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Abstract

The modern synthetic routes in organic chemistry, as well as the recent advances in high-
resolution spectroscopic and microscopic techniques, have awakened a renewable interest 
in the development of organic fluorophores. In this regard, boron-dipyrrin (BODIPY) dyes 
are ranked at the top position as luminophores to be applied in photonics or biophotonics. 
This chromophore outstands not only by its excellent and tunable photophysical signa-
tures, but also by the chemical versatility of its core, which is readily available to a myriad 
of functionalization routes. In this chapter, we show that, after a rational design, bright 
and photostable BODIPYs can be achieved along the whole visible spectral region, being 
suitable as molecular probes or active media of lasers. Alternatively, the selective func-
tionalization of the dipyrrin core, mainly at meso position, can induce new photophysical 
phenomena (such as charge transfer) paving the way to the development of fluorescent 
sensors, where the fluorescent response is sensitive to a specific environmental property.

Keywords: fluorescent probes, laser dyes, BODIPY, organic synthesis, charge transfer, 
fluorescent sensors

1. Introduction

The recent advances in high-resolution fluorescence microscopy have played a key role in the 
success and boom of bioimaging techniques in the last few years. Bioimaging is a  noninvasive 
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method to visualize biological processes by means of fluorescence emission in real time. 
Nowadays, thanks to super resolution microscopy (nanoscopy, awarded with the Nobel Prize 
of 2014 in chemistry), the diffraction resolution limit is surpassed, allowing the detection at 
the single molecular level [1–3]. The development of this revolutionary technological tool has 
awakened a renewed interest in the design of organic luminophores with improved proper-

ties as fluorescent probes or markers to detect or monitor biochemical events [4]. These mol-
ecules should fulfill some requirements to fit the requests of these advanced techniques. They 
should be biocompatible and photostable, and outstand by a high light absorption and emis-

sion probability, to guarantee long-lasting and bright fluorescence images. Note that these 
characteristics are almost the same than those required for the active media of tunable dye 

lasers [5, 6]. In other words, those molecules suitable as fluorescent probes are also valid as 
laser dyes.

The modern avenues in organic synthesis allow the development of organic fluorophores 
fulfilling the above requirements as well as with the required functionality to recognize selec-

tively the target biomolecule [7]. Actually, there is a wide pool of commercially available 
families of organic dyes with absorption/emission bands covering almost the whole ultra-

violet/visible spectral region. Among them, boron-dipyrromethene (BODIPY) dyes are likely 
at the “pole” position, owing to their excellent photophysical signatures [8, 9], but mainly 

due to the chemical versatility of its boron-dipyrrin core, ready available to a multitude of 

synthetic routes (Figure 1) [10, 11]. As a consequence, the BODIPY dyes can be exhaustively 
and specifically functionalized with a plethora of substituents [12–14]. At the same time, such 
substitution pattern rules the photophysical properties of the resulting dye or can induce new 
photophysical phenomena, such as charge or electron transfer, energy transfer or triplet state 

population. In other words, after a rational molecular approach, tailor-made BODIPYs can be 
designed with the specific requirements of any application demanding an organic dye. In fact, 

Figure 1. Basic molecular structure of the BODIPY dye. Schematic view of the structural modifications and chemical 
reactions tested herein.
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a fast look at the bibliography reveals the popularity of these dyes since the number of publi-

cations dealing with this kind of dyes in many different applications fields is growing unstop-

pable during the last years. As a matter of fact, BODIPYs are not only applied in bioimaging 
[15] or as lasers [16], but also in many other scientific areas, such as photovoltaic devices as 
photosensitizers [17, 18], electrochemistry [19], sensors for recognition at the molecular level 

[20], or biomedicine in photodynamic therapy for the treatment of cancer [21, 22], just to cite 

some of the most relevant application fields.

In this chapter, we describe suitable molecular strategies to finely modulate the photophysical 
properties of BODIPY dyes (Figure 1). In the first part, we highlight some structural guide-

lines to shift the spectral bands to both edges (blue and red) of the visible spectral region, 
while keeping their characteristic high fluorescent efficiencies. In this way, fluorescent probes 
and laser dyes based on BODIPY can be attained covering the whole visible spectral region 
just choosing the adequate substitution pattern at the right chromophoric position. In the 
second part, we modify the molecular structure to induce new photophysical phenomena 

(energy and mainly charge transfer). To this aim, we selected the meso position since it is 

highly sensitive to the substituent effect. As a result, the fluorescent efficiency can response 
selectively to a specific property of the surrounding environment (such as polarity and acid-

ity/basicity) leading to fluorescent sensors [23–25].

2. Modulation of the spectral shift

The structure of the BODIPY core features two pyrroles linked by a methine unit and a difluo-

roboron bridge (Figure 2). These dyes can be classified as polymethine dyes with a cyclic 
cyanine delocalized π-system leading to a quasi-aromatic backbone since the said boron cen-

ter does not take part in the electronic delocalization [26]. Owing to symmetric reasons, the 
molecular dipole moment is oriented along the transversal axis and the negative charge is 

located around the fluorine atoms, whereas the positive charge around the opposite meso 
position (Figure 2). Thus, the chromophore core is fully planar and rigid. Such molecular 
structure ensures a high radiative deactivation probability, and a low nonradiative deactiva-

tion relaxation, since the internal conversion (related with the molecular flexibility), as well as 
the intersystem crossing probability (related with the spin-orbit coupling feasible in aromatic 
frameworks where the electron flow makes a loop), are largely truncated [27]. As a conse-

quence, and taking as reference the simplest BODIPY with just hydrogens in the dipyrrin 
core [28], sharp and strong absorption and fluorescence bands are recorded in the green-
yellow part (500–510 nm) of the visible (Vis) spectrum (HOMO → LUMO transition with the 
corresponding dipole moment oriented in the long molecular axis, Figure 2), with absorp-

tion coefficients approaching 105 M−1 cm−1 and fluorescent efficiencies approaching the 100%, 
regardless of the solvent [9]. Besides, it shows stable laser emission at 540 nm with efficiencies 
approaching the 55% [29].

In the following sections, we show the tested strategies to induce deep hypsochromic and 
bathochromic shifts of the absorption and fluorescence spectral bands, while keeping high 
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fluorescent efficiencies (see molecular structures in Figure 3). The main aim is to attain fluo-

rophores based on BODIPY with optimal photophysical properties along the visible spectral 
region, ousting those commercially available as standard dyes, in terms on their fluorescence 
and laser performance, in each spectral region.

2.1. Blue-emitting BODIPYs

In the bibliography, some attempts have been made to achieve blue-emitting dyes based on 
BODIPY, but the core was drastically changed and the fluorescent response was not the best [30, 

31]. However, strikingly, the sole incorporation of heteroatoms (nitrogen or oxygen, Figure 3)  
directly linked to the meso position led to the searched spectral hypsochromic shift (Figure 4) 
[29]. Such chromophoric position is highly sensitive to the substituent effect since a marked 
change in the electronic density takes place there upon excitation (note that in the HOMO, 
there is a node at such position, while it contributes much to the LUMO, Figure 2). This kind 
of 8-heteroatomBODIPYs can be straightforwardly attained after nucleophilic substitution 
at the 8-methylthioBODIPY precursor (provided by “cuantico” enterprise) [29]. Such start-
ing precursor plays a key role in the chemistry of BODIPY since undergoes organic reac-

tions unavailable until recently and open the door to new functionalization routes [32]. Thus, 
amines and alcohols can react specifically at meso position via nucleophilic substitution. The 
recorded spectral bands show that the hypsochromic shift depends on the  electronegativity 

Figure 2. Frontier molecular orbitals and charge distribution by means of the electrostatic potential mapped onto the 

electronic distribution. The direction of the molecular dipole moment (μ) as well as the transition dipole moment (M) 
is also depicted.
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Figure 3. Molecular structure of the reference BODIPY dye and its blue-emitting (8-heteroatoms) and red-emitting 
(π-extended) derivatives.

Figure 4. Absorption (bold line) and normalized fluorescence (thin line) spectra of the simplest BODIPY and its 
derivatives bearing methylamine and methoxy at meso position in a common solvent (ethanol). The main resonant 
structures resulting from the electronic coupling between the 8-heteroatoms and the dipyrrin core are also enclosed.
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(or the electron releasing ability) of the attached heteroatom. Thus, while oxygen induces a 
moderate spectral shift (around 50 nm in absorption and 25 nm in fluorescence with regard to 
the reference simplest BODIPY), the nitrogen provokes a much more marked spectral shift (90 
and 50 nm, respectively) placing the absorption/emission bands of the BODIPY in the blue-
edge (420 and 460 nm, respectively) of the visible spectrum (Figure 4). Quantum mechanics 
calculations anticipate a hypsochromic shift upon the presence of heteroatoms, since their 

electron donor character raises the energy of the LUMO, increasing the energy gap. However, 
the theoretically predicted shift is much lower than the experimentally recorded, suggesting 

that additional processes are taking are taking place. Indeed, an electronic coupling between 
the heteroatom and one chromophoric pyrrole is feasible. Such resonant interaction seems to 
prevail mainly in the ground state and implies a reorganization of the electronic density lead-

ing to the stabilization of new delocalized π-systems, alternatively to the expected cyanine 
one; a hemicyanine and merocyanine, formed after electron coupling of the electron donor 

amine and methoxy, respectively (Figure 4). Thus, the hemicyanine is the responsible of the 
blue absorption, whereas the merocyanine of the greener one, owing to the lower electronega-

tivity (more electron donor ability) of the nitrogen atom.

The BODIPYs bearing 8-methoxy are highly fluorescent regardless of the properties of the 
surrounding environment (Figure 5). In contrast, the fluorescent response of the 8-aminated 
analogs depends on the solvent polarity, being much lower in polar media. Such fluores-

cence quenching (from 70% in apolar to 15% in polar solvents, Figure 5) suggests that non-
fluorescence intramolecular charge transfer (ICT) phenomena are switched on. The highly 
electron donor amine pushed the spectral bands toward the blue edge; however, such electron 

releasing ability can induce also the formation of an ICT state where the dipyrrin acts an 
electron acceptor. Note that the electron donor ability of the methoxy seems not high enough 

Figure 5. Fluorescent efficiencies of the BODIPYs bearing methylamine and methoxy at meso position in apolar 

(cyclohexane) and polar (ethanol) solvents. The corresponding data for their dimethylated derivatives at 3,5-positions 
are also included to highlight the ability of this alkylation to regulate the fluorescent response.
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as to  activate ICT since the fluorescent efficiency is always higher than 80% (Figure 5). Such 
ICT hampers the behavior of 8-aminoBODIPYs as fluorescent probe or laser dye. However, 
the simple methylation at key positions 3 and 5, hinders the population of the fluorescence 
quenching ICT and high fluorescent responses are recovered regardless of the media (always 
higher than 80%, and even approaching the 100% in apolar media, Figure 5) [29]. Such selec-

tive alkylation decreases the electron acceptor character of the BODIPY and reduces the prob-

ability of formation of ICT, allowing the recovering of a high fluorescent efficiency.

As a result, the laser performance of such dimethylated 8-heteroatomBODIPYs is excellent, 
not only in terms of efficiency but also in photostability [29]. We should bear in mind that one 
of the main drawbacks of commercially available blue-emitting dyes (such as coumarins, con-

sidered as the benchmark in this spectral region) is their low photostability under prolonged 
irradiation. The herein reported blue BODIPYs surpass the laser performance of these dyes 
maintaining the 45% and 70% of the laser emission after 40,000 pulses for the dyes bearing 
amine or methoxy, respectively, and reaching efficiencies up to 30% at 455 nm and 50% at 
490 nm, respectively.

2.2. Red-emitting BODIPYs

The development of red-emitting BODIPYs is an active seeking subject. Fluorophores work-

ing in this spectral region are highly desirable and appealing for bioimaging purposes, owing 

to the ability of this kind of irradiation to penetrate deeper into tissues [4, 15]. Besides, the 
background autofluorescence of biomolecules (usually blue or green) is avoided, which is 
reflected in a more sensitive detection process. Most of the available dyes in the red spec-

tral region are poorly fluorescent or has a low photostability. Thus, and in analogy to the 
strategy carried out in the preceding section, there is a great interest to shift the emission 

of BODIPYs to the red-edge, and thereby to circumvent in this way such photonic limita-

tions taking advantage of the brightness and robustness of BODIPYs. In the bibliography, four 
major strategies have been reported to get the desired bathocromic shift [33]: (1) replacement 
of the central carbon at meso position by an aza group (aza-BODIPYs) [34]; (2) arylation of the 
dipyrrin core (fused BODIPYs) [35]; (3) extension of the aromatic π-system through aromatic 
framework; and (4) attachment of electron rich groups.

In this section, we have chosen the combination of the last two options as the strategy to 
develop bright and photostable red-emitting BODIPYs (Figure 3). To this aim, the aforemen-

tioned versatile 8-thiomethylBODIPY was taken again as scaffold. In this way, specific func-

tionalization was added with orthogonal selectivity, which means that we can modulate the 

substitution patterns at positions 8, 2 and 6, and 3 and 5 independently, using non-interfering 

synthetic routes specific for each functionalization (nucleophilic substitution at meso position, 

Liebeskind-Srogl cross-coupling (LSCC) from easily accessible 2,6-halogenated compounds, 
and Knoevenagel condensation, from methylated 3,5-positions) [36]. By this synthetic 
approach, the dipyrrin core was decorated with a sterically hindered ortho-methylphenyl at 

meso position, a styryl arm bearing para-trifluoromethyl at positions 3 and 5, and finally a para 
substituted (with electron donor methoxy or withdrawing formyl) phenyl ring at positions 2 
and 6 (Figure 3).
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These fully functionalized dyes show absorption and emission bands placed deeply in the 

red/near infrared spectral window (absorption centered at around 660 nm, whereas fluores-

cence at around 700 nm, Figure 6). The frontier molecular orbitals reveal that the delocal-
ized π-system is extended through the aromatic frameworks at positions 2 and 6, and mainly 
through positions 3 and 5, explaining the huge bathochromic shift recorded (around 160 nm 
with regard to the reference simplest BODIPY, Figure 6). Note that the constrained 8-aryl 
group does not take part in the delocalization since it is almost orthogonally disposed with 

regard to the dipyrrin plane. This an important fact in the molecular design, since it is well 
known that meso-aryl moieties with free motion switch on non-radiative deactivation chan-

nels, which drastically quench the fluorescence signal [37, 38]. The steric hindrance provided 
by the ortho methyl is enough to avoid such quenching pathway.

As a result of the rational design, high red fluorescent efficiencies are recorded in apolar 
media (reaching almost the 90% in cyclohexane, Figure 7). However, the evolution of the fluo-

rescence quantum yield with the solvent polarity drastically depends on the functionalization 

at the 2,6-phenyl rings [36]. Thus, upon formylation of such aryl, the fluorescent efficiency 
slightly decreases in polar media (down to 73% in methanol, Figure 7). However, the replace-

ment of such group by methoxy implies a clear decline on the fluorescent efficiency (down 
to 13%, Figure 7), together with a further bathochromic shift (emission placed at 710 nm, 
Figure 6). In the former compound, with the weak electron withdrawing formyl group, the 
trend is the expected one with BODIPYs; thus, this compound is an ideal candidate as fluo-

rescent probe or laser dye in the red-edge. However, in the latter compound, bearing the 
strong electron donor methoxy, a quenching process is activated in polar media. Considering 
the push-pull character of the molecule (from 2,6-methoxy to 3,5-trifluoromethyl), an ICT is 
stabilized in polar media limiting the fluorescent response of the dye.

Figure 6. Absorption (bold line) and normalized fluorescence (thin line) spectra of the red-emitting dyes with regard to 
its reference unsubstituted counterpart in cyclohexane. The corresponding frontier contour maps of a representative red 
BODIPY is also enclosed.
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Again, we tested the laser performance of these two dyes, and it was excellent [36]. The laser 
efficiencies reached the 60% in the formylated dye, being lower for the derivative bearing 
methoxy instead (43%, in agreement with the fluorescence measurements) and the laser 
emission is tunable from 700 to 740 nm, remaining high (90–100%) even after 50,000 pulses. 
Such performance is much better than that of stiryls (LDS dyes), which provide much lower 

efficiencies, or oxazines, which are more unstable. Therefore, these BODIPYs should behave 
nicely as red fluorescent probes or laser dyes.

Summing up, and taking into account the herein developed fluorophores in both sections (2.1 
and 2.2), we have been able to translate the excellent photophysical signatures of BODIPYs 
to both sides of the visible spectral region, leading to fluorophores which can be considered 
standards or benchmark in terms of photonic behavior, such as fluorescent and lasing effi-

ciency and photostability.

3. Induction of new photophysical processes

In the preceding sections, we have demonstrated the deep impact of the substitution pattern 
in the spectral shift. Moreover, in some cases, such functionalization was able to induce new 
photophysical phenomena such as ICT processes, which should be avoided to ensure high 
fluorescent response. Indeed, depending on the environmental conditions, it becomes the 
low-lying excited state and quenches efficiently the emission from the locally excited state. 
Therefore, usually dyes ongoing ICT are not suitable as fluorescent probes for bioimaging or 
active media of tunable dye lasers. However, and owing to the sensibility of the ICT to the sur-

rounding environment properties, fluorophores undergoing ICT can be ideal as fluorescent 
sensors to monitor a specific characteristic of the media, following the fluorescent efficiency 

Figure 7. Fluorescent efficiencies of the red-emitting BODIPYs in apolar (cyclohexane) and polar (methanol) solvents.

Tailoring the Photophysical Signatures of BODIPY Dyes: Toward Fluorescence Standards…
http://dx.doi.org/10.5772/intechopen.74848

29



(on/off switches, if the ICT is not emissive) or the change in the fluorescence color (colorimet-
ric sensors, if the ICT becomes fluorescence) [23–25]. In the next sections, we describe acidity/
basicity and polarity sensors based on BODIPYs ongoing ICT processes (see molecular struc-

tures in Figure 8).

3.1. Sensor of acidity/basicity

In the previous section, we have shown the chemical versatility of the 8-methylthioBODIPY. For 
instance, in Section 2.1, the 8-heteroatomBODIPYs were attained by reaction of such scaffold 
with amine or alcohol and the ensuing displacement of the thiomethyl owing to the undergo-

ing S
N
Ar-like reaction. A similar protocol can be used to attach acetylacetonate (acac) groups 

to the said meso position of the BODIPY (Figure 8) [39]. These dyes substituted with active 
methylene groups offer a wide assortment of post-functionalization opportunities, since it 
can act as ligand for metals or semiconductors, and even itself can become a fluorophore after 
chelation of the acac with difluoroboron. The acac can exist in the keto or enol form, but in the 
herein reported compounds, theoretical calculations suggest that the tautomeric equilibrium 

is shifted to the enolic form, thereby providing an ionizable hydroxyl group.

The acac group has a scarce impact in the spectral band positions, being those typical of the 

BODIPY. Indeed, the optimized geometry predicts that the acac is disposed perpendicular 
to the dipyrrin plane avoiding an electronic coupling. As a consequence, the 8-acacBODIPY 
displays a bright green emission with fluorescent efficiencies approaching 100% (Figure 9). 
Such orthogonal disposition is a key feature to ensure high fluorescent deactivation. In fact, 
those BODIPY derivatives bearing sp2 hybridized carbons linked at meso position (such as 
vinyl) are non-fluorescent owing to the undergoing planarity distortion in the dipyrrin plane 
upon selective electron coupling with one chromophoric pyrrole in the excited state [40–42]. 
One way to avoid such quenching is to induce high enough steric hindrance, as happens 

Figure 8. Molecular structure of the herein designed fluorescent sensors based on BODIPY.
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with the acac. However, a closer inspection to the evolution of the fluorescent response with 
the solvent discloses that in alcohols, the efficiency drops more than expected (down to 47% 
in ethanol, Figure 9), whereas the lifetime remained high (around 7 ns). Using the solvent 
scales to account for the contribution of each solvent property (provided by Catalan) [43], 

we find that there is a correlation between the solvent basicity (SB scale) and the decrease in 
fluorescence (Figure 9). This is why we tested the influence of the pH of the media in the fluo-

rescence signatures. Usually, the BODIPY dyes are rather hydrophobic and are not soluble in 
water. However, the presence of acac increases its hydrophilic character, and the dye becomes 
soluble in water, at least at low concentrations (around μM).

The fluorescence intensity decreases progressively as the pH of the media increases, thus 
at pHs more basic than 8 the fluorescence emission is almost completely lost (Figure 10). 
From the evolution of the fluorescence quantum yield with the pH a pKa of 6.9 is attained. 
Therefore, a quenching process takes place in basic media being reversible since acidification 
of basic solution implies a recovering of the fluorescence signal. Therefore, this dye behaves 
as an on/off switch to monitor the pH of the environment by measuring the evolution of the 
fluorescent response. Thus, at low pHs, the sensor is highly fluorescent (on), but at high pHs, 
the sensor is almost dark (off). Such sensing ability should be related with the ionization of the 
hydroxyl group of the enolic form of the 8-acac in basic conditions. Theoretical simulations 
show that the electronic distribution and energies of the HOMO and LUMO in acid media 
(acac as enol) is the typical of BODIPYs, thus being unaltered by attachment of the 8-acac 
(Figure 10). However, at basic media (pH higher than the pKa where the hydroxyl is ion-

ized and the corresponding enolate is formed), the contour maps change markedly. The geo-

metrical arrangement of the acac as enolate is no longer orthogonal with the dipyrrin, but it 

Figure 9. Evolution of the fluorescent efficiency of the 8-acacBODIPYs with the solvent properties described by the 
Catalan solvent scale (SP – Polarizability; SdP – Dipolarity; SA – Acidity; SB – Basicity).
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becomes more coplanar (twisting dihedral angle around 30°), enabling an electron coupling. 
In this state, the negative charge of the enolate interact by resonant with the dipyrrin (see the 
electronic density spanned through the whole structure in both frontier orbitals), causing 
a planarity distortion in the chromophore (Figure 10). Therefore, the ICT from the ionized 
hydroxyl of the enolate to the BODIPY implies a drastic increase in the internal conversion 
probability and a loss of the aromaticity explaining the lack of fluorescence signal in basic 
media and allowing the sensing ability of this dye.

The effect of the ethylation of positions 3 and 5 is worthy of being outlined [39]. In agreement 
with the aforementioned results for 8-aminoBODIPYs in Section 2.1, the sole alkylation at 
these key positions enhances the fluorescent efficiency mainly in basic media (up to 76% in 
ethanol, Figure 9). It seems that the inductive donor effect of the ethyl groups infers a lower 
electron acceptor character to the BODIPY, being less predisposed to accept the electronic 
density from the 8-enolate, and hence lowering the quenching ICT pathway in basic media.

The laser measurements correlate well with the photophysical findings [39]. Indeed, the 
8-acacBODIPY displays a green laser emission at 550 nm with an efficiency up to 55%, main-

taining the 90% of the laser emission after 50,000 pulses. Ethanol is the solvent with the lower 
lasing efficiency (down to 43%) in agreement with the recorded decrease in the fluorescence 
quantum yield (Figure 9). Moreover, the 3,5-ethylation implies not only an increase in the 
laser efficiency (up to 70%, in concordance with the evolution of the fluorescent efficiency in 
Figure 9) but also it becomes more photostable (keeping the 100% of the emission under the 
same pumping regime). Therefore, these dyes bearing acac at meso position are rather versa-

tile since they behave as laser dye and as on/off pH sensor as well.

Figure 10. Evolution of the fluorescence band and quantum yield (inset) of the 8-acacBODIPY with the pH in aqueous 
solutions. The frontier contour maps before and after ionization of hydroxyl of the 8-acac are also enclosed.
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3.2. Sensor of polarity

Another exploited strategy with BODIPYs is based on the development of multichromophoric 
dyes. In particular, that is related with the molecular design of excitation energy transfer (EET) 
cassettes [44]. The idea is to link covalently a suitable chromophore acting as energy donor to 
a complementary fluorophore playing the role of energy acceptor. This kind of dyads allows 
an efficient light harvesting over a broad spectral region, but provides almost exclusively the 
emission of the energy acceptor via a highly efficient intramolecular excitation energy transfer 
(intra-EET) owing to the short donor-acceptor distance imposed by the covalent linkage. The 
most common EET mechanism is mediated by the Förster formalism (FRET, also known as 
through-space), which demands a spectral overlap between the energy donor fluorescence 
band and the energy acceptor absorption spectrum to enable the required dipole-dipole cou-

pling. Other reported EET mechanisms are Dexter (electronic exchange) or through-space 
(TBET, superexchange mechanism) [45, 46]. Following this approach, we tested the photo-

physical signatures of a dyad featuring a pyrene (blue emitting chromophore) linked to the 
meso position of the BODIPY (green emitting fluorophore) core (Figure 8). The pyrene was 
chosen since it can be grafted to the meso position of the 8-methylthioBODIPY platform via a 
LSCC reaction from the adequate boronic acid [47]. Besides its fluorescence profile, it is suit-
able to undergo FRET with the BODIPY since the required spectral overlap is feasible [48].

The absorption profile of the dyad shows the characteristic bands of both chromophores 
(Figure 11A). Thus, the typical vibrational resolution of the electronic band of the pyrene 
is recorded in the UV, followed by the sharp absorption of the BODIPY at the Vis region. 
Therefore, both chromophores contribute additively to the overall broadband absorption cov-

ering the UV-blue-green spectral region. In fact, the electron coupling between both moieties 
is disabled in the ground state since the pyrene is twisted around 65° due to steric reasons 
[48]. Regardless of the excitation wavelength (directly at the BODIPY Vis absorption or at the 
pyrene UV absorption), the Vis emission outcoming from the BODIPY prevails in the fluores-

cence profile, whereas the emission from the pyrene is strongly quenched (Figure 11A). This 
experimental finding supports that the dyad undergoes intra-EET from the donor pyrene to 
the BODIPY acceptor and final light emitting moiety. Likely, the ongoing mechanism is FRET 
due to the available spectral overlap, but also TBET could be viable since both chromophores 
are directly linked enabling the required electronic exchange [45, 46]. The fluorescent effi-

ciency (30% in apolar cyclohexane) and lifetime (around 2 ns) of the dyad are lower than the 
expected in BODIPYs. This moderate fluorescence loss can be attributed to the free motion 
of the bulky pyrene at the key and substituent sensitive meso position, which enhances the 

internal conversion probability.

Nonetheless, the above described fluorescence signatures in apolar media dramatically 
change in polar media (Figure 11B). Whereas no changes are detected in the absorption 
features, the fluorescence profile is deeply altered. The emission at 520 nm (assigned to the 
locally excited (LE) state) is strongly quenched, and a new broad and red-shifted emission is 
recorded (around 640 nm and reaching 700 nm in the most polar media). Besides, the fluo-

rescent efficiency dramatically decreases in the more polar media where such new emission 
becomes rather weak and almost negligible. These experimental findings reveal complex 
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molecular dynamics in the excited state (EET still takes place in polar media) since a new low-
lying emitting state in formed upon excitation in polar media. All these trends pinpoint to the 
activation of an ICT state from the pyrene to the BODIPY. The high dipole moment of the ICT 
owing to its inherent charge separation explain why is further stabilized in polar media. In 
the preceding sections, a non-fluorescence ICT was already claimed to explain the recorded 
fluorescence quenching in polar media. However, in this case, the ICT becomes fluorescence 
displaying a long-wavelength emission very sensitive to the solvent polarity. An increase of 
the polarity of the media implies a more efficient quenching of the emission from the LE state, 
and also from the ICT as well, since the charge recombination probability is lower and the 
charge separation is further favored [49, 50].

Although this dyad is not valuable as laser dye or fluorescent probe, it can be applied as 
polarity sensor of the surrounding environment owing to the ICT formation and its high 
sensitivity to this solvent property. As a matter of fact, we have systematically varied the 
medium polarity using mixtures of apolar solvent (hexane) and a polar one (tetrahydrofu-

ran) (Figure 11B). Thus, in apolar media, just a green emission is recorded from the LE state. 
However, a progressive increase of the solvent polarity implies that the emission from the ICT 

Figure 11. (A) UV–Vis absorption (bold line) and fluorescence (thin line, upon UV excitation at 340 nm) spectra of 
the 8-pyreneBODIPY in cyclohexane. A sketch of the ongoing energy transfer is also enclosed. (B) Evolution of the 
fluorescence profile with the solvent polarity (normalized spectra in hexane-tetrahydrofuran mixtures). The two 
detection channels and the corresponding fluorescence images in each mixture proportion are included to highlight the 
sensing ability.
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is detected in detriment of that from the LE state. Thus, in polar environment, both emissions 
are simultaneously detected, leading to a yellow emission. Finally, in the more polar media, 
the emission from the ICT exceeds that from the LE and prevails, leading to a purple emission. 
Summing up, in this dyad, where the ICT fluorescence deactivation is feasible, two channels 
for detection are provided; one at the green part of the visible (around 520 nm) and other at 
the red part (around 640 nm). Therefore, the solvent polarity can be monitored by measuring 
the change of the fluorescence intensity at these wavelength, or alternatively just by the naked 
eye by visualizing the emission color under UV excitation owing to the ongoing intra-EET.

4. Conclusions

The rich and versatile chemistry of the robust boron-dipyrrin core allows the design and syn-

thesis of a myriad of molecular structures with diverse photophysical signatures, which can 

be finely modulated depending on the target application field. This tailoring ability is likely 
the main reason of the success and reputation of these chameleonic fluorophores. It is not 
risky to envisage that nowadays BODIPYs are the most recommended luminophore for opto-

electronics and biophotonics, or whatever utility in which an organic dye could be involved. 
After a rational design, a molecule fitting the requirements of a specific application can be 
customized, guaranteeing a nice and accurate performance.

In this chapter, we settle some structural guidelines to orient the synthesis of novel BODIPYs 
as candidates to be applied as fluorescent probes, laser dyes or fluorescent sensors along the 
entire visible spectral region. All the herein tested BODIPY derivatives are attained from the 
8-methylthioBODIPY scaffold. This versatile platform is able to undergo different synthetic 
routes selectively in orthogonal positions, in particular at meso position, at β (2 and 6) and α 
(3 and 5) pyrrolic positions. Such reactivity enables a rich and exhaustive functionalization of 
the dipyrrin core.

One of the main pursue goals was to translate the excellent stability and fluorescent response 
of BODIPYs working usually in the middle part of the visible spectrum (green-yellow) to both 
edges (blue and red), giving rise to standard and optimal fluorophores across this spectral 
region. On the one hand, to push the spectral bands toward the red-edge aromatic frame-

works bearing electron rich groups were grafted to the BODIPY core, mainly at positions 3 
and 5. Push-pull chromophores (bearing electron donor and acceptor functionalities) provide 
more pronounced red spectral shift, but the fluorescence emission is damaged owing to the 
induced charge separation (ICT). On the other hand, the opposite blue shift was achieved 
changing the electronegativity of the heteroatom attached at the meso position. The elec-

tron coupling of these heteroatoms with the dipyrrin switches on new delocalized π-system 
responsible of the hypsochromic shift. To ensure high fluorescent efficiencies, it is recom-

mended to alkylate the key positions 3 and 5.

Taking into account that the meso position is the most sensitive one of the backbone to the 

substituent effect, it was selected to attach functionalities able to induce ICT processes. These 
phenomena should be avoided if a high fluorescent response is required, but it is ideal to 
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develop sensors due to its sensitive to specific environmental properties. On the one hand, 
the attachment of active methylene at such position leads to bright green dyes. However, such 
emission is lost in basic media. Such reversible quenching allows the monitorization of the 
pH of the surrounding environment following the change of the green fluorescence intensity 
(on/off switch). On the other hand, the grafting of pyrene enables excitation far away from 
the emission region owing to energy transfer processes. At the same time, such functionaliza-

tion induces an ICT state characterized by red emission. The ratio between the green and red 
fluorescence is very sensitive to the solvent polarity. Thus, this sensor allows to visualize the 
polarity of the environment just by the color of fluorescence.

Although the number of reports dealing with BODIPYs is huge and still growing fast, we 
foresee that the future of these dyes is far for being over, and still plenty of applications need 

to be explored with this marvelous and amazing organic luminophore.

Acknowledgements

Financial support from MICINN (MAT2017-83856-C3-3-P), Gobierno Vasco (IT912-16), and 
CONACyT (Mexico, Grant 253623) are acknowledged. R. S-L. and E.A-Z. thank Gobierno 
Vasco for a postdoctoral contract and predoctoral fellowship, respectively. C. F. A. G.-D. and 
J. L. B.-V. thank CONACyT for doctoral scholarship.

Author details

Rebeca Sola Llano1, Edurne Avellanal Zaballa1, Jorge Bañuelos1*, 

César Fernando Azael Gómez Durán2, José Luis Belmonte Vázquez2, Eduardo Peña Cabrera2 

and Iñigo López Arbeloa1

*Address all correspondence to: jorge.banuelos@ehu.eus

1 Department of Physical Chemistry, University of the Basque Country (UPV/EHU), Bilbao, 
Spain

2 Department of Chemistry, University of Guanajuato, Guanajuato, Mexico

References

[1] Betzig E. Single molecules, cells, and super-resolution optics (nobel lecture). Angewandte 
Chemie, International Edition. 2015;54:8034-8053. DOI: 10.1002/anie.201501003

[2] Hell SW. Nanoscopy with focused light (nobel lecture). Angewandte Chemie, Inter-
national Edition. 2015;54:8054-8066. DOI: 10.1002/anie.201504181

Photochemistry and Photophysics - Fundamentals to Applications36



[3] Moerner WE. Single-molecule spectroscopy, imaging, and photocontrol: Foundations 
for super-resolution microscopy (nobel lecture). Angewandte Chemie, International 
Edition. 2015;54:8067-8093. DOI: 10.1002/anie.201501949

[4] Sinkeldam RW, Greco NJ, Tor Y. Fluorescent analogs of biomolecular building blocks: 
Design, properties, and applications. Chemical Reviews. 2010;110:2579-2619. DOI: 
10.1021/cr900301e

[5] Chénais S, Forget S. Recent advances in solid-state organic lasers. Polymer International. 
2012;61:390-406. DOI: 10.1002/pi.3173

[6] Kuehne AJC, Gather M. Organic lasers: Recent developments on materials, device 
geometries and fabrication techniques. Chemical Reviews. 2016;116:12823-12864. DOI: 
10.1021/acs.chemrev.6b00172

[7] Moliner F, Kielland N, Lavilla R, Vendrell M. Modern synthetic avenues for the 
preparation of functional fluorophores. Angewandte Chemie, International Edition. 
2017;56:3758-3769. DOI: 10.1002/anie.201609394

[8] Benniston AC, Copley G. Lighting the way ahead with boron dypiromethene (Bodipy) 
dyes. Physical Chemistry Chemical Physics. 2009;11:4121-4131. DOI: 10.1039/b901383k

[9] Bañuelos J. BODIPY dye, the most versatile fluorophore ever? Chemical Record. 
2016;16:335-348. DOI: 10.1002/tcr.201500238

[10] Loudet A, Burgess K. BODIPY dyes and their derivatives: Syntheses and spectroscopic 
properties. Chemical Reviews. 2007;107:4891-4932. DOI: 10.1021/cr078381n

[11] Benstead M, Mehl GH, Boyle RW. 4,4′-Difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs) 
as components of novel light active materials. Tetrahedron. 2011;67:3573-3601. DOI: 10. 
1016/j.tet.2011.03.028

[12] Ulrich G, Ziessel R, Harriman A. The chemistry of fluorescent Bodipy dyes: Versatility 
unsurpassed. Angewandte Chemie, International Edition. 2008;47:1184-1201. DOI: 10. 
1002/anie.200702070

[13] Boens N, Verbelen B, Dehaen W. Postfunctionalization of the BODIPY core: Synthesis 
and spectroscopy. European Journal of Organic Chemistry. 2015:6577-3595. DOI: 10. 
1002/ejoc.201500682

[14] Lakshmi V, Sharma R, Ravikanth M. Functionalized boron-dipyrromethenes and their 
applicattions. Reports in Organic Chemistry. 2016;6:1-24. DOI: 10.2147/ROC.S60504

[15] Kowada T, Maeda H, Kikuchi K. BODIPY-based probes for the fluorescence imaging of 
biomolecules in living cells. Chemical Society Reviews. 2015;44:4953-4972. DOI: 10.1039/
c5cs00030k

[16] Costela A, García-Moreno I, Sastre R. Polymeric solid-state dye lasers: Recent develop-

ments. Physical Chemistry Chemical Physics. 2003;5:4745-4763. DOI: 10.1039/b307700b

Tailoring the Photophysical Signatures of BODIPY Dyes: Toward Fluorescence Standards…
http://dx.doi.org/10.5772/intechopen.74848

37



[17] Bessette A, Hanan GS. Desig, synthesis and photophysical studies of dipyrrometh-

ene-based materials: Insights into their applications in organic photovoltaic devices. 
Chemical Society Reviews. 2014;43:3342-3405. DOI: 10.1039/c3cs60411j

[18] Singh SP, Gayathri T. Evolution of BODIPY dyes as potential sensitizers for dye-sensi-
tized solar cells. European Journal of Organic Chemistry. 2014:4689-4707. DOI: 10.1002/
ejoc.201400093

[19] Nepomnyashchii AB, Bard AJ. Electrochemistry and electrogenerated chemilumines-

cence of BODIPY dyes. Accounts of Chemical Research. 2012;45:1844-1853. DOI: 10.1021/
a200278b

[20] Boens N, Leen V, Dehaen W. Fluorescent indicators based on BODIPY. Chemical Society 
Reviews. 2012;41:1130-1172. DOI: 10.1039/c1cs15132k

[21] Zhao J, Wu W, Sun J, Guo S. Triplet photosensitizers: From molecular design to applica-

tions. Chemical Society Reviews. 2013;42:5323-5351. DOI: 10.1039/c3cs35531d

[22] Kamkaew A, Lim SH, Lee HB, Kiew LV, Chung LY, Burgess K. BODIPY dyes in pho-

todynamic therapy. Chemical Society Reviews. 2013;42:77-88. DOI: 10.1039/c2cs35216h

[23] Prasanna de Silva A, Gunaratne HQN, Gunnlaugsson T, Huxley AJM, McCoy CP, 
Rademacher JT, Rice TE. Signaling recognition events with fluorescent sensors and 
switches. Chemical Reviews. 1997;97:1515-1566. DOI: 10.1021/cr960386p

[24] Valeur B, Leray I. Design principles of fluorescent molecular sensors for cation recognition. 
Coordination Chemistry Reviews. 2000;205:3-40. DOI: 10.1016/S0010-8545(00)00246-0

[25] Rurack K, Resch-Genger U. Rigidization, preorientation and electronic decoupling – 
The `magic triangle´ for the design of highly efficient fluorescent sensors and switches. 
Chemical Society Reviews. 2002;31:116-127. DOI: 10.1039/b100604p

[26] Pavlopoulos TG. Scaling of laser dyes with improved laser dyes. Progress in Quantum 
Electronics. 2002;26:193-224. DOI: 10.1016/S0079-6727(02)00005-8

[27] López Arbeloa F, Bañuelos J, Martínez V, Arbeloa T, López Arbeloa I. Structural, photo-

physical and lasing properties of pyrromethene dyes. International Reviews in Physical 
Chemistry. 2005;24:339-373. DOI: 10.1080/01442350500270551

[28] Arroyo IJ, Hu R, Merino G, Zhong Tang B, Peña-Cabrera E. The smallest and one of 
the brightest. Efficient preparation and optical description of the parent borondipyr-

romethene system. The Journal of Organic Chemistry. 2009;74:5719-5722. DOI: 10.1021/
jo901014w

[29] Esnal I, Valois-Escamilla I, Gómez-Durán CFA, Urías-Benavides A, Betancourt-
Mendiola ML, López-Arbeloa I, Bañuelos J, García-Moreno I, Costela A, Peña-Cabrera 
E. Chemphyschem. 2013;14:4134-4142. DOI: 10.1002/cphc.201300818

[30] Sathyamoorthi G, Soong ML, Ross TW, Boyer JH. Fluorescent tricyclic β-azavinamidine-BF
2
 

complexes. Heteroatom Chemistry. 1993;4:603-608. DOI: 10.1002/hc.520040613

Photochemistry and Photophysics - Fundamentals to Applications38



[31] Bañuelos J, Lópz Arbeloa F, Martinez V, Liras M, Costela A, García Moreno I, López 
Arbeloa I. Difluoro-boron-triaza-anthracene: A laser dye in the blue región. Theoretical 
simulation of alternative difluoro-boron-diaza-aromatic systems. Physical Chemistry 
Chemical Physics. 2011;13:3437-3445. DOI: 10.1039/c0cp01147a

[32] Goud TV, Tutar A, Biellmann JF. Synthesis of 8-heteroatom-substituted 4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene dyes (BODIPY). Tetrahedron. 2006;62:5084-5091. DOI: 
10.1016/j.tet.2006.03.036

[33] Lu H, Mack J, Yang Y, Shen Z. Structural modification strategies for the rational design of 
red/NIR region BODIPYs. Chemical Society Reviews. 2014;43:4778-4823. DOI: 10.1039/
c4cs00030g

[34] Ge Y, ÓShea DF. Azadipyrromethenes: From traditional dye chemistry to leading edge 
applications. Chemical Society Reviews. 2016;45:3846-3864. DOI: 10.1039/c6cs00200e

[35] Umezawa K, Matsui A, Nakamura Y, Citterio D, Suzuki K. Brigth, color-tunable 
fluorescent dyes in the Vis/NIR region: Establishment of new “tailor-made” multi-
color fluorophores based on borondipyrromethene. Chemistry - A European Journal. 
2009;15:1096-1106. DOI: 10.1002/chem.200801906

[36] Gómez-Durán CFA, Esnal I, Valois-Escamilla I, Urías-Benavides A, Bañuelos J, 
López-Arbeloa I, García-Moreno I, Peña-Cabrera E. Near-IR BODIPY dyes à la carte 
– Programmed orthogonal functionalization of rationally designed building blocks. 
Chemistry - A European Journal. 2016;22:1048-1061. DOI: 10.1002/chem.201503090

[37] Kee HL, Kirmaier C, Yu L, Thamyongkit P, Youngblood WJ, Calder ME, Ramos L, 
Noll BC, Bocian DF, Scheidt WR, Birge RR, Lindsey JS, Holten D. Structural control of 
the photodynamics of boron-dipyrrin complexes. The Journal of Physical Chemistry. 
B. 2005;109:20433-20443. DOI: 10.1021/jp0525078

[38] Prlj A, Vannay L, Corminboeuf C. Fluorescence quenching in BODIPY dyes; the 
role of intramolecular interactions and charge transfer. Helvetica Chimica Acta. 
2017;100:e1700093. DOI: 10.1002/hlca.201700093

[39] Gutierrez-Ramos B, Bañuelos J, Arbeloa T, López-Arbeloa I, Gónzalez-Navarro PE, 
Wrobel K, Cerdán L, García-Moreno I, Costela A, Peña-Cabrera E. Straightforward 
synthetic protocol for the introduction of stabilized C nucleophiles in the BODIPY 
core for advanced sensing and photonic applications. Chemistry - A European Journal. 
2015;21:1755-1764. DOI: 10.1002/chem.201405233

[40] Chibani S, Le Guennic B, Charaf-Eddin A, Laurent AD, Jacquemin D. Revisiting the opti-
cal signatures of BODIPY with ab initio tools. Chemical Science. 2013;4:1950-1693. DOI: 
10.1039/c3sc22265a

[41] Lincoln R, Greene LE, Bain C, Flores-Rizo JO, Bohle DS, Cosa G. When push comes 
to shove: Unravelling the mechanism and scope of nonemissive meso-unsaturated 

BODIPY dyes. The Journal of Physical Chemistry. B. 2015;119:4758-4765. DOI: 10.1021/
acs.jpcb.5b02080

Tailoring the Photophysical Signatures of BODIPY Dyes: Toward Fluorescence Standards…
http://dx.doi.org/10.5772/intechopen.74848

39



[42] Prlj A, Fabrizio A, Corminboeuf C. Rationalizing fluorescence quenching in meso-
BODIPY dyes. Physical Chemistry Chemical Physics. 2016;18:32668-32672. DOI: 10.1039/
c6cp06799a

[43] Catalán J. Toward a generalized treatment of the solvent effect based on four empirical 
scales: Dipolarity (SdP, a new scale), polarizability (SP), acidity (SA) and basicity (SB) 
of the medium. The Journal of Physical Chemistry. B. 2009;113:5951-5960. DOI: 10.1021/
jp8095727

[44] Fan J, Hu M, Zhang P, Peng X. Energy transfer cassettes based on organic fluorophores: 
Construction and applications in ratiometric sensing. Chemical Society Reviews. 
2013;42:29-43. DOI: 10.1039/c2cs35273g

[45] Speiser S. Photophysics and mechanisms of intramolecular electronic energy transfer 
in bichromophoric molecular systems: Solution and supersonic jet studies. Chemical 
Reviews. 1996;96:1953-1976. DOI: 10.1021/cr941193+

[46] Curuchet C, Feist FA, Van Averbeke B, Mennuci B, Jacob J, Müllen K, Basché T, Beljonne 
D. Superexchange-mediated electronic energy transfer in a model dyad. Physical 
Chemistry Chemical Physics. 2010;12:7378-7385. DOI: 10.1039/c003496g

[47] Peña-Cabrera E, Aguilar-Aguilar A, González-Domínguez M, Lager E, Zamudio-
Vázquez R, Godoy-Vargas J, Villanueva-García F. Simple, general, and efficient synthe-

sis of meso-substituted borondipyrromethenes from a single platform. Organic Letters. 
2007;9:3985-3988. DOI: 10.1021/ol7016615

[48] Bañuelos J, Arroyo-Córdoba IJ, Valois-Escamilla I, Alvarez-Hernández A, Peña-Cabrera 
E, Hu R, Zhong Tang B, Esnal I, Martínez V, López Arbeloa I. Modulation of the pho-

tophysical properties of BODIPY dyes by substitution at their meso position. RSC 
Advances. 2011;1:677-684. DOI: 10.1039/c1ra00020a

[49] Benniston AC, Clift S, Hagon J, Lemmetyinen H, Tkachenko NV, Clegg W, Harrington 
RW. Effect on charge transfer and charge recombination by insertion of a naphtha-

lene-based bridge in molecular dyads based on borondipyrromethene (Bodipy). 
Chemphyschem. 2012;13:3672-3681. DOI: 10.1002/cphc.201200510

[50] Nano A, Ziessel R, Stachelek P, Harriman A. Charge-recombination fluorescence from 
push-pull electronic systems constructed around amino-substituted styryl-BODIPY dyes. 
Chemistry - A European Journal. 2013;19:13528-13537. DOI: 10.1002/chem.201301045

Photochemistry and Photophysics - Fundamentals to Applications40


