterization techniques and details of instruments used in 

the characterization. 

Chapter 3: NIR absorbing donor-acceptor functionalized aza-

BODIPYs: synthesis, photophysical and electrochemical properties 

In Chapter 3, a series of tetra-aryl functionalized aza-boron-

dipyrromethenes (aza-BODIPYs) 2–5, 7, and 9 were designed and 

synthesized by the condensation reaction followed by complexation 
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with boron trifluoride diethyl etherate (BF3.OEt2). Their photophysical 

and electrochemical properties were investigated and compared with 

previously reported tetraphenyl, tetraanisole, tetrathioanisole and 

tetrathienyl substituted aza-BODIPY dyes 1, 6, 8, and 10, with respect 

to variation in the number and strength of aryl donors respectively. The 

electronic absorption spectra of the aza-BODIPYs 1–10 exhibited a 

broad absorption covering the UV-visible to near-infrared region. The 

substitution of electron donating moieties on aza-BODIPY leads to 

exhibit good electronic communication with acceptor aza-BODIPY, 

resulting in broad and red shifted absorption towards near-infrared 

region. The aza-BODIPY 5 showed a red shifted absorption compared 

to other aza-BODIPY dyes (2–4, 7 and 9) due to the strong electron 

donating nature of phenothiazine and thioanisole. The electrochemical 

studies on aza-BODIPY derivatives (2–5, 7 and 9) show multiple 

oxidation and reduction potentials corresponding to donor and acceptor 

(aza-BODIPY) moieties. The computational calculations reveal strong 

donor-acceptor interaction between different donors and aza-BODIPY 

core, exhibiting low HOMO-LUMO gap values ranging from 1.81 to 

2.19 eV. 
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Chapter 4: NIR absorbing different donor functionalized ethyne 

bridged aza BODIPYs 

In Chapter 4, a set of donor-functionalized aza-BODIPYs 11–15 were 

designed and synthesized by using the Pd-catalyzed Sonogashira cross-

coupling reaction followed by complexation with boron trifluoride 

diethyl etherate (BF3·Et2O), and studied their photophysical and redox 

properties. The absorption spectra of N,N-dimethylaniline substituted 

aza-BODIPY 13 show a red-shifted absorption compared to other 

donor substituted aza-BODIPYs 11, 12, 14, and 15. The 

electrochemical studies demonstrate that aza-BODIPYs 11–15 display 

two oxidation waves and two reduction waves due to aza-BODIPY 

core. The computational calculation reveal that the HOMOs of the aza-

BODIPYs 11–15 are located on the donor (phenyl, anisole, N,N-

dimethylamine, triphenylamine, phenothiazine) moiety, whereas the 

LUMOs are predominantly located on the acceptor (aza-BODIPY) 

moiety. 

 

Chapter 5: Triphenylamine functionalized NIR absorbing aza-

dipyrromethenes and aza-BODIPYs 

In Chapter 5, a set of triphenylamine functionalized aza-

dipyrromethenes and aza-BODIPYs 16–21 were designed and 

synthesized by the Pd-catalyzed Sonogashira cross-coupling reaction 

and [2 + 2] cycloaddition-retroelectrocyclization reaction. The effect of 

substitution of triphenylamine (TPA) donor and tetracyanoethylene 

(TCNE) acceptor on the photophysical and electrochemical properties 

were explored. The effect of BF2 complexation was studied which 
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showed the incorporation of BF2 leads to the red shift in absorption 

with decrease in HOMO-LUMO gap. The electrochemical analysis 

exhibited multiple oxidation and reduction waves. The results of 

photophysical and electrochemical studies show substantial donor-

acceptor interaction of TPA donor with aza-BODIPY and 

tetracyanobutadiene (TCBD) core. The computational calculations for 

aza-dipyrromethenes and aza-BODIPYs 16–21 reveals that the 

electron density transfers from TPA (donor) to aza-BODIPY and 

tetracyanobutadiene (acceptor) core. 

 

Chapter 6: Near-infrared Absorbing Different Donor 

Functionalized aza-BODIPYs 

In chapter 6, we report the NIR absorbing 2,6-diarylated aza-BODIPYs 

25 and 26 with phenothiazine and carbazole substituents were designed 

and synthesized by the Pd-catalyzed Suzuki cross-coupling reaction. 

Their photophysical and electrochemical properties were investigated 

and compared with 2,6-diarylated phenyl, naphthalene, and 

phenanthrene-substituted aza-BODIPYs 22, 23, and 24, with respect to 

the variation in the strength of aryl donors respectively. The 

photophysical, electrochemical, and computational studies of these 

dyes were investigated, revealing donor-acceptor interactions and the 

tuning of the HOMO-LUMO gap. The electronic absorption spectra of 

phenothiazine and carbazole substituted aza-BODIPY dyes 25 and 26 

showed a red-shifted absorption compared to those of aza-BODIPY 

dyes 22–24, which are substituted with phenyl, naphthalene, and 

phenanthrene. The electrochemical properties of aza-BODIPY dyes 
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22–26 show multiple oxidation and reduction potentials due to donor 

and acceptor moieties. The computational calculations demonstrated a 

lower HOMO-LUMO gap for phenothiazine and carbazole 

functionalized aza-BODIPYs (25 and 26), compared to other aza-

BODIPY derivatives (22, 23 and 24).  

 

Chapter 7: Exploring the effect of electron withdrawing 

functionalities (formyl, nitrile, and fullerene) on di and tetra-

methoxy substituted aza-BODIPYs 

In chapter 7, a series of formyl, nitrile, and fullerene substituted di- and 

tetra-methoxy based aza-BODIPYs (27–32) were designed and 

synthesized. Their photophysical properties revealed tunable 

absorption spanning from the ultraviolet to visible region. Significant 

red shift was observed in case of absorption of tetra-methoxy based 

aza-BODIPYs (28, 30, and 32) compared to their di-methoxy aza-

BODIPY counterparts (27, 29, and 31), related to the strong electron 

donating ability of the methoxy substituent over the methyl substituent. 

The electrochemical study demonstrated that the substitution of 

electron-withdrawing groups (formyl, nitrile, and fullerene) resulted in 

additional low voltage reduction potential. The computational 

calculation for aza-BODIPYs 27–32 showed low HOMO–LUMO gap 

values and calculated absorption wavelengths are in good agreement 

with the experimental absorption values. 
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Chapter 8: Conclusions and future scope 

This chapter summarizes the salient features of the work and prospects 

to design and synthesize new materials for the optoelectronic 

applications. 
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Chapter 1 

1.1. General Introduction 

The growing requirement of energy has captured the attention of 

scientific community towards generation of clean and renewable 

energy sources at low cost. The generation of energy from sunlight 

using solar cell devices is one of the most significant long-term 

solution. The π-conjugated polymers and small molecules are of 

significant interest due to their number of applications such as organic 

light-emitting diodes (OLEDs), organic solar cells (OSCs), two photon 

absorption and organic field-effect transistors (OFETs).
[1,2]

 The 

thermal stability, broad absorption in the visible region and low 

HOMO-LUMO gap values in small organic molecules make them 

potential candidate for optoelectronics.
[3] 

Donor-acceptor (D–A) 

approach is one of the useful ways to design the materials with 

absorption in Vis-NIR region with low band gap. 

 

1.2. Donor-Acceptor Systems 

The donor-acceptor (D-A) system consists of combination of electron 

rich donor with electron deficient acceptor through appropriate spacer 

(Figure 1.1).  

Donor 

The molecule which possesses the ability to donate the electron to 

another molecule is known as donor, for example, the groups 

containing heteroatoms with lone pair of electrons, amines, alcohols, 

sulphides etc. The other examples of metallocene derivatives such as 

ferrocene, ruthenocene and aromatic carbocycles are well known 

donors (Chart 1.2.). Triphenylamine (TPA), N,N dimethylaniline, 

phenothiazine, and carbazole are widely used donors for designing 

molecular systems with low HOMO–LUMO gap.
 [4 – 6] 
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Chart 1.1. Chemical structures of electron donor units. 

Acceptor 

The molecule which possesses the ability to withdraw electrons from 

another molecule is known as acceptor. The acceptor strength of 

molecule to withdraw the electron depends on the lowest energy 

unoccupied molecular orbital (LUMO). Low lying the LOMO, 

stronger will be the accepting capacity of acceptor and vice versa. The 

examples of acceptors include amides, nitriles and esters, nitrogen rich 

heterocycles, boron complexes, ketones, tetracyano acceptors etc. 

(Chart 1.2.). 

 

Chart 1.2. Chemical structures of electron acceptor units. 

The LUMO of D-A system is stabilized as compared to individual 

donor and acceptor units, whereas the HOMO is destabilized as 

compared to that of individual donor and acceptor units (Figure 1.1.). 

The combination of donor and acceptor with appropriate -linker (such 

as double or triple bond, aromatic ring) results in red shift of the 

absorption spectra with lowering of HOMO-LUMO gap.  
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Figure 1.1. Schematic representation of HOMO and LUMO energy 

levels in D–A system. 

The strength of D-A interaction depends on the strength of donor as 

well as strength of acceptor and the nature of -linker also plays key 

role in determining the strength of D-A system.  

The D-A systems exhibit various applications in diverse fields
 [7 –9]

 

such as;
 

 Organic Solar Cells (OSCs) 

 Organic Light Emitting Diodes (OLEDs) 

 Non-Linear Optics (NLO)  

 Mechanochromism  

 Organic Field Effect Transistors (OFETs) 

 Photodynamic Therapy 

1.3. Aza-boron-difluoride dipyrromethene (Aza-BODIPY) 

Near-infrared (NIR) absorbing chromophores have been extensively 

used in variety of applications in organic photovoltaics, light emitting 

devices, photothermal therapy, and bioimaging.
[10–16] 

Aza-boron-

difluoride dipyrromethene (Aza-BODIPY) are a class of NIR 

absorbing dyes derived from BODIPY by the replacement of meso-
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carbon with a nitrogen atom (Figure 1.2.).
[17–21] 

In aza-BODIPY, the 

presence of a nitrogen atom in the meso-position with a lone pair of 

electrons perturbs the frontier energy levels, which leads to the 

lowering of the FMO energy gap as compared to the parent 

BODIPY.
[20,22–24]

 

The synthesis of BF2-chelated BODIPY complex was reported in 1966 

for the first time.
[25] 

In 1993, BF2-chelated aza-BODIPY was 

reported.
[26] 

The majority of previously available reports describe aza-

BODIPYs with tetraaryl substitutions on positions 1, 3, 5, and 7 of the 

pyrrole ring (Figure 1.2.).
[27–29]

 

 

Figure 1.2. Chemical structure of BODIPY and aza-BODIPY dyes. 

The aza-BODIPY dye possesses unique properties such as absorption 

covering the visible-NIR region, excellent photochemical and thermal 

stability.
[30–34] 

It has a fully conjugated framework, making it easy to 

modify its structure to improve spectral and fluorescence properties.
[35–

37] 
The aza-BODIPYs exhibits red shifted absorption and emission 

bands as compared to BODIPY.
[38–40]

 The substitution of various aryl 

moieties at α, β-positions of the aza-BODIPY perturb its photophysical 

and electrochemical properties significantly.
[41–43] 

Several studies on 

the photophysical and electrochemical investigations of aza-BODPY 

dyes, along with their applications have been carried out over the past 

couple of decades.
[44–46]

 

In this review, we have explained various synthetic strategies to 

synthesize aza-BODIPY dye, along with exploration of photophysical 
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properties of different aryl substituted aza-BODIPY derivatives. An 

overview of different aryl-substituted aza-BODIPY derivatives used in 

different applications such as organic photovoltaics, photodynamic 

therapy, boron neutron capture therapy, fluorescent probes, 

fluorescence sensing, photo-redox catalysis, and photoacoustic probes 

are provided. Furthermore, we have highlighted the change in optical 

properties and device performance associated with substituting various 

aryl moieties at different positions of the aza-BODIPY core. 

1.4. General synthetic strategies 

Several routes have been reported till date for the synthesis of aza-

BODIPY derivatives. Herein we describe few most commonly 

followed synthetic routes for the preparation of aza-BODIPY 

derivatives. In 2002, O'Shea and co-workers proposed the synthetic 

route for aza-BODIPY
[47]

, which has four steps, in which chalcone was 

synthesized in the first step by the aldol condensation of ketone 

(acetophenone) and benzaldehyde (aldehyde). The second step 

involves conversion of chalcone to its nitro derivative via Michael 

addition reaction with nitromethane and a diethylamine base. In the 

third step, the nitro derivative of chalcone undergoes chemical 

transformation in the presence of an ammonium source (ammonium 

acetate) to produce aza-dipyrromethene, which further undergoes the 

fourth and final step, BF2-complexation with boron trifluoride etherate 

(BF3.OEt2) and gives aza-BODIPY (6). This is a simple route with 

mild reaction conditions and gives a low yield (20–50%). 

 

Scheme 1.1. O’Shea’s method for aza-BODIPY (6) synthesis. 
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Later in 2006, Carreira and co-workers developed a synthetic method 

for the synthesis of symmetrical and asymmetrical aza-BODIPY (10), 

which includes a direct cyclization of substituted pyrrole followed by 

boron trifluoride complexation (Scheme 1.2.).
[48] 

This route provides 

higher yield (50%) compared to an earlier route by O’shea and co-

workers. In this method the fused pyrrole molecular starting precursor 

was used to extend the -conjugation. 

 

Scheme 1.2. Carreira’s method for the synthesis of aza-BODIPY 10. 

Another method was provided by Lukyanets and co-workers in 2008 

for the synthesis of symmetrical aza-BODIPY (14), which includes the 

reaction of aryl magnesium bromide with phthalonitrile followed by 

the boron trifluoride complexation (Scheme 1.3.).
[49] 

The main 

drawback with this route was the low yield (10–30%). 

 

Scheme 1.3. Lukyanet’s method for the synthesis of aza-BODIPY 14. 

In 2019, Jiang and co-workers has given a synthetic route for the 

preparation of aza-BODIPY (18) as shown in Scheme 1.4.
[50] 

The 

morpholino containing pyrrole (17) was obtained by the reaction of 1-

(4-morpholinophenyl) ethanone with 3-phenyl-2H-azirine in the 

presence of sodium hydride. The morpholino containing pyrrole (17) 

was reacted with AcOH in acetone and then with NaNO2, followed by 

complexation with BF3.Et2O to produce aza-BODIPY 18 in 42% yield. 



7 
 

 

Scheme 1.4. Jiang’s synthesis of the morpholino-containing aza-

BODIPY 18. 

There are several methods available in the literature to synthesize aryl 

substituted aza-BODIPYs, however the O'Shea's method is the most 

efficient method used for the synthesis of various aza-BODIPY based 

materials.  

1.5. Photophysical Properties 

Since last couple of decades, the chemistry of dipyrromethene dyes has 

drawn attention due to their ability to form stable coordination 

complexes. The -conjugated dipyrromethene systems (e.g. BODIPY 

dyes) exhibit excellent optical features, such as strong absorption in the 

visible region, high molar absorption coefficients and high 

fluorescence quantum yields. Aza-BODIPY is an appealing 

chromophore due to its red-shifted absorption and emission spectra in 

comparison to the BODIPY core and also retains excellent optical 

features of the BODIPY.
[51–54] 

The presence of a nitrogen atom at the 

meso-position perturbs the energy levels, which leads to stabilization 

of the energy levels compared to BODIPY.
[55,56] 

This causes a 

bathochromic shift in the absorption spectrum in the 650–850 nm 

region, and the molar extinction coefficients in the range 7.5 x 10
4
 – 

9.5 x 10
4
 M

−1
 cm

−1
. Similar to BODIPY dyes, aza-BODIPY dyes also 

exhibit high molar extinction coefficients and moderate fluorescence 

quantum yields (ca. 0.20–0.40).
[46] 

The straightforward synthesis of the 

aza-BODIPY core and its red-shifted absorption, in contrast to its 

carbon analogue, present numerous possibilities for utilization in 

various optoelectronic applications. 
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Figure 1.3. Absorption spectra of donor/acceptor based aza-BODIPY 

dye 19. 

Aza-BODIPY dyes have been widely used as NIR-emitting 

chemosensors, imaging probes, and fluorescent labels due to their high 

absorbance, attractive emission, and ease of structural 

modification.
[27,57]

 In addition, it has been found that the significant red 

shift in the absorption and emission into the NIR region can be 

effectively achieved by extension of -conjugation via attachment of 

donor or/and acceptor groups to the phenyl rings, and replacement of 

F-atoms with alkynyl/aryl groups.
[41,58,59] 

Recently we have 

reported  triphenylamine substituted tetracyanobutadiene (TCBD) 

bridged aza-BODIPY by [2 + 2] cycloaddition-retroelectrocyclization 

reaction (Figure 1.3.).
[60]

 The introduction of TCBD between 

triphenylamine and aza-BODIPY results in panchromatic absorption 

owing to the absorption of TCBD at lower wavelength region (400–

600 nm) and aza-BODIPY at longer wavelength region (650–850 nm). 

The molecules with panchromatic absorption covering Vis-NIR region 

and low band gap are of great interest for photovoltaic 

applications.
[30,61–63]
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1.6.  Applications of Near-Infrared Absorbing Aza-BODIPYs 

1.6.1 In Organic Photovoltaics 

Photovoltaic is one of the most rapidly expanding fields of electricity 

generation worldwide. Silicon solar cells grabbed the solar cell market 

due to higher efficiencies compared to organic solar cells. The Si-solar 

cells suffer from limitations of high fabrication and installation cost. 

Recently organic solar cells have attracted a great deal of attention by 

overcoming these limitations and emerging as an suitable alternative to 

silicon solar cells in the near future. 

In recent years organic small molecules have attracted attention over 

polymers for their use in solar cell owing to their characteristic 

properties such as high purity, batch to batch reproducibility, stability, 

and scalable synthetic routes. The organic materials having broad 

absorption in the Vis-NIR region with low bandgap are considered as 

promising materials for solar cell.  Hence conjugated organic dyes 

have been widely used for organic solar cells. The characteristic 

absorption of functionalized aza-BODIPY dyes towards NIR region 

with low HOMO-LUMO gap exhibits its potential to use in organic 

solar cells. The chemical structures of the aza-BODIPY dyes used in 

solar cells are provided in Chart 1.3. and their power conversion 

efficiencies (PCEs) are given in Table 1.1. 

Ma and co-workers first time reported BF2-chelated 

azadipyrromethene dyes 20 and 21 for planar heterojunction solar 

cells.
[64] 

The aza-BODIPYs (20 and 21) showed broad absorption in 

visible to NIR region with their absorption maxima at 656 nm and 724 

nm respectively. These NIR dyes 20 and 21 were used as electron 

donors along with fullerene C60 as the acceptor in order to make 

efficient planar heterojunction organic solar cells (OSCs). The solar 

cell devices of aza-BODIPY 20 and 21 with fullerene C60 exhibited 

power conversion efficiencies up to 1.32 and 2.63% respectively. 
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Chart 1.3. Chemical structures of aza-BODIPY dyes 20–34 used in 

organic solar cells. 

Benzannulated aza-BODIPY dyes 22–25 with heterocyclic 

substituents, namely N-methyl pyrrole and N-methyl indole were 

synthesized by Li and co-workers. The photophysical properties of 

benzannulated aza-BODIPY dyes 22–25 exhibited absorption in the 

690–795 nm regions with molar extinction coefficient between 65100–

104500 L mol
-1

 cm
-1

. The cyclic voltammetry and DFT studies 

indicated aza-BODIPY dyes 22–25 could act as donor materials along 

with C60 as the acceptor in solar cell. The HOMO and LUMO energy 

levels in these aza-BODIPY derivatives were tuned by replacing the 

cyano group by the fluorine atom. The aza-BODIPY 22–25 have 

excellent thermal stabilities, making them suitable for vacuum 

processing devices. The PCEs obtained for aza-BODIPYs 22–25 were 

0.8 to 2.2% with highest PCE of 2.2% with Voc of 0.67 V for 25. 

Leo and co-workers synthesized the benzannulated aza-BODIPY dyes 

26–30 with a fluorene moiety connected to the boron atom.
[51] 

They 

showed absorption in 670–715 nm in solution (705–842 nm in thin 

film). Aza-BODIPY dyes 26–30 were used as donor materials along 
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with fullerene acceptor has showed efficiencies up to 4.5% for an 

optimized device using C60 as an acceptor). Sharma and co-workers 

reported NIR absorbing aza-BODIPY dyes with covalently linked 

phenothiazine (in 31 AZA-PTZ-BOD) and phenoxazine (in 32 AZA-

POZ-BOD) moieties as terminal groups and aza-BODIPY as a central 

core moiety and reported as donor materials along with PC71BM 

acceptor for bulk heterojunction (BHJ) solar cell application.
[65] 

The 

absorption spectra of 31 and 32 showed absorption maxima in 

dichloromethane solvent at 655 nm and 652 nm, respectively. The film 

state absorption in 31 and 32 exhibited red shift of around 40 nm 

compared to the solution state which is related to the strong  

interactions in the solid state (Figure 1.4.).
[66]

 The solution-processed 

bulk-heterojunction (BHJ) solar cell devices showed high PCE of 

8.23% for the 31:PC71BM blend compared to that for the 32:PC71BM 

counterpart (7.24%). 

 

 

Figure 1.4. UV-visible absorption of 31 and 32 in dichloromethane 

solution (S) and thin film (F). 

 

Shimizu and co-workers developed the aza-BODIPY dyes 33 and 34 

by the Stille cross-coupling reaction.
[67] 

The aza-BODIPY dyes 33 and 

34 exhibited broad absorption in the UV-Vis-NIR region with a 

absorption maxima at 783 and 827 nm with molar absorption 
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coefficient 1.08×10
5
 M

-1
 cm

-1
 and 1.17×10

5
 M

-1
 cm

-1
 respectively. The 

aza-BODIPY dyes 33 and 34 were used as donor materials along with 

PC71BM acceptor for solar cell application. The symmetrical aza-

BODIPY dye 34 exhibited higher PCE (3.88%) than the 

unsymmetrical dye 33 (1.49%) owing to the panchromatic absorption. 

 

Table 1.1. Solar cell power conversion efficiencies of aza-BODIPY 

dyes 20–34. 

Aza-BODIPY PCE (%) 

20 1.3 

21 2.63 

22 0.8 

23 0.8 

24 1.6 

25 0.8 

26 1.1 

27 2.7 

28 3.7 

29 4.5 

30 2.6 

31 8.23 

32 7.24 

33 1.49 

34 3.88 
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1.6.2. Boron Neutron Capture Therapy 

Cancer is currently one of the most dangerous diseases with highest 

fatality rate followed by cardiovascular disease. So far cancer 

treatments are suffering from toxic side effects of chemical drugs. 

Among the potential solutions, boron neutron capture therapy (BNCT) 

is most promising, highly selective targeted radiotherapy in the 

treatment of cancer. BNCT treatment is based on the nuclear capture 

and fission reaction in between non-toxic thermal neutron beam and 

10
B atoms. This treatment is used to treat solid cancer tumors, 

including those found in the brain, neck, and head. BODIPY and aza-

BODIPY fluorophores possess a boron atom and are interesting 

candidates for BNCT.  

 

 

 

 

 

 

 

 

Chart 1.4. Chemical structure of BODIPY (35), aza-BODIPY (36), 

and aza-BODIPY (37) used in BNCT. 

Sancey and co-workers reported the short wave infrared (SWIR) 

region emitting BODIPY 35, aza-BODIPY 36, and 37 aggregate in 

treating tumors via enhanced permeability and retention (EPR) with a 

high and sustainable tumor/healthy muscle ratio without the need for 
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anchoring vectors.
[68] 

Here, the fluorescence properties of aza-

BODIPY useful to vectorize the small 
10

B-BSH molecule at the target 

tissue. The dyes 35, 36 and 37 were well absorbed by tumor cells and 

determined its biodistribution in mice with tumors. They demonstrated 

the BNCT potential of these compounds by exposing glioblastoma 

xenografts that included chorioallantoic membrane to slow neutrons.  

 

Figure 1.5. Laser-induced breakdown spectroscopy (LIBS) elemental 

imaging of boron from tumor sections collected at day 16 showing the 

presence of remaining boron in tumors treated with aza-SWIR-BSH-01 

(37). 

The optical imaging and elemental imaging based on the laser-induced 

breakdown spectroscopy (LIBS) were used to demonstrate tumor 

accumulation of the compound in real-time (Figure 1.5.). Overall, the 

fluorescent aza-BODIPY/
10

B-BSH compounds has a greater 

theranostic potential for an effective BNCT approach since it can 

vectorize along with image 
10

B-BSH in the tumor area. The authors 

confirmed the presence of boron at the tumor site under boron-

containing conditions to enhance comprehension of the obtained 

findings. Consequently, tumors excised on day 16 underwent slicing 

and analysis using LIBS imaging for elemental examination. The 

analysis focused on phosphorus and the boron content and distribution. 

Phosphorus, found in every cell, was chosen because its distribution 

reflects the tissue area. In Figure 1.5., phosphorus was utilized to 
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outline the tissue sections (in white). As depicted in Figure 1.5., tumors 

treated with aza-SWIR-BSH-01 (37) exhibited observable boron in all 

sections, contrasting with the absence of boron in the 
10

B-BSH 

condition. While 
10

B-BSH might accumulate at the tumor site, it likely 

does so to a lesser extent, or it may be released from the tumor site 

over an extended period, falling below the detection limits of the LIBS 

system. Conversely, aza-SWIR-BSH-01 (37) accumulated significantly 

in the tumor region (Figure 1.5.) and remained in the tissues for 6 days 

post-administration. 

1.6.3.  Photodynamic therapy (for cancer treatment) 

The use of reactive oxygen species, including 
1
O2, O2

·–
, OH

·
, etc., in 

photodynamic therapy has garnered significant interest in cancer 

treatment.
[69–71]

 This therapeutic approach relies on photosensitizers, 

light irradiation, and molecular oxygen as key components. There has 

been extensive development of organic or inorganic photosensitizers 

with exceptional reactive oxygen species generation efficiency for use 

in photodynamic therapy. This treatment modality is known for its 

non-invasiveness and reduced toxicity when compared to traditional 

therapies. 

Consequently, researchers have been investigating new 

photosensitizers with optimal physicochemical properties to enhance 

the effectiveness of tumor photodynamic therapy. Aza-BODIPY is 

known for its strong NIR absorption, high extinction coefficient, and 

excellent photostability, all of which contribute to its remarkable 

photothermal conversion efficiency. 
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Chart 1.5. Chemical structures of aza-BODIPY derivatives 38–55 

used in photothermal therapy and photodynamic therapy.  

One of the best strategies in the development of efficient novel 

photosensitizer is to substitute the heavy atoms such as halogens 

(Bromine, Iodine) and metal ions which enhances the spin orbit 

coupling.
[72,73]

 In 2020, Zhao and co-workers used this strategy and 

systematically investigated the effect of halogens (Br, I) substitution on 

the performance of aza-BODIPY through synthesizing 18 different 

mono- or di-halogenated aza-BODIPY derivatives 38–55 (Chart 

1.5.).
[74]

 They found that all the halogen substituted aza-BODIPYs 

were capable of producing reactive oxygen species under light 

illumination. The mono-iodo substituted aza-BODIPY 41 showed the 

best photodynamic efficiency with a 
1
O2 quantum yield of 0.52.  
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Figure 1.6. Tumor growth curves in evaluation of tumor growth 

inhibition in HeLa-tumor bearing xenograft model mediated by PDT. 

The singlet oxygen quantum yield for aza-BODIPYs 38–55 are given 

in Table 1.2. These results demonstrated that the mono-iodo 

substituted aza-BODIPY 41 show selective tumor accumulation with a 

retention time up to the 10 hours, while it was eliminated from other 

major organs. Subsequent vivo antitumor investigations supported that 

the growth of compound aza-BODIPY 41 treated tumors were slower 

compared to that of tumors treated with the conventional 

photosensitizer chlorin e6 (Ce6) even at low drug dosage and the once-

off irradiation (Figure 1.6.).  
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Table 1.2. Singlet oxygen quantum yields for aza-BODIPY derivatives 

38–55. 

Aza-BODIPY Singlet oxygen 

quantum yield (ΦΔ 
a
) 

38 0.14 

39 0.24 

40 0.10 

41 0.52 

42 0.29 

43 0.10 

44 0.12 

45 0.05 

46 0.14 

47 0.14 

48 0.17 

49 0.08 

50 0.08 

51 0.11 

52 0.51 

53 0.16 

54 0.25 

55 0.19 

a
Measured in DMF using ZnPc (ΦΔ = 0.56 in DMF) as the standard. 

a
Singlet oxygen quantum yield (ΦΔ) with reference to ZnPc (ΦΔ = 

0.56) in DMF. 

The merging of photodynamic and photothermal therapies could create 

greater sensitivity to improve the sensitivity of photodynamic therapy 

treatment at lower temperatures and under hypoxic conditions hence 

growing considerable interest in the field of oncological therapy.
[75] 

Aza-BODIPY derivatives exhibit higher absorption coefficients in the 

NIR range (>700 nm) compared to conventional BODIPY dyes and 

show greater photothermal conversion efficiency. 
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Chart 1.6. Chemical structures of aza-BODIPY derivatives 56–59 

used in photothermal therapy and photodynamic therapy. 

Zhao and co-workers in 2018 explored a range of halogenated aza-

BODIPYs derivatives 56–59 and studied the impact of heavy atom on 

the performance of PDT/PTT. Aza-BODIPY was substituted with 

various moieties such as two chlorine (57), two bromine (58), or two 

iodine (59) atoms (Chart 1.6).
[76] 

The four alkoxy substituents (-

OC8H17) were used to enhance the solubility of the compounds in 

organic solvents and also to improve the self-assembling ability of 

DSPE-PEG5000. These derivatives 56–59 were used as PDT/PTT 

agents and found that the 59 is the best PDT/PTT agent compared to 

others. 

1.6.4.  Fluorescence sensors 

Ring-fused aza-BODIPY dyes have been used as fluorescent probes in 

the biological systems related to their desirable photophysical 

characteristics. Kobayashi and co-workers synthesized fluorescent 

probes based on ring-fused aza-BODIPY structures.
[27] 

They 

investigated the pH dependence on the optical properties of aza-
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BODIPY 60 in dichloromethane by sequentially adding trifluoroacetic 

acid (TFA). The dye exhibited a blue shift in absorption by TFA 

addition, with decrease in intensity of peaks. The emission band also 

experienced a blue shift, while the emission intensity increased due to 

the elimination of electron-donating properties from the 

dimethylamino substituent. Due to its pH-dependent photophysical 

properties, aza-BODIPY 60 could serve as a turn-on fluorescence 

sensor. Liu and co-workers investigated the fluorescent probe 

performance of aza-BODIPY 61. Here aza-BODIPY 61 was used as a 

turn-off fluorescent probe in ammonium ion detection. The addition of 

ammonium ion resulted in a quenching of the dye's emission intensity 

and colour change from green to red-pink corresponds to the H-

aggregation. 

 

Chart 1.7. Chemical structures of aza-BODIPY derivatives 60–66 

used as fluorescence sensors. 

Boriso and co-workers in 2019 synthesized five Aza-BODIPY based 

acid–base indicator probes 62–66 (Chart 1.7.), and their spectral 

properties were tuned solely by photoinduced electron transfer.
[77] 

These dyes were made in such a way that the pH sensitive hydroxyl 

unit is placed at the meta-position of the phenyl substituent placed on 



21 
 

Aza-BODIPY core. Figure 1.7. shows the absorption and emission 

behaviour of aza-BODIPY 64 with pH indicates the quenching of 

fluorescence. However, absorption spectra were unaffected after the 

deprotonation of the hydroxyl group. Hence the hydroxyl groups are 

not in conjugation with the aza-BODIPY chromophore which makes 

these dyes 62–66 useful quenchers for photoinduced charge transfer. 

These aza-BODIPY probes 62–66 exhibit reversible “on”–“off” 

fluorescence response after deprotonation of the receptor. However, 

the absorption spectrum remains unchanged that is in contrast to state-

of-the-art indicators of the aza-BODIPY dyes. This eliminates the 

significant changes in the efficiency of the inner filter effect and FRET 

efficiency which make these probes 62–66 suitable as viable acceptors 

in light harvesting systems applicable for ratiometric pH imaging. The 

substitution of electron accepting or electron donating moiety to dye 

provides suitable materials for measurements from pH 7 to very 

alkaline pH 13. The pKa values in the range between 7.5 and 11.7 

facilitate measurements from physiological conditions (pH 7) to very 

alkaline pH. Herein the probe carrying two chlorine units in ortho-

position of phenyl (aza-BODIPY 64) ideally matches the seawater pH, 

however the other dyes possess higher pKa values due to the non-

conjugation with electron withdrawing aza-BODIPY unit.  

 

Figure 1.7. The pH dependence of absorption (solid lines) and 

emission spectra (dashed lines) of indicator 64 (a) and the state-of-the-

art hydroxy-aza-BODIPY pH indicator (c) in hydrogel D4; (b) and (d) 

show the pH equilibria for the respective dyes. 
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1.6.5.  Photo-redox catalysis 

In recent years, photoredox catalytic organic reactions have attracted 

considerable attention.
[39,78,79] 

Various synthetic methods have been 

employed to prepare highly functionalized organic compounds in good 

yield and selectivity under mild reaction conditions.
[80–83] 

BODIPY 

dyes has shown immense potential as excellent sensitizer due to their 

favorable properties, including strong absorption within 500–600 nm 

range, significant fluorescence quantum yields, and excellent 

photostability. Aza-BODIPY exhibit a bathochromic shift of 

approximately 100 nm in their absorption compared to BODIPY; 

however, they have received relatively less exploration and 

investigation. Recently numbers of aza-BODIPY based derivatives 

have been reported in literature for photo redox catalysis. 

 

Chart 1.8. Chemical structures of aza-BODIPY derivatives 67–73 

used in photo-redox catalysis. 

Ramaiah and co-workers investigated the photocatalytic activity of 

aza-BODIPY dyes 67–73 (Chart 1.8.), which possess strong NIR 

absorption.
[84] 

They introduced heavy atoms (halogens) to modify both 

the core structure and the periphery of the dyes. Aza-BODIPY dyes 

67–73 exhibited robust absorption in the NIR region, characterized by 

high molar-extinction coefficients. The introduction of heavy atoms at 

the core as well as at the periphery of these derivatives led to a 
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substantial improvement in their intersystem-crossing efficiency. It 

was demonstrated that 2,6-disubstituted dyes generate singlet oxygen 

with greater efficiency, which could be attributed to the heavy atom 

effect induced by the presence of iodides. Moreover, aza-BODIPY 72 

and aza-BODIPY 73, with six halogen atoms attached to both the core 

and the periphery, exhibited notably higher singlet oxygen quantum 

yields (ΦΔ) of 80% and 70%, respectively. The authors successfully 

achieved a 100% conversion of 1-naphthol to 1,4-naphthoquinone 

through photoirradiation, employing aza-BODIPY 72 as the triplet 

photosensitizer (Scheme 1.5.). This high conversion was attributed to 

the excellent singlet oxygen quantum yield (ΦΔ), photostability, and 

solubility exhibited by aza-BODIPY 73. 

 

Scheme 1.5. Photooxygenation of 1-naphthol by using aza-BODIPY 

72. 

1.6.6.  Photoacoustic probes 

Photoacoustic imaging is a rapidly growing field and is a potential 

alternative to MRI and X-ray scans in the clinical practice because of 

its ability to provide high resolution images of tissues at depths (in the 

cm range). Photoacoustic probes have been widely studied for their 

ability to visualize and selectively target specific cancers, blood 

vessels, and metabolic processes. Aza-BODIPY dyes have a unique 

combination of photostability, brightness, and high absorption 

coefficients in the near-infrared region, making them ideal candidates 

for various medical imaging applications. 
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For the first time, Chan and co-workers developed small molecule 

based photoacoustic probes aza-BODIPY 74 and 75 (Chart 1.9.) for 

ratiometric imaging of Cu
2+

.
[85]

 These molecules were constructed by 

attaching a 2-picolinic ester to phenyl of aza-BODIPY, which is easily 

hydrolyzed by Cu(II), but it cannot be hydrolyzed by other divalent 

metal ions. Aza-BODIPY 75 show two absorption bands, first below 

700 nm (697 nm) which is related to the capped 2-picolinic ester 

attachment and the second above 700 nm (767 nm), relates to 

uncapped phenoxide product. Irradiating an aza-BODIPY probe 74 at 

the blue-shifted absorbance maxima at 680 nm as well as the red-

shifted absorbance maxima at 755 nm gives two corresponding PA 

signals. The aza-BODIPY 75 is very selective for Cu(II) as compared 

to other metal ions. These results provided importance of 

photoacoustic imaging to carry out imaging experiments in the cm 

range and also this technique provides the imaging depth in cm range 

which is greater than that with optical methods. 

 

Chart 1.9. Chemical structures of aza-BODIPY derivatives 74–76 

used in photoacoustic probe applications. 

The peroxynitrite (ONOO
–
) is recognized as a highly reactive 

oxidizing agent within biological systems, and its close association 

with tumors has been established. Consequently, it becomes crucial to 

promptly detect the presence of ONOO
-
 in tumors to gain insights into 

the underlying mechanisms and enhance therapeutic interventions. In 

2017, Pu and co-workers introduced organic semiconductor 

nanoprobes incorporated with significant quantities of borane for in 
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vivo ratiometric photoacoustic imaging of ONOO
-
. The main sensing 

component chosen was boronate-caged aza-BODIPY 76. In the 

presence of ONOO
-
, the boronate group could be eliminated, leading to 

the formation of a phenoxide product with the red shift in the 

absorption towards NIR region. The phenoxide product generated was 

utilized for ratiometric photoacoustic imaging. The boronate 

component exhibits reactivity towards both ONOO
-
 and H2O2. To 

address these concerns, bulky boranes were introduced possessing 

properties of optical inactivation and heightened chemical activity. 

This modification rendered the nanoparticles with no response to H2O2 

and pH variations, thereby improved the specificity for detecting 

ONOO
-
. 

A lack of oxygen occurs hypoxia which can cause damage to the 

body's functions. This is common in various diseases, such as cancer 

and ischemia. Hence identifying tumor hypoxia can help in treatment 

of patients with respect to their response. Chan and co-workers 

developed the ratiometric hypoxia probes aza-BODIPYs 77 (rHyP-1) 

and 78 (red-rHyP-1), which is a hypoxia responsive small molecule 

probe used for reliable hypoxia detection using photoacoustic 

imaging.
[86] 

In the absence of oxygen, N-oxide group is reduced which 

results in a red-shift in absorption of probe aza-BODIPY 78 from 749 

to 818 nm. The normalized absorption spectra (in chloroform) and 

photoacoustic spectra of 77 and 78 are as shown in Figure 1.8.). In 

hypoxic conditions, in vitro photoacoustic imaging experiments of aza-

BODIPY 78 exhibited the PA820/PA770 ratio of 2-fold than that of under 

normoxic conditions. 
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Figure 1.8. a) Chemical structures of aza-BODIPY derivatives 77 (rHyP-1) 

and 78 (red-rHyP-1) used in photoacoustic imaging; (b) Normalized 

absorption spectra of 77 and 78 in chloroform. (c) PA spectra of 77 and 78 in 

chloroform. 

1.6.7.  Energy-transferring chromophores in optoelectronics 

There are number of literature reports available on aza-BODIPY 

derivatives showing fluorescence resonance energy transfer (FRET) 

phenomena and their applications in energy transfer cassettes.
[87–94] 

FRET is a mechanism of having transfer of energy in between two 

chromophores, in which donor possesses high quantum yield and there 

is significant overlap between emission band observed from donor and 

absorption band of acceptor. FRET operates within the distance range 

of around 10 nm between two chromophores. 
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Chart 1.10. Chemical structures of aza-BODIPY derivatives 79 and 80 

used in (Energy-transferring chromophores in) optoelectronics 

applications. 

Sengupta and co-workers synthesized multichromophoric triads 

composed of central aza-BODIPY core and bay substituted 

(tetrachloro- and tetraphenoxy-) perylenediimides (PDI) as end 

chromophores 79 and 80 via copper catalyzed azide-alkyne 

cycloaddition reaction.
[95] 

These triads showed around 99% FRET 

from the end chromophore PDIs to central core aza-BODIPY and are 

having panchromatic absorption and near infrared (NIR) emission. The 

absorption spectrum of triad 79 in CHCl3 displayed two absorption 

bands at 520 nm (ε = 72951 M
-1

 cm
-1

) and 688 nm (ε = 68828 M
-1

 cm
-

1
) corresponding to the PDI and aza-BODIPY moieties respectively 

(Figure 1.9.). In the similar fashion, the triad 80 exhibited absorption 

maximum at 580 nm (ε = 99795 M
-1

 cm
-1

) and 688 nm (ε = 88612 M
-1
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cm
-1

). Upon excitation of the triad 79 at 520 nm, the emission intensity 

of the PDI donor at 550 nm was significantly quenched by approximately 

98% compared to free PDI moiety and the emission intensity of the 

aza-BODIPY core was improved by ~15% at 717 nm (Figure 1.9.), 

exhibits excitation energy transfer from the PDI unit to aza-BODIPY 

core. Likewise, upon excitation of triad 80 at 580 nm decrease the 

fluorescence intensity of donor unit by about ~99%, accompanied by 

an associated increase in the intensity of aza-BODIPY core by ~16% at 

688 nm. The lower values of fluorescence quantum yield in both aza-

BODIPY triads 79 and 80 confirm the FRET phenomena between 

donor PDI and acceptor aza-BODIPY units. 

 

Figure 1.9. Thin film UV–Vis spectra for (a) 79 and (b) 80 spin-coated 

from CHCl3 solution. Fluorescence spectral changes of (c) 79 (5 mM) 

and (d) 80(5 mM) upon incremental addition of Co
2+

 (0 to 20 equiv.) in 

THF solution. 

The electrochemical investigation showed the strong electron 

accepting character of these triads. Hence the electron mobilities were 

measured to be appreciable 2.44 ± 1.70 × 10
-3

 cm
2
 V

-1
 s

-1
 and 4.00 ± 

1.50 × 10
-3

 cm
2
 V

-1
 s

-1
 respectively using space charge limited current 

(SCLC) method. These electron mobility values are higher than 
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reported aza-BODIPY based derivatives in the literature. These triads 

79 and 80 showed the remarkable ratiometric FRET-off sensing when 

reacted with metal cations Co
2+

 and Fe
3+

.  

 

Chart 1.11. Chemical structures of aza-BODIPY derivatives 81, 82 

and 83 used in (Energy-transferring chromophores in) optoelectronics 

applications. 

D'Souza and co-workers developed a molecular clip that contains BF2-

chelated tetraaryl aza-BODIPYs as a near-IR emitting fluorophores 81 

(ZnP-azaBODIOPY) and 82 ((MP)2-azaBODIOPY).
[96] 

Here the aza-

BODIPY is covalently linked to one and two porphyrin rings (MP, M 

= 2H or Zn) in ‘molecular clip’ to host fullerene. The two Zn based 

triad 83 (C60Py2:(ZnP)2-azaBODIPY) is spatially arranged in a 

‘molecular clip’ structure to accommodate the bispyridine 

functionalized fullerene through a ‘two-point’ metal−ligand axial 

coordination which forms supramolecular tetrad 83. 
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Figure 1.10. IPCE (%) curves of (i) 83 (C60py2: (ZnP)2-azaBODIPY 

tetrad), (ii) 82 ((ZnP)2-azaBODIPY triad), and (iii) C60py2:(ZnP)2 

donor−acceptor systems electrophoretically deposited on the surface in 

acetonitrile solution containing (0.25 M LiI, 0.25 M butyl methyl 

imidazolium iodide (BMII), 0.05 M I2) for I
−
/I3

−
 redox mediator. 

The introduction of second acceptor fullerene in molecular assembly 

helps electron transfer from the singlet excited metal porphyrin (MP) 

to the fullerene in order to generate charge-separated 

C60(py)2
•−

:(ZnP)2
•+

-azaBODIPY in nonpolar solvent. Therefore, the 

formation of a non-covalent assembly of building blocks helps in the 

formation of photo/electroactive materials with desired features which 

were not possible to attain in a single molecule. Photoelectrochemical 

cells were made by electrophoretic deposition of these systems on 

FTO/SnO2 modified surface (Figure 1.10.). The higher IPCE of around 

17% (nearly at the peak maxima) was observed for compound 83 

modified electrode in comparison with compound 82 modified 

electrode (∼11%). 
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Chapter 2 

Materials and experimental techniques   

2.1. Introduction 

In this chapter the materials used, general synthetic procedures, 

characterization techniques and the instrumentation employed in this 

thesis are discussed.  

2.2. Chemicals for synthesis 

Common solvents used for syntheses were purified according to 

known procedures.
[1]

 Benzaldehyde, acetophenone, nitromethane, 

ethanol, methanol, potassium hydroxide, ammonium acetate, 

phosphurus oxychloride, dimethylformamode, and boron trifluoride 

etherate were obtained from Spectrochem India. Triethylamine, N,N-

di-isoprophylethylamine, were obtained from S.D.Fine chem. Ltd. 

N,N-Dimethylethylamine, fullerene (C60), sarcosine, hydroxylamine 

hydrochloride, CuI, Pd(PPh3)4, PdCl2(PPh3)2, and tetrabutylammonium 

hexafluorophosphate (TBAF6) were procured from Aldrich chemicals 

USA. Aluminum oxide (neutral) and silica gel (100–200 mesh and 

230–400 mesh) were purchased from Rankem chemicals, India. TLC 

pre-coated silica gel plates (Kieselgel 60F254, Merck) were obtained 

from Merck, India. 

Dry solvents dichloromethane, chloroform, tetrahydrofuran (THF), 

N,N-dimethylformamide (DMF), dioxane and methanol were obtained 

from spectrochem and S.D.Fine chem. Ltd. All oxygen or moisture 

sensitive reactions were performed under nitrogen/argon atmosphere 

using standard schlenk method.  

The solvents and reagents were used as received unless otherwise 

indicated. Photophysical and electrochemical studies were performed 

with spectroscopic grade solvents.  
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2.3. Spectroscopic Measurements 

2.3.1. NMR Spectroscopy 

1
H NMR (400/500 MHz), 

13
C NMR (100/125 MHz),

 11
B NMR (128.37 

MHz), and 
19

F NMR (376.49 MHz) spectra were recorded on the 

Bruker Avance (III)   400/500 MHz, using CDCl3 as solvent. Chemical 

shifts in 
1
H, 

13
C, 

11
B and 

19
F NMR spectra were reported in parts per 

million (ppm). In 
1
H NMR chemical shifts are reported relative to the 

residual solvent peak (CDCl3, 7.26 ppm). Multiplicities are given as: s 

(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), m 

(multiplet), and the coupling constants J, are given in Hz. 
13

C NMR 

chemical shifts are reported relative to the solvent residual peak 

(CDCl3, 77.36 ppm). 

2.3.2. Mass Spectrometry 

High resolution mass spectra (HRMS) were recorded on Brucker-

Daltonics, micrOTOF-Q II mass spectrometer using positive and 

negative mode electrospray ionizations. 

2.3.3. UV-Vis Spectroscopy 

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio 

UV-Vis and PerkinElmer LAMBDA 35 UV/Vis spectrophotometer. 

2.4. Electrochemical Studies 

Cyclic voltamograms (CVs) and Differential Pulse Voltamograms 

(DPVs) were recorded on CHI620D electrochemical analyzer using 

Glassy carbon as working electrode, Pt wire as the counter electrode, 

and Saturated Calomel Electrode (SCE)/ Ag/AgCl as the reference 

electrode. The scan rate was 100 mVs‐
1
. A solution of 

tetrabutylammonium hexafluorophosphate (TBAPF6) in DCM (0.1 M) 

was employed as the supporting electrolyte. 
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2.5. Elemental Analysis 

Elemental analyses for elements carbon, hydrogen, nitrogen and 

sulphur were performed on the Thermo Scientific FLASH 2000 

(formerly the Flash EA1112) elemental analyser. 

2.6. Computational Calculations 

The density functional theory (DFT) calculation were carried out at the 

B3LYP/6‐31G (d, p) level for B, F, S, C, N, O, H in the Gaussian 09 

program.
[2] 
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Chapter 3 

NIR absorbing donor-acceptor functionalized 

aza-BODIPYs: synthesis, photophysical and 

electrochemical properties 

3.1. Introduction 

The π-conjugated organic chromophores with near-infrared (NIR) 

absorption has grabbed  considerable attention due to their excellent 

photophysical properties and widespread applications in 

optoelectronics.
[1–5] 

These dyes have become the preferred choice for 

various biological applications due to their optical properties including 

high quantum yield, low photobleaching, and deep tissue 

penetration.
[6–10]

 Aza-BODIPY is an important class of boron family 

which offers an exceptional structural adaptability and can be easily 

functionalized at all positions on the core.
[11–16] 

The introduction of a 

nitrogen atom at the meso position of the boron dipyrromethene 

(BODIPY) leads to a significant bathochromic shift of the absorption 

and emission in resulting aza-BODIPY chromophore.
[17–22] 

Since the 

last decade, significant progress has been seen in the chemistry of aza-

BODIPY dyes by substituting various aryl moieties at 1, 7-positions, 3, 

5-positions or 2, 6-positions.
[23–28] 

The donor and acceptor 

functionalized chromophores based on aza-BODIPY have been 

reported for various optoelectronic applications such as solar cells, 

organic light emitting diodes and in bioimaging.
[29–35]

 

The functionalization of the aza-BODIPY core with a donor 

substituent will result in a donor–acceptor (D–A) molecular system 

with absorption extending towards NIR region, and the strength of this 

D–A interaction can be tuned by varying the nature and number of the 

donor substituents.
[36–40] 

The literature shows that the simple change in 

donor substituent on aza-dipyrromethene or aza-BODIPY leads to 
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huge redshift in the absorption spectra.
[41] 

We have recently reported 

different donor functionalized aza-BODIPY dyes and studied their 

photophysical and electrochemical properties.
[42]

 

 

Figure 3.1. Chemical structures of tetra-aryl functionalized aza-

BODIPYs 1–10. 

Herein, we report the design and synthesis of tetra-aryl substituted aza-

BODIPY dyes 2–5, 7 and 9 using condensation reaction followed by 

complexation with boron trifluoride diethyl etherate (BF3.OEt2). The 

optical and electrochemical properties of the aza-BODIPYs 1–10 were 

investigated, along with the computational calculations. The primary 

aim of this study was to explore and compare the effect of aryl 

functionalization (such as phenyl, tolyl, anisole, phenothiazine, 

thioanisole, thiophene) on the photophysical and electrochemical 

properties of aza-BODIPY. 
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3.2. Results and Discussion 

The synthesis of tetra-phenyl, tetra-anisole, tetra-thioanisole, and tetra-

thiophene functionalized aza-BODIPYs 1, 6, 8, and 10 are previously 

reported in the literature.
[13,43–45] 

The synthesis of different donor 

substituted aza-BODIPY dyes 2–5, 7 and 9 are shown in Scheme 3.1. 

These aza-BODIPY derivatives were synthesized by reacting 

intermediates 2A–5A, 7A and 9A with ammonium acetate in ethanol 

solvent at 85 °C for 48 hours followed by complexation without 

purifying at this stage by using boron trifluoride diethyl etherate 

(BF3.OEt2) at room temperature. The intermediate precursors 2A–5A, 

7A and 9A were synthesized by reacting different aryl benzaldehydes 

with different aryl acetophenones at room temperature for 24 hours 

followed by reaction with nitromethane, diethylamine at 60 
o
C for 24 

hours.
[46] 

 

 

Scheme 3.1. Synthetic route for aryl functionalized aza-BODIPY dyes 

2–5, 7 and 9.  

The aza-BODIPY dyes 2–5, 7 and 9 were purified by column 

chromatography, using silica gel. The aza-BODIPY dyes 2–5, 7 and 9 

exhibited excellent solubility in common organic solvents namely, 

dichloromethane, chloroform, toluene, and are well characterized using 
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1
H NMR, 

13
C NMR, 

11
B NMR, 

19
F NMR and HRMS characterization 

techniques. 

3.3. Photophysical Properties 

The electronic absorption spectra of the aza-BODIPY dyes 2–5, 7 and 

9 were recorded in dichloromethane solvent at room temperature 

(Figure 3.2.) and the corresponding data are listed in Table 3.1. The 

absorption spectra of tetra-aryl functionalized aza-BODIPY dyes 1–10 

exhibited two absorption bands covering absorption in the visible and 

near-infrared region. They show one intense broad absorption band in 

the visible region from 400–520 nm due to π→π* transition, and 

another absorption band covering the visible to NIR region from 520–

1000 nm due to intermolecular charge transfer (ICT) transition. 

Notably, the intense band in the longer wavelength region showed a 

broad absorption in phenothiazine functionalized aza-BODIPY dyes 2–

5.  
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Figure 3.2. Normalized electronic absorption spectra of aryl 

functionalized aza-BODIPYs 2–5, 7 and 9 (1×10
-5

M). 
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The tetra-aryl functionalized aza-BODIPY dyes 1–10 show absorption 

maxima at 650,
[43] 

620, 644, 732, 744, 690,
[44] 

702, 717,
[45] 

727 and 

742,
[13] 

nm respectively. The molar absorption coefficients (εmax) for 

tetra-aryl functionalized aza-BODIPYs were observed at: 66,000 M
-

1
cm

-1
 for 1, 36,000 M

-1
cm

-1
 for 2, 35,000 M

-1
cm

-1
 for 3, 53,000 M

-1
cm

-

1
 for 4, and 41,000 M

-1
cm

-1
 for 5, 66,000 M

-1
cm

-1
 for 6, 58,000 M

-1
cm

-

1
 for 7, 93,000 M

-1
cm

-1
 for 8, 43,000 M

-1
cm

-1
 for 9, and 110,000 M

-

1
cm

-1
 for 10. The phenothiazine substituted di-anisole and di-

thioanisole functionalized aza-BODIPYs 4 and 5 exhibited red shifted 

absorption bands in the longer wavelength region, owing to the 

stronger electron donating ability of the anisole and thioanisole units 

compared to the phenyl and tolyl substituents in aza-BODIPYs 1–3. 

Similarly, the di and tetra-thiophene functionalized aza-BODIPYs 9 

and 10 exhibited red shifted absorption bands in the longer wavelength 

region compared to the anisole and thioanisole functionalized aza-

BODIPYs 6–8, due to the presence of stronger donating ability of the 

thiophene unit. 

The aza-BODIPY dyes 4, 5 and 7–10 show a red-shifted absorption 

compared to other aza-BODIPY dyes 1–3 and 6 due to presence of 

strong donating phenothiazine, thioanisole, and thiophene units. The 

phenothiazine functionalized aza-BODIPY with tolyl substituent 3 

shows bathochromic shift of 24 nm compared to aza-BODIPY with 

phenyl substituent 2 indicating that the methyl substituent on phenyl 

moieties has a pronounced effect. The change of substituent from tolyl 

to anisole and thioanisole in phenothiazine functionalized aza-

BODIPY 3 exhibited red shift of 88 and 100 nm in aza-BODIPY 4 and 

5 respectively due to better communication between 

anisole/thioanisole donor and aza-BODIPY acceptor respectively. The 

change of electron donating anisole units in tetra-anisole substituted 

aza-BODIPY 6 shows red shift of the absorption by 37 nm in aza-

BODIPY 9 with two thiophene and two thioanisole substituents. 

 



56 
 

Table 3.1. Photophysical properties of tetra-aryl functionalized aza-

BODIPY dyes 1–10. 

a
Absorbance measured in dichloromethane at 1 × 10

-5
 M concentration, 

ε: molar extinction coefficient.  

The replacement of two electron donating units in two thiophene and 

two thioanisole functionalized aza-BODIPY 9 with tetra-thiophene 

units in aza-BODIPY 10 led to a red shift in absorption by 15 nm. The 

absorption data in Table 1 showed that the simple change in aryl 

substituent has a significant impact on absorption, as donating strength 

of aryl substituent on aza-BODIPY increases, the red shift in the 

absorption maxima was observed. 

3.4. Electrochemical Properties 

The oxidation and reduction potentials of the tetra-aryl functionalized 

aza-BODIPY dyes 2–5, 7 and 9 were investigated by using cyclic 

voltammetry (CV) at 100 mV s
-1

 scan rate in dichloromethane solvent 

with tetrabutylammonium hexafluorophosphate (Bu4NPF6) as a 

supporting electrolyte (0.1 M). Figure 3.3. and Figure 3.4. shows the 

CV plots, and the corresponding data are given in Table 3.2. 

Dyes λmax (nm)
a
 ɛ x 10

4
 

(M
-1

.cm
-1

)
a
 

1
[43]

 650 6.6 

2 620 3.6 

3 644 3.5 

4 732 5.3 

5 744 4.1 

6
[44]

 

7 

8
[45]

 

9 

10
[13]

 

690 

702 

717 

727 

742 

6.6 

5.8 

9.3 

4.3 

11.0 
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Figure 3.3.  Oxidation CV curves of phenothiazine based aza-

BODIPYs 2–5, 7 and 9. 
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Figure 3.4. Reduction CV curves of tetra-aryl functionalized aza-

BODIPYs 2–5, 7 and 9. 

The phenothiazine functionalized aza-BODIPYs with phenyl, tolyl, 

anisole and thioanisole substitution 2–5 exhibited three oxidation 

potentials corresponding to phenothiazine and aza-BODIPY unit. The 

aza-BODIPYs 2–5 show oxidation potentials at 0.42 V, 1.06 V, 1.32 

V; 0.47 V, 0.99 V, 1.23 V; 0.42 V, 1.18 V, 1.41 V; and 0.47 V, 1.16 V, 

1.28 V respectively. The aza-BODIPYs with anisole and thiophene 

substitution 7 and 9 exhibited oxidation potentials at 0.65 V, 0.98 V, 

and 0.75 V, 1.05 V, 1.37 V respectively related to two thiophene and 

aza-BODIPY moieties in the molecule. The first oxidation potential of 

aza-BODIPYs 7 and 9 is anodically shifted as compared to other aza-

BODIPYs (2–5). Notably, the first oxidation potential in phenothiazine 
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functionalized aza-BODIPYs with tolyl and thioanisole substitution (3 

and 5) is anodically shifted compared to phenothiazine functionalized 

aza-BODIPYs with phenyl and anisole substitution (2 and 4), which 

made them difficult to oxidize. 

Table 3.2. Electrochemical properties of tetra-aryl functionalized aza-

BODIPYs 2–5, 7 and 9. 

a
The electrochemical analysis was performed with a 0.1 M Bu4NPF6 

solution in dichloromethane at a scan rate of 100 mVs
-1

 vs Ag/AgCl at 

25 °C. 

The tetra-aryl functionalized aza-BODIPYs 2–5, 7 and 9 exhibit two 

reduction potentials owing to the electron withdrawing aza-BODIPY 

core. The reduction potentials of aza-BODIPY dyes 2, 3, 4 and 5 were 

found at -0.85 V, -1.56 V; -0.87 V, -1.60 V; -0.91 V, -1.62 V, and -

0.86 V, -1.51 V respectively. The reduction potentials observed for 

aza-BODIPY 7 are at -0.91 V, -1.60 V and for aza-BODIPY 9 are at -

0.79 V, and -1.52 V. The phenothiazine functionalized aza-BODIPYs 

with two phenyl substituents (in 2) and with two thioanisole 

substituents (in 5) exhibit easier reduction compared to aza-BODIPYs 

with two tolyl substituents (in 3) and two anisole substitution (in 4). 

The first reduction potential in case of aza-BODIPY 9 with two thienyl 

and two thioanisole substituents is anodically shifted compared to 

other aza-BODIPY dyes. The second reduction potential in case of 

aza-BODIPYs 3, 4 and 7 is cathodically shifted compared to other aza-

BODIPYs. 

Dyes E
1
  

Oxid
a
 

E
2
  

Oxid
a
 

E
3
  

Oxid
a
 

E
1
  

Red
a
 

E
2
  

Red
a
 

2 0.42 1.06 1.32 -0.85 -1.56 

3 0.47 0.99 1.23 -0.87 -1.60 

4 0.42 1.18 1.41 -0.91 -1.62 

5 

7 

9 

0.47 

0.65 

0.75 

1.16 

0.98 

1.05 

1.28 

- 

1.37 

-0.86 

-0.91 

-0.79 

-1.51 

-1.60 

-1.52 
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3.5. Theoretical calculations  

In order to understand the geometry and electronic structures of the 

donor functionalized aza-BODIPY dyes 1–10, DFT calculations were 

carried out using the Gaussian 09W program at the B3LYP/6-31G (d, 

p) level for C, H, N, S, and B. The structure optimization was 

performed in the gas phase and the corresponding frontier molecular 

orbitals with HOMO-LUMO gap of aza-BODIPYs 1–10 are shown in 

Figures 3.5., 3.6. and 3.7. The HOMOs and LUMOs of the tetra-phenyl 

and tetra-thienyl based aza-BODIPYs dyes 1 and 10 show electron 

density distributed on whole molecular backbone. The HOMO-LUMO 

gap values for aza-BODIPYs dyes 1 and 10 are 2.19 eV and 1.94 eV 

respectively (Figure 3.5.) which indicates substitution of stronger 

electron donating thienyl unit on aza-BODIPY decreases the HOMO-

LUMO gap. 

 

Figure 3.5. HOMO–LUMO energy level diagram of tetra-aryl 

substituted aza-BODIPYs 1 and 10. 
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Figure 3.6. HOMO–LUMO energy level diagram of tetra-aryl 

substituted aza-BODIPYs 2–5. 

The frontier molecular orbitals (FMOs) of phenothiazine based aza-

BODIPYs 2–5 (Figure 3.6.) shows that the electron density in HOMOs 

is mainly localized on phenothiazine donor unit, whereas electron 

density in LUMOs is mainly localized on aza-BODIPY acceptor core. 

This indicates intramolecular charge transfer (ICT) interaction. The 

HOMO-LUMO gap values for aza-BODIPYs dyes 2–5 were found to 

be 1.82 eV, 1.83 eV, 1.86 eV and 1.81 eV respectively (Figure 3.6.) 

which indicates substitution of stronger electron donating thioanisole 

moiety to aza-BODIPY decreases the HOMO-LUMO gap. 
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Figure 3.7. HOMO–LUMO energy level diagram of tetra-aryl 

substituted aza-BODIPYs 6–9. 

FMOs of aza-BODIPYs 6–9 in Figure 3.7. shows that the electron 

density in HOMOs is localized on whole molecular backbone whereas 

electron density in LUMOs is concentrated on aza-BODIPY acceptor 

core (Figure 3.7.). This indicates intramolecular charge transfer (ICT) 

interaction from donor to aza-BODIPY acceptor unit. As we go from 6 

to 9 the HOMO and LUMO energy has been decreased. The HOMO-

LUMO gap values for aza-BODIPYs 6–9 was found to be 2.04 eV, 

2.00 eV, 1.96 eV and 1.96 eV respectively (Figure 3.7.) which 

indicates substitution of strong electron donating moiety on aza-

BODIPY core decreases the HOMO-LUMO gap. The energy level 

diagram in tetra-aryl substituted aza-BODIPY dyes 1–10 show 

HOMO-LIMO gap values from the calculations are in between 2.19 

eV and 1.81 eV. The di-phenothiazine substituted aza-BODIPYs 2–5 

displayed lower HOMO-LUMO gap values compared to the other 

tetra-aryl substituted aza-BODIPYs. This indicates that the substitution 

of phenothiazine unit has a more prominent donating effect over other 

aryl moieties attached to aza-BODIPY core. 
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3.6. Experimental section 

General methods  

The chemicals were used as received unless otherwise indicated. All 

the moisture sensitive reactions were performed under argon 

atmosphere using the standard Schlenk method. 
1
H NMR (500 MHz) 

and 
13

C NMR (125 MHz) spectra were recorded by using CDCl3 as the 

solvent. The 
1
H NMR chemical shifts are reported in parts per million 

(ppm) relative to the solvent residual peak (CDCl3, 7.26 ppm). The 

multiplicities are given as: s (singlet), d (doublet), m (multiplet), and 

the coupling constants, J, are given in Hz. The 
13

C NMR chemical 

shifts are reported with relative to the solvent residual peak (CDCl3, 

77.0 ppm). HRMS was recorded on a mass spectrometer (ESI-TOF). 

The UV-visible absorption spectra recorded on UV-visible 

Spectrophotometer in dichloromethane. Cyclic voltammograms (CVs) 

were recorded on an electrochemical analyzer using glassy carbon as 

working electrode, Pt wire as the counter electrode, and Ag/AgCl as 

the reference electrode. 

General method for the synthesis of aza-BODIPY dyes 2–5, 7 and 

9:  

In a 100 mL round bottom flask, 2A (0.200 g, 0.46 mmol) and 

ammonium acetate (1.24 g, 16.1 mmol) were dissolved in 25 mL of 

ethanol. The reaction mixture was heated to 85 °C for 48 hours. After 

the completion of the reaction, the mixture was directly used in the 

next step. The reaction mixture (0.100 g, 0.13 mmol) was then 

dissolved in 25 mL of dichloromethane, and diisopropylethylamine 

(0.45 mL, 2.6 mmol) was added dropwise. The solution was stirred at 

room temperature for 15 minutes, following which BF3.Et2O (0.32 mL, 

2.6 mmol) was added. The solution was stirred at room temperature for 

4 hours. The solvent was evaporated, and the crude product was 

purified on a silica gel column chromatography 

(dichloromethane/hexane, 3:2, v/v) to afford aza-BODIPY 2. The 
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characterization data of aza-BODIPYs 2–5, 7 and 9 are summarized 

below. 

Aza-BODIPY 1: 

Aza-BODIPY 1 was reported in literature.
[43]

 

Aza-BODIPY 2:  

Yield: 48%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.02 - 7.96 (m, 5 

H), 7.89 (d, J = 2.0 Hz, 2 H), 7.49 - 7.44 (m, 6 H), 7.19 - 7.15 (m, 2 H), 

7.11 (dd, J = 1.4, 7.5 Hz, 2 H), 7.03 (d, J = 8.5 Hz, 2 H), 6.97 - 6.86 

(m, 7 H), 3.97 - 3.86 (t, J = 7.1 Hz, 4 H), 1.98 - 1.86 (m, 4 H), 1.05 (t, J 

= 7.4 Hz, 6 H); 
13

C NMR (125 MHz, CDCl3, δ in ppm): 158.8, 146.4, 

145.5, 144.2, 142.5, 131.9, 130.6, 129.5, 128.9, 128.5, 127.7, 127.4, 

127.3, 127.0, 124.6, 124.1, 122.9, 117.0, 115.6, 115.5, 49.5, 20.2, 11.3; 

11
B NMR (160 MHz, CDCl3) δ 0.88 (t, JB-F=31.6 Hz). 

19
F NMR (471 

MHz, CDCl3) δ −130.64 (q, JF-B=31.0 Hz); HRMS (ESI) m/z 

[M+nH]
+
 calcd for C50H41BF2N5S2: 824.2867 found 824.2838. 

Aza-BODIPY 3: 

Yield: 41%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 7.98 - 7.90 (m, 6 

H), 7.87 (s, 2 H), 7.27 (s, 4 H), 7.16 (t, J = 7.8 Hz, 2 H), 7.10 (d, J = 

7.5 Hz, 2 H), 7.01 (d, J = 8.5 Hz, 2 H), 6.95 - 6.84 (m, 6 H), 3.90 (t, J = 

7.1 Hz, 4 H), 2.41 (s, 6 H), 1.95 - 1.86 (m, 4 H), 1.04 (t, J = 7.3 Hz, 6 

H); 
13

C NMR (125 MHz, CDCl3, δ in ppm): 158.6, 146.2, 145.3, 

144.2, 142.1, 141.1, 129.5, 129.3, 129.1, 128.8, 127.6, 127.4, 127.3, 

127.1, 124.6, 124.1, 122.8, 116.9, 115.6, 115.5, 49.5, 21.6, 20.2, 11.4; 

11
B NMR (160 MHz, CDCl3) δ 0.91 (t, JB-F=31.9 Hz). 

19
F NMR (471 

MHz, CDCl3) δ −130.88 (q, JF-B=31.3 Hz); HRMS (ESI) m/z 

[M+nK]
+
 calcd for C52H44BF2N5S2K

+
: 890.2740 found 890.2224. 

Aza-BODIPY 4: 
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Yield: 43%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 7.98 - 8.03 (m, 4 

H), 7.92 (dd, J = 2.0, 8.5 Hz, 2 H), 7.81 (d, J = 2.0 Hz, 2 H), 7.10 - 

7.16 (m, 2 H), 7.04 (dd, J = 1.4, 7.6 Hz, 2 H), 6.92 - 6.98 (m, 6 H), 

6.86 - 6.91 (m, 2 H), 6.79 - 6.85 (m, 4 H), 3.85-3.82 (m, 10 H), 1.78 - 

1.93 (m, 4 H), 1.00 (t, J = 7.3 Hz, 6 H). 
13

C NMR (125 MHz, CDCl3, δ 

in ppm) :161.6, 157.4, 145.9, 145.1, 144.2, 141.3, 131.5, 131.4, 129.0, 

127.5, 127.3, 127.2, 127.0, 124.4, 124.3, 124.1, 116.6, 115.5, 115.4, 

114.1 55.4, 49.4, 20.1, 11.3; 
11

B NMR (160 MHz, CDCl3) δ 1.01 (t, JB-

F=32.7 Hz). 
19

F NMR (471 MHz, CDCl3) δ −131.13 (q, JF-B=32.8 Hz); 

HRMS (ESI) m/z [M+nH]
+
 calcd for C52H45BF2N5O2S2: 884.3079 

found 884.3056.  

Aza-BODIPY 5: 

Yield: 50%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.00 - 7.92 (m, 6 

H), 7.87 (d, J = 1.5 Hz, 2 H), 7.30 (d, J = 8.4 Hz, 4 H), 7.18 - 7.15 (m, 

2 H), 7.10 (d, J = 7.5 Hz, 2 H), 7.02 (d, J = 8.7 Hz, 2 H), 6.95 - 6.87 

(m, 6 H), 3.90 (t, J = 7.0 Hz, 4 H), 2.54 (s, 6 H), 1.94 - 1.86 (m, 4 H), 

1.04 (t, J = 7.3 Hz, 6 H); 
13

C NMR (125 MHz, CDCl3, δ in ppm): 

157.5, 146.3, 144.2, 142.9, 142.0, 141.9, 129.8, 128.8, 128.1, 127.6, 

127.4, 127.3, 127.0, 125.5, 124.6, 124.1, 122.8, 116.8, 115.6, 115.5, 

49.5, 20.2, 15.0, 11.4;
 11

B NMR (160 MHz, CDCl3) δ 0.91 (t, JB-

F=31.9 Hz). 
19

F NMR (471 MHz, CDCl3) δ −130.88 (q, JF-B=31.3 Hz); 

HRMS (ESI) m/z [M+nH]
+
 calcd for C52H45BF2N5S4: 916.2622 found 

916.2238. 

Aza-BODIPY 6: 

Aza-BODIPY 6 was reported in literature.
[44]

 

Aza-BODIPY 7: 

Yield: 47%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.07 - 7.98 (m, 8 

H), 7.32-7.31 (d, J = 8.5 Hz, 4 H), 7.01 - 6.94 (m, 6 H), 3.90 (s, 6 H), 

2.54 (s, 6 H); 
13

C NMR (125 MHz, CDCl3, δ in ppm) :160.9, 157.8, 



66 
 

145.5, 143.2, 143.0, 130.8, 129.8, 128.0, 125.5, 125.4, 117.3, 114.2, 

55.5, 15.0;
 11

B NMR (160 MHz, CDCl3) δ 1.02 (t, JB-F=32.4 Hz). 
19

F 

NMR (471 MHz, CDCl3) δ −131.04 (q, JF-B=32.3 Hz); HRMS (ESI) 

m/z [M+nH]
+
 calcd for C36H31BF2N3O2S2: 650.1920 found 650.1985. 

Aza-BODIPY 8: 

Aza-BODIPY 8 was reported in literature.
[45]

  

Aza-BODIPY 9: 

Yield: 44%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 7.99-7.98 (d, J = 

8.5 Hz, 4 H), 7.93-7.92 (d, J = 2.9 Hz, 2 H), 7.57-7.56 (d, J = 4.4 Hz, 2 

H), 7.32-7.30 (d, J = 8.5 Hz, 4 H), 7.22- 7.20 (m, 2 H), 6.94 (s, 2 H), 

2.54 (s, 6 H); 
13

C NMR (125 MHz, CDCl3, δ in ppm) : 158.2, 143.3, 

134.8, 130.0, 129.9, 129.8, 129.8, 129.5, 128.3, 127.7, 125.4, 116.5, 

14.9;
 11

B NMR (160 MHz, CDCl3) δ 0.95 (t, JB-F=31.7 Hz). 
19

F NMR 

(471 MHz, CDCl3) δ −130.74 (q, JF-B=31.4 Hz); HRMS (ESI) m/z 

[M+nNa]
+
 calcd for C30H22BF2N3S4Na

+
: 624.0655 found 624.0572. 

Aza-BODIPY 10: 

Aza-BODIPY 10 was reported in literature.
[13]

 

3.7. Conclusion 

In conclusion, we designed and synthesized different donor 

functionalized tetra-aryl substituted aza-BODIPY dyes 2–5, 7, and 9. 

Further we studied their photophysical and electrochemical properties 

and compared with reported aza-BODIPYs 1, 6, 8, and 10. The 

electronic absorption spectra of the aza-BODIPYs 1–10 exhibited a 

broad absorption covering visible to near-infrared region. The di-

phenothiazine and di-thioanisole based aza-BODIPY 5 as well as tetra-

thiophene based aza-BODIPY 10, exhibited red-shifted absorption 

maximum as compared to tetra-aryl aza-BODIPY dyes. The cyclic 

voltammetry investigation show multiple oxidation and reduction 
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potentials in aza-BODIPYs 1–10 related to corresponding donor and 

acceptor (aza-BODIPY) moieties. The intramolecular charge transfer 

(ICT) from different aryl donors to aza-BODIPY acceptor leads to the 

decrease in HOMO-LUMO gap. The results obtained in this work 

demonstrated that simple electron donating substitution on aza-

BODIPY core can induce huge bathochromic shift in their absorption 

and hence this will be a useful strategy to develop NIR dyes. A broad 

absorption in the vis-NIR range, multiple redox peaks, and low 

HOMO-LUMO gap values in these aza-BODIPY derivatives indicate 

the suitability as a potential candidate for organic photovoltaics and 

bioimaging. 
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Chapter 4 

NIR absorbing different donor functionalized 

ethyne bridged -aza BODIPYs 

  

4.1. Introduction 

In recent years, the developments of near infrared (NIR) dyes garnered 

significant attention due to their potential applications in biomedical 

imaging and therapy techniques.
[1-3] 

These dyes have emerged as a 

preferred choice for biomedical imaging and diagnostic applications, 

primarily due to their optical properties, such as high quantum yield, 

low photobleaching, and deep tissue penetration.
[4-7] 

The boron-

azadipyrromethene (aza-BODIPY) dyes are one of the most 

remarkable class of NIR dyes.
[8] 

The aza-BODIPY is a dipyrromethene 

core in which the meso-carbon atom of BODIPY is replaced by a 

nitrogen atom.
[9] 

As compared to the parent BODIPY dyes, the 

absorption and emission of the aza-BODIPYs are considerably red-

shifted.
[10] 

Recently, aza-BODIPY-based NIR absorbers have attracted 

significant interest because of their facile synthesis, high solubility, 

stability, absorption coefficients and fluorescence quantum yields.
[11-16] 

Aza-BODIPYs have been used in wide range of applications such as in 

photovoltaics, photodynamic therapies, and bioimaging.
[17-18]

 Our 

group is engaged in the development of donor-acceptor (D-A) organic 

dyes for various optoelectronic applications.
[19-20]
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Figure 4.1. Chemical structures of donor functionalized aza-BODIPY 

dyes. 

Herein, we describe the synthesis and characterization of five donor-

based aza-BODIPY derivatives 2–6 using the Pd-catalyzed 

Sonogashira cross-coupling reaction. The optical and electrochemical 

properties of these derivatives were thoroughly investigated, and their 

computational studies were studied using the Gaussian 09W program 

for theoretical calculations to understand their geometries and 

electronic structures. The main objective of this study was to 

systematically investigate the effects of different donor groups attached 

to the aza-BODIPY core on the photophysical, electrochemical, and 

computational properties of the synthesized aza-BODIPY derivatives. 

4.2.  Results and Discussion 

The synthesis of different donor-based aza-BODIPY dyes 2–6 are 

shown in Scheme 4.1. The dibromo-aza-dipyrromethene 1 was utilized 

in Sonogashira cross-coupling reactions with various donor-substituted 

ethynyl derivatives in solvents THF and TEA. The reaction mixture 

was heated at 60 °C for 12 hrs. Once the reaction was complete, the 

mixture was cooled, and then washed with water and brine. The 

organic layers were dried with anhydrous sodium sulfate, and 
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diisopropylethylamine was added dropwise, followed by boron 

trifluoride diethyl etherate (BF3·Et2O) at room temperature. This 

produced aza-BODIPY dyes 2–6 with a 75–85% yield.  

 

Scheme 4.1. Synthetic route for donor functionalized aza-BODIPY 

dyes 2–6. 

The precursor for dibromo-aza-dipyrromethene 1 was synthesized 

using a reported procedure by reacting thiophene-2-carbaldehyde with 

4-bromo-acetophenone.
[18] 

The various donor-based aza-BODIPY dyes 

2–6 were purified by column chromatography, using neutral activated 

aluminium oxide. The aza-BODIPY dyes 2–6 are soluble in common 

organic solvents, such as chloroform, toluene, dichloromethane, and 

are well characterized using 
1
H NMR, 

13
C NMR, and HRMS 

techniques. Triphenylamine based aza-BODIPY dye 5 was prepared 

according to our earlier reported procedure.
[22]

 

4.3. Photophysical Properties 

The absorption spectra of donor-functionalized aza-BODIPY dyes 2–6 

were recorded in dichloromethane solvent at room temperature and are 

shown in Figure 4.2. The corresponding data are listed in Table 4.1. 
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Figure 4.2. Normalized electronic absorption spectra of donor 

functionalized aza-BODIPYs 2–6 (1×10
-5

M). 

 

In the absorption spectrum, aza-BODIPY dyes 2–6 exhibit broad 

absorption bands covering the visible to NIR region from 450–900 nm. 

The aza-BODIPY dyes 2–6 show two major absorption bands; a higher 

energy absorption band around 540–602 nm due to π→π* transition 

and a lower energy absorption band around 675–750 nm due to ICT 

(intramolecular charge transfer) transition. Among the five aza-

BODIPY dyes, aza-BODIPY 4 exhibits a red-shifted absorption due to 

the presence of strong electron-donating N,N-dimethylaniline group 

compared to the other aza-BODIPY dyes 2, 3, 5, and 6. The absorption 

maxima of absorption bands at lower energy ICT transitions of aza-

BODIPY dyes 2–6 follows the order: aza-BODIPY 4 > aza-BODIPY 5 

> aza-BODIPY 6 > aza-BODIPY 3 > aza-BODIPY 2. 
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Table 4.1. Photophysical and computational properties of aza-

BODIPY dyes 2–6. 

 a
Absorbance measured in dichloromethane at 1 × 10

-5
 M 

concentration, ε: molar extinction coefficient, 
b
Theoretical HOMO–

LUMO gap values calculated from DFT calculation. 

Thus, compared to aza-BODIPY 4, the absorption maxima (λmax) are 

blue-shifted by 32 nm for aza-BODIPY 2, 24 nm for aza-BODIPY 3, 

11 nm for aza-BODIPY 5, and 14 nm for aza-BODIPY 6. The molar 

absorption coefficients (εmax) were observed as: 97,000 [M
-1

cm
-1

] for 

aza-BODIPY 2, 95,000 [M
-1

cm
-1

] for aza-BODIPY 3, 73,000 [M
-1

cm
-

1
] for aza-BODIPY 4, 72,000 [M

-1
cm

-1
] for aza-BODIPY 5, and 81,000 

[M
-1

cm
-1

] for aza-BODIPY 6. Anisole functionalized aza-BODIPY 3 

shows bathochromically shifted absorption compared to phenyl 

substituted aza-BODIPY 2 because of the presence of an anisole 

group, which is a stronger electron-donor than the phenyl group. In 

comparison of three aza-BODIPY dyes 4, 5, and 6, aza-BODIPY 4 

displays red-shifted absorption because of the strong electron-donating 

character of its N, N-dimethylamine unit, whereas phenothiazine 

substituted aza-BODIPY 6, exhibits a slightly blue-shifted absorption 

in comparison to triphenylamine substituted aza-BODIPY 5. 

Dyes λabs (nm)
a
 ɛ/10

4 

(M
-1

.cm
-1

)
a
 

Eg
b
 

(eV) 

2 717 

540 

9.7 1.89 

3 725 

542 

9.5 1.82 

4 749 

602 

7.3 1.67 

5 738 

592 

7.2 1.67 

6 735 

578 

8.1 1.75 
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4.4. Electrochemical properties 

The oxidation and reduction potentials of aza-BODIPY dyes 2–6 were 

investigated using differential pulse voltammetry (DPV) and cyclic 

voltammetry (CV) at 100 mV s
-1

 scan rate in dichloromethane solvent 

with tetrabutylammonium hexafluorophosphate (Bu4NPF6) as a 

supporting electrolyte (0.1 M). Figure 4.3. shows CV and DPV plots of 

the oxidation and reduction waves of aza-BODIPYs 2–6, with data 

from Table 4.3. and 4.4. 

 

Figure 4.3. CV and DPV plot of aza-BODIPYs 2–6. 
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Figure 4.4. CV and DPV plot of aza-BODIPYs 2–6. 

Generally, aza-dipyrromethene and aza-BODIPY dyes exhibit one 

oxidation and two reduction potentials.
[23]

 However, in donor-

substituted aza-BODIPYs 2–6 (Figure 4.3. and 4.4.), two oxidation 

potentials and two reduction potentials are illustrated due to the 

presence of donor and aza-BODIPY moiety. Specifically, the oxidation 

potentials are as follow; a) at 1.12 V and 1.55 V in aza-BODIPY 2, b) 

at 0.64 V and 1.16 V in aza-BODIPY 3, c) at 0.71 V and 1.28 V in aza-

BODIPY 4, d) at 0.97 V and 1.40 V in aza-BODIPY 5, and e) at 0.69 

V and 1.44 V in aza-BODIPY 6. Aza-BODIPYs 2, 4, 5, and 6 

exhibited an anodic shift in their oxidation potentials when compared 

to aza-BODIPY 3, indicating that they are relatively harder to oxidize. 
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Table 4.2. Electrochemical properties of aza-BODIPY dyes 2–6. 

a
The electrochemical analysis was performed with a 0.1 M Bu4NPF6 

solution in dichloromethane at a scan rate of 100 mVs
-1

 vs SCE at 25 

°C.
 

The aza-BODIPY core has the following reduction potentials; a) -0.40 

V and -0.95 V in aza-BODIPY 2, b) -0.37 V and -0.90 V in aza-

BODIPY 3, c) -0.43 V and -1.11 V in aza-BODIPY 4, d) -0.32 V and -

0.86 V in aza-BODIPY 5, and -0.34 V and -0.91 V in aza-BODIPY 6. 

The first and second reduction potentials of aza-BODIPYs 2, 3, 5, and 

6 exhibited an anodic shift as compared to aza-BODIPY dye 4 due to 

the more donating nature of N,N-dimethylamine, which made them 

easier to reduce. 

4.5. Computational Calculations 

In order to understand the geometry and electronic structures of donor-

functionalized aza-BODIPY dyes 2–6, DFT calculations were carried 

out using the Gaussian 09W program at the B3LYP/6-31G (d, p) level 

for C, H, N, S, and B. Optimizations was carried out in the gas phase. 

Frontier molecular orbitals (FMOs) of aza-BODIPYs 2–6 obtained 

from these calculations were as shown below (Figure 4.5.).  

Dyes E
1
 [V] 

Oxid
a
 

E
2
 [V] 

Oxid
a
 

E
1
 [V] 

Red
a
 

E
2
 [V] 

Red
a
 

2 1.12 1.55 -0.40 -0.95 

3 0.64 1.16 -0.37 -0.90 

4 0.71 1.28 -0.43 -1.11 

5 0.97 1.40 -0.32 -0.86 

6 0.69 1.44 -0.34 -0.91 
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Figure 4.5. The FMOs of aza-BODIPY dyes 2–6 at B3LYP/6-31G (d, 

p) level. 

The optimized structures of donor-functionalized aza-BODIPYs 2–6 

have planar geometry. In aza-BODIPYs 2–6, the electron density in 

highest occupied molecular orbital (HOMO) is predominantly located 

on the donor unit, whereas the electron density in lowest unoccupied 

molecular orbital (LUMO) is located on the aza-BODIPY moiety, 

indicating donor-acceptor interaction in donor substituted aza-

BODIPY unit. The calculated HOMO energy level values for donor-

substituted aza-BODIPY dyes 2–6 are -5.18, -5.02, -4.71, -4.84, and -

4.98 eV, and the corresponding LUMO values are -3.29, -3.20, -3.04, -

3.17, and -3.23 eV, respectively.  
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Figure 4.6. Energy level diagram for FMOs of aza-BODIPY dyes 2–6 

estimated by DFT calculations. 

Theoretical calculations reveal that aza-BODIPY dyes 4 and 5 exhibit 

a lower HOMO-LUMO gap than aza-BODIPY dyes 2, 3, and 6, due to 

presence of strong electron donating units. The HOMO-LUMO gap 

(Eg) for aza-BODIPY dyes 2–6 lies between 1.67 eV and 1.89 eV, as 

shown in Figure 4.6. and listed in Table 4.1. The trend observed in the 

HOMO-LUMO gap values follows the order: aza-BODIPY 4 = aza-

BODIPY 5 > aza-BODIPY 6 > aza-BODIPY 3 > aza-BODIPY 2. 
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Table 4.3. Calculated major electronic transitions for aza-BODIPYs 2–

6 in the gas phase. 

Dyes Wavelength        

(nm) 

Composition f
a
 

 

2 681 

550 

HOMO→LUMO (0.71) 

HOMO-1→LUMO (0.68) 

0.89 

0.66 

3 716 

597 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.70) 

0.83 

0.59 

4 803 

699 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.70) 

0.68 

0.50 

5 825 

747 

615 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.70) 

HOMO-2→LUMO (0.69) 

0.58 

0.41 

0.43 

6 778 

715 

627 

HOMO→LUMO (0.69) 

HOMO-1→LUMO (0.70) 

HOMO-2→LUMO (0.69) 

0.56 

0.25 

0.53 

 

TD-DFT calculations were performed on aza-BODIPY dyes 2–6 at the 

B3LYP/6-31G (d, p) level to achieve correlation with the absorption 

studies. The calculated electronic transitions, their composition and 

oscillator strength in different donor-substituted aza-BODIPY dyes 2–

6 were obtained from TD-DFT calculations (Table 4.3.). The aza-

BODIPY dyes 2–6 exhibit two main electronic transitions in the vis-

NIR region, occurring from HOMO to LUMO and HOMO-1 to 

LUMO, as observed in the TD-DFT calculation. Charge transfer 

transitions from the donor to the aza-BODIPY unit were observed for 

the longer wavelength region. 

4.6. Experimental section 

General methods 

The chemicals were used as received unless otherwise indicated. All 

the moisture sensitive reactions were performed under argon 

atmosphere using the standard Schlenk method. 
1
H NMR (400 MHz) 
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and 
13

C NMR (100 MHz) spectra were recorded by using CDCl3 and 

CD2Cl2 as the solvent. The 
1
H NMR chemical shifts are reported in 

parts per million (ppm) relative to the solvent residual peak (CDCl3, 

7.26 ppm and CD2Cl2, 5.32 ppm). The multiplicities are given as: s 

(singlet), d (doublet), m (multiplet), and the coupling constants, J, are 

given in Hz. The 
13

C NMR chemical shifts are reported with relative to 

the solvent residual peak (CDCl3, 77.0 ppm and CD2Cl2, 54.0 ppm). 

HRMS was recorded on a mass spectrometer (ESI-TOF). The UV-

visible absorption spectra recorded on UV-visible Spectrophotometer 

in dichloromethane. Cyclic voltammograms (CVs) and differential 

pulse voltammograms (DPVs) were recorded on an electrochemical 

analyzer using glassy carbon as working electrode, Pt wire as the 

counter electrode, and SCE as the reference electrode. 

Synthesis of aza-BODIPY 2: 

In 100 ml round bottom flask, di-bromo aza-BODIPY 1 (0.500 g, 0.75 

mmol), ethynylbenzene (0.153 g, 1.50 mmol) were dissolved in a 

THF/TEA mixture (v/v,1:1) and the solution was degassed with argon 

for 10 minutes. To this reaction mixture Pd(PPh3)4 (0.050 g), CuI 

(0.007 g) were added. After stirring 12 hrs at 60 °C, the solvent was 

removed under vacuum and the product was purified by column 

chromatography using neutral activated aluminum oxide (1: 1 

dichloromethane: Hexane) as an eluent to yield 0.453 g (85%) of aza-

BODIPY 2. 
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.06-8.02 (4H, 

m), 7.95-7.94 (2H, d, J = 4Hz), 7.89-7.87 ((1H, d, J = 8Hz), 7.64-7.55 

(10H, m), 7.37-7.36 (5H, m), 7.22-7.20 (2H, d,  J = 4Hz), 6.97 (2H, s). 

13
C NMR (100 MHz, CDCl3, δ in ppm): 158.3, 145.3, 138.3, 135.3, 

135.2, 134.6, 132.2, 132.1, 131.9, 131.8, 131.7, 131.0, 130.6, 130.5, 

130.4, 130.2, 130.0, 129.8, 129.5, 128.6, 128.4, 128.3, 127.7, 127.6, 

126.0, 125.7, 123.0, 116.8, 92.5, 89.4. 11
B NMR (160 MHz, CDCl3) δ 

0.91 (t, JB-F = 30.9 Hz). 19
F NMR (471 MHz, CDCl3) δ -130.42 (q, JF-B 

= 31.1 Hz). HRMS (ESI) m/z: [M + H]
+
 calcd for C44H27BF2N3S2: 

710.1703; found 710.1709. 
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Synthesis of aza-BODIPY 3: 

In 100 ml round bottom flask, di-bromo aza-BODIPY 1 (0.500 g, 0.75 

mmol), 1-ethynyl-4-methoxybenzene (0.199 g (1.50 mmol) were 

dissolved in a THF/TEA mixture (v/v,1:1) and the solution was 

degassed with argon for 10 minutes. To this reaction mixture 

Pd(PPh3)4 (0.050 g), CuI (0.007 g) were added. After stirring 12 hrs at 

60 °C, the solvent was removed under vacuum and the product was 

purified by column chromatography using neutral activated aluminum 

oxide (1: 1 dichloromethane : Hexane) as an eluent to yield 0.462 g 

(80%) aza-BODIPY 3. 
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.04-

8.02 (4H, d, J = 8Hz), 7.93 (2H, s), 7.60-7.57 (6H, m), 7.51-7.48 (4H, 

d,  J = 12Hz), 7.26 (2H, s), 6.96 (2H, s), 6.90-6.88 (4H, d, , J = 8Hz), 

3.84 (6H, s); 
 13

C NMR (100 MHz, CDCl3, δ in ppm): 159.9, 158.3, 

149.3, 145.3, 138.2, 134.7, 133.3, 131.5, 130.6, 130.3, 129.8, 129.5, 

128.3, 126.4, 116.8, 115.1, 114.1, 92.7, 88.3, 55.3. 11
B NMR (160 

MHz, CDCl3) δ 0.92 (t, JB-F = 30.9 Hz). 19
F NMR (471 MHz, CDCl3) δ 

-130.46 (t, JF-B = 31.0 Hz). HRMS (ESI) m/z: [M]
+
 calcd for 

C46H30BF2N3S2O2: 769.1844; found 769.1843. 

Synthesis of aza-BODIPY 4: 

In 100 ml round bottom flask, di-bromo aza-BODIPY 1 (0.500 g, 0.75 

mmol), 4-ethynyl-N, N-dimethylaniline (0.218 g, 1.50 mmol) were 

dissolved in a THF/TEA mixture (v/v,1:1) and the solution was 

degassed with argon for 10 minutes. To this reaction mixture 

Pd(PPh3)4 (0.050 g), CuI (0.007 g) were added. After stirring 12 hrs at 

60 °C, the solvent was removed under vacuum and the product was 

purified by column chromatography using neutral activated aluminium 

oxide (1: 1 dichloromethane : Hexane) as an eluent to yield 0.451 g 

(75%) aza-BODIPY 4. 
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.05-

8.03 (4H,  J = 8Hz), 7.94-7.93 (2H,d, J = 4Hz),  7.59-7.57 (6H, d,  J = 

8Hz), 7.45-7.42 (4H, d, J = 12Hz), 7.22-7.20 (2H, t, J = 4Hz), 6.98 

(2H, s), 6.68-6.66 (4H,d, J = 8Hz), 3.01 (12H, s). 
13

C NMR (100 

MHz, CDCl3, δ in ppm): 158.2, 150.3, 145.3, 134.8, 133.0, 131.3, 
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130.1, 129.6, 129.5, 128.3, 127.1, 116.9, 111.8, 109.7, 94.5, 88.0. 
11

B 

NMR (160 MHz, CDCl3) δ 0.96 (t, JB-F = 31.0 Hz). 
19

F NMR (471 

MHz, CDCl3) δ -130.57 (q, JF-B = 31.1 Hz). HRMS (ESI) m/z: [M + 

H]
+
 calcd for C48H37BF2N5S2: 796.2599; found 796.2554. 

Synthesis of aza-BODIPY 5: 

We successfully synthesized aza-BODIPY 5 by following the 

methodology described in our previous publication 
[22]. 

11
B NMR (160 MHz, CDCl3) δ 1.12-0.73 (t, JB-F = 30.9 Hz). 

19
F NMR 

(471 MHz, CDCl3) δ -130.50 (q, JF-B = 31.0 Hz). 

Synthesis of aza-BODIPY 6: 

In 100 ml round bottom flask, di-bromo aza-BODIPY 1 (0.500 g, 0.75 

mmol), 3-ethynyl-10-propyl-10H-phenothiazine (0.399 g, 1.50 mmol) 

were dissolved in a THF/TEA mixture (v/v,1:1) and the solution was 

degassed with argon for 10 minutes. To this reaction mixture 

Pd(PPh3)4 (0.050 g), CuI (0.007 g) were added. After stirring 12 hrs at 

60 °C, the solvent was removed under vacuum and the product was 

purified by column chromatography using neutral activated aluminium 

oxide (1: 1 dichloromethane : Hexane) as an eluent to yield 0.600 g 

(77%) aza-BODIPY 6. 
1
H NMR (400 MHz, CDCl3, δ in ppm): 8.04-

8.02 (4H, d,  J = 8 Hz), 7.94 (2H, s), 7.59-7.57 (6H, d,  J = 8 Hz), 7.34-

7.30 (4H, m), 7.22-7.11 (6H, m), 6.96-6.79 (8H, m), 3.84-3.81 (4H, t,  

J = 8 Hz), 1.86-1.81 (4H, q), 1.04-1.00 (6H, t,  J = 8 Hz).
 13

C NMR 

(100 MHz, CDCl3, δ in ppm): 158.2, 145.6, 145.3, 144.5, 138.1, 134.7, 

131.5, 131.0, 130.7, 130.3, 130.3, 129.8, 129.5, 128.3, 127.5, 127.3, 

126.2, 124.8, 124.2, 124.1, 122.8, 116.8, 116.7, 115.6, 115.0, 92.3, 

89.5, 49.3, 31.6, 22.7, 20.1, 11.3, 11.2; 
11

B NMR (160 MHz, CDCl3) δ 

0.92 (t, JB-F = 31.1 Hz). 
19

F NMR (471 MHz, CDCl3) δ -130.42 (q, JF-B 

= 31.1 Hz). HRMS (ESI) m/z: [M + Na]
+
 calcd for C62H44BF2N5S4Na: 

1058.2409; found 1058.2443. 
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4.7.  Conclusion 

In conclusion, a series of donor-functionalized aza-BODIPY dyes (2–

6) were successfully synthesized via the Pd-catalyzed Sonogashira 

cross-coupling reaction. In optical properties, the N,N-dimethylaniline-

substituted aza-BODIPY dye 4 showed a red-shifted absorption 

compared to the other aza-BODIPY dyes (2, 3, 5, and 6). 

Electrochemical studies exhibited multiple oxidation and reduction 

waves associated with the donor and acceptor groups. Computational 

calculations showed that the aza-BODIPY dyes (2–6) have low 

HOMO-LUMO gap values. These aza-BODIPY derivatives exhibit 

promising features such as their absorption in the visible-to-near-

infrared (vis-NIR) range, multiple redox peaks, and low HOMO-

LUMO gap values, which suggest their potential use in organic 

photovoltaics and bioimaging. 
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Chapter 5 

Triphenylamine functionalized NIR absorbing -

aza-dipyrromethenes and aza-BODIPYs 

5.1.  Introduction 

Near-infrared (NIR) absorbing dyes have been widely used in 

biomedical applications because of its deep NIR light penetration into 

most biological tissues compared to visible light.
[1] 

Push–pull 

chromophores with visible and NIR absorption have been studied for 

variety of technological applications including multi–photon 

absorption and organic photovoltaics.
[2] 

Our group is involved in the 

design and synthesis of donor–acceptor (D–A) architectures with NIR 

absorption for solution processed bulk heterojunction organic solar 

cells (BHJ-OSCs).
[3]

 Aza-BODIPY (Aza-boron-dipyrromethene) is a 

class of heteroatom-containing BODIPY dye exhibits strong electron 

acceptor character with NIR absorption, low optical gap and low lying 

LUMO levels.
[4,5,6]

 Its derivatives have been used for various 

applications including solar cells, photosensitizers, bioimaging and 

chemosensors.
[7,8,9]

 The first synthesis of aza-BODIPY was reported 

by Davies and Rogers in 1943, however its continent synthesis was 

further developed in early 2000’s. Aza-BODIPY dyes received great 

interest due to its visible to NIR absorption and high thermal 

stabilty.
[10,11]

 

Tetracyanoethylene (TCNE) is a strong electron acceptor and its 

incorporation in molecular system provides charge-transfer character 

and electron-accepting potential.
[12] 

The convenient way of 

incorporating TCBD to ethyne bridged molecule is the [2 + 2] 

cycloaddition-retroelectrocyclization reaction, which is generally a 

fast, high-yielding catalyst-free reaction.
[13]
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Figure 5.1. Chemical structures of aza-dipyrromethene and aza-

BODIPY dyes 2–7. 

Herein we designed and synthesized triphenylamine based ethyne 

bridged aza-pyrromethene and aza-BODIPY dyes and further 

incorporated tetracyanobutadiene (TCBD) units. The incorporation of 

electron withdrawing TCBD in triphenylamine functionalized aza-

dipyrromethenes and aza-BODIPYs will provide the high electron 

affinity to molecular systems. Our main objective to synthesize these 

small molecules was to see the effect of electron withdrawing TCBD 

unit on optical and electrochemical properties of triphenylamine based 

aza-dipyrromethenes and aza-BODIPYs.  

5.2.  Results and Discussion 

The precursor di-bromo-aza-dipyrromethene 1 was synthesized as per 

reported procedure.
[14] 

The triphenylamine based aza-dipyrromethene 2 

was synthesized by the Sonogashira cross-coupling reaction of di-

bromo aza-dipyrromethene 1 (1.0 eq.) with 4-ethynyl-N,N-

diphenylaniline (2.2 eq.) in a THF/TEA mixture (v/v,1:1) at 60 
o
C for 

overnight under argon atmosphere in 10% yield. Further the 

triphenylamine based aza-dipyrromethene 2 was reacted with boron 
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trifluoride in presence of diisopropylamine at room temperature and 

obtained BF2 chelated aza-BODIPY 3 in 80% yield (Scheme 5.1.). 

Scheme 5.1. Synthesis of triphenylamine substituted aza-

dipyrromethene 2 and aza-BODIPY 3. 

The [2 + 2] cycloaddition-retroelectrocyclization reactions of 

triphenylamine based aza-dipyrromethene 2 with one and two 

equivalents of TCNE in dichloromethane at room temperature for 4 

hours resulted in mono-TCBD bridged aza-dipyrromethene 4 and di-

TCBD bridged aza-dipyrromethene 6 in 65% and 85% yield 

respectively (Scheme 5.2.). The BF2 chelated triphenylamine based 

aza-BODIPYs 5 and 7 were obtained by the complexation reaction of 

aza-dipyrromethenes 4 and 6 with boron trifluoride etherate 

(BF3.OEt2), diisopropylethylamine in dichloromethane solvent for 4 

hours in 80% and 85% yield respectively (Scheme 5.2.). 

Scheme 5.2. Synthetic route for TCBD bridged aza-dipyrromethenes 

and aza-BODIPY dyes 4–7. 
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The triphenylamine substituted aza-dipyrromethene and aza-BODIPY 

dyes 2–7 were purified by column chromatography using neutral 

activated aluminium oxide. The dyes 2–7 are readily soluble in 

common organic solvents such as chloroform, toluene, 

dichloromethane, and were well characterized by 
1
H NMR, 

13
C NMR 

and HRMS techniques. 

5.3.  Photophysical Properties 

The electronic absorption spectra of triphenylamine functionalized aza-

dipyrromethenes and aza-BODIPYs 2–7 were recorded in 

dichloromethane solvent at room temperature (Figure 5.2.) and data are 

listed in Table 5.1. The absorption spectra of the dyes 2–7 exhibit 

broad absorption bands covering visible to NIR region from 400 nm to 

880 nm. The absorption spectra show two bands, one in shorter 

wavelength region ~500 nm and another at longer wavelength region 

~700 nm corresponds to the π→π* transition and intramolecular 

charge transfer (ICT) from donor (triphenylamine) to acceptor (TCBD 

and aza-BODIPY) respectively.  
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Figure 5.2. Normalized electronic absorption spectra of the aza-

dipyrromethenes and aza-BODIPYs 2–7 in dichloromethane (1×10
-

5
M). 
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The aza-dipyrromethenes  2, 4 and 6 show absorption maxima at 

675 nm, 685 nm and 695 nm in longer wavelength region 

respectively and the complexation of BF2 exhibits red shift in the 

absorption. The complexation of BF2 to aza-dipyrromethenes 2, 4 

and 6 exhibited red shift of 63 nm, 44 nm and 40 nm and observed 

absorption bands at 738 nm (for 3), 728 nm (for 5) and 735 nm (for 

7) respectively. The incorporation of one and two TCNE units in 

triphenylamine based aza-dipyrromethene 2 showed red shift of 10 

nm and 20 nm respectively, whereas the incorporation of one and 

two TCND units in triphenylamine based aza-BODIPY 3 exhibit 

blue shift of 10 nm in 5 and 3 nm in 7 respectively. The di-TCBD 

bridged dyes 6 and 7 showed red shifted absorption compared to its 

mono-TCBD bridged analogues 4 and 5 respectively.  

Table 5.1. Photophysical properties of triphenylamine 

functionalized aza-dipyrromethenes and aza-BODIPYs 2–7. 

Dyes λabs (nm)
a
 ɛ/10

4 

(M
-1

.cm
-1

)
a 

Eg
b
 

(eV) 

2 675 

506 

4.6 1.91 

3 738 

586 

8.2 1.67 

4 685 

484 

5.8 1.75 

5 728 

490 

2.3 1.63 

6 695 

482 

3.3 1.75 

7 735 

488 

3.8 1.58 

a
Absorbance measured in dichloromethane at 1 × 10

-5
 M concentration, 

ε: molar extinction coefficient, 
b
Theoretical HOMO–LUMO gap 

values calculated from DFT calculation. 
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The strong band in visible region for TCBD bridged dyes 4–7 was 

observed which was assigned as π→π* transitions of TCBD units. The 

complexation of BF2 and incorporation of electron withdrawing TCNE 

units in aza-dipyrromethenes exhibited red shift in the absorption 

whereas incorporation of TCBD units to aza-BODIPY shows blue shift 

in the absorption bands. 

5.4. Electrochemical properties 

The electrochemical properties of the triphenylamine substituted aza-

dipyrromethenes and aza-BODIPYs 2–7 were investigated by the 

cyclic voltammetric (CV) analysis in dichloromethane solution at room 

temperature using tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) as a supporting electrolyte. The CV plots of aza-

dipyrromethenes and aza-BODIPYs 2–7 are shown in Figure 5.3. and 

the data are listed in Table 5.2. 

 

Figure 5.3. CVs plots of aza-dipyrromethenes and aza-BODIPYs 2–7. 

Generally aza-dipyrromethene and aza-BODIPY dyes exhibit one 

oxidation and two reduction potentials.
[15]  

The CV of triphenylamine 

substituted aza-dipyrromethene 2 and aza-BODIPY 3 show two 

oxidation potentials at 0.97, 1.23 and 0.96, 1.22 V due to the 
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triphenylamine and aza-dipyrromethene/aza-BODIPY unit 

respectively. The two reduction potentials were observed for aza-

dipyrromethene 2 and aza-BODIPY 3 at -0.69, -1.19 and -0.31, -0.90 

V due to aza-dipyrromethene and aza-BODIPY unit respectively. The 

TCBD bridged dyes 4–7 show two oxidation potential and four 

reduction potentials, the two oxidation potentials were related to 

triphenylamine and aza-dipyrromethene/aza-BODIPY unit and the four 

reduction potential for aza-dipyromethene/aza-BODIPY and TCBD 

core. First and second reduction potentials in dyes 4–7 were related to 

the formation of mono- and di-anion at TCBD unit. The complexation 

of BF2 to aza-dipyrromethenes 2, 4 and 6 lowers the first and second 

reduction potentials in aza-BODIPYs 3, 5 and 7 respectively.  

Table 5.2. Electrochemical properties of aza-dipyrromethenes and aza-

BODIPYs 2–7. 

a
The electrochemical analysis was performed in a 0.1 M solution of 

Bu4NPF6 in dichloromethane at 100 mVs
−1

 scan rate, versus SCE at 25 

°C. 

The aza-BODIPYs 3, 5 and 7 were easier to reduce and slightly harder 

to oxidize than the respective aza-dipyrromethene dyes 2, 4 and 6. The 

introduction of TCBD in triphenylamine based aza-dipyrromethene 

dyes (2, 4 and 6) exhibit two additional reduction waves at low 

reduction potential and hardens the reduction of aza-

dipyromethene/aza-BODIPY unit (in aza-BODIPYs 3, 5 and 7).  

 

Dyes E
2
 

Oxid
a
 

E
1
 

Oxid
a
 

E
1
 

Red
a
 

E
2
 

Red
a
 

E
3
 

Red
a
 

E
4
 

Red
a
 

2 1.23 0.97 -0.69 -1.19 - - 

3 1.22 0.96 -0.31 -0.90 - - 

4 1.28 0.97 -0.39 -0.64 -0.93 -1.44 

5 1.32 0.98 -0.22 -0.46 -0.87 -1.37 

6 1.30 0.90 -0.32 -0.57 -0.84 -1.38 

7 0.99 0.48 -0.10 -0.49 -0.84 -1.45 
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5.5. Theoretical Calculations  

In order to understand the geometry and the electronic structure of 

triphenylamine functionalized aza-dipyrromethenes and aza-BODIPYs 

2–7, density functional theory (DFT) calculation was carried out using 

the Gaussian 09W program. The DFT calculation was performed at the 

B3LYP/6-31G (d, p) level for C, H, N, S, B and F and geometry 

optimization was carried out in the gas phase.  

 

Figure 5.4. Frontier molecular orbitals of aza-dipyrromethenes and 

aza-BODIPYs 2–7 at the B3LYP/6-31G(d, p) level. 

Figure 5.4. depicts the frontier molecular orbitals (FMOs) of the aza-

dipyrromethenes and aza-BODIPYs 2–7. The theoretically calculated 

highest occupied molecular orbitals (HOMOs) and lowest unoccupied 

molecular orbitals (LUMOs) are shown in Figure 5.4. The HOMO on 

dyes 2–7 are located on triphenylamine donor and LUMOs are located 

on aza-dipyrromethene/aza-BODIPY and TCBD unit showing its 

acceptor nature. The triphenylamine substituted aza-dipyrromethene 2 

and aza-BODIPY 3 exhibit planar geometry whereas their TCBD 
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derivatives 4–7 show distorted geometry. The theoretically calculated 

HOMO energy levels of triphenylamine substituted aza-

dipyrromethenes and aza-BODIPYs  4–7 are -5.11, -5.18, -5.48 and -

5.45 eV, and the corresponding LUMO levels are -3.36, -3.55, -3.73 

and -3.87 eV respectively (Figure 5.4.) which indicates that the 

complexation of BF2 and incorporation of electron withdrawing TCBD 

unit stabilizes the HOMO and LUMO energy levels. 

Table 5.3. Calculated major electronic transitions for aza-

dipyrromethenes and aza-BODIPYs 2–7 in the gas phase. 

Dyes Wavelength 

(nm) 

Composition f
a
 

2 713 

625 

HOMO-LUMO (0.70) 

HOMO-1→LUMO (0.70) 

0.76 

0.43 

3 851 

657 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.67) 

0.41 

0.40 

4 754 

 

625 

HOMO-3→LUMO (0.11) 

HOMO-1→LUMO (0.69) 

HOMO-3→LUMO (0.62) 

HOMO-1→LUMO+1 (0.29) 

0.38 

 

0.18 

5 811 

678 

660 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.69) 

HOMO→LUMO+1(0.69) 

0.33 

0.29 

0.27 

6 825 

747 

615 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.71) 

HOMO-2→LUMO (0.69) 

0.58 

0.41 

0.43 

7 701 

 

690 

HOMO-1→LUMO (0.45) 

HOMO-2→LUMO (0.52)  

HOMO-1→LUMO (0.44) 

HOMO-2→LUMO (0.41) 

0.27 

 

0.19 

 

The TD-DFT calculation was performed to understand the electronic 

transitions in triphenylamine functionalized aza-dipyrromethenes and 
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aza-BODIPYs 2–7. The electronic transitions in triphenylamine 

functionalized aza-dipyrromethenes and aza-BODIPYs 2–7 from TD-

DFT calculation with composition and oscillator strength are shown in 

Table 5.3. The results of TD-DFT calculations indicate that the dyes 2–

7 show two main electronic transitions in vis-NIR region occurs from 

HOMO to LUMO and HOMO-1 to LUMO. The charge transfer 

transitions from triphenylamine to aza-dipyrromethene/aza-BODIPY 

and TCBD unit were observed for longer wavelength region. The 

strong transition in visible wavelength range for di-TCBD bridged 

dyes 6 and 7 were observed which is assigned as π→π* transitions due 

to TCBD units, which is consistent to experimental absorption spectra. 

5.6.  Experimental section 

General methods  

The chemicals were used as received unless otherwise indicated. All 

the moisture sensitive reactions were performed under argon 

atmosphere using the standard Schlenk method. 
1
H NMR (400 MHz) 

and 
13

C NMR (100 MHz) spectra were recorded by using CD2Cl2 as 

the solvents. The 
1
H NMR chemical shifts are reported in parts per 

million (ppm) relative to the solvent residual peak (CD2Cl2, 5.32 ppm). 

The multiplicities are given as: s (singlet), d (doublet), m (multiplet), 

and the coupling constants, J, are given in Hz. The 
13

C NMR chemical 

shifts are reported with relative to the solvent residual peak (CD2Cl2, 

54.0 ppm). HRMS was recorded on a mass spectrometer (ESI-TOF). 

The UV-visible absorption spectra were recorded on UV-visible 

Spectrophotometer in dichloromethane.  The CVs were recorded on an 

electrochemical analyzer using glassy carbon as working electrode, Pt 

wire as the counter electrode, and saturated SCE as the reference 

electrode. 
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Experimental Procedure 

Synthesis of aza-dipyrromethene 2 

In 100 ml round bottom flask, di-bromo aza-dipyrromethene 1 (0.200 

mg, 0.3 mmol), 4-ethynyl-N, N-diphenylaniline (0.191 g, 0.7 mmol) 

were dissolved in a THF/TEA mixture (v/v,1:1) and the solution was 

degassed with argon for 10 minutes. To this reaction mixture 

Pd(PPh3)4 (0.020 g), CuI (0.007 g) were added. After stirring overnight 

at 60 °C, the solvent was removed under vacuum and the product was 

purified by column chromatography using neutral activated aluminium 

oxide (1: 1 dichloromethane: Hexane) as an eluent to yield (10%) aza-

dipyrromethene 2. 
1
H NMR (400 MHz, CD2Cl2, δ in ppm): 7.92-7.80 

(8H, m), 7.67 (5H, m), 7.48-7.41 (6H, m), 7.31 (7H, s), 7.13 (15H, d, J 

= 8 Hz), 7.02 (4H, m); 
13

C NMR (100 MHz, CD2Cl2, δ in ppm): 176.7, 

147.6, 133.2, 132.6, 130.0, 128.6, 128.3, 127.1, 125.8, 124.4, 122.3; 

HRMS (ESI) m/z calcd for C68H45N5S2,: 996.3385 [M+H]
+
, found 

996.3189 [M+H]
+
. 

Synthesis of aza-BODIPY 3: 

In 100 ml round bottom flask, aza-dipyrromethene 2 (0.200 g, 0.2 

mmol) was dissolved in dichloromethane (30 mL) and 

diisopropylethylamine (0.35 mL, 2.0 mmol) was added dropwise. The 

solution was stirred at room temperature for 15 minutes and then 

BF3.Et2O (0.53 mL, 3.0 mmol) was added and the solution was stirred 

at room temperature for 4 hours. Water was added to the reaction 

mixture and the organic layer was separated and dried over sodium 

sulphate. The solvent was evaporated under vacuum and the crude 

product was purified by column chromatography using neutral 

activated aluminium oxide (1:2 dichloromethane: hexane) as an eluent 

to yield 80% of aza-BODIPY 3. 
1
H NMR (400 MHz, CD2Cl2, δ in 

ppm): 8.06-7.97 (4H, m), 7.63-7.61 (4H, m), 7.42-7.40 (4H, d,  J = 8 

Hz), 7.30-7.24 (10H, m), 7.14-6.99 (22H, m); 
13

C NMR (100 MHz, 

CD2Cl2, δ in ppm): 149.2, 140.7, 136.7, 134.8, 133.5, 132.8, 132.0, 

131.6, 130.5, 127.4, 126.0, 123.9, 119.1, 117.4, 90.8; HRMS (ESI) m/z 
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calcd for C68H44BF2N5S2: 1044.3183 [M + H]
+
, found 1044.3183 [M + 

H]
+
. 

Synthesis of aza-dipyrromethene 4 

In 100 ml round bottom flask, aza-dipyrromethene 2 (0.200 g, 0.20 

mmol) and TCNE (0.025 g, 0.20 mmol) were dissolved in 

dichloromethane (30 ml). The reaction mixture was stirred at room 

temperature for 4 hours. The solvent was removed under vacuum and 

the product was purified by column chromatography using neutral 

activated aluminium oxide with hexane: dichloromethane (2:1) as an 

eluent to yield 65% of aza-dipyrromethene 4. 
1
H NMR (400 MHz, 

CD2Cl2, δ in ppm): 7.77 (4H, s), 7.73-7.69 (4H, t, J = 8 Hz), 7.62 (1H, 

s), 7.56-7.54 (2H, d, J = 8 Hz), 7.40-7.29 (13H, m), 7.23-7.21 (6H, m), 

7.14-6.09 (7H, m), 7.04-6.95 (7H, m), 6.91 (1H, s); 
13

C NMR (100 

MHz, CD2Cl2, δ in ppm): 167.3, 164.2, 164.0, 160.2, 156.2, 154.5, 

149.1, 147.6, 145.7, 145.1, 141.1, 137.4, 137.2, 136.1, 135.7, 133.9, 

133.3, 132.6, 132.5, 131.8, 131.5, 130.9, 130.6, 130.1, 129.6, 128.9, 

128.5, 128.3, 128.1, 128.0, 127.6, 127.3, 126.7, 125.9, 125.8, 124.8, 

124.5, 124.4, 122.4, 122.2, 122.0, 118.5, 117.4, 115.9, 115.7, 114.4, 

113.7, 113.1, 112.4, 94.2, 89.3, 86.4, 78.9, 78.2, 77.9, 77.6, 61.0; 

HRMS (ESI) m/z calcd for C74H45N9S2,: 1124.3554 [M + H]
+
, found 

1124.3312 [M + H]
+
. 

Synthesis of aza-BODIPY 5: 

In 100 ml round bottom flask, aza-dipyrromethene 4 (200 mg, 0.2 

mmol) was dissolved in dichloromethane (30 mL) and 

diisopropylethylamine (0.35 mL, 2.0 mmol) was added dropwise. The 

solution was stirred at room temperature for 15 minutes and then 

BF3.Et2O (0.37 mL, 3.0 mmol) was added. Then solution was stirred at 

room temperature for 4 hours. Water was added to the reaction mixture 

and the organic layer was separated and dried over sodium sulphate. 

The solvent was evaporated under vacuum and the crude product was 

purified by column chromatography using neutral activated aluminium 

oxide with dichloromethane: hexane (4:1) as an eluent to yield 80% of 
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aza-BODIPY 5.  
1
H NMR (400 MHz, CD2Cl2, δ in ppm): 8.20-8.17 

(2H, m), 8.06-8.00 (3H, m), 7.92-7.84 (4H, m), 7.73-7.71 (2H, d, J = 8 

Hz),  7.68-7.61 (4H, m), 7.45-7.38 (6H, m), 7.33-7.24 (12H, m), 7.14-

7.09 (5H, m), 7.03-6.94 (6H, m); 
13

C NMR (100 MHz, CD2Cl2, δ in 

ppm): 167.4, 163.5, 161.5, 154.3, 148.9, 147.3, 147.0, 145.1, 144.8, 

140.4, 137.5, 134.8, 134.4, 133.1, 132.9, 132.7, 132.3, 132.2, 132.1, 

131.7, 131.4, 131.3, 131.2, 131.1, 130.6, 130.4, 130.3, 130.1, 129.9, 

129.8, 128.9, 128.8, 128.7, 127.6, 127.4, 127.1,  127.0, 126.7, 125.6, 

124.2, 121.9, 121.2, 118.3, 118.0, 117.0, 115.3, 114.0, 113.3, 112.3, 

111.8, 94.4, 88.9, 87.6, 78.1; HRMS (ESI) m/z calcd for 

C74H44BF2N9S2: 1172.3289 [M + H]
+
, found 1172.3307 [M + H]

+
. 

Synthesis of aza-BODIPY 6 

In 100 ml round bottom flask, aza-dipyrromethene 2 (0.200 g, 0.10 

mmol) and TCNE (0.049 g, 0.20 mmol) were dissolved in 

dichloromethane (30 ml). The reaction mixture was stirred at room 

temperature for 4 hours. The solvent was removed under vacuum and 

the product was purified by column chromatography using neutral 

activated aluminium oxide with dichloromethane as an eluent to yield 

85% aza-dipyrromethene 6. 
1
H NMR (400 MHz, CD2Cl2, δ in ppm): 

7.74-7.73 (8H, d, J = 4Hz),  7.63-7.61 (4H, d, J = 8Hz),  7.55 (2H, s), 

7.44-7.40 (8H, m), 7.30-7.26 (15H, m), 7.00-7.97 (4H, d, J = 12Hz),  

6.88 (2H, s), 6.74 (2H, s);
 13

C NMR (100 MHz, CD2Cl2, δ in ppm):  

167.5, 164.0, 154.7, 154.3, 151.0, 145.1, 137.9, 137.0, 135.6, 133.7, 

133.0, 132.6, 130.7, 129.2, 129.0, 127.7, 127.6, 127.4, 121.9, 118.5, 

115.0, 114.4, 113.9, 113.0, 112.2, 87.4, 78.7; HRMS (ESI) m/z calcd 

for C80H45N13S2,: 1252.3491 [M + H]
+
, found 1252.3435 [M + H]

+
. 

Synthesis of aza-BODIPY 7  

In 100 ml round bottom flask, aza-dipyrromethene 6 (200 mg, 0.15 

mmol) was dissolved in dichloromethane (30 mL) and 

diisopropylethylamine (0.3 mL, 1.5 mmol) was added dropwise. The 

solution was stirred at room temperature for 15 minutes and then 

BF3.Et2O (0.4 mL, 2.4 mmol) was added. The solution was stirred at 
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room temperature for 4 hours. Water was added to the reaction mixture 

and the organic layer was separated and dried over sodium sulphate. 

The solvent was evaporated under vacuum and the crude product was 

purified by column chromatography using neutral activated aluminium 

oxide with dichloromethane as an eluent to yield 85% of aza-BODIPY 

7. 
1
H NMR (400 MHz, CD2Cl2, δ in ppm); 8.21-8.19 (2H, d, J = 8Hz),  

7.99 (1H, s), 7.87-7.85 (2H, d, J = 8Hz),  7.71-7.69 (4H, d, J = 8Hz),  

7.43-7.40 (6H, m), 7.34-7.24 (16H, m), 7.07-7.05 (8H, m), 6.94-6.92 

(5H, d, J = 8Hz);  
13

C NMR (100 MHz, CD2Cl2, δ in ppm):  167.7, 

163.6, 162.6, 154.7, 148.4, 148.0, 147.7, 145.1, 138.8, 134.7, 133.7, 

132.6, 132,5, 131.5, 131.0, 130.7, 130.2, 129.9, 129.7, 129.3, 129.1, 

129.0, 127.7, 127.4, 126.2, 125.5, 125.3, 125.0, 124.7, 123.8, 123.3, 

121.4, 118.5, 118.0, 115.0, 114.2, 113.6, 112.5, 112.0, 107.4, 78.4, 

55.6; HRMS (ESI) m/z calcd for C80H44BF2N13S2,: 1322.3426 [M + 

Na]
+
, found 1322.3250 [M + Na]

+
. 

5.7. Conclusion 

We have synthesized triphenylamine substituted aza-dipyrromethene 

and aza-BODIPY dyes 2–7 by the Pd-catalyzed Sonogashira cross-

coupling reaction and [2 + 2] cycloaddition retroelectrocyclization 

reaction. The BF2 containing aza-BODIPYs 3, 5 and 7 show red 

shifted absorption as compared to aza-dipyrromethenes 2, 4 and 6. The 

DFT and TD-DFT results reveal that electron density transfers from 

triphenylamine (donor) to aza-BODIPY and TCBD (acceptor) core. 

The DFT calculations show that the triphenylamine substituted aza-

BODIPYs 3, 5 and 7 exhibit low HOMO−LUMO gap values as 

compared to aza-dipyrromethenes 2, 4 and 6. 
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Chapter 6 

 Near-infrared Absorbing Different Donor 

Functionalized -Aza-BODIPY Derivatives 

6.1.  Introduction 

Near-infrared (NIR) absorbing dyes are extensively used in bioimaging 

and environmental applications due to their ability to use NIR light, 

which offers excellent optical transparency, low auto-fluorescence, 

minimal damage, and deep penetration into samples.
[1–8]

 NIR-

absorbing organic chromophores are becoming more widely used in a 

variety of applications, such as organic photovoltaics, organic light-

emitting diodes, telecommunications, and photothermal therapy. 
[9–19]

 

Aza-Boron-dipyrromethene (aza-BODIPY) dyes are BODIPY 

derivatives that feature a nitrogen atom replacing the meso-carbon 

atom, which connects the two pyrrole rings. 
[20–22]

 Aza-BODIPY dyes 

possess favorable spectroscopic properties, including high molar 

absorption coefficients, intense NIR region absorption and excellent 

photostability.
[23–26]

 Aza-BODIPYs have been used for various 

applications, such as solar cells, photosensitizers, chemosensors and 

bioimaging.
[27,28] 

Our group is involved in the design and synthesis of 

donor–acceptor (D–A) architectures with NIR absorption for solution 

processed bulk heterojunction organic solar cells (BHJ-OSCs).
[29–32]
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Figure 6.1. Chemical structures of synthesized aza-BODIPY dyes 3–7. 

Herein, we report the design and synthesis of a series of novel aza-

BODIPY dyes 3–7, which are functionalized with various donor 

groups including phenyl, naphthalene, phenanthrene, phenothiazine, 

and carbazole. These donor groups were chosen to tune the 

photophysical, electrochemical, and computational studies of the dyes. 

To explore the geometry and electronic structures of the synthesized 

aza-BODIPY dyes 3–7, calculations using density functional theory 

(DFT) were conducted. The main aim of this research was to 

investigate how various donor groups affect the photophysical, 

electrochemical, and computational studies of aza-BODIPY cores in 

NIR-absorbing molecules. 

6.2.  Results and Discussion 

The synthesis of 2,6-diarylated aza-BODIPY dyes 3–7 is shown in 

Scheme 6.1. The aza-BODIPYs 3–7 were synthesized via the Suzuki 

cross-coupling reaction of 2,6-dibromo aza-BODIPY 2 with respective 

aryl boronate esters (phenyl, naphthalene, phenanthrene, 

phenothiazine, and carbazole) in a mixture of tetrahydrofuran, toluene, 

and water (1:1:1) [Scheme 6.1]. The reaction flask was degassed with 

argon gas for 15 minutes before adding Pd(PPh3)4 as a catalyst and 



115 
 

Na2CO3 as the base, and then reaction mixture was heated overnight at 

80 
o
C. 

 

Scheme 6.1. Synthesis of aza-BODIPY derivatives 3–7. Reagents and 

conditions: (i) Br2, Benzene, RT, 2 hrs; (ii) Na2CO3, Pd(PPh3)4, 

toluene/THF/water, 80 °C, 24 hrs. 

The precursors for BF2-chelated aza-BODIPY 1 and 2,6-dibromo aza-

BODIPY 2 were synthesized using a reported procedure
[33,34] 

by 

reacting 4-methylbenzaldehyde with 4-methoxyacetophenone followed 

by complexation with BF3·OEt2 and bromination with bromine. The 

2,6-diarylated aza-BODIPY dyes 3–7 were purified with the help of 

silica gel column chromatography, using  hexane:dichloromethane 

solvents. The aza-BODIPY dyes 3–7 are readily soluble in common 

organic solvents, including dichloromethane, chloroform, acetonitrile, 

and tetrahydrofuran. The aza-BODIPY dyes 3–7 were characterized 

using 
1
H NMR, 

13
C NMR, and HRMS techniques. The aza-BODIPY 

derivatives 3–5 were prepared according to the method previously 

reported in our group's MSc thesis.
[35]

 

6.3.  Photophysical Properties 

The electronic absorption spectra (Figure 6.2.) of 2,6-diarylated aza-

BODIPY dyes 3–7 were recorded in dichloromethane, and the 

resulting data are listed in Table 6.1. 
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Figure 6.2. Normalized electronic absorption spectra of aza-BODIPY 

dyes 3–7 in dichloromethane (1×10
-5

M). 

The absorption spectra of aza-BODIPY dyes 3–7 exhibit two intense 

bands. The lower absorption band (between 400–600 nm) corresponds 

to the π→π* transitions of aza-BODIPY moiety, whereas the higher 

absorption band (between 674–695 nm) is related to the intramolecular 

charge transfer from various donors to aza-BODIPY acceptor.
[36]

 In 

dichloromethane, the absorption maxima were observed at 677 nm, 

676 nm, 674 nm, 695 nm, and 692 nm for aza-BODIPY dyes 3–7, 

respectively. These dyes showed molar extinction coefficients of 

62,382 M
-1

cm
-1

 for 3, 75,623 M
-1

cm
-1

 for 4, 51,192 M
-1

cm
-1

 for 5, 

37,263 M
-1

cm
-1

 for 6, and 56,112 M
-1

cm
-1

 for 7 (Table 6.1.).  
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Table 6.1. The photophysical and computational properties of aza-

BODIPY dyes 3–7. 

Dyes 

 

λabs (nm)
a
 ɛ

 

(M
-1

.cm
-1

)
a 

Eg
b
 

(eV) 

3 677 

498 

62,382 2.13 

4 676 

497 

75,623 2.16 

5 674 

502 

51,192 2.15 

6 695 

473 

37,263 1.99 

7 692 

442 

56,112 2.07 

a
Absorbance measured in dichloromethane at a concentration of 1 × 

10
-5

 M, ε; molar extinction coefficient, 
b
Theoretical values of the 

HOMO-LUMO gap calculated from the DFT calculation. 

Aza-BODIPY dyes 6 and 7 exhibit a red-shifted absorption compared 

to aza-BODIPY dyes 3, 4, and 5, due to the presence of a strong donor 

unit. In particular phenothiazine substituted aza-BODIPY 6 shows a 

red-shifted absorption compared to the carbazole-substituted aza-

BODIPY dye 7. The strong electron-donating nature of the 

phenothiazine and carbazole units in aza-BODIPYs 6 and 7 causes a 

red-shift in the absorption compared to aza-BODIPY dyes 3–5.  

6.4. Electrochemical properties 

The oxidation and reduction potentials of the 2,6-diarylated aza-

BODIPY dyes 3–7 were determined using cyclic voltammetry, 0.1 M 

solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in 

dichloromethane was used as a supporting electrolyte, with glassy 

carbon as a working electrode, Pt wire as a counter electrode, and an 
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Ag/AgCl reference electrode. Figure 6.3. shows the cyclic 

voltammograms of the aza-BODIPY dyes 3–7. 

 

Figure 6.3. Cyclic voltammogram plots of: (a) aza-BODIPY 3, (b) 

aza-BODIPY 4, (c) aza-BODIPY 5, (d) aza-BODIPY 6, and (e) aza-

BODIPY 7. 

In aza-BODIPY dyes 3–7, two oxidation and two reduction potentials 

were observed due to the aza-BODIPY moiety. The first and second 

oxidation potentials was observed at +0.97 V, 1.34 V for aza-BODIPY 

3; at +0.99 V, 1.36 V for 4; at +0.99 V, 1.37 V for 5; at +1.19 V, 1.46 

V for 6, and at +0.91 V, 1.23 V for 7, corresponding to aza-BODIPY 

unit. The oxidation potentials of aza-BODIPY dyes 3–5 and 7 were 

anodically shifted compared to aza-BODIPY dye 6, which made them 

difficult to oxidize. An additional oxidation potential was observed at 

+0.68 V for aza-BODIPY dye 6 due to phenothiazine unit.  
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Table 6.2. Electrochemical data of aza-BODIPY dyes 3–7. 

a
The electrochemical analysis was carried out using a 0.1 M solution of 

Bu4NPF6 in dichloromethane at a scan rate of 100 mVs
-1 

versus 

Ag/AgCl at 25 
o
C. 

The first reduction potentials of aza-BODIPY dyes 3–7 were found to 

be -0.48 V, -0.47 V, -0.50 V, -0.51 V, and -0.66 V respectively, due to 

aza-BODIPY unit. In comparison to aza-BODIPY dye 7, the first and 

second reduction potentials of aza-BODIPY dyes 3–6 showed an 

anodic shift, making them easier to reduce. For aza-BODIPY dyes 3–7, 

the second reduction potential was observed at -0.93 V, -1.21 V, -0.91 

V, -1.29 V, and -1.32 V respectively, due to aza-BODIPY unit.  

6.5. Theoretical Calculations  

The ground state electronic structures and geometries of the 2,6-

diarylated aza-BODIPY dyes 3–7 were studied using DFT calculations 

at the B3LYP/6-31G(d, p) level. The distributions of the frontier 

molecular orbitals (FMOs) of aza-BODIPY dyes 3–7 are shown in 

Figure 6.4. 

Dyes E
1
 (V) 

Oxid
a
 

E
2
 (V) 

Oxid
a
 

E
3
 (V) 

Oxid
a
 

E
1
 (V) 

Red
a
 

E
2
 (V) 

Red
a
 

3 0.97 1.34 - -0.48 -0.93 

4 0.99 1.36 - -0.47 -1.21 

5 0.99 1.37 - -0.50 -0.91 

6 

7 

0.68 

0.91 

1.19 

1.23 

1.46 

- 

-0.51 

-0.66 

-1.29 

-1.32 
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Figure 6.4. The FMOs of aza-BODIPY dyes 3–7 at the B3LYP/6-

31G(d, p) level. 

The optimized structures of aza-BODIPY dyes 3–7 have distorted 

geometry. The theoretically calculated highest occupied molecular 

orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) 

are shown in Figure 6.4. The HOMOs are mainly located on the 

acceptor (aza-BODIPY) unit and are also weekly localized on the 

donor moiety, whereas the LUMOs are mainly localized on the 

acceptor (aza-BODIPY) moiety. According to the computational 

calculations of aza-BODIPYs 3–7, the HOMO energy levels are -5.01 

eV, -5.01 eV, -5.02 eV, -4.83 eV, -4.81 eV and the corresponding 

LUMO energy levels are -2.88 eV, -2.85 eV, -2.87 eV, -2.84 eV, and -

2.74 eV respectively.  

 

Figure 6.5. Energy level diagram and FMOs of aza-BODIPY dyes 3–7 

as estimated by DFT calculations. 
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Figure 6.5. shows the energy level diagram containing the HOMO-

LUMO gap of the orbitals for aza-BODIPY dyes 3–7. The theoretical 

HOMO-LUMO gap values for these dyes are 2.13, 2.16, 2.15, 1.99, 

and 2.07 eV, respectively. The HOMO-LUMO gap in aza-BODIPY 

dyes 3–7 follows the order aza-BODIPY 4 > aza-BODIPY 5 > aza-

BODIPY 3 > aza-BODIPY 7 > aza-BODIPY 6.  

6.6. Experimental section 

General methods  

The chemicals were used as received, unless otherwise indicated. All 

moisture-sensitive reactions were performed under an argon 

atmosphere using the standard Schlenk method. 
1
H NMR (500 MHz) 

and 
13

C NMR (100 MHz/125 MHz) spectra were recorded using 

CDCl3 as the solvent. The 
1
H NMR chemical shifts are reported in 

parts per million (ppm) relative to the solvent residual peak (CDCl3, 

7.26 ppm). The multiplicities are given as s (singlet), d (doublet), and 

m (multiplet), and the coupling constants, J, are given in Hz. The 
13

C 

NMR chemical shifts are reported relative to the solvent residual peak 

(CDCl3, 77.0 ppm). HRMS was recorded on a mass spectrometer (ESI-

TOF). The UV-visible absorption spectra were recorded on a UV-

visible spectrophotometer in dichloromethane. Cyclic voltammograms 

(CVs) were recorded on an electrochemical analyzer using glassy 

carbon as the working electrode, Pt wire as the counter electrode, and 

Ag/AgCl as the reference electrode. 

General method for the synthesis of aza-BODIPY dyes 3–7:  

A mixture of 2,6-dibromo aza-BODIPY 2 (0.100 g, 0.14 mmol), 

phenylboronic ester (0.055 g, 0.28 mmol), and Na2CO3 (0.224 g, 1.68 

mmol) was taken in a 100 mL round-bottom flask fitted with a reflux 

condenser and stirred under N2 for 5 minutes in a 1:1:1 mixture of 

water/THF/toluene (20 mL). A catalytic amount of Pd(PPh3)4 (0.016 g, 

0.014 mmol) was added and the reaction mixture was refluxed at 80 °C 

24 hrs. After completion of the reaction, as monitored by TLC 
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analysis, the reaction mixture was allowed to cool down to room 

temperature. Water (50 mL) was added and extracted the reaction 

mixture with dichloromethane. The organic layer was separated and 

washed with water and brine, dried over anhydrous Na2SO4. The 

solvent was evaporated, and the crude product was purified on a silica 

gel column chromatography (40:60, dichloromethane/hexane) to afford 

diarylated aza-BODIPY dyes 3–7. 

Aza-BODIPY 3: 

Yield: 33%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.08-7.98 (3H, 

m), 7.46-7.37 (6H, m), 7.28 (1H, s),  7.23-7.18 (6H, m), 7.11-7.10 (1H, 

d, J = 7.9 Hz), 7.06-7.96 (6H, m), 6.80-6.75 (3H, m), 3.88-3.77 (6H, 

m), 2.44-2.35 (6H, m). 
13

C NMR (125 MHz, CDCl3, δ in ppm): 162.1, 

160.7, 160.6, 159.4, 146.2, 143.8, 139.8, 138.4, 138.2, 133.6, 133.5, 

132.4, 131.7, 131.0, 131.0, 130.7, 129.5, 129.4, 129.2, 129.1, 129.0, 

128.5, 128.3, 128.2, 127.1, 127.0, 124.0, 123.4, 123.1, 118.1, 114.3, 

113.2, 55.4, 55.1, 21.5, 21.5; HRMS (ESI) m/z: [M+H]
+
 calcd for 

C48H39BF2N3O2: 738.3106; found 738.3106.  

Aza-BODIPY 4: 

Yield: 27%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.08–8.05 (2H, t, 

J = 7.5 Hz), 7.82–7.73 (4H, m), 7.41–7.32 (11H, m), 7.25–7.22 (5H, 

m), 7.07–6.98 (2H, m), 6.94–6.88 (3H, m), 6.61–6.57 (3H, m) 3.89–

3.66 (6H, m), 2.45–2.124 (6H, m). 
13

C NMR (100 MHz, CDCl3, δ in 

ppm): 162.1, 160.6, 160.4, 159.3, 158.8, 150.1, 145.3, 142.4, 139.8, 

138.5, 138.3, 133.6, 132.4, 131.7, 130.4, 130.3, 129.6, 129.4, 129.3, 

129.1, 128.5, 128.3, 128.3, 128.2, 128.1, 126.3, 126.2, 126.0, 125.8, 

125.8, 125.5, 124.0, 123.6, 123.3, 118.2, 115.5, 114.3, 114.0, 113.1, 

113.1, 55.4, 55.0, 21.5, 21.4; HRMS (ESI) m/z: [M + H]
+
 calcd for 

C56H43BF2N3O2: 838.3488; found 838.3420.  

Aza-BODIPY 5: 

Yield: 25%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.69 (4H, s), 8.09 

(2H, s), 7.90–7.88 (2H, m), 7.75–7.42 (18H, m), 7.09–6.99 (2H, m), 
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6.92–6.87 (3H, m), 6.56–6.54 (3H, m), 3.89–3.61 (6H, m), 2.44–2.21 

(6H, m). 
13

C NMR (100 MHz, CDCl3, δ in ppm): 160.6, 160.4, 159.0, 

145.4, 142.6, 139.8, 138.6, 138.3, 131.6, 131.5, 131.4, 130.6, 130.5, 

130.4, 130.4, 130.3, 130.1, 129.6, 129.4, 129.3, 129.2, 128.9, 128.6, 

128.4, 126.9, 126.8, 126.7, 126.7, 126.6, 126.6, 126.5, 124.0, 123.3, 

123.3, 122.9, 122.5, 114.3, 114.0, 113.2, 113.2, 55.4, 55.0, 22.6, 21.3; 

HRMS (ESI) m/z: [M+H]
+ 

calcd for C64H47BF2N3O2: 938.3734; found 

938.3763. 

Aza-BODIPY 6: 

Yield: 26%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 7.43-7.39 (8H, t, 

J = 8.6 Hz ), 7.15-7.11 (2H, m), 7.08-7.04 (6H, m), 6.90-6.87 (2H, t, J 

= 7.3 Hz), 6.82-6.78 (6H, m), 6.71-6.69 (4H, m), 6.63-6.61 (2H, m), 

3.78 (6H, s), 3.75-3.72 (4H, m), 2.36 (6H, s), 1.83-1.79 (4H, m), 1.01-

0.98 (6H, m). 
13

C NMR (125 MHz, CDCl3, δ in ppm): 160.8, 158.1, 

145.2, 144.8, 144.1, 140.3, 138.3, 132.3, 131.7, 130.9, 129.7, 129.0, 

128.9, 128.6, 127.4, 127.3, 127.2, 124.3, 124.1, 123.0, 122.3, 115.2, 

114.9, 113.4, 55.2, 49.3, 22.3, 21.5, 20.0,11.3; HRMS (ESI) m/z: 

[M+H]
+
 calcd for C66H57BF2N5O2S2: 1064.4020; found 1064.4029. 

Aza-BODIPY 7: 

Yield: 34%; 
1
H NMR (500 MHz, CDCl3, δ in ppm): 7.90-7.89 (2H, d, 

J = 7.6 Hz ), 7.72 (2H, s), 7.48 - 7.38 (12H, m), 7.24-7.23 (2H, d, J = 

8.5 Hz ), 7.18-7.15 (2H, t, J = 7.2 Hz ), 7.09-7.07 (2H, d, J = 8.5 Hz ), 

7.00-6.99 (4H, d, J = 8.1 Hz ), 6.71-6.70 (4H, d, J = 8.9 Hz ), 4.25-

4.22 (4H, t, J = 7.2 Hz ), 3.72 (6H, s), 2.31 (6H, s), 1.94 - 1.89 (4H, m), 

1.02-0.99 (6H, t, J = 7.4 Hz ) 
13

C NMR (100 MHz, CDCl3, δ in ppm): 

160.5, 158.3, 145.3, 140.7, 140.3, 139.7, 138.0, 133.8, 132.5, 131.0, 

129.4, 128.6, 128.5, 125.6, 124.0, 123.5, 122.9, 122.8, 122.5, 120.5, 

118.8, 113.2, 108.8, 108.6, 55.1, 44.8, 22.4, 21.4, 11.9; HRMS (ESI) 

m/z: [M+H]
+ 

calcd for C66H57BF2N5O2: 1000.4579; found 1000.4651.
 

6.7. Conclusion 
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In conclusion, we report the design and synthesis of NIR absorbing 

2,6-diarylated BF2-chelated aza-BODIPY dyes with different donor 

aromatic substituents. A red shift in the absorption maxima of aza-

BODIPY dyes 6 and 7 was observed compared to aza-BODIPY dyes 

3–5, which can be attributed to the presence of π-extended and strong 

electron-donating groups at the 2,6 positions of the aza-BODIPY core. 

The electrochemical investigations showed the presence of two 

oxidation and two reduction potentials. Computational calculations 

demonstrated a lower HOMO-LUMO gap for phenanthrene, carbazole 

and phenothiazine functionalized aza-BODIPYs (5, 6 and 7), compared 

to other aza-BODIPY derivatives (3 and 4). These findings provide 

valuable insights for the design and development of new dyes with 

improved photophysical properties and potential applications in 

optoelectronics. 
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Chapter 7 

Exploring the effect of electron withdrawing 

functionalities (formyl, nitrile, and fullerene) on 

di- and tetra-methoxy substituted -aza-

BODIPYs  

7.1. Introduction 

Aza-boron-dipyrromethene (aza-BODIPY) is a structural analogue of 

BODIPY, where the carbon atom at the meso-position of the BODIPY 

is replaced by the nitrogen,
[1–6]

 which leads to the significant 

bathochromic shift (~100 nm) in the absorbance.
[7–9] 

Aza-BODIPY 

derivatives have been recognized as promising candidates with near-

infrared (NIR) absorbing ability used in various applications such as 

photovoltaics, bioimaging, and photodynamic therapy.
[10–18] 

 

Fullerene (C60) stands out as a widely used electron acceptor in bulk 

heterojunction organic solar cells and perovskite solar cells due to its 

high efficiency.
[19–24] 

Its significant features such as small 

reorganization energy, good thermal stability, and tunable LUMO 

energy level are beneficial in various optoelectronic applications.
[25–30] 

Our research group is involved in the development of -conjugated 

chromophores based on BODIPY, aza-BODIPY, diketopyrrolopyrrole, 

isoindigo, porphyrin for various optoelectronic applications.
[31–36] 

We 

have recently reported triphenylamine functionalized aza-BODIPYs by 

incorporating electron withdrawing tetracyanobutadiene bridge.
[37] 

The 

literature revels that the fullerene has been attached to BODIPY at 

various positions, including alpha, beta, meso, and even at the boron 

site of the BODIPY.
[8,38–43] 

However, the fullerene connected to aza-

BODIPY is predominantly observed at alpha and boron site.
[44–46]  
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Figure 7.1. Chemical structures of formyl, nitrile, and fullerene 

functionalized di- and tetra-methoxy substituted aza-BODIPYs 1–6. 

In this article, we describe the design and synthesis of formyl, nitrile, 

and fullerene substituted di- and tetra-methoxy based aza-BODIPY 

dyes (1–6). The photophysical and electrochemical properties of aza-

BODIPY dyes were thoroughly investigated, and their computational 

studies were carried out. The objective of this work was to study and 

compare the impact of substitution of electron withdrawing moieties 

formyl, nitrile, and fullerene on the optical and electrochemical 

properties of aza-BODIPY dyes 1–6. 

7.2. Results and Discussion 

The synthesis of formyl, nitrile and fullerene containing di- and tetra-

methoxy substituted aza-BODIPY dyes 1–6 are shown in Scheme 7.1. 

The synthesis of formyl substituted di-methoxy based aza-BODIPY 1 

and tetra-methoxy based aza-BODIPY 2 was carried out using a well-

established formylation procedure (Scheme 7.1.).
[47,48] 

The formylation 

of aza-BODIPY A1 and A2 was carried out with POCl3 in 

dichloroethane solvent at 80 
o
C for 3 hours to obtain aza-BODIPYs 1 

and 2. The reaction intermediates di and tetra-methoxy based aza-

BODIPYs A1 and A2 were synthesized by following literature 
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procedures.
[49] 

 

 

Scheme 7.1. Synthesis of formyl, nitrile, and fullerene substituted di- 

and tetra-methoxy based aza-BODIPY dyes 1–6. 

The nitrile substituted aza-BODIPYs 3 and 4 were synthesized by the 

reaction of formyl substituted aza-BODIPYs 1 and 2 with a mixture of 

hydroxylamine hydrochloride, glacial acetic acid, pyridine and 

dimethylformamide (DMF) solvents at 100 
o
C for 24 hours. The 

fullerene based aza-BODIPYs 5 and 6 were synthesized using Prato 

reaction by reacting formyl substituted aza-BODIPYs 1 and 2 with C60 

in the presence of sarcosine in dry toluene. The reaction was carried 

out at 100 
o
C for 48 hours and the aza-BODIPY 5 and aza-BODIPY 6 

was obtain in 30%  and 25% yield respectively. The purification of 

aza-BODIPY dyes 1–6 was achieved by silica gel column 

chromatography. The aza-BODIPYs 1–6 were fully characterized by 

1
H, 

13
C NMR and HRMS techniques and are soluble in common 

organic solvents such as dichloromethane, chloroform, acetone, 

toluene and tetrahydrofuran. 

7.3. Photophysical Properties 

The electronic absorption spectra of the formyl, nitrile and fullerene 

substituted di- and tetra-methoxy based aza-BODIPY dyes 1–6 were 
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recorded in dichloromethane solvent (Figure 7.2.) and the data are 

listed in Table 7.1. 

 

Figure 7.2. Normalized electronic absorption spectra of aza-BODIPYs 

1–6 in dichloromethane solvent (1×10
-5

M). 

 

The di and tetra-methoxy substituted aza-BODIPYs, namely 1–6, 

display absorption spectra in the ultraviolet to visible region ranging 

from 250–750 nm. Aza-BODIPY dyes 1, 3, and 5 exhibit absorption 

maxima at 659 nm, 598 nm, and 655 nm, respectively, whereas their 

tetra-methoxy aza-BODIPY analogues 2, 4, and 6 show absorption 

maxima at comparatively longer wavelength region at 673 nm, 680 

nm, and 663 nm, respectively. This red shift in the tetra-methoxy 

substituted aza-BODIPYs was related to the presence of additional two 

electron donating methoxy moieties. The precursor aza-BODIPYs A1 

and A2 exhibited absorption maxima at 686 nm and 690 

respectively.
[40]

 This indicates the substitution of electron withdrawing 

moieties to A1 and A2 leads to the blue shift in the absorption (Table 

7.1.). The molar absorption coefficients (ε) observed for these aza-

BODIPY derivatives are 65,000 M
-1

cm
-1

 for aza-BODIPY 1, 42,000 

M
-1

cm
-1

 for aza-BODIPY 2, 43,000 M
-1

cm
-1

 for aza-BODIPY 3, 
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66,000 M
-1

cm
-1

 for aza-BODIPY 4, 46,000 M
-1

cm
-1

 for aza-BODIPY 

5, and 48,000 M
-1

cm
-1

 for aza-BODIPY 6. 

 

Table 7.1. The photophysical and computational properties of aza-

BODIPY dyes 1–6. 

Dyes λabs (nm)
a
 ɛ x 10

4 

(M
-1

.cm
-1

)
a
 

λabs (nm)
b
 

1 659 6.5 649 

2 673 4.2 663 

3 598 4.3 658 

4 680 6.6 679 

5 655 4.6 646 

6 663 4.8 670 

a
Absorbance measured in dichloromethane at a concentration of 1 × 

10
-5

 M, ε; molar extinction coefficient. 
b
Absorbance calculated from 

TD-DFT calculation. 

The blue shift of around 82 nm was observed in case of nitrile 

substituted di-methoxy substituted aza-BODIPY 3 compared to its 

tetra-methoxy substituted aza-BODIPY analogue 4, due to strong 

electron pulling towards the nitrile group. This behaviour has also been 

supported by electrochemical and computational investigations i.e. 

lower first reduction potential and presence of low lying HOMO (-

5.25) in di-methoxy based nitrile substituted aza-BODIPY 3 compared 

to other aza-BODIPY derivatives (Table 7.2. and Figure 7.7.). The 

intense absorption band in the ultraviolet region 250–400 nm in 

fullerene substituted aza-BODIPYs 5 and 6 corresponds to the 

absorption of fullerene. The absorption values calculated from time 

dependent density theory (TD-DFT) calculation are in good agreement 

with experimental absorption values (See Table 7.1.). 

7.4. Electrochemical properties 

The electrochemical properties of the formyl, nitrile and fullerene 

substituted di- and tetra-methoxy based aza-BODIPYs 1–6 were 
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studied by cyclic voltammetry (CV). The measurements were 

performed in dichloromethane solvent using 0.1 M solution of 

tetrabutylammonium tetrafluoroborate (nBu4NBF4) as the supporting 

electrolyte, Ag/AgCl was used as a reference electrode, glassy carbon 

was used as a working electrode and Pt wire was used as a counter 

electrode. The CV plots of aza-BODIPYs 1–6 are shown in Figure 

7.3., 7.4. and the corresponding data are listed in Table 7.2. 

 

Figure 7.3. CV plots of di- and tetra-methoxy based aza-BODIPYs 1–

6. 
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Figure 7.4. CV plots of di- and tetra-methoxy based aza-BODIPYs 1–

6. 

The formyl, nitrile, and fullerene substituted di- and tetra-methoxy 

based aza-BODIPYs 1–6 show two oxidation and three reduction 

potentials. Aza-BODIPY itself shows two oxidations and two 

reductions. The additional low voltage reduction potential is related to 

corresponding electron withdrawing (formyl, nitrile, and fullerene) 

moiety. Formyl and nitrile based aza-BODIPYs 1–4 exhibited 

oxidation potentials at 0.90 V, 1.52 V; 0.86 V, 1.51 V; 0.52 V, 1.53 V, 

and at 0.48 V, 1.52 V respectively. In case of fullerene substituted aza-

BODIPYs 5 and 6, the oxidation potentials were observed at 0.52 V, 

1.53 V, and 0.44 V, 1.49 V respectively. The oxidation potentials of 

tetra-methoxy substituted aza-BODIPYs 2, 4, and 6 exhibited cathodic 

shift compared to di-methoxy analogues 1, 3, and 5, making them 

easier to oxidize due to the presence of two additional electron 

donating methoxy groups. 
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Table 7.2. Electrochemical properties of di- and tetra-methoxy based 

aza-BODIPYs 1–6. 

a
The electrochemical analysis was performed in a 0.1 M solution of 

nBu4NPF6 in dichloromethane at 100 mVs
−1

 scan rate, versus Ag/AgCl 

at 25 °C. 

The substitution of electron withdrawing formyl, nitrile and fullerene 

to di- and tetra-methoxy based aza-BODIPYs resulted in additional 

low voltage reduction in each aza-BODIPY. The first reduction 

potentials in aza-BODIPYs 1–6 are at -0.79 V, -0.76 V, -0.47, -0.53 V, 

-0.95 V, and -0.63 V, respectively is related to the corresponding 

substitution of electron withdrawing (formyl, nitrile and fullerene) 

moiety. The nitrile substituted di-methoxy based aza-BODIPYs 3 

displayed an anodic shift in their reduction potentials compared to 

remaining aza-BODIPY dyes which makes them more easily 

reducible. This indicates enhanced pulling of electrons from aza-

BODIPY core which has also been seen from the blue shift of 

absorption in aza-BODIPYs 3 compared to other aza-BODIPYs. 

The presence of two additional electron donating methoxy groups in 

tetra-methoxy based formyl and fullerene substituted aza-BODIPYs 

makes easier oxidation and reduction of aza-BODIPY core. On the 

other hand, in case of tetra-methoxy based nitrile substituted aza-

BODIPY (4), despite of having two additional electron donating 

Dyes E
1
 

Oxid
a
 

E
2
 

Oxid
a
 

E
1
 

Red
a
 

E
2
 

Red
a
 

E
3
 

Red
a
 

1 0.90 1.52 -0.79 -1.26 -1.46 

2 0.86 1.51 -0.76 -1.17 -1.44 

3 0.52 1.53 -0.47 -0.80 -1.22 

4 

5 

6 

0.48 

0.52 

0.44 

1.52 

1.53 

1.49 

-0.53 

-0.95 

-0.63 

-0.81 

-1.13 

-0.99 

-1.23 

-1.34 

-1.30 
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methoxy groups, the oxidation and reduction processes are difficult 

compared to di-metoxy based aza-BODIPY 3. 

7.5. Theoretical properties 

The ground state geometries and electronic structure of formyl, nitrile 

and fullerene containing di- and tetra-methoxy based aza-BODIPYs 

(1–6) were investigated using density functional theory (DFT) in the 

gas phase. Gaussian 09 program was used to run the theoretical 

calculations at the B3LYP/6-31G (d, p) level. The frontier molecular 

orbitals (FMOs) obtained from the DFT calculation for aza-BODIPYs 

1–6 is illustrated in Figure 7.5. and 7.6. The highest occupied 

molecular orbitals (HOMOs) and lowest occupied molecular orbitals 

(LUMOs) of formyl, and nitrile substituted di- and tetra-methoxy 

substituted aza-BODIPYs 1–4 are localized on the aza-BODIPY core 

(Figure 7.5.) indicates π→π* transition. 

 

Figure 7.5. Frontier molecular orbitals of di- and tetra-methoxy aza-

BODIPYs 1–4. 



140 
 

 

Figure 7.6. Frontier molecular orbitals of fullerene substituted di- and 

tetra-methoxy aza-BODIPYs 5 and 6. 

On the other hand, in fullerene substituted di- and tetra-methoxy based 

aza-BODIPYs 5 and 6, HOMOs are mainly located on fullerene 

moiety and some part on aza-BODIPY core whereas the LUMOs are 

completely located on fullerene moiety indicating the strong acceptor 

nature of the fullerene moiety. The theoretically calculated HOMO 

levels of aza-BODIPYs 1–6 are at -5.23, -5.09, -5.25, -5.13, -5.08 and -

5.07 eV and the corresponding LUMO levels are -3.13, -3.03, -3.19, -

3.10, -3.25 and -3.25 eV, respectively. Energy level diagram for aza-

BODIPYs 1–6 are depicted in Figure 7.7. and the HOMO-LUMO gap 

follows the order 1 > 2 = 3 > 4 > 5 > 6. Notably, the fullerene 

substituted di- and tetra-methoxy based aza-BODIPY dyes 5 and 6 

exhibit a lower HOMO-LUMO energy gap compared to formyl and 

nitrile substituted aza-BODIPY dyes 1–4. 
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Figure 7.7. The HOMO–LUMO energy level diagram of di- and tetra-

methoxy substituted aza-BODIPYs 1–6.  

The TD-DFT calculations were performed on formyl, nitrile and 

fullerene containing di and tetra-methoxy based aza-BODIPYs (1–6) at 

the B3LYP/6-31G (d, p) level to achieve correlation with the 

absorption studies. The major electronic transitions in 1–6 obtained 

from TD-DFT calculation with their composition and oscillator 

strength are shown in Table 7.3. In the case of formyl substituted aza-

BODIPY derivatives 1 and 2, the major electronic transitions were 

observed in visible region, which occurs from the HOMO to LUMO at 

649 nm and 663 nm respectively. Other lower wavelength transitions 

HOMO-2→LUMO were also observed at 513 nm and 525 nm 

respectively. In case of nitrile substituted aza-BODIPY derivatives 3 

and 4, the two major transitions were found in the visible region, one 

from HOMO to LUMO+1 in 655–680 nm and another from HOMO-2 

to LUMO+1 in 500–545 nm. The fullerene substituted aza-BODIPY 

derivatives 5 and 6 show major transitions in the visible region from 

HOMO to LUMO+1 in 645–670 region (Figure 7.8.). The transitions 

from HOMO-1 to LUMO+3 in 5 and from HOMO to LUMO+3 in 6 

were also seen in TD-DFT calculations. 
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Table 7.3. Calculated major electronic transition for aza-BODIPY 

dyes 1–6 in the gas phase. 

Dyes Wavelength        

(nm) 

Composition f
a 

 

1 649 

 

513 

HOMO→LUMO (0.70) 

HOMO-1→LUMO (0.13) 

HOMO-2→LUMO (0.69) 

0.61 

 

0.34 

2 663 

 

525 

HOMO→LUMO (0.55) 

HOMO→LUMO+1 (0.41) 

HOMO-2→LUMO (0.39) 

HOMO-1→LUMO (0.31) 

HOMO-1→LUMO+1 (0.35) 

0.52 

 

0.28 

3 658 

504 

HOMO→LUMO+1 (0.70) 

HOMO-2→LUMO+1 (0.50) 

0.62 

0.23 

4 679 

541 

HOMO→LUMO+1 (0.70) 

HOMO-2→LUMO+1 (0.60) 

0.57 

0.25 

5 646 

 

HOMO→LUMO+1 (0.37) 

HOMO→LUMO+3 (0.31) 

0.51 

 

6 670 

 

652 

HOMO→LUMO+1 (0.40) 

HOMO-1→LUMO+2 (0.36) 

HOMO→LUMO+3 (0.42) 

HOMO→LUMO+1 (0.34) 

0.32 

 

0.34 
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Figure 7.8. Theoretical (top) and experimental (bottom) absorption 

spectra of fullerene substituted di and tetra-methoxy based aza-

BODIPY dyes 5 and 6. 

7.6. Experimental section 

General methods  

The chemicals were used as received unless otherwise indicated. All 

the moisture sensitive reactions were performed under argon 

atmosphere using the standard Schlenk method. 
1
H NMR (500 MHz) 

and 
13

C NMR (125 MHz) spectra were recorded by using CDCl3 as the 

solvent. The 
1
H NMR chemical shifts are reported in parts per million 

(ppm) relative to the solvent residual peak (CDCl3, 7.26 ppm). The 

multiplicities are given as: s (singlet), d (doublet), m (multiplet), and 

the coupling constants, J, are given in Hz. The 
13

C NMR chemical 

shifts are reported with relative to the solvent residual peak (CDCl3, 

77.0 ppm). HRMS was recorded on a mass spectrometer (ESI-TOF). 

The UV-visible absorption spectra were recorded on UV-visible 

Spectrophotometer in DCM. Cyclic voltammograms (CVs) were 

recorded on an electrochemical analyzer using glassy carbon as 

working electrode, Pt wire as the counter electrode, and Ag/AgCl as 

the reference electrode. 
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Aza-BODIPY 1: 

A mixture of DMF (3 mL) and POCl3 (3 mL) was stirred in an ice bath 

for 5 min under argon. After being warmed to room temperature, it was 

stirred for an additional 30 min. To this reaction mixture was added 

aza-BODIPY A1 (0.200 g, 0.34 mmol) in dichloroethane (6 mL); the 

mixture was raised to 70 
o
C for overnight. The mixture was then 

cooled to room temperature and slowly poured in to saturated aqueous 

NaHCO3 (200 mL) under ice cold conditions. After being warmed to 

room temperature, the mixture was stirred for 1h. The organic layers 

were combined, dried over anhydrous Na2SO4, and evaporated in 

vacuum. The crude product was further purified using column 

chromatography (DCM/hexane) to gives aza-BODIPY 1 with yield 

70%. 
1
H NMR (500 MHz, CDCl3, δ in ppm): 9.77 (1H, s), 8.15-8.13 

(2H, d, J=9 Hz), 8.01-7.99 (2H, d, J=8 Hz), 7.77-7.76 (2H, d, J=8 Hz), 

7.71-7.69 (2H, m, J=9 Hz), 7.32-7.31 (2H, m, J=8 Hz), 7.24-7.22 (3H, 

m), 7.03-7.00 (4H, t, J=8 Hz), 3.89 (6H, s), 2.48 (3H, s), 2.43 (3H, s); 

13
C NMR (125 MHz, CDCl3, δ in ppm): 186.6, 165.0, 163.7, 161.1, 

158.0, 148.9, 146.8, 141.6, 141.5, 141.2, 139.8, 133.0, 132.3, 131.9, 

129.6, 129.4, 128.5, 128.4, 128.2, 125.0, 122.5, 122.2, 120.6, 114.7, 

113.4, 55.6, 55.3, 21.7, 21.6; HRMS (ESI) m/z [M+nH] calcd for 

C37H31BF2N3O3: 614.2427, found: 624.2428.  

Aza-BODIPY 2: 

Aza-BODIPY 2 was synthesized by following a reported literature 

procedure.
48

 

Aza-BODIPY 3: 

A mixture of aza-BODIPY 1 (0.200 g, 0.33 mmol), H2NOH·HCl 

(0.068 g, 0.99 mmol), pyridine (0.5 mL), HOAc (1.0 mL), and DMF (5 

mL) was stirred and refluxed at 100 
o
C for 24 hrs. After cooling to 

room temperature, the mixture was poured into 150 mL H2O and 
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stirred for 20 min. The solid was collected by filtration and purified by 

chromatography (DCM/hexane) (3 : 2 v/v) as an eluent to yield 0.070 g 

(35%) aza-BODIPY 3. 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.29 

(1H, s), 7.98-7.96 (2H, d, J=8.1 Hz), 7.92-7.90 (2H, d, J=8.7 Hz), 

7.82-7.80 (2H, d, J=8.7 Hz), 7.60-7.59 (2H, m, J=7.9 Hz), 7.29-7.28 

(1H, d, J=7.9 Hz), 7.22 (1H, s), 7.14-7.13 (2H, d, J=7.9 Hz), 7.07-7.01 

(4H, m), 3.92-3.90 (6H, m), 2.47 (3H, s), 2.39 (3H, s); 
13

C NMR (125 

MHz, CDCl3, δ in ppm): 163.0, 162.1, 161.7, 160.6, 154.6, 147.6, 

146.0, 145.3, 141.1, 138.7, 138.4, 137.5, 131.3, 130.4, 130.3, 130.0, 

129.0, 128.8, 128.5, 125.3, 125.0, 116.9, 114.6, 114.2, 55.5, 53.4, 21.5, 

21.4; HRMS (ESI) m/z [M+nCH3CN
+
] calcd for C39H32BF2N5O2 m/z: 

651.2618, found 651.2077. 

Aza-BODIPY 4: 

A mixture of aza-BODIPY 2 (0.200 g, 0.31 mmol), H2NOH·HCl 

(0.065 g, 93 mmol), pyridine (0.5 mL), HOAc (1.0 mL), and DMF (5 

mL) was stirred and refluxed at 100 
o
C for 24 hrs. After cooling to 

room temperature, the mixture was poured into 150 mL H2O and 

stirred for 20 min. The solid was collected by filtration and purified by 

chromatography (DCM/hexane) (3 : 2 v/v) as an eluent to yield 0.060 g 

(30%) aza-BODIPY 4. 
1
H NMR (500 MHz, CDCl3, δ in ppm): 8.00-

7.99 (4H, m), 7.76-7.74 (2H, d, J = 8.7 Hz, ), 7.65-7.64 (2H, d, J = 8.5 

Hz), 7.02- 6.91(9H, m), 3.91-3.87 (12H, m); 
13

C NMR (125 MHz, 

CDCl3, δ in ppm): 163.3, 162.7, 161,3, 160.8, 160.5, 159.1, 156.9, 

144.9, 133.0, 131.0, 130.6, 128.4, 128.3, 127.5, 124,6, 123.1, 115.3, 

114.5, 114.4, 114.2, 114.0, 113.7, 113.5, 113.3, 94.5, 55.4, 55.3; 

HRMS (ESI) m/z [M+nCH3CN
+
] calcd for C39H32BF2N5O4 : 683.2517, 

found 683.2415. 

Aza-BODIPY 5: 

To a solution of aza-BODIPY 1 (0.200 g, 0.33 mmol) and C60 (0.470 g, 

0.66 mmol) in dry toluene (100 ml), sarcosine (0.233 g, 2.64 mmol) 

were added. The solution mixture was refluxed at 100 
o
C for 48 hrs 

and then solvent was removed under vacuum. The residue was purified 
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by column chromatography (silica) with DCM/toluene (4 : 1) as an 

eluent to yield 0.132 g (30%) aza-BODIPY 5. 
1
H NMR (500 MHz, 

CDCl3, δ in ppm): 8.04-8.02 (2H, d, J=8.7 Hz), 7.94-7.93 (2H, d, J=7.5 

Hz), 7.86-7.85 (2H, d, J=7.9 Hz), 7.22-7.7.13 (6H, m), 7.06 (1H, s), 

6.96-6.86 (4H, m), 4.87 (2H, s), 3.92-3.85 (7H, m), 2.99 (3H, m), 2.43 

(3H, s), 2.37 (3H, s); 
13

C NMR (125 MHz, CDCl3, δ in ppm): 162.8, 

161.6, 161.0, 160.8, 160.3, 156.2, 154.4, 154.1, 147.3, 146.2, 146.1, 

145.8, 145.7, 145.4, 145.3, 145.2, 145.0, 144.7, 144.6, 144.5, 144.3, 

144.2,  143.7, 143.0, 142.9, 142.6, 142, 5, 142.3, 142.1, 142.0, 141.8, 

141.6, 141.2, 140.7, 140.4, 140.1, 139.2, 138.6, 138.1, 138.0, 137.0, 

136.6, 136.4, 136.0,  135.0, 132.6, 132.2, 131.8, 129.8, 129.4, 129.2, 

128.9, 128.4, 123.4, 123.2, 114.5, 89.3, 87.3, 81.3, 69.2, 55.5, 55.3, 

40.1, 21.5; HRMS (ESI) m/z [M+nNa
+
] calcd for C99H35BF2N4O2Na

+
: 

1383.2728, found: 1383.2738. 

Aza-BODIPY 6: 

To a solution of aza-BODIPY 1 (0.200 g, 0.31 mmol) and C60 (0.446 g, 

0.62 mmol) in dry toluene (100 ml), sarcosine (0.221 g, 2.48 mmol) 

were added. The solution mixture was refluxed at 100 
o
C for 48 hrs 

and then solvent was removed under vacuum. The residue was purified 

by column chromatography (silica) with DCM/toluene (4 : 1) as an 

eluent to yield 0.109 g (25%) aza-BODIPY 6. 
1
H NMR (500 MHz, 

CDCl3, δ in ppm): 8.04-7.96 (7H, m), 6.99-6.94 (6H, m), 6.87-6.85 

(4H, d, J=8.9 Hz), 4.87 (2H, s), 3.91-3.87 (7H, m), 3.85-3.84 (6H, m), 

3.0 (3H, s); 
13

C NMR (125 MHz, CDCl3, δ in ppm): 162.7, 161.3, 

160.3, 156.3, 156.2, 155.4, 154.6, 154.5, 154.0, 153.2, 151.8, 151.7, 

151.2, 150.2, 149.8, 149.6, 147.7, 147.5, 146.1, 145.9, 145.7, 145.5, 

145.2, 143.1, 142.3, 142.0, 141.6, 136.4, 134.2, 132.1, 131.0, 127.6, 

123.5, 114.4, 114.2, 113.4, 101.2, 94.7, 91.1, 74.0, 69.8, 69.2, 55.7, 

55.3, 50.7, 45.8, 40.1, 22.7; HRMS (ESI) m/z [M+nH]calcd for 

C99H36BF2N4O4: 1393.2807, found: 1393.2830. 
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7.7. Conclusion 

In conclusion, we designed and synthesized a series of formyl, nitrile, 

and fullerene substituted di- and tetra-methoxy based aza-BODIPY 

dyes (1–6). The optical investigation of these aza-BODIPYs 

highlighted a notable red shift in the absorption for tetra-methoxy 

based aza-BODIPY dyes (2, 4, and 6) compared to their di-methoxy 

counterparts (1, 3, and 5), owing to the strong electron donating ability 

of the methoxy substituent over the methyl substituent. The 

electrochemical study suggests that the substitution of electron-

withdrawing moieties (formyl, nitrile, and fullerene) led to multiple 

reduction potentials. The DFT calculations on aza-BODIPYs 1–6 

showed low HOMO–LUMO gap values ranging from 1.82–2.10 eV. 

Tunable absorption covering the ultraviolet to visible region, combined 

with multi-redox properties and low HOMO-LUMO gap values, make 

these aza-BODIPYs as a promising candidate for optoelectronic 

applications. 
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Chapter 8 

Conclusions and scope for future work 

8.1. Conclusions 

Near-infrared (NIR) absorbing organic chromophores have been 

extensively used in variety of applications such as organic electronics, 

organic solar cells (OSCs), organic light emitting diodes (OLEDs), 

photothermal therapy, and bioimaging.
[1–4] 

Aza-boron-difluoride 

dipyrromethenes (Aza-BODIPYs) are a class of NIR absorbing organic 

dyes derived from BODIPY by the replacement of meso-carbon with a 

nitrogen atom.
[5–7]

 In aza-BODIPY, the presence of a nitrogen atom in 

meso-position with a lone pair of electrons perturbs the energy levels, 

which leads to the lowering of the band gap compared to parent 

BODIPY.
[8, 9] 

It is one of the widely used acceptor unit for the 

synthesis of small molecules for various applications including organic 

photovoltaics, photodynamic therapy, boron neutron capture therapy, 

fluorescence sensor, photo-redox catalysis, and photoacoustic 

probes.
[10, 11]

 

In this regard we designed and synthesized various donors and 

acceptors functionalized aza-BODIPY dyes. We have investigated 

their photophysical, thermal and electrochemical properties. The 

systematic variation of donor or acceptor functionalization on aza-

BODIPY core at different positions and their impact on optical and 

electrochemical properties were investigated. 

In chapter 3, we have reported the design and synthesis of different 

donor functionalized tetra-aryl substituted aza-BODIPY dyes 2–5, 7, 

and 9. Further we studied their photophysical and electrochemical 

properties and compared with reported aza-BODIPYs 1, 6, 8, and 10. 

The electronic absorption spectra of the aza-BODIPYs 1–10 exhibited 

a broad absorption covering visible to near-infrared region. The di-

phenothiazine and di-thioanisole based aza-BODIPY 5 as well as tetra-

thiophene based aza-BODIPY 10, exhibited red-shifted absorption 
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maximum as compared to tetra-aryl aza-BODIPY dyes. The cyclic 

voltammetry investigation show multiple oxidation and reduction 

potentials in aza-BODIPYs 1–10 related to corresponding donor and 

acceptor (aza-BODIPY) moieties. The intramolecular charge transfer 

(ICT) from different aryl donors to aza-BODIPY acceptor leads to the 

decrease in HOMO-LUMO gap. The results obtained in this work 

demonstrated that simple electron donating substitution on aza-

BODIPY core can induce huge bathochromic shift in their absorption 

and hence this will be a useful strategy to develop NIR dyes. A broad 

absorption in the vis-NIR range, multiple redox peaks, and low 

HOMO-LUMO gap values in these aza-BODIPY derivatives indicate 

the suitability as a potential candidate for organic photovoltaics and 

bioimaging. 

In Chapter 4, a series of donor-functionalized aza-BODIPY dyes (2–6) 

were successfully synthesized via the Pd-catalyzed Sonogashira cross-

coupling reaction. In optical properties, the N, N-dimethylaniline-

substituted aza-BODIPY dye 4 showed a red-shifted absorption 

compared to the other aza-BODIPY dyes (2, 3, 5, and 6). 

Electrochemical studies exhibited multiple oxidation and reduction 

waves associated with the donor and acceptor groups. Computational 

calculations showed that the aza-BODIPY dyes (2–6) have low 

HOMO-LUMO gap values. These aza-BODIPY derivatives exhibit 

promising features such as their absorption in the visible-to-near-

infrared (vis-NIR) range, multiple redox peaks, and low HOMO-

LUMO gap values, which suggest their potential use in organic 

photovoltaics and bioimaging. 

In chapter 5, we have reported the design and synthesis of 

triphenylamine substituted aza-dipyrromethene and aza-BODIPY dyes 

2–7 by the Pd-catalyzed Sonogashira cross-coupling reaction and [2 + 

2] cycloaddition retroelectrocyclization reaction. The BF2 containing 

aza-BODIPYs 3, 5 and 7 show red shifted absorption as compared to 

aza-dipyrromethenes 2, 4 and 6. The DFT and TD-DFT results reveal 

that electron density transfers from triphenylamine (donor) to aza-
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BODIPY and TCBD (acceptor) core. The DFT calculations show that 

the triphenylamine substituted aza-BODIPYs 3, 5 and 7 exhibit low 

HOMO−LUMO gap values as compared to aza-dipyrromethenes 2, 4 

and 6. 

In chapter 6, we have reported the design and synthesis of NIR 

absorbing 2,6-diarylated BF2-chelated aza-BODIPY dyes 3–7 with 

different donor aromatic substituents. A red shift in the absorption 

maxima of aza-BODIPY dyes 6 and 7 was observed compared to aza-

BODIPY dyes 3–5, which can be attributed to the presence of π-

extended and strong electron-donating groups at the 2,6 positions of 

the aza-BODIPY core. The electrochemical investigations showed the 

presence of two oxidation and two reduction potentials. Computational 

calculations demonstrated a lower HOMO-LUMO gap for carbazole 

and phenothiazine functionalized aza-BODIPYs (6 and 7), compared 

to other aza-BODIPY derivatives (3, 4 and 5). These findings provide 

valuable insights for the design and development of new dyes with 

improved photophysical properties and potential applications in 

optoelectronics. 

In Chapter 7, we have reported the design and synthesis of a series of 

formyl, nitrile, and fullerene substituted di- and tetra-methoxy based 

aza-BODIPY dyes (1–6). The optical investigation of these aza-

BODIPYs highlighted a notable red shift in the absorption for tetra-

methoxy based aza-BODIPY dyes (2, 4, and 6) compared to their di-

methoxy counterparts (1, 3, and 5), owing to the strong electron 

donating ability of the methoxy substituent over the methyl substituent. 

The electrochemical study suggests that the substitution of electron-

withdrawing moieties (formyl, nitrile, and fullerene) led to multiple 

reduction potentials. The DFT calculations on aza-BODIPYs 1–6 

showed low HOMO–LUMO gap values ranging from 1.82–2.10 eV. 

Tunable absorption covering the ultraviolet to visible region, combined 

with multi-redox properties and low HOMO-LUMO gap values, make 

these aza-BODIPYs as a promising candidate for optoelectronic 

applications. 
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8.2. Scope for future work 

The thesis highlights smart methodology for design of aza-BODIPY 

based donor and acceptor small molecules. The optical, 

electrochemical properties and HOMO–LUMO gap of the aza-

BODIPY based donor-acceptor molecules have been tuned by varying 

terminal donor or acceptor units at various positions. The 

functionalization of aza-BODIPY with terminal donor unit and 

incorporation of cyano-bridged acceptors (TCBD and DCNQ) in the 

ethyne bridged aza-BODIPY resulted in broader absorption spectrum 

in visible and near infrared region. The strong absorption in near 

infrared region along with low HOMO-LUMO gap of aza-BODIPY 

based small molecules make them promising candidates for 

optoelectronic applications. 

The rising demand for developing sustainable energy sources indicates 

the urgent need of high-performing NIR absorbing dyes. Further 

research development is necessary to optimize the synthesis, optical 

features, and exploration of their potential performance in NIR 

absorbing aza-BODIPY dyes. We believe the continuous improvement 

in the performance of these dyes indicates that aza-BODIPY will play 

a vital role in the development of highly efficient next-generation 

materials. This study will be very useful to make efficient materials in 

the fields of molecular chemistry, material science, and molecular 

biology. 
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