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Chapter

Photophysics of BODIPY Dyes: 
Recent Advances
Seda Çetindere

Abstract

BODIPY dyes are unique fluorophores that can be used in numerous application 
areas because of their interesting photophysical properties such as high molar absorp-
tivity, tunable absorption and emission energies, and high fluorescence quantum 
yields. They show impressive photophysical property changes upon substitution 
of functional groups on the main core structure. Exchange of the meso-carbon 
on dipyrrin core with nitrogen produces an analog class of BODIPY called aza-
BODIPY. Up to now, various kinds of BODIPY and aza-BODIPY derivatives have 
been developed and applied in science and industry. In this chapter, recent studies on 
photophysical properties of BODIPY derivatives are summarized.

Keywords: BODIPY, aza-BODIPY, fluorescence, fluorophore, photophysical 
property

1. Introduction

In the constantly expanding multi-disciplinary science world, fluorescent dyes 
attract the attention of researchers. 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene 
(abridged as BODIPY) dyes are compounds that are rapidly increasing in impor-
tance among fluorescent organic dyes [1]. BODIPY core is formed from the com-
plexation of a dipyrromethene ligand with a disubstituted boron moiety, typically 
in the form of BF2 [1–4]. The first BODIPY was synthesized by Treibs and Kreuzer 
in 1968 by accident through the combining of 2,4-dimethylpyrrole and acetic 
anhydride in the presence of BF3.OEt2 [5]. Although the basic procedure for the 
synthesis of BODIPY core usually starts from a simple pyrrole condensation with a 
highly electrophilic carbonyl compound (e.g., aldehyde, acid anhydride, and acyl 
chloride), the three major routes of BODIPY synthesis are from pyrroles and acid 
chlorides or pyrroles and aldehydes or ketopyrroles [1]. BODIPY derivatives absorb 
strongly visible region, have relatively sharp emission peaks, possess high fluores-
cence quantum efficiencies (Φ ca. 0.5–0.8), high molar absorption coefficients  
(ε >7 x 104 M−1 cm−1), and have relatively small Stokes’ shift (around 10 nm) [1–4]. 
Besides, most BODIPY dyes indicate thermal and photostability in solid and solu-
tion phases are highly soluble in most organic solvents and are insensible to solvent 
polarity and pH [6, 7]. The BODIPY core (see the core structure and numbering in 
Figure 1) can be easily modified to bear desired functionalities at α-, β-, and meso-
positions as well as through substitution of the fluorine. The addition of functional 
groups to the BODIPY core can have varying effects depending upon the placement 
and symmetry of the substituent [8, 9]. Symmetrical BODIPYs (substitution from 
1,7- or 3,5-positions) appear to produce more red-shifted absorptions compared 
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to either equally substituted asymmetric counterpart (substitution from 1,3- or 
5,7-positions). However, the greater substitution of the BODIPY core does not 
necessarily produce a larger bathochromic shift, as depicted upon the comparison 
of the penta-substituted BODIPY (substitution from 1,3,5,7- and 8-positions) to the 
tetra-substituted BODIPY (substitution from 1,3,5,7-positions) [8, 9]. Red to near 
infrared (NIR) shifts are generally attained owing to the straightforward modi-
fication to the BODIPY core with the extension of the degree of π-delocalization. 
Also, the emissive behavior of BODIPY fluorophores is much affected by steric and 
electronic interactions of substituent moieties. Rotation of pendant components 
as well as their electron-donating or withdrawing effects on the conjugated core 
greatly influences both the brightness and absorptive and emissive properties of 
BODIPY [10].

Due to these excellent photophysical characteristics, BODIPY dyes increase their 
potential using in different applications such as fluorescent labels for biomolecules 
and cellular imaging [11–15], light-emitting devices [16–18], drug delivery agents 
[19–21], photosensitizers [22–24], fluorescent switches [25], chemosensors [26–29], 
energy transfer cassettes [30–33], and solar cells [34–37]. In this chapter, general 
photophysical properties of BODIPY and aza-BODIPY derivatives and recent stud-
ies on the photophysical properties of these dyes are presented.

2. Photophysical properties of BODIPY dyes

BODIPY dyes possess interesting photophysical properties such as high fluores-
cence quantum yields and narrow emission bandwidths with high peak intensities, 
elevated photostability, relatively high absorption coefficients, and the extra feature 
of excitation/emission wavelengths in the visible region. The absorption and fluo-
rescence properties of BODIPY dyes are highly influenced by the extent of electron 
delocalization around the core and through conjugated substituents, and as such, 
may be tuned to have photophysical characteristics. BODIPY dyes show a strong, 
narrow absorption band in the visible region signifying the S0-S1 (π-π*) transition 
with a shoulder of high energy around 480 nm assigned to the 0–1 vibrational 
translation. A broad, much weaker band around 350 nm denotes the S0-S2 (π-π*) 
transition [38]. Upon excitation to either the S1 or S2 states, an equally narrow 
emission band of mirror image to the absorption spectra is observed from the S1 
state. Most of the BODIPY dyes emit at wavelengths less than 600 nm, routinely 
providing yellow to green emissions (500–590 nm) [2, 39]. The fluorescence emis-
sion wavelength of BODIPY can be controlled by suitable substitution of chemical 
fragments such as aliphatic carbon, aromatic ring, pi-bond conjugation, halogens, 
and electron-withdrawing or donating groups. The pi-bond prolongation on 3 and 
5 positions of BODIPY core gives the red-shifted fluorescence emission wavelength 
[1]. On the other hand, the substitution of electron-donating groups such as amine 
or alkoxy groups on the 8-position (so-called meso-position) of BODIPY gives 

Figure 1. 
Chemical structure and numbering of BODIPY core.
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the blue-shifted fluorescence emission wavelength [1]. Unsubstituted BODIPY 
typically absorbs near 500 nm and emits around 510 nm. Small Stokes’ shifts are 
routinely seen and indicate a modest change in the core structure following S0-S1 
transition and vibrational relaxation [40].

The groups that substituted onto the BODIPY scaffold can adjust the photo-
physical properties of BODIPYs [1]. The addition of functionality at any position 
of the aromatic core alters the photochemical profile to varying degrees, dependent 
upon the groups added. BODIPY based dyes containing methyl groups at positions 
3- and 5- can be functionalized with aromatic compounds with the help of the 
Knoevenagel reaction [41]. The 2,6-positions of the BODIPY core tend to give an 
electrophilic substitution reaction. Decorating the BODIPY skeleton from 3,5-posi-
tions generally produces a greater bathochromic shift (ca. 50–100 nm) than adding 
conjugation through the 2,6-positions, displaying the greatest shift when all four 
methyls have converted to styryl groups [42]. Although the tetra-styryl BODIPY has 
been synthesized by activation and subsequent condensation of the 1,3,5,7-methyls 
[43], an extension of π-conjugation and addition of functionality is most frequently 
accomplished through the 3,5-methyls. Thus, the visible region of different BODIPY 
derivatives can be largely scanned, resulting in a wider range of use.

From past to present, many research groups have been studying BODIPY and its 
derivatives. Consequently, there are many reported papers about the photophysical 
properties of BODIPY derivatives, especially in recent years. In 2014, Majumdar 
et al. [44] reported the synthesis of four styryl-BODIPY-containing Ir(III) com-
plexes which show strong NIR absorption (644–729 nm), strong NIR fluorescence 
(700–800 nm), and long-lived triplet excited states (92.5–156.5 μs). Investigations 
of the photophysical properties of these complexes showed that they were strongly 
fluorescent, although the p-conjugation is present between the BODIPY ligands and 
the Ir(III) coordination center. Moderate intersystem crossing (ISC) was observed 
for the complexes, proved by the population of the long-lived intraligand triplet 
excited state (3IL) and the singlet oxygen (1O2) photosensitizing property. Based 
on the property of NIR absorption/fluorescence and the reasonable 1O2 quantum 
efficiency, the complexes were used as multi-functional materials as luminescent 
bioimaging reagents and in intracellular photodynamic studies. Also, they reported 
that their results are useful for the preparation of NIR absorbing cyclometalated 
Ir(III) complexes, and the relevant application of these complexes as multi-
functional materials such as a luminescent bioimaging reagent, in photodynamic 
therapy (PDT) and photocatalysis. At the same year, a 2,6-distyryl-substituted 
BODIPY dye and a new series of 2,6-p-dimethylaminostyrene isomers containing 
both α- and β-position styryl substituents were reported by Gai et al. [45]. They 
used styrene and p-dimethylaminostyrene with an electron-rich diiodo-BODIPY 
in the synthesis of these compounds. They indicated that the absorption spectra 
contain red-shifted absorbance bands due to conjugation between the styryl 
moieties and the main BODIPY fluorophore. Besides, very low fluorescence quan-
tum yields, and significant Stokes shifts were observed for 2,6-distyryl-substituted 
BODIPYs, concerning like 3,5-distyryl- and 1,7-distyryl-substituted BODIPYs. In 
spite of the fluorescence of the compound with β-position styryl substituents on 
both pyrrole fragments and one with both β- and α-position substituents was fully 
quenched, the compound with only α-position substituents displays weak emission 
in polar solvents, but strong emission with a quantum yield of 0.49 in hexane. They 
enounced that 2,6-p-dimethylaminostyrene isomers can be used as sensors for 
changes in pH. Two novel azomethine-BODIPY dyads were reported by Pan et al. 
[46]. These two dyads have been synthesized by covalent tethering of tautomeric 
ortho-hydroxy aromatic azomethine moieties including N-salicylideneaniline (SA) 
and N-naphthlideneaniline (NA) to a BODIPY fluorophore. Both two dyads showed 
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enol-imine (OH) structures dominating in the crystalline state. For the first dyad, 
in the enol state is the most stable form at room temperature in most environ-
ments, while enol-keto prototropic tautomerism of the NA fragment in solution is 
maintained in the second dyad, which can be reversibly modified between enol and 
keto forms in the environment’s polarity. Visible lighting of the second dyad in the 
enol case excites selectively the BODIPY moiety and then counteracts radiatively 
by emitting green light in the form of fluorescence, while the emission intensity of 
the second dyad in the keto case is quenched based on the proton-coupled photo-
induced electron transfer (PCPET) mechanism. This permits to large fluorescence 
modulation among the two states of the second dyad and creates a new tautomeris-
able fluorescent switch. Photophysical properties of a pyrene-based tetramethyl 
difluoroborondipyrromethane (PYBDP) were investigated by Yang et al. [47]. The 
PYBDP showed a higher fluorescence quantum efficiency and Stokes shift than 
other phenyl-substituted laser dyes in the green region. Under transversal pumping 
conditions, this new dye exhibited highly effective and stable emissions centering 
at 531 nm. The PYBDP dye exhibited a maximum narrow band amplified sponta-
neous emission (ASE) lasing yield of 10.86% with an extensive adjustable range 
(525–560 nm) under demanding transversal pumping at 355 nm in toluene. The 
lasing efficiency remains unaffected in 1 h but a dramatic decrease or even the loss 
of the laser action is observed in intermediate or highly polar solvents. The combi-
nation of excellent photostability and tunability of ASE makes PYBDP a potentially 
green-emitting laser dye in the green-orange region. In a reported study from our 
working group [48] was about the treatment of boron (III) subphthalocyanine 
chloride with borondipyrromethene derivatives containing either one or two 
[4-(N,N-dimethylamino)phenyl]ethenyl groups in toluene gave the corresponding 
axially substituted boron(III) subphthalocyanine dyes (Figure 2). Methyl groups 
on 3- and 5-positions have acidic hydrogens due to electron-withdrawing property 
of heterocyclic BODIPY ring. This acidic property can be taken advantage of, in the 
synthesis of other BODIPY fluorophores for example with aromatic aldehydes. For 
this reason, N,N-dimethyl-4-aminobenzaldehyde was reacted with BODIPY, result-
ing in extension of conjugation in our study. This extension of conjugation allowed 
us to shift the absorption and emission spectra to longer wavelengths. The reaction 
was performed in a solution containing acetic acid and piperidine. The solvent was 
toluene because any water forming in the reaction should be removed. Dean-Stark 
apparatus is a good choice because water can be removed azeotropically during 
reflux. The photophysical properties of these compounds were examined utiliz-
ing absorption and fluorescence spectroscopy in dilute benzene solutions. They 

Figure 2. 
Chemical structure of (a) mono-styryl and (b) distyryl-BODIPY substituted subphthalocyanines.
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exhibited a highly efficient energy transfer process from the excited subphtha-
locyanine (SubPc) unit to the BODIPY unit. Increased 1O2 production was noted 
for BODIPY substituted SubPc compounds relative to their BODIPY precursors; a 
feature that may be useful for PDT application of these dyes.

The effect of the substituent side groups like phenyl (Ph), phenylethynyl 
(Ethyn) and styryl moiety at the 2-, 3- or 8- position of the BODIPY scaffold was 
reported by Orte et al. [49]. A large number of solvents (methanol, acetonitrile, 
diethyl ether, acetone, ethyl acetate, 2-propanol, isobutyronitrile, dibutyl ether, tet-
rahydrofuran, 1-pentanol, 1,4-dioxane, dichloromethane, cyclohexane, 1-octanol, 
chloroform, cyclohexanone, toluene, chlorobenzene) were used for investigation of 
the photophysical properties of these compounds. A substitution from 3-position 
is beneficial for producing BODIPYs with sharp absorption bands and high fluores-
cence quantum yields. Contrarily, substitution at the 2-position yielded BODIPY 
dyes with large Stokes shifts and broad bands. Substitution at the meso-position 
produced dyes with features like the 3-substituted ones, except for meso-phenyl 
BODIPY (8-Ph). Between the phenyl-substituted BODIPY dyes, some differences in 
absorption behavior were observed. The presence of the p-tert-butylphenyl moiety 
shifts the absorption maximum, λabs(max) from 516 to 530 nm when this group is at 
the 2-position (2-Ph) to 513–527 nm and when it is at the 3-position (3-Ph). In these 
two statuses, λabs(max) is more red-shifted in the more polarizable solvents toluene 
and chlorobenzene. Conversely, the values of λabs(max) of 8-Ph are blue-shifted 
concerning those of 2-Ph and 3-Ph and are close to those of unsubstituted BODIPY 
[50, 51], ranging from 489 nm in acetonitrile to 497 nm in toluene and chloro-
benzene. This absorption energy range is in good agreement with that of other 
BODIPYs substituted at the meso-position with a weak electron acceptor or donor 
[52, 53]. For the phenylethynyl BODIPYs, the absorption spectra show also the 
characteristic properties of typical BODIPYs. 2-Ethyn possessed an absorption max-
imum between 503 and 525 nm, whereas the λabs (max) of 3-Ethyn changes between 
525 and 545 nm. For the two dyes, the lowest λabs (max) value was founded in ace-
tonitrile and the highest in cyclohexane. The influence of the substitution positions 
(2 vs. 3) on λabs(max) is much higher for the phenylethynyl fragment than for the 
phenyl moiety and moving the p-tert-butylphenyl substituent from the 2-Ph to the 
3-Ph causes a 3 nm blue shift of λabs(max), while the similar change from 2-Ethyn 
to 3-Ethyn results in a ca. 20 nm red shift of λabs(max). 8-Ethyn is bathochromically 
shifted for 2-Ethyn and 3-Ethyn, with λabs(max) ranging from 537 to 547 mm which 
is parallel with an increasing refractive index [54]. Styryl-substituted BODIPYs 
(2-Styryl, 3-Styryl and 8-Styryl) displayed different absorption properties. The 
λabs(max) values range from 549 to 561 nm, with a typical redshift from acetonitrile 
to chlorobenzene. The extended conjugation ensured by the styryl functional group 
reasons an extra bathochromic shift of around 20 nm for 3-Ethyn, and ca. 30 nm 
for 3-Ph. Conversely, 2-Styryl and 8-Styryl show clear dual-band absorption and 
emission behavior. The photophysical reaction of two BODIPY-based D−A and A−

D−A molecules, where D is the donor and A is the acceptor was reported by Hendel 
et al. [55]. A BODIPY fragment was given as the A component and was attached 
through the meso position using a 3-hexylthiophene linker to an N-(2-ethylhexyl) 
dithieno[3,2-b:2′,3′-d] pyrrole (DTP), which was given as the D component. An 
A−D−A molecule was compared to its corresponding D − A dyad counterpart. 
This showed a potential advantage to the A−D−A molecule over the D−A dyad in 
creating longer-lived excited states. A−D−A possess slightly longer excited-state 
lifetimes, 42 ps nonradiative decay, and 4.64 ns radiative decay compared to those 
of D−A, 24 ps nonradiative decay, and 3.95 ns radiative decay. These results show a 
full picture of the electronic and photophysical properties of D−A and A−D−A that 
provide contextualization for structure-function relationships between molecules 
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and organic photovoltaic (OPV) devices. A type of fluorescent chemosensor based 
on tethered hexa-borondipyrromethene cyclotriphosphazene platform (HBTC) 
(Figure 3) linked via triazole groups reported by our working group [56]. Its 
sensing behavior toward metal ions was investigated. Addition of a Fe2+ ion to a 
tetrahydrofuran (THF) solution of HBTC gave a visual color change as well as a sig-
nificantly quenched fluorescence emission, while other tested 19 metal ions (Fe2+, 
Al3+, Ba2+, Ca2+, Co2+, Ag+, Cd2+, Cr3+, Cs+, Cu2+, Fe3+, Hg2+, K+, Li+, Mg2+, Mn2+, 
Na+, Ni2+, Pb2+, and Zn2+) induced no color or spectral changes. This compound 
was found to be highly selective and sensitive for Fe2+ with a low limit of detection 
(2.03 μM). HBTC is a potential selective and sensitive fluorescence chemosensor for 
imaging Fe2+ in the living cells.

A synthetic approach for palladium-catalyzed direct C(sp3)-H arylation of 
the methyl group at the 8-position of BODIPY reported by Chong et al. [57]. 
This approach permitted attaching electron-donating/withdrawing, halogen-
substituted aryls and a heteroaryl with a yield running from 55 to 99%. Novel 
pH sensors, which in the lack of acid demonstrated the photoinduced electron 
transfer (PET), were synthesized by linking dimethylaniline to the methyl at the 
C8-position of BODIPY. The reference compounds with dimethylaniline directly 
linked to the C8-position were also synthesized and PET showed a charge-transfer 
emission. Addition of trifluoroacetic acid (TFA) onto toluene and ethanol, the 
fluorescence intensity was at least an order of magnitude more effective with the 
synthesized sensors compared to the traditional reference sensors. The developed 
sensibility of these BODIPY-based pH sensors was connected to less effective 
proton-coupled electron transfer of the protonated types. This approach could pave 
a new way for the convenient syntheses of functional BODIPY molecules. Two 

Figure 3. 
Chemical structure of HBTC.
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cyclotriphosphazene compounds bearing mono- and distyryl BODIPY substituents 
reported in 2017 (Figure 4) [58]. The photophysical properties of these cyclotri-
phosphazene compounds were examined in THF solutions. All these heavy atom 
free compounds indicated very limited fluorescence emission and 1O2 generation 
owing to the internal charge transfer (ICT) that occurred between BODIPY core 
and dimethylaminobenzyl groups. These properties were also investigated by the 
protonation of the studied compounds. Fluorescence emission and 1O2 generation 
attitudes of these compounds were dramatically increased after the addition of acid 
because the ICT effect was blocked owing to the protonation of the nitrogen atoms 
on the dimethylamine groups. These compounds can be used as potential photosen-
sitizers that can be used as efficient singlet oxygen generators.

Six different molecules including 3,5-distyryl-BODIPY backbones were reported 
by Kang et al. [59] and the 1O2 photosensitizing experiments of dibromo substituted 
BODIPY compounds and two boronic acid ester substituted BODIPY compounds 
were investigated. The 1O2 quantum yields of dibromo substituted BODIPYs were 
calculated as 0.075 and 0.44 and the 1O2 quantum yields of boronic acid ester 
substituted BODIPYs were not more than 0.07. It was indicating that halogena-
tion on the benzene rings of 3,5 distyryl-BODIPYs or boronate esterification of 
BODIPY had no positive effect on 1O2 production, while halogenation on the 2/6 
position resulted in seemingly increased 1O2 efficiencies. The results would enrich 
the research of BODIPYs and would provide a useful envision for the preparation 
of powerful BODIPYs drugs for the PDT process. An excited-state intramolecular 
proton transfer (ESIPT) meso linked BODIPY dyad (Bn-OH-BDY) was reported 
by Mallah et al. [60]. The fluorescence lifetime of Bn-OH-BDY dyad was recorded 
5.71 ns. A large shift of 255 nm has been monitored between excitation and emit-
ted light. Excitation (λexc = 290 nm) of the Bn-OH-BDY dyad leads to emission 
(λemi = 545 nm) directed by the BODIPY subunits pointing to excitation energy 
transfer (EET) from the ESIPT to BODIPY core. Two cyclotriphosphazene (Cpz) 
compounds bearing mono- and distyryl(pyrene) BODIPY dyes (Figure 5) reported 
in 2019 [61]. These compounds indicated intense fluorescence emission even at very 
low concentrations. In accordance with absorption and emission spectra of Cpz 
compounds, di-styryl pyrene BODIPY containing Cpz indicated redshift more than 

Figure 4. 
Chemical structures of (a) mono-styryl and (b) distyryl-BODIPY substituted cyclophosphazenes.
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Figure 6. 
Chemical structures of (a) BODIPY and (b) distyryl-BODIPY substituted cyclophosphazenes.

mono-styryl pyrene BODIPY containing Cpz because of mono- and di-styryl bond-
ing positions of pyrene molecules. These Cpz compounds revealed different color 
and spectral changes throughout reduction and oxidation reactions as compared to 
BODIPY derivatives and newly synthesized BODIPY molecules, which might have 
potential applications for electrochromic materials. Extreme properties of these 
compounds also illustrated probable utilization of these as functional materials for 
use in electrochemical and photovoltaic applications.

Figure 5. 
Chemical structures of (a) mono-styryl and (b) distyryl-pyrene BODIPY substituted cyclophosphazenes.
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Synthesis, photophysics, and photobiological activities of a series of neutral 
heteroleptic cyclometalated iridium (III) complexes including BODIPY substituted 
N-heterocyclic carbene (NHC) ligands reported by Liu et al. [62]. The effect of the 
substitution position of BODIPY on the NHC ligands, either on C4 of the phenyl 
ring or C5 of the benzimidazole unit, and its linker type on the photophysical 
properties was investigated. All complexes showed BODIPY-localized intense 1IL 
(intraligand)/1MLCT (metal-to-ligand charge transfer) absorption at 530–543 nm 
and 1,3IL/1,3CT (charge transfer) emission at 582–610 nm. However, the lowest 
triplet excited state of these complexes is the BODIPY-localized 3π,π* states. It 
was demonstrated that the position of the BODIPY pendant on the NHC ligand 
impacted both the 1IL/1MLCT absorption and 1,3IL/1,3CT emission bands. This 
study indicated that the substitution position of BODIPY on the NHC ligand plays 
an important role in the cytotoxicity and photocytotoxicity of this new type of 
complexes. BODIPY-substitution at C5 of benzimidazole compared to C4-phenyl 
substitution leads to lower 1O2 quantum efficiencies but more efficient phototoxic 
effects. The effect of BODIPY substitution position at the NHC ligand is more 
cleared on the photobiological activities than on the photophysical properties. 
Two water-soluble cyclotriphosphazene derivatives by “click” reactions between 
cyclotriphosphazene derivative with hydrophilic glycol side groups and BODIPY’s 
(Figure 6) were reported in 2019 [63]. The photophysical properties of these com-
pounds were examined inside the water and many organic solvents such as acetone, 
THF, dichloromethane, dimethyl sulfoxide, etc., and the results were compared 
with each other. These compounds have good solubility in many different organic 
solvents and especially acetone: water systems that are suitable to use in environ-
mental and biological applications.

3. Photophysical properties of aza-BODIPY dyes

Replacement of the meso-carbon with nitrogen creates a similar class of com-
pounds mentioned as aza-BODIPYs (Figure 7). In contrast to the well-known 
BODIPYs, aza-BODIPYs have not been extensively studied. Aza-BODIPY skeletons 
are generally prepared from nitromethane adducts to the corresponding chalcone, 
but butanol, rather than methanol or solvent-free conditions, are the preferred 
medium. The syntheses are completed by adding BF3.OEt2 at room temperature [1]. 
Like BODIPY derivatives, aza-BODIPY derivatives also have high molar extinction 
coefficients and moderate fluorescence quantum yields (ca. 0.20–0.40). The addi-
tion of the lone pair on the nitrogen properly affects the HOMO-LUMO energy gap 
owing to stabilization [1]. This improved stability causes a red-shift in the absorp-
tion and emission profiles into the 650–850 nm range [64]. Aza-BODIPY core 
offers several advantages including ease of synthesis and an inherent bathochromic 
shift in the absorption maxima in comparison to the carbon analog. Aza-BODIPY 
dyes have a marked red shift of the absorption and emission bands relative to 
traditional BODIPY dyes can be accomplished without modifying the key proper-
ties of BODIPY dyes, such as their high molar absorption coefficients, narrow and 
structured absorption and emission bands, small Stokes shifts, high fluorescence 
quantum yields, and photostability. The UV absorption maxima of the aza-BODIPY 
dyes are comparatively insensible to solvent polarity; only small blue shifts tend 
to be observed (6–9 nm) when switching solvents from toluene to ethanol. Their 
absorptions are strong, with a full width at a half-maximum height changing from 
51 to 67 nm in aqueous solution and 47–57 nm in chloroform indicating that the dyes 
do not aggregate under those conditions. The extinction coefficients range from  
7.5 x 104 to 8.5 x 104 M−1 cm−1. Fluorescence emission spectra of the aza-BODIPY 
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dyes are also relatively insensitive to the solvent polarity [1]. Aza-BODIPYs are 
of great interest due to their appealing optical properties of strong absorbance 
and emission in the NIR region and easy structural modification. For this reason, 
this class of BODIPY has found use as photosensitizers [65, 66], near-IR emitting 
chemosensors and imaging probes [67–70], and as fluorescent labels [71, 72].

The synthesis and photophysical properties of a NIR absorbing acenaphtho-
fused aza-BODIPY dye with using 1,2-dicyanoacetonaphthylene as a precursor 
[73] were reported by Majumdar et al. [74]. In contrast with its naphtho-fused 
analog [75], a stable complex was obtained due to the differing effects of the fused 
ring moieties on the energies of the frontier π molecular orbitals (MOs). The ΦF 
values obtained for this aza-BODIPY are comparatively low in a set of solvents with 
different polarities, limiting the benefit of this compound for sensor and bioimag-
ing applications, but the comparatively broad absorption band at the red end of 
the visible region may make the compound appropriate for use in solar cells. The 
synthesis and photophysical properties of two NIR absorbing conjugates based on 
orthogonally arranged rhodium (III) tetrakis-4-tolylporphyrin [RhIII(ttp)] and 
BF2-chelated aza-BODIPY linked by a covalent Rh▬C(aryl) bond were reported by 
Zhou et al. in 2016 [76]. These conjugates display intense absorption and moderate 
fluorescence bands around 700 nm, which do not correspond with those of their 
aza-BODIPY precursors, due to the strong ground-state interaction between the 
aza-BODIPY and metal porphyrin moieties. Minor changes in the linkage position 
on the aza-BODIPY moiety can alter the relative energies of MOs and hence have 
a significant impact on the optical and photophysical properties. This study sheds 
light on the actual role of the heavy atom in excited-state processes that cannot be 
separated from its ligands. Besides, this approach gives promise as a strategy for 
overcoming the two main problems that have been encountered throughout dye 
research in the NIR region: the first one is the relatively weak absorption of transi-
tion-metal porphyrins in this spectral region, and the second one is the relatively 
weak 1O2 yields of organic fluorophores. The influence of halogen atom substitu-
tion (Br and I), in different amounts and positions on an aza-BODIPY skeleton, 
was investigated by De Simone et al. The heavy atom effect on excitation energies, 
singlet-triplet energy gaps and spin–orbit matrix elements has been investigated. 
The maximum absorption within the therapeutic window has been approved for 
all the aza-BODIPY derivatives. Possible intersystem spin crossing pathways for 
the population of the lowest triplet state, which will depend on the values of the 
spin–orbit matrix elements, the energy gaps as well as the orbital combination of 
the concerned states have been found to most likely concern the S1 and T1 or T2 
states. The potential therapeutic use of these compounds as photosensitizers in 
PDT was reported [77]. The comparison of optical and electrochemical properties 

Figure 7. 
Chemical structure and numbering of aza-BODIPY core.
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of aza-BODIPY dyes that differ under the substituents at 1,7- and 3,5-positions of 
the aza-BODIPY backbone was reported by Gut et al. [78]. Especially, the influence 
of highly electron-withdrawing nitro substituents on these properties was investi-
gated. The aza-BODIPYs studied display a broad absorption band extending from 
ca. 600 nm to ca. 700 nm, a spectral region that is highly searched after for bio-
medical applications, and have high molar absorption coefficients (ε) ranging from 
6.4 x 104 (M−1 cm−1) to 8.5 x 104 (M−1 cm−1) in THF. These compounds were weakly 
emissive as non-radiative decay is the overpowering route of the excited state 
energy spreading. The fluorescence quantum efficiencies (Φfl) measured in THF 
was between 0.03 and 0.06 for the aza-BODIPYs. Transient absorption experiments 
divulged T1→Tn absorption extend from ca. 400 nm to ca. 600 nm and allowed 
determination of the triplet state lifetimes. The estimated triplet lifetimes (τt) in 
deaerated THF ranged from 77 to 130 μs. As predicted by the CV/DPV measure-
ments, all aza-BODIPYs displayed one irreversible oxidation and two quasi-revers-
ible reductions. Prediction of the EHOMO gave a value of ca. 5.8 eV while the ELUMO 
was found to be located at ca. 4.5 eV. Exceptionally high photostability and thermal 
durability up to near 300°C were found for the nitro-substituted aza-BODIPYs.

In 2019, Obloza et al. [79] reported a series of aza-BODIPY dyes substituted 
with meta-(dimethylamino) phenyl groups. Highly attractive photophysical and 
photochemical properties were induced in meta-(Me2N) Ph-substituted aza-
BODIPY by bromination of the aromatic rings at the 3 and 5 positions. High values 
of 1O2 quantum yields were measured, ranging from 0.36 to 0.58. The photo-
sensitized oxygenation process of a sample compound, diphenylisobenzofuran 
(DPBF), continuous over a Type II mechanism for the di-bromo derivative, while 
for the tetra-bromo derivative a mixed mechanism including both 1O2 and other 
forms of oxygen formation (Type I and/or Type III) was assigned. Nanosecond 
laser photolysis (NLP) experiments of the brominated aza-BODIPYs divulged 
T1→Tn absorption extending between ca. 350 nm and ca. 510 nm with τt ranged 
between 15.6 and 26.0 μs. The brominated aza-BODIPYs studied displayed an 
absorption band therein so-called “therapeutic window”, with λabs placed among 
620 and 636 nm. As predicted by cyclic voltammetry (CV)/ differential pulse 
voltammetry (DPV) measurements, the meta-(Me2N) Ph-substituted aza-
BODIPYs studied displayed a multi-electron oxidation process at a relatively low 
oxidation potential (Eox), pointing to the very good electron-donating features 
of these molecules. These compounds showed high photo- and thermal stability. 
The synthesis of a series of aza-BODIPY dyes substituted with p-(dimethylamino) 
phenyl groups was also reported by Obloza et al. [80]. Especially, the effect of 
p-(Me2N) Ph-moieties on these characteristics was of importance. For two aza-
BODIPYs studied, a near-IR absorption band was monitored at ca. λabs = 796 nm. 
Owing to the prominent ICT applied by the existence of strongly electron-donat-
ing p-(Me2N) Ph-substituents, the compounds studied were weakly emissive with 
the singlet lifetimes (τS) in the picosecond range. NLP experiments of the bromi-
nated aza-BODIPYs divulged T1→Tn absorption extending between ca. 350 nm 
and ca. 550 nm with τt ranged between 6.0 and 8.5 μs. The optical features of the 
aza-BODIPYs studied were pH-sensitive. Upon protonation of the dimethylamino 
groups with TFA in toluene, a stepwise extinction of the NIR absorption band 
at λabs = 790 nm was monitored with the accompanying view of a blue-shifted 
absorption band at λabs = 652 nm, which was accompanied by an important emis-
sion band at λemi = 680 nm. The conversion from a non-emissive to an emissive 
compound is concerned with the prevention of the ICT. CV/DPV measurements 
were showed that these aza-BODIPYs displayed two irreversible oxidation and 
two quasi-reversible reduction processes. All these studied compounds displayed 
extremely high photo and thermal stability.
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4. Conclusion

In this chapter, the basic photophysical properties of BODIPY and aza-BODIPY 
derivatives are introduced briefly. Unsubstituted BODIPY absorbs near 500 nm 
and emits around 510 nm. Substitution of amino- or alkoxy-moieties at the meso-
position of BODIPY core is expected to provide a shorter excitation and emission 
wavelength at the blue region with high quantum yields. Substitution of styryl- or 
distyryl moieties from 3,5-positions is expected to produce more red-shifted emis-
sions. Aza-BODIPY derivatives also show red-shift in the absorption and emission 
profiles, because of the lone pair on the nitrogen. According to the recent advances 
on BODIPY dyes, it has seen that they have many application areas especially on 
bioimaging, laser-dyes, OPV devices, chemosensors, and PDT, because of their 
superior photophysics. It seems that BODIPY derivatives still will remain popular in 
the future.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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