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1. Introduction:
The scientific community in multidisciplinary areas has intensively studied fluorescent dyes.
Currently, the technological interest of these dyes has allowed their successful application in
many different fields, for instance, as active media of tunable lasers, in the development of
photoelectronic devices, as fluorescent probes and chemical sensors, or as tools for
monitoring the physicochemical characteristics of the surrounding environment [17].
Knowledge of the photophysical properties of these systems is essential, not only for
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understanding the process underlying their potential applications, but also for designing new
dyes with tailor-made properties.
Among the large number of existing laser dye families covering the spectral region from UV
to nearIR [1], 4,4difluoro4-bora3a,4adiazasindacenes (herein named BODIPY) have
received special attention in recent years [813]. Their basic structure, depicted in Scheme 1,
consists of two pyrrole rings linked by a methine group and a BF2 bridge. The first report of
these fluorophores dates from 1968 by Treibs and Keuzer [14], but they did not gain
recognition from the scientific community until the end of the 90s, when some reports by
Boyer and Pavlopoulos showed their potential application in tunable dye lasers [1518]. The
promising results obtained encouraged other investigators to search for a deeper
understanding of the lasing behavior and to use this dye family in other fields such as biology
or medicine [1923]. Indeed, a large number of publications were available in a short period
of time, describing their properties and applications and becoming a booming area of
research.

Scheme (1): Molecular structure of BODIPY and their alkylated commercial derivatives;
PM546, PM567 and PM597.
BODIPY laser dyes are characterized by strong absorption and fluorescence bands in the
middle area (greenyellow) of the visible spectral region, with notable high fluorescent
[2331] and lasing efficiencies [8,3234]. Their versatility, chemical robustness, low triplet
state population, and thermal and photochemical stability enhance the photoresponse of these
dyes. For instance, even after several pumping pulses, BODIPY keeps their bright lasing
signals, particularly when incorporated in solid host matrices [3539]. The development of
solid−state tunable dye lasers is of interest for commercial and technological applications
because they have inherent advantages with respect to liquidstate lasers, including a better
manageability, versatility, and miniaturization of the experimental setup, and are devoid of
toxic and flammable solvents.
A large number of publications have claimed the use of BODIPY dyes in different
photoelectronic devices, apart from the above commented laser application: for instance, as
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light harvesting arrays and antenna systems [4048], acting as energy injectors or acceptors to
collect light and carry it to a specific reaction centre; or in holographic systems for digital
information storage [4951]. Moreover, many reports have described the use of BODIPY as
fluorescent probes or chemical sensors in biomedicine and biochemistry. The photophysics of
BODIPY have to be sensitive to environmental properties [5256] or to the presence of an
analyte in the surrounding medium [5764]. Usually, these probes or sensors are achieved by
the incorporation of specific functional groups in the BODIPY core, promoting new
deactivation processes that are sensitive to environmental conditions (i.e., photoinduced
charge transfer). These processes quench the fluorescence of the dye, and the sensor behaves
as a fluorescent on/off switch system depending on environmental conditions.
The understanding of the photophysical behavior of BODIPY dyes is essential for their use in
technological applications such as lasing action, energy transport, or sensing process, and for
designing new devices based on BODIPY. To this aim, quantum mechanical calculations
have become a powerful tool to design new molecular structures with specific photophysical
properties [6569]. In general, most of these broad applications of BODIPY are based on the
possibility to control and modulate the photophysical properties of the chromophore by the
substitution pattern that, in turn, can be modified by chemical manipulation. Indeed, a large
variety of BODIPY with a wide range of functional groups attached to the chromophore in all
the available positions of the core may be found in the bibliography.
This review focuses on the possibility of tuning the photophysical properties of BODIPY dyes
by modifying their basic molecular structure to develop new fluorophores with the emission
shifted to the blue and red parts of the visible spectrum. Accordingly, the same laser dye
family may cover completely the visible region by simply choosing the desired derivative.
To achieve the wanted red-shift of the spectral bands the delocalized system should be
extended. This can be done in different ways: fusing aryl cycles, incorporating halogens of
aromatic groups, or replacing carbons of the core by heteroatoms [7074]. Here, we explore
some of these possibilities.
The development of stable and efficient red dye lasers is of great interest in medicine and
telecommunications. On the other hand, the development of blueemitting laser dyes is
somehow more troublesome. In the past, some attempts have been done, but failed in terms of
fluorescence and lasing efficient [7577]. Moreover, one of the major drawbacks of the
available commercial blue dyes is their lack of stability. We have accomplished this type of
dyes by the formation of hemicyaninelike structures upon amine substitution. Blue dye
lasers have interest in microscopy and electroluminescent devices. Finally, we explore the use
of halogenated BODIPY as singlet oxygen generators because of their potential use in
photodynamic therapy [7881]. The photophysical characterization of BODIPY derivatives
has been complemented by quantum mechanics calculation results.
2. General Photophysics of BODIPY Dyes:
Figure 1 shows the UV/Vis absorption and fluorescence spectra of BODIPY chromophore.
The lowest energy Vis absorption band, corresponding to the electronic transition from the
ground to the first excited states (S0  S1 transition), is characterized by a high transition
probability, with high molar absorption coefficient (  105 M1 cm1) and oscillator strength
(f  0.5). It presents a shoulder at higher energies (at around 1100 cm1 from the absorption
maximum), which is attributed to outofplane vibrations of the aromatic skeleton. Other
3
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absorption bands, corresponding to transitions to higher singlet excited states (S2, S3…),
appear in the UV region and are less probable [82]. Quantum mechanical calculations suggest
that the main absorption band corresponds to an allowed A1  B2 transition, according to a
C2v symmetry, with the transition dipole moment oriented along the longitudinal axis.
Theoretical results indicate that this Vis band is assignable to the promotion of an electron
from the HOMO orbital to the LUMO molecular orbital (Figure 1A), which is polarized along
the long molecular axis of the chromophore [83].

Figure (1): A) Absorption and fluorescence spectra of the BODIPY chromophore in a
diluted solution of cyclohexane, together with its corresponding HOMO and LUMO contour
maps. B) Fluorescence decay curve and the residuals from a monoexponential fit.
The shape of this absorption band is nearly independent of the dye concentration (at least up
to 2×103 M) suggesting the absence of any intermolecular dyedye interaction, including dye
aggregation [9]. This low tendency of BODIPYs to selfassociate is a very important
advantage of these dyes with respect to other laser dyes, such as rhodamines, since the
formation of non or poorly fluorescent aggregates, drastically reduces the fluorescent
capacity in concentrated solutions, generally required to record the laser signal [84].
The fluorescence spectrum of BODIPYs is practically the mirror image of the S0  S1
absorption band (Figure 1A), suggesting similar vibrational levels in both electronic states.
Indeed, quantum mechanical calculations point out that the optimised geometry in the S1
excited state is quite similar to that of the S0 ground state. Consequently, the fluorescent band
is characterized by a small Stokes shift (around 500 cm1). The shape of the fluorescence
band is independent of the excitation wavelength indicating that the emission is from the
lowest vibrational level of the S1 excited state, independent of the electronvibrational level
directly populated in the excitation process [9]. Therefore, a very fast internal conversion
process from upper excited states populates the fluorescent excited state. The fluorescence
quantum yield () can be very high, reaching values close to the unit for some BODIPYs in
certain media [9].
Generally, the fluorescence decay curves of BODIPYs can be analyzed as monoexpoenential
decays, with fluorescence lifetimes () around 46 ns (Figure 1B). The lifetime is independent
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of the excitation and the emission wavelengths, confirming the simple emission from the
locally excited state.
The high fluorescence ability of BODIPY is a consequence of its chromophoric unit. The BF2
group acts as a linking bridge, providing a rigid delocalized system. The BF2 group does
not participate in the aromaticity of the system but avoids any cyclic electron flow around
the chromophoric ring [85]. Consequently, BODIPY dyes can be classified as quasiaromatic
dyes and are characterized by a low intersystem crossing probability by means of the
“Drexhage’s loop rule” [2]. This low population of the triplet state is a significant advantage
for the potential application of BODIPYs in photonics since the triplettriplet absorption, one
of the most important losses in the resonator cavity, is drastically reduced. Therefore the
nonradiative deactivation pathways are mainly controlled by internal conversion processes,
which are related to the flexibility/rigidity of the molecular structure. In any case, and due to
the rigidity and planarity of the chromophoric units (confirmed by quantum mechanical
calculations and Xray diffraction data [86]), the nonradiative deactivation of BODIPY dyes
is expected to be low, in agreement with the experimental evidences for the high fluorescence
ability of these dyes [87].
2.1. Alkyl Substitution Effect:
The experimental and theoretically predicted photophysical properties the BODIPY
chromophore and their alkylated derivative (Scheme 1); PM546 [88], PM567 [82] and PM597
[89], are collected in Table 1. These dyes present methyl groups at 1, 3, 5, 7 and 8 positions of
the chomophoric ring, whereas differ in their substitution at 2 and 6 positions (hydrogen, ethyl
and tert-butyl, respectively in Scheme 1). The alkylation does not significant affect on the
photophysics of BODIPY chromophore [82]. Just, a slight bathochromic shift of the
absorption and fluorescence bands, but similar fluorescence quantum yields and lifetimes
(Table 1). However, the presence of the tert−butyl groups (PM597) not only induces further
bathochromic spectral shifts, mainly in the fluorescence band, due to its higher inductive
electron donor ability, but also decreases (around a 50%) the fluorescence quantum yield and
lifetime [89]. These results reveal an important Stokes shift (around 1300 cm1, among the
highest reported for BODIPY) and a considerable increase in the nonradiative rate constant
(knr) of PM597 with respect to the other alkyl derivatives (Table 1).
Table (1): Experimental (dye concentration 2106 M in methanol) and theoretically
predicted (TDB3LYP in gas phase) photophysical properties of BODIPY chromophore and
its alkylated derivatives PM546, PM567 and PM597: wavelength of absorption and
fluorescence maximum (ab and fl), Stokes shift (St), molar absorption coefficient (max),
oscillator strength (f), fluorescence quantum yield () and lifetime (), rate constants of
radiative (kfl) and nonradiative (knr) deactivation.

ab (± 0.5 nm)
max (104 M1 cm1)
f
fl (± 0.5 nm)
(± 0.05)
 (± 0.1 ns)
kfl (108 s1)
knr (108 s1)
St (cm1)

BODIPY
497.0
5.8
0.36
507.0
0.87
7.33
1.18
0.18
395

Experimental
PM546 PM567
492.0
516.0
8.2
7.9
0.40
0.49
504.0
531.5
0.95
0.91
5.58
6.10
1.71
1.49
0.09
0.15
455
560

PM597
523.0
7.6
0.38
561.0
0.48
4.21
1.14
1.23
1305

5

BODIPY
393.0

0.42
397


1.27

260

Theoretical
PM546 PM567
405
425


0.53
0.54
410
435




1.88
1.60


215
360

PM597
430

0.52
455


1.61

1365
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The quantum mechanical simulation nicely reproduces the experimental photophysical
properties trends. It was previously demonstrated that the absolute S0S1 energy gap values
proposed by semiempirical methods are closer to the experimental ones than those predicted
by the TDB3LYP method. Indeed, this DFT method overestimates this energy gap.
However, the DFT method provides better values for the oscillator strength (f) and the
radiative rate constant (kfl) and reproduces more accurately the spectral shifts and changes in
the transition moments of BODIPYs by the effect of the substituents and the solvent. For this
reason, only the DFT results are enclosed in Table 1 [83, 90].
The observed bathochromic spectral shifts by the presence of alkyl groups are attributed to
their inductive effect. For instance, upon substitution at positions 2 and 6, quantum
mechanical calculations suggest a lower electron density at the 2 and 6 positions in the
LUMO than in the HOMO state (see contour maps inserted in Figure 1). Consequently, the
inductive effect +I of alkyl group at those positions would stabilize more extensively the
LUMO S1 excited state than the HOMO S0 ground state, reducing the S0S1 energy gap
(spectral shift to lower energies). Accordingly, the incorporation of a more inductive electron
donor group, as the branched tertbutyl group, leads to more extended shift to lower energies
(Table 1) [89].
For PM597, the bathochromic shift in the fluorescence band is higher than in the absorption
band giving rise to a large Stokes shift (Table 1). This observation could be indicative of a
change in the geometry of this derivative upon excitation. This is confirmed by quantum
mechanical calculations. Indeed, the pyrrole rings are not planar in the S1 excited state of
PM597 (dihedral angle of 4.7º) versus the nearly planar structure (dihedral angle around 0.2º)
proposed for the pyrrole ring in the S1 state of PM567. This distortion in the S1 geometry has
been attributed to the steric hindrance between the bulky tertbutyl groups with the adjacent
methyl groups at 1 and 7position of the PM597 core [89]. This loss in the planarity can be
interpreted as a reduction in the rigidity of the chromophoric BODIPY system, favouring the
internal conversion processes for PM597 and reducing its fluorescent capacity with respect to
other BODIPY dyes with linear alkyl groups (Table 1).
2.2. Solvent and Polymer Solid Matrix Influence:
The photophysical properties of BODIPY dyes have been studied in a wide variety of apolar,
polar and protic solvents [89]. Table 2 summarized the corresponding results for PM597 as a
representative dye. Other alkylBODIPYs show similar qualitative tendencies [82,88]. In
general, the spectral bands shift to higher energies and the fluorescent capacity and lifetime
increase when apolar media are changed by polar/protic media. The augmentation in the
fluorescence ability is due to a reduction in the nonradiative deactivation rather than to an
enhancement in the radiative decay. All these experimental results have been confirmed by
quantum mechanics where the solvent was simulated as a continuum medium [90].
The alternating electronic charge delocalisation through the conjugated system suggests
that BODIPY dyes can be defined as cyclic polymethine or cyaninelike structures [91,92].
The dipole moment, oriented along the short molecular axis due to symmetry reasons, is
relatively low ( 3 D in the ground state), making BODIPY dyes normally insoluble in
water. Theoretical results suggest that the dipole moment slightly decrease upon excitation
( = 1 D in gas phase). Consequently, S0 state would be more stable than S1 one in polar
solvents, giving rise to a moderate hypsochromic spectral shift with the solvent polarity, as is
experimentally observed (Table 2).
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Table (2): Photophysics of PM597 dye in diluted solutions (2106 M) of several solvents
fl



(10 M cm )

(nm)

527.1

8.20

569.0

0.40

4.19

hexane

527.5

8.25

567.8

0.43

4.35

chexane

529.0

8.10

571.2

0.32

3.91

isooctane

527.5

8.05

569.0

0.40

4.43

diethyl ether

525.1

7.90

565.4

0.43

4.27

1,4dioxane

525.1

7.85

565.4

0.40

4.37

THF*

525.1

7.75

566.6

0.37

4.15

DMF*

524.0

5.89

565.4

0.35

4.69

acetone

522.5

7.44

563.6

0.44

4.34

2pentanone

523.7

6.13

562.6

0.46

4.54

methyl formate

522.3

7.55

560.6

0.47

4.45

methyl acetate

522.5

7.85

561.8

0.48

4.44

ethyl acetate

523.2

7.67

562.4

0.44

4.31

buthyl acetate

524.3

7.85

564.6

0.43

4.51

acetonitrile

520.8

7.60

560.6

0.44

4.27

1octanol

527.3

7.70

565.0

0.41

4.68

1hexanol

526.7

7.55

565.4

0.42

4.59

1butanol

526.1

7.70

566.6

0.39

4.33

1propanol

525.3

7.75

564.6

0.39

4.19

ethanol

524.3

7.63

563.2

0.43

4.09

methanol

522.9

7.58

561.2

0.48

4.21

F3ethanol*

521.6

7.01

561.2

0.49

4.64

Solvent

ab

(nm)

2methylbutane

max
4

1

1


(ns)

*DMF=dimethylformamide, THF=tetrahidrofurane,
F3-ethanol=2,2,2trifluoroethanol

An accurate understanding of the solvent effect can be achieved by a multilinear correlation
analysis [9395]. This method simultaneously correlates a physicochemical property (XYZ)
with different solvent parameters (A, B, C, ..) by means of :
(XYZ) = (XYZ)o + cA A + cB B + cC C + …..

(1)

where (XYZ)o is the physicochemical property of interest in an inert solvent and cA, cB, cC, …
are the adjusted coefficients, which reflect the dependence of the physicochemical property on
the corresponding A, B, C,…. solvent parameters.
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The photophysical properties of aromatic system are generally correlated with the solvent
polarity/polarizability, Hbond donor/acceptor capacity and electron releasing ability [91].
Among the different solvent scales proposed in the bibliography we have chosen those
derived by Taft; ,  and scales, respectively [9698]. Figure 2 shows the evolution of
the experimental absorption and emission maxima (ab and fl in cm1) of PM597 with those
predicted by the above linear regression (eq. 1). The relative low correlation coefficient (r <
0.9) is due to the relative low spectral shifts observed for PM597 from apolar to very
polar/protic solvents (not more than 10 nm). Experimental results suggest that the absorption
and fluorescence bands of PM597 are mainly affected by the solvent polarity/polarizability
(high c* values), although the electron release capacity of the solvent can also affect, in some
extent, on the band position. In general absorption and fluorescence bands shift to higher
energies by increasing the solvent polarity/polarizability (c* > 0), while the solvent basicity
induces slight spectral shifts toward lower energies (c  0). The effect of the solvent acidity
on the spectral positions is practically neglectable (c  0), mainly in the absorption band.

Figure (2): Multilinear regresión analysis of the absorption and emission wavelength for the
PM597 by means of the Taft solvent scales. Enclosed the corresponding adjusted coefficients
for the solvent polarity/polarizability (*), acidity () and basicity ().

An alternative method to analyze the solvent effect on the spectroscopic parameters is by
means of a linear relationship between a physicochemical properties (XYZ) and a
multicomponent solvent parameter (M), eq.(2), in which several solvent properties are
included [94].
(XYZ) = (XYZ)o + cM M

(2)

For instance, the Reichardt ETN(30) is a very popular multicomponent solvent parameter in
which both solvent polarity/polarizability and Hbond capacities are included [99].
8
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The observed increase in the  and  values of PM597 with the solvent polarity (Table 2), is
mainly due to a decrease in the knr rate constant rather than to an increase in the kfl value
which is observed to be nearly solvent independent. Figure 3 shows the evolution of the knr
value (in logarithm scale) of PM597 with the ETN(30) solvent parameter. The good linear
relationship (r = 0.850.90) suggest the validity of eq.(2) applicable, in this case, for the
nonradiative deactivation rate constant of PM597. The reduction of the internal conversion
in polar/protic solvents could be due to a diminution of the electron flow as a consequence of
a restriction in the delocalisation of the positive charge through the system of the BODIPY
chromophore [86]. Previous works of rhodamines and coumarins demonstrated that those
factors favouring the movement of the positive charge through the delocalized system can
be look as a loss in the rigidity of the chromophoric system and hence to a decrease of the
fluorescence ability [100]. Thus, an electrostatic stabilization of the positive charge with the
dielectric constant of the solvent or any specific solutesolvent interaction reducing the
charge mobility through the conjugated system, should lead to a diminution in the
nonradiative deactivation. Similar arguments can be applied for the case of other
alkylBODIPY dyes [9].

Figure (3): Correlation between the nonradiative (knr) and raditive (kfl) rate
constant of PM597 with the normalized Reichardt parameter (ETN(30)).
In the introduction section we have pointed out the key role of the photophysical properties in
order to understand the lasing action. Indeed, a good correlation is established between the
photophysical properties and the lasing characteristics of alkylBODIPYs by changing both
the molecular structure of the dye (substituent effect) and the solvent (Figure 4) [9]. Thus,
similar bathochromic spectral shifts are observed in the fluorescence and lasing band by the
incorporation of ethyl (PM567) or tertbutyl (PM597) groups at the 2 and 6positions of
PM546 or changing from a polar/protic solvent to an apolar environment for a common
alkylBODIPY dye (PM546, PM567 or PM597). Similar correlation can be also established
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between the lasing efficiency and the fluorescence capacity by changing both the molecular
structure of the dye and the environmental conditions of the surrounding media.

Figure (4): Correlation between the fluorescence and the laser characteristics of PM567:
(A) band position (in wavenumbers) and (B) nonradiative rate constant and laser efficiency.
One of the most active research areas is focused on the developments of solidstate dye
lasers. Solid state devices have inherent technological advantages such as the compactness,
the absence of toxic and inflammable solvents, etc. In these lasers, the dye is embedded into a
transparent solid host material, which can be of both organic and inorganic nature [8].
Inorganic materials generally improve the mechanical and thermal stability of the active
media, whereas organic materials favour the chemical compatibility between the host and the
guest materials. One of the most commonly used organic host matrices are polymer systems.
Concretely, polymethylmethacrylate (PMMA) has been largely used as organic host material
because of the nice optical homogeneity and the viscoelastic properties and polarity of the
polymer can be controlled by the synthesis conditions [101].

Scheme (2): Covalent linkage of the PM567 to the polymeric chain change
through a phenyl spacer and a polymethylene chain of different length.
AlkylBODIPY dyes have been incorporated into PMMA matrices, both as dopant and
covalently linked to the polymer chain (Scheme 2) [102106]. From the experimental studies
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performed in solution it seems that the structural or environmental rigidity, as well as the
solvent polarity, enhances the fluorescence capacity of BODIPYs. In PMMA, the
elasticity/rigidity of the solid matrix can be modified by the copolymerization of MMA with
adequate crosslinking agents [107], while the polarity can be incremented incorporating
fluorinatedMMA comonomers [106]. Finally, the BODIPY dye can be covalently linked to
PMMA chains can be performed through spacers (polymethylene chain ((CH2)n) of
different length (n = 1, 3, 5, 10 and 15 methylene units) or a para substituted phenyl group
(Scheme 2) [102,103,105].
In general, the experimental the absorption and fluorescence bands almost do not shift with
the solid matrix (similar ab and fl values are obtained in pure solid PMMA and in liquid
ethanol, a solvent which can mimetic the physicochemical properties of MMA). However, the
fluorescence ability of the BODIPY depends on the type and extent of the crosslinking
comonomers [104]. Indeed, in concordance with the lasing measurements [107], the
fluorescence quantum yield reaches a maximum (Figure 5) which depends on the nature of
the crosslinking agent (around 10% for TMPTMA and around 1% for PETRA). The different
optimal crosslinking degree depending of the copolymer has been related to the glass
transition temperature (Tg) [107]. The Tg value of acrylic crosslinker is lower than that of the
methacrylic one, providing a less rigid environment in the former case for the same
crosslinking degree. A further increase in the crosslinking degree beyond this optimal point
reduces the fluorescence capacity, probably because an excessively rigid environment
damages the dye.

Figure (5): Evolution of the fluorescence quantum yield of PM567 with
the crosslinking (PETRA or TMPTMA) content in the polymeric matrix.
On the other hand, the combination of crosslinked matrices with fluorinated monomers should
be beneficial for the fluorescence efficiency and hence for the lasing action [106]. In this case,
we try to take advantage of the two factors which ameliorates the fluorescence capacity; a
more constrained and polar environment [9]. As expected, the fluorescence efficiency
increases in fluorinated matrices with respect to in the homopolymer PMMA (Figure 6). This
increase correlates with a similar augmentation observed in the fluorescence lifetime,
suggesting a reduction in internal conversion processes of PM567. This diminution in the knr
value agrees with that observed in liquid solution (F3ethanol in Table 2). Even more, a
11
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further increase in the fluorescence capacity is observed when crosslinker monomers are also
included in the fluorinated matrices (Figure 6). In the case of PM597 dye, the effect of the
solid polymeric matrices is more pronounced. This dye presents higher fluorescence quantum
yields and lifetimes in solid polymers (  0.50.6 and   78 ns) than in liquid solutions (
 0.40.5 and   4.04.5 ns). As is discussed above, the internal conversion of PM597 is
higher than other alkylBODIPY dyes due to a loss in the planarity of the chromophoric ring
in the excited state [89]. Such a geometrical change could be reduced in the rigid environment
provided by the polymeric matrices, improving the fluorescence capacity of this dye in solid
materials. Moreover, the fluorescence capacity of PM597 progressively increases with the
polarity and rigidity of the copolymer (Figure 5), with a similar evolution to that observed for
PM567. In the case of PM597 dye, the beneficial effect of the rigidity and polarity of the solid
polymeric matrix is more pronounced and the dye presents even higher fluorescence quantum
yields and lifetimes in solid polymers (  0.50.6 and   78 ns) than in liquid solutions (
 0.40.5 and   4.04.5 ns). As is discussed above, the internal conversion of PM597 is
higher than other alkylBODIPY dyes due to a loss in the planarity of the chromophoric ring
in the excited state [89]. Such a geometrical change could be reduced in the rigid environment
provided by the polymeric matrices, improving the fluorescence capacity of this dye in solid
materials.

Figure (6): Evolution of the fluorescence quantum yield of PM567 and PM597
with the fluorination and crosslinking degree of the polymer.
Finally, the covalent linkage of the BODIPY to the polymeric chain through its meso position
by means of a long enough (polymethylene chain with more than three units) or phenyl space
(Scheme 2) does not alter the photophysics of the dye, being very similar to the respective
dyes incorporated in PMMA as dopants [102,105]. However, when the spacer is short the
proximity of the methacryloyloxy group decreases the fluorescence capacity decreases, due to
a decrease of the radiative rate constant, and the spectral bands shifts to lower energies.
Probably, the inductive electron withdrawing character of the substituent reduces the
aromaticity of the electronic system of the chromophore, leading to a diminution in the
radiative deactivation probability and an augmentation in the S0S1 energy gap [108]. The
phenyl spacer has nearly negligible influence because group acts as a spacer between the
polymer chain and the dye, the photophysical properties of BODIPYs are practically
unaltered because is disposed practically perpendicular to the BODIPY core, avoiding any
resonant interactions between the electronic clouds of both entities, as revealed by quantum
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mechanical calculations [87, 103]. This perpendicular arrangement is assigned to the steric
hindrance between the ortho Hatoms of the phenyl group and the adjacent methyl groups at
the 1 and 7position of the BODIPY core.
Although the covalent binding by long enough chains or phenyl group dos not imply an extra
improvement nor in the fluorescence neither in the lasing efficient [102,105], such covalent
linkage considerably enhances the thermostability of the BODIPY chromophore, probably
because the chemical linkage provides extra pathways to the dye to eliminate the excess of
heat accumulated during the laser action [102]. This fact is a great advantage to develop solid
state dye lasers, because the thermal degradation is one of the most important reasons for dye
damage [8]. In this way, the operative lifetime of the active media can be considerably
increased by the covalent linkage.
Summing up, photophysical measurements and quantum mechanical calculations are crucial
to find the structural and environmental conditions which optimize the lasing performance of
alkylBODIPY dyes and to understand their lasing performance. Furthermore, a careful
control of the photophysics of the BODIPY just by the attachment of adequate functional
groups allows spanning their spectral region action or applying them in novel fields of
interest.
3. Blueemitting BODIPYs:
The development of blue-emitting devices is of great interest not only from a technological
point of view, for data storage and displays, but also in chemical and biological research in
microscopy, sensing and photo/electroluminescent devices [109115]. Most of the
commercially available blue laser dyes are not optimal for lasing applications because show
low lasing efficiency and fast photobleaching. One way to circumvent such lack of efficiency
and stability is to make use of the robust BODIPY dye. However, the shift of their emission
bands to the blue is not an easy task. In the past, some attempts have been made to this aim
strongly modifying the chromophoric core [7577]. Thus, dinitrogen-BF2 compounds
analogous to the BODIPY were developed where the dipyrrol core were replaced by
anthracene, cyclopentalene or fluorene and even adding N atoms to the heterocyclic.
However, poor results were obtained from a fluorescence and lasing point of view, with the
exception of the derivative consisting in an aza-anthracene like chormophore [77]. In the
present chapter, we present a straightforward method to achieve blue-emitting BODIPY dyes
without drastically alter the chromophoric core, just adding amino group to the meso position
(Scheme 3) [116,117].

Scheme (3): Molecular structure of the 8amino substituted BODIPYs.
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BODIPY dyes bearing amino groups at meso position give rise to spectral bands in the blue
part of the visible spectrum, as is illustrated in Figure 7. At a first sight, the electron pair
localized at the amine should be susceptible to delocalization onto the BODIPY core and, as
consequence, a red shift should be expected in terms of the resonant effect. However, in the
present case the spectral bands are largely hypsochromically shifted (up to 100 nm) with
respect to the reference unsubstituted BDP dye. Theoretical simulation also predicts an
important hypsochromic shift of the spectral bands by the presence of the amine groups [117].
Regardless of the nature of the amine group, the absorption electronic transition is attributed
to a promotion of an electron bands from the HOMO to the LUMO state, without any
interference of lower occupied or higher virtual molecular orbitals. Therefore, the evolution of
the energy of these frontier orbitals with the type of amine attached to the BODIPY core can
be used to explain the spectral blue shift.

Figure (7): Normalized absorption (A) and fluorescence (B) spectra of BODIPY
chromophore (black) and its 8-amino derivatives in ethyl acetate; 8AB (red), 8MAB
(green), 8AAB (blue), 8PAB (cyan) and 8DMAB (purple).
Indeed, quantum mechanical calculations suggest that the spectral shift is due to an increase
of the energy of the LUMO state, while the HOMO energy remained unaltered (Figure 8 and
Table 3). Previous work has shown that the position 8 of the BODIPY core is very sensitive to
the substituent effect [9]. In fact, the electronic density in such position drastically increases
from the HOMO to the LUMO state. The amine group is characterized by an electron donor
character as reflected by its value in the Hammet scale () accounting for the inductive field
and resonant effects. Among the different Hammet parameters proposed we have chosen the
p+, better suited to describe a substituent effect in systems where a positive charge is
delocalized through the aromatic framework [118], as is the case of BODIPY dyes (Table 3).
Thus, the presence of such electron donor amine group at meso position induces a net
destabilization of the LUMO state due to its high electronic density at that position.
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Figure (8): HOMO and LUMO contour maps of the BODIPY chromophore and its
derivatives with a primary (8AB) and tertiary (8DMAB) amine at 8 position.
Table (3): Calculated energies (in eV) of the HOMO and LUMO frontier orbital of BODIPY
and its 8amino derivatives. The corresponding Hammet parameters (p+) accounting for the
electron donor ability of the amine are also included for the primary amine, and the mono and
dimethylated ones.

BODIPY
8AB
8MAB
8AAB
8PAB
8DMAB

EHOMO
-6.095
-6.069
-5.985
-5.986
-6.041
-5.959

ELUMO
-3.102
-2.421
-2.285
-2.285
-2.367
-2.258

p+
0
-1.30
-1.81
-1.70

Entirely opposite trends were registered upon substitution with the same amino but at 3
position of the BODIPY core. In this case, the amino group nearly did not affect the position
of the spectral bands [119]. In fact, the HOMO and LUMO contour maps show similar
electronic density at position 3 (Figure 8). Therefore, both states are equally affected by the
amine group and the energy gap remains unaltered. Moreover, the presence of an electron
withdrawing substituent as the cyano group, at the meso position, leads to an important
bathochromic shift of the spectra bands [120]. In such case, the electron removal effect of the
cyano group induces a net stabilization of the LUMO orbital, relaxing the high electronic
density at position 8, which leads to a decrease of the energy of the LUMO state and
consequently of the energy gap. All these results highlight the importance of both the
electronic character of the substituent and the position of the BODIPY core in which they are
attached. Thus, appropriate election of the substituent (electron donor or electron
withdrawing, controlled by the Hammet parameter) and its position on the BODIPY core
(based on the change of the electronic density between the HOMO and LUMO states) allow
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obtaining blue or red shifted spectral bands with different displacement. In this way, the
position of the spectral bands can be modulated, covering nearly the whole visible spectrum
with the same laser dye family.
The blue shift obtained by the presence of the amino group at 8 position of the BODIPYs can
also be interpreted in terms of the resonant structures depicted in Figure 9 [116,117]. The
presence of the amino group should imply a rearrangement of the chromophoric system of
BODIPY core, which is normally described as a cyclic cyanine (structure A). Thus a new
resonant structure B, characterized by a hemicyaninelike delocalyzed system, should
acquire a higher statistical weight [121123]. In order to such electronic coupling take place,
both, the amine and the BODIPY, should be coplanar. This new rotamer is characterized by
the splitting into two entities: the pyrrole ring and the aminomethylenepyrrole system, being
this last form (hemicyanine) the responsible for the hypsochromic shift, because of a shorter
delocalize system.

Figure (9): 8amino BODIPYs rotamers.
On the other hand, electronic excitation leads to an increase of the negative charge on the
amino group (Mulliken charges from 0.8 to 1.0), suggesting that the resonant structure A
has a higher statistical weight in the excited state, whereas the B form in the ground state. In
fact, the theoretical CN bond length increases upon excitation (from 1.356 to 1.371),
indicating a decrease of the bond order and confirming that the structure A is more important
in the excited state. These features also explain the higher hypsochromic shift of the
absorption band with respect to the fluorescence spectrum. Consequently, all the new
aminoBODIPYs are characterized by high Stokes shifts (20004000 cm-1), a desirable
property in order to improve the emission efficiency of laser dyes by decreasing the
reabsorption and reemission phenomena.
Table (4) summarizes the main photophysical data of the novel 8aminoBODIPYs in
solutions of different characteristics. These amino derivatives have a poor solubility in apolar
media but are soluble in water (at least at low concentrations), a solvent in which BODIPYs
are not commonly dissolved. This fact could be related to an increase of the dipole moment
induced by the amino group. Their spectral bands are wider and exhibit lower vibrational
resolution than those of the fully unsubstituted BODIPY (Figure 7), probably due to the above
commented rearrangement of the aromatic system. Indeed, in all aminoBODIPYs the
molar absorption coefficients are lower although the oscillator strengths are similar to those
recorded to the BDP (Table 4). Both the excitation and fluorescence spectra are independent
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of the emission and excitation wavelength, respectively, indicating that there is only one
emitting entity. Since the influence of the electron donor strength of the amine substituent is
an important parameter to take into account, we will focus on the effect of the amine group
substitution pattern onto the photophysics of the BODIPY core.
Table (4): Photophysical data of BODIPY dye and its 8amino
derivatives in ethyl acetate and methanol.
labs
(nm)

emax (f)
(104M-1cm-1)

lfl
(nm)

f

t
(ns)

kfl
(108s-1)

knr
(108s-1)

DnSt
(cm-1)

Ethyl
acetate
BDP

498.0

5.9 (0.38)

507.5

0.93

6.90

1.35

0.10

375

8-AB

406.0

2.9 (0.27)

444.0

1.00

4.25

2.35

0.00

2110

8-MAB

398.5

3.1 (0.34)

444.5

0.42

2.04

2.06

2.84

2595

8-PAB

408.5

3.3 (0.35)

469.5

0.94

5.13

1.83

0.11

3180

8-AAB

405.0

3.0 (0.32)

459.5

0.72

3.59

2.00

0.78

2930

8-DMAB 399.0

2.9 (0.35)

444.5

0.27

1.95

1.38

3.74

2565

Methanol
BDP

497.0

5.8 (0.39)

507.0

0.87

7.33

1.18

0.18

395

8-AB

399.0

2.6 (0.26)

437.5

0.92

4.39

2.09

0.18

2205

8-MAB

394.5

3.0 (0.33)

440.0

0.10

0.52* 1.92

17.31

2620

8-PAB

405.0

3.3 (0.35)

464.5

0.52

3.22

1.49

3165

8-AAB

401.0

2.9 (0.31)

453.0

0.19

0.54* 3.52

15.00

2860

8-DMAB 396.0

2.7 (0.32)

438.0

0.09

0.50* 1.80

18.20

2420

1.61

*main component of the biexponential fit (contribution higher than 90%) and
the one used to calculate the rate constants.
3.1 Amine Substitution Effect. Intramolecular Charge Transfer:
The presence of the electron donor primary (NH2) amine group (p+ = 1.30), to yield the
8AB dye, induces an important hypsochromic shift of the spectral bands, mostly in the
absorption spectrum (Figure 7). In spite of its lower absorption probability, this dye is
characterized by a very high fluorescence quantum yield (≈ 0.901.0) regardless of the
environment properties (Table 4). The hypsochromic spectral shift of 8AB with the solvent
properties is more sensitive than that observed for normal alkylBODIPYs [9], probably
related to specific interactions, like H bonds between the electron lone pair of the amine group
and solvents. Considering all these features, it can be concluded that the 8AB dye is highly
suitable to be used as the active media of novel blue emitting tunable dye lasers.
On the other hand the amine monosubstitution (secondary amines) controls its electron
releasing ability and hence its influence in the photophysics of the BODIPY. Indeed,
methylation (8MAB) increases the electron donor capacity of the amine group (p+ = 1.81),
which leads to a higher instability of the LUMO orbital, increasing the energy gap and hence
the hypsochromic shift of the absorption band (Figure 8 and Table 3). Besides to the reduction
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of the absorption probability ( ≈ 3×104 M-1cm-1), a decrease of the fluorescence capacity of
8MAB is observed, being even clearer in polar media ( ≈ 0.15), due to a drastic
enhancement of the non-radiative deactivation processes (Table 4). Moreover, Figure 10
shows that in more polar solvents the fluorescence decay curve becomes biexponential owing
to the appearance of a main short lifetime (500700 ps). The other decay component matches
that recorded from a monoexponential fit in apolar media (≈ 4 ns), but now, in polar solvents,
with minor presence. Taking into account these experimental features and that methylation
increases the electron donor ability of the amine, is probable that a non-fluorescent
intramolecular charge transfer state (ICT) takes place [124]. Since no new absorption bands
are observed at lower energies, such ICT state should be populated from the locally excited
state (LE), and efficiently quenches the fluorescence emission, especially in polar media,
where the ICT state is further stabilized. Besides, no new emission bands are detected at
lower energies indicating that this ICT state is non-fluorescent. Furthermore, the dependence
of the photophysics of the dye on the acidity of the media seems to confirm this hypothesis; in
acid media, like 2,2,2trifluoroethanol (Taft’s polarity scale * = 0.73 and acidity scale  =
1.51), the fluorescence quantum yield ( = 0.23) and lifetime ( = 1.42 ns) increase with
respect to the values recorded in other polar solvents like water (* = 1.09 and  = 1.17,  =
0.06 and  = 0.28 ns). The protonation of the amine group decreases the electron donor
character of the amine and hence the formation of the ICT state.

Figure (10): Fluorescence decay curves of the 8-amino derivatives in methanol; 8AB (red),
8MAB (green), 8AAB (blue), 8PAB (cyan) and 8DMAB (purple).
Among the secondary amines, allyl (8AAB) and propargyl (8PAB) substituents have been
also considered. The expected blue shift of the absorption band was also observed with
respect to the fully unsubstituted BDP dye but in lower extension than the registered for
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8MAB counterpart (Figure 7). In fact, the blue shift follows the sequence: (8MAB) <
(8AAB) < (8PAB). Moreover, the fluorescence capacity follows a reverse order, being
8PAB the best dye and 8MAB the worse one. The double bond of the allyl, as well as the
triple bond of the propargyl, is too far away from the BODIPY core to interact by resonance.
Nonetheless, the presence of such unsaturations modifies the electron donor character of the
amine being lower with the allyl moiety, and even lower with the propargyl group, than with
the methyl one. Therefore, there should be a direct relationship between the electron donor
capacity of the amine and the extent of the blue shift of the spectral bands. Previously, the
blue spectral shift was explained on the basis of the destabilization of the LUMO state by the
electron releasing effect of the amine substituent. Thus, amines with different electron donor
strength should increase the LUMO energy to a different extent, modulating the increase of
the energy gap. Moreover, such electron donor ability is closely related to the formation of the
ICT state, and hence to the fluorescence capacity of the dye.
Briefly, the higher the electron donor strength capacity of the amine substituent, the higher the
spectral hypsochromic shift, but the lower the fluorescence ability, due the formation of the
quenching ICT state. The dependence of the fluorescence ability on both the amine group
substitution pattern and the solvent polarity confirm the presence of the ICT state, which
formation and stabilization should control the lasing performance of these aminosubstituted
BODIPYs. Indeed, apolar media, which reduce the probability of the fluorescence quenching
through this ICT process, are the most recommended environments to optimize the lasing
action.
Finally, the disubstitution of the amine (tertiary amine) was also considered. At first sight, it
should be expected that the amine derivative bearing two methyl groups (8DMAB) induces a
longer blue shift of the spectral bands than that observed for all the above commented aminoBODIPYs. However, the Hammet parameter for the dimethylamine group (p+ = 1.70) is
similar to that of the monomethylated one (p+ = 1.81). Experimental findings are well
correlated with these parameters. Indeed, the spectral blue shift for 8DMAB dye is similar to
that induced for 8MAB derivative (Figure 7). The fluorescence quantum yield and lifetime
are similar for both dyes, indicating that the probability of formation of the ICT state is nearly
the same (Table 4). Therefore, both methylated dyes (8MAB and 8DMAB) are the ones
absorbing and emitting deeper in the blue region of the visible but with the lower fluorescence
efficiency, which could reduce their potential laser action.
Another evidence that the ICT process should be responsible for the optical properties
exhibited by these new 8amino BODIPY derivatives is provided by the ionization potentials
of the amino substituents, which account for their electron releasing ability. Although some of
these ionization potential values can be extracted from the literature, we have theoretically
calculated all of them from their HOMO energies (Table 5) in order to carry out a proper
comparison with the trend suggested by the Hammet parameters. The probability of the
presence of an ICT process is expected to increase as the ionization potential of the amino
substituent decreases. According with the calculated data, the ionization potentials follow the
order: NMe2 < NHMe < NHCH2CHCH2 < NHCH2CCH < NH2, which is the same order in
which the fluorescence quantum yields of the new dyes decrease. Consequently, the
discussion of the optical properties of the new dyes from the ionization potentials confirms
the behavior suggested by the Hammet parameter about the amino group effect in both the
band positions and the probability of formation of the intramolecular charge transfer state.
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Table (5): Experimental and theoretically calculated ionization potentials (in eV)
of the amine substituents in the blueemitting BODIPYs.

NH2
NHCH3
NHCH2CHCH2
NHCH2CCH
N(CH3)2

experimental
11.14
8.80
8.24

theoretical
10.4
9.75
9.92
10.27
9.38

In summary, this new synthetic route to obtain 8amino BODIPYs opens the door to the
achievement of new efficient and stable blueemitting laser dyes, where the inherent
advantages of the BODIPY dyes are kept, but in the blue spectral region, an almost
unexploited region up to now with these kinds of fluorophores. The electron releasing ability
of the amine induced the appearance of a hemicyaninelike delocalization which is the
responsible of the bright blue emission. The electron donor character of the amine and hence
its influence in the photophyscis can be easily controlled by the amine substitution. Although
electron donor amines are required for the blue shift, a too larger electron releasing effect is
deleterious for the fluorescence capacity due to the formation of a quenching ICT state.
4. RedEmitting BODIPYs:
Nowadays there is a great research activity focused on the development of competitive red
laser dyes owing to the technological advantages and applications of lasers working in this
region. Probably, the most important drawback of red laser dyes is their lack of efficiency and
stability. This is attributed to proximity of the ground and excited state. Therefore, the goal is
to develop laser dyes with improved behaviour. Considering the nice lasing action of
BODIPYs in the middle energetic part of the visible, these should be an excellent scaffold to
overcome such limitation of redemitting dyes. The shift of the spectral bands to lower
energies is much more easy than to higher energies, because it can be accomplished quite
easily just extending the delocalized system. Indeed, several strategies have been exploited
to this aim. Among them, the most commons are fusing aryl rings to the core, replacing
carbons by heteroatoms or attaching aromatic substituents to the chromophore [7074]. We
have chosen the last one and have incorporated para substituted phenyl groups at positions 3
and 5 of the chromophore (Scheme 4) [125].

Scheme (4): Molecular structures of the synthesized BODIPYs with redshifted emission.
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The new 3, 5 disubstituted BODIPYs present absorption and fluorescence bands located at
around ab  550-575 nm and fl  595-625 nm (Figure 11), shifted toward the red spectral
region with respect to related alkylsubstituted BODIPY dyes with absorption and
fluorescence bands at the green/yellow spectral region. The absorption and fluorescence
bands are well separated each other, leading to a large Stokes shift (St  12001800 cm-1),
about 3 times higher than that of typical of BODIPY. Fluorescent dyes with large Stokes
shifts are of special interest in photonic because the loss of the emission intensity by
reabsorption effects at high concentrations, one of the main factors contributing to the losses
in the resonator cavity of dye laser, is reduced, and hence it should favour the laser emission
efficiency. The new dyes are also characterized by broad spectral bands, mainly for dye 4
(fwhm ≈ 2200 cm-1).

Figure (11): Absorption and fluorescence spectra of red-emitting BODIPYs bearing para
substituted phenyl groups with aldehide (black), esther (red) and cyano (blue) in
trifluoroethanol.
The corresponding HOMO and LUMO molecular orbitals, depicted in Figure 12, show that
the electronic system is not only localized in the BODIPY core but is extended through the
substituents attached at the positions 3 and 5 of the core. This high delocalization in the
electronic system should be the responsible for the large spectral red shifts observed for
these dyes. The optimized geometry in the ground state shows a nearly planar BODIPY core,
with the phenyl unit at the meso position twisted 51º, and does not take part in the delocalized
system, whereas and the aromatic rings at positions 3 and 5 twisted around 30º, and
participates in the whole chromophoric system. Upon excitation, the electronic distribution
(see LUMO map) is extended to the vinyl group at para position of the phenyl substituents at
positions 3 and 5. Consequently the fluorescence band is more extended redshifting,
explaining the above commented large Stokes shift of these compounds. These red
displacements are more prominent for dyes bearing dimethoxycarbonylvnyl or dicyanovinyl
21

© Applied Science Innovations Pvt. Ltd., India

Carbon – Sci. Tech. 7/1 (2015) 1 - 35

than diformaldehyde (Figure 11), probably because of the presence of vinyl groups in the
former dyes and stronger electron withdrawing units at the paraphenyl position
(methylformate or cyano versus formaldehyde). The inclusion of psubstituted-phenyl groups
to the core result in more polar BODIPY dyes, as is reflected by the calculated higher values
of the dipole moments and their lower solubility in apolar media (i.e. chexane).

Figure (12): Representative HOMO and LUMO contour maps of
one of the redemitting BODIPYs.
The photophysical parameters of the red BODIPYs in several solvents are summarized in
Table 6. The fluorescence quantum yield and lifetime (  0.40–0.65, and   3.5–5.0 ns,
respectively) of these compounds are relatively high, in spite of the red emission of these
dyes. In fact, systems with low S1S0 energy have low fluorescent capacities because the
nonradiative deactivation processes are favoured via a rapid internal conversion mechanism
[126,127]. The increase in the internal conversion is probably the most critic issue to develop
successfully efficient red emitting dyes. However, present redemitting BODIPY dyes are
characterized by a relative low nonradiative rate constant (knr < 1.5×108 s-1) and a relative
high fluorescence rate constant (kfl  1.3×108 s-1, despite of the low absorption probability,
molar absorption max ≈ 13×104 M-1cm-1). Moreover, it has been previously probed that these
dyes with a pendant phenyl group at the meso 8-position can enhance the internal conversion
process via a rotational motion of the phenyl group, reducing the fluorescence efficiency
[128,129]. In the present cases, such a mechanism seems to have a minor effect, probably due
to the high delocalization of the chromophoric system through the aromatic substituents at
the opposite positions 3 and 5, which moves further away the electronic density from the
central meso position.
In general, the compound bearing cyano group, presents the lowest fluorescent efficiency
while the rest of the red BODIPYs show the highest  value. The presence of electron
withdrawing cyano groups induces a decrease in the kfl value, which is correlated with a lower
absorption probability. Although this reduction in the fluorescence ability will reduce the
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capacity of this compound to laser, its high Stokes shift would decrease the losses in the
resonator cavity favouring its laser action.
Table (6): Photophysical properties of the redemitting dyes (Scheme 4) in polar (acetone
and ethyl acetate) and polar/protic solvents (ethanol, methanol and F3ethanol).
ab

max
4

-1

fl
-1





kfl
8 -1

knr
8 -1

St

(ns)

(10 s )

(10 s )

(cm-1)

0.58
0.46
0.53
0.51
0.57

4.54
3.65
3.91
3.48
3.67

1.28
1.26
1.35
1.46
1.55

0.92
1.48
1.20
1.41
1.17

1365
1225
1250
1225
1240

613.5
618.5
621.0
620.0
620.0

0.59
0.60
0.62
0.61
0.64

4.98
4.56
4.67
4.61
4.56

1.18
1.31
1.33
1.32
1.40

0.82
0.88
0.81
0.84
0.79

1470
1380
1330
1345
1355

622.0
623.0
625.0
625.0
617.5

0.42
0.41
0.47
0.44
0.54

4.80
4.53
4.59
4.80
4.66

0.87
0.90
1.02
0.92
1.16

1.21
1.30
1.15
1.16
0.98

1845
1675
1665
1690
1570

(nm)

(10 M cm )

(nm)

aldehide
F3ethanol
methanol
ethanol
acetone
ethyl acetate

551.5
557.0
559.0
558.5
558.0

3.0
3.1
3.1
3.1
3.0

595.5
598.0
600.5
599.5
599.0

esther
F3ethanol
methanol
ethanol
acetone
ethyl acetate

562.5
570.0
573.5
572.5
572.0

1.8
1.9
1.9
1.9
1.9

cyano
F3ethanol
methanol
ethanol
acetone
ethyl acetate

558.0
564.0
566.0
565.5
563.0

0.6
0.7
0.6
0.6
0.6

The photophysical behaviour of the new red emitting dyes is compared with other structural
related 8tolylBODIPYs found in the literature (Scheme 5) [130,131]. The unsubstituted
8tolylBODIPYs presents a very low fluorescence quantum yield, attributed to an important
internal conversion deactivation via the free rotational motion of the pendant 8aryl group
[132,133]. Although, redemitting dyes usually are characterized by a lower fluorescence
capacity because the low S0S1 energy gap favours the internal conversion processes, in terms
of the energy gap law [126,127], the incorporation of 3,5phenyl groups in 8tolylBODIPY
not only leads to a large red shift, but also to a progressive enhancement of the fluorescence
quantum yield (Scheme 5). Experimental results suggest that the internal conversion of
8tolylBODIPYs is drastically reduced when aryl groups are incorporated at 3 and 5
positions of BODIPY core. The electronic delocalization through these groups induces a
double bond character to the linking BODIPY-phenyl bonds, reducing the rotational motion
of these aryl groups. Moreover, this extended system also reduces the electronic density at
the meso 8carbon of the BODIPY core, mainly in the excited state (Figure 12), decreasing
the effect of the 8-aryl rotation on the internal conversion of these dyes. The substituent effect
into the 8phenyl motion, and hence in the fluorescence ability, will be deeply analyzed in the
next section dealing about halogenated BODIPYs. The fluorescence band of the new dyes
considered in this work are more extensively redshifted and with a higher fluorescence
quantum yield than structural related derivatives because the presence of adequate
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parasubstituents at the 3,5-phenyl groups favours the delocalization of the system through
these moieties increasing their fluorescence ability (Scheme 5).

Scheme (5): Comparison of the photophysical behaviour of the 8tolilBODIPYs bearing
para substituted phenyl rings at positions 2 and 5, with structural related
derivatives described in the bibliography (grey shaded).
Therefore, present redemitting BODIPY dyes show an important fluorescence capacity in
the red part of the visible region and are promising candidates to be used as active media to
develop efficient reddye laser.
5. Halogenated BODIPYs as Singlet Oxygen Generators Dyes:
Another alternative way to achieve the above commented red shift of the emission band is by
attaching halogens to the BODIPY core. Nonetheless, one should expect an important
decrease of the fluorescence ability due to the heavy atom effect. Therefore, such halogenated
derivatives are not adequate as active media of tunable dye laser. However, the heavy atom
effect activates the intersystem crossing pathway, which usually is almost negligible in
BODIPYs, and populates the triplet state. Recently, a growing interest is being paid to the use
of organic molecules as singlet oxygen generators in photodynamic therapy for the treatment
of tumoral cells [134–139]. The idea is to generate singlet oxygen via the triplet state of a
sensitizer (organic molecule) upon light irradiation. Considering the chemical stability,
versatility and the possibility to modulate the photophysical properties of BODIPY by its
functionalization, they are promising candidates as singlet oxygen generators [140–146]. In
this section, a battery of iodinated BODIPY derivatives will be thoroughly analyzed (Scheme
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6) and the effect of the iodine atom, their number and the position in which they are attached
to the BODIPY core will be carefully described [147].

Scheme (6): 8tolil, 8methyl and 8HBODIPYs and their respective
mono, di, tri and tetraiodinated derivatives.
5.1. Iodinated 8-tolil BODIPY derivatives:
The photophysical properties of the 8tolylBODIPY (Table 7) are governed by the presence
of the phenyl group at meso position. It has been previously claimed the key role of the free
motion of such ring, which greatly increases the internal conversion processes. Furthermore, a
possible interaction of the aryl with the BODIPY distorting the indacene planarity has been
also reported [148–150]. The absence of substituents at positions 1 and 7 enables the rotation
of the phenyl ring (twisted 50º) [151, 152]. Hence, this dye is characterized by a very low
fluorescence quantum yield ( < 0.04) and lifetime ( < 700 ps). Indeed, the hampering of the
free motion of the phenyl or its blockade in a perpendicular disposition, due to the sterical
hindrance forced by substitution at the chromophoric adjacent positions to the meso as well as
by attaching bulky groups to the orto positions of the phenyl, led to a recovering all the
typical high fluorescence capacity of the BODIPY [9].
Owing to the electronegativity of the iodine atom the incorporation of such halogen to
BODIPY should take place via an electrophilic substitution. Thus, those chromophoric
positions with the highest negative charge should be more susceptible to be iodinated, except
positions 1 and 7, where the sterical hindrance between the phenyl ring and the bulk iodine
atom avoids the halogenation of such positions. The theoretically predicted electronic charge
distribution nicely indicates the position to be first iodinated (Figure 13) and the following
positions to suffer the electrophylic attack, after the consequence charge rearrangement, in
good agreement with the experimental findings.
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Table (7): Photophysical properties of all the iodinated BODIPYs (Scheme 6)
in a common solvent (cyclohexane)

8-tolil-BODIPYs
8-tolilBDP
monoI
diI
triI
tetraI
8-methyl-BODIPYs
8-methylBDP
monoI
diI(6,7)
diI(5,6)
triI
8-H-BODIPYs
8-HBDP
monoI
diI(6,7)
diI(5,6)
triI

lab
(nm)

emax
(104M-1cm-1)

lfl
(nm)

f

t
(ps)

500.5
523.5
548.5
563.5
581.0

6.9
2.2
4.3
4.8
11.6

516.0
540.0
567.5
577.5
593.0

0.036
0.034
0.012
0.060
0.099

323
184
117
327
678

504.0
517.5
515.5
532.0
531.5

3.3
4.6
2.9
9.8
1.7

515.0
532.0
538.5
546.0
554.5

0.96
0.13
0.05
0.20
0.10

5460
560
259
1021
331

512.5
528.0
527.5
542.0
543.5

2.9
6.3
5.6
7.6
6.9

517.5
538.5
537.0
550.5
551.5

0.70
0.11
0.05
0.26
0.07

5240
489
212
1041
358

Figure (13): Ground state charge distribution of 8tolilBODIPY and its halogenated (up to
four iodine atoms). The electrostatic potential mapped onto the electronic density for the
reference compound is also included.
The iodination of the BODIPY gives rise to bathochromic shift of the spectral bands, which is
much larger increasing the number of the attached iodines (Figure 14). In fact, the
tetraiodinated derivative emits in the red part of the visible (around 590 nm). As was
expected, the halogenation of the BODIPY core induces a further decrease in the fluorescence
capacity owing to the heavy atom effect, which increases the intersystem crossing probability
(Table 7). However, such trend holds true for the first and second iodination at positions 2 and
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6. Surprisingly, further addition of iodine to the BODIPY core leads to a recovery of both the
absorption and fluorescence capacity. For instance, the tetraiodinated derivative shows a very
high molar absorption (around 11×104 M-1 cm-1, twice the noniodinated BODIPY) and even
higher than typical BODIPYs (9×104 M-1 cm-1) [9], in spite of the halogens presence. Besides,
the fluorescence quantum yield enhances up to 0.1, improving the fluorescence ability of the
reference noniodinated BODIPY. Such dye shows a uniform charge distribution in the
pyrrole, whereas in the rest of the 8tolil iodinated BODIPY derivatives it was more
heterogeneous. That means that the negative charge in the nitrogen and carbons at positions 1,
2 and 3, and their corresponding symmetrical ones, is nearly the same (around 0.255).
Accordingly, the delocalization is improved, in concordance with the push-pull effect
(substitution at the beginning and ending of the delocalized system) [131]. Therefore,
substitution at positions 3 and 5 counteracts in part the non-radiative processes (heavy atom
effect and phenyl free motion) ameliorating the fluorescence efficiency of the dye. It seems
that the iodine presence at those positions extents the chromophoric electronic density far
away from the phenyl ring diminishing the deleterious effect in fluorescence owing to its free
motion, in agreement with the experimental findings obtained for the redemitting BODIPYs
discussed in the preceding section.

Figure (14): Fluorescence spectra of 8tolylBODIPY and its halogenated
derivatives with one (black), two (red), three (blue) and four (cyano) iodine atoms.
As main conclusion, the halogenation favour the triplet state population in detriment of the
fluorescence capacity, but the magnitude of such effect clearly depends on the position in
which the iodine is attached. This is due to the presence of the phenyl group with free motion
at meso position, and the dependency of its deleterious influence in fluorescence with regard
to the electronic density around the central BODIPY position.
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5.2. Iodinated 8-methyl- and 8-H-BODIPY derivatives:
Apart of the above commented BODIPYs bearing tolyl unit, iodine has been incorporated also
in BODIPYs with one pyrrole fully alkylated. Two set of derivatives were considered those
derived from a BODIPY with methyl group at its meso position and without it. Surprisingly,
although in one of the reference compound the meso position is free and characterized by a
high negative charge, therefore ready to an electrophilic substitution by iodine, such position
could not be iodinated. Figure 15 indicates that the dipole moment of the BODIPY is oriented
through the transversal axis with the negative charge mainly placed around the BF2 linking
bridge, whereas the positive charge located around the central position. Probably, although
the carbon at position 8 has a net negative charge the surrounding positive charge avoids the
approach of the iodine, and preventing the halogenation of such position

Figure (15): Electrostatic potential mapped onto the electronic density
(negative in red color and positive in blue color) of the 8HBODIPY.
The absence of the bulky and mobile phenyl group in the reference non-halogenated
compounds leads to highly fluorescence dyes, as expected for alkylBODIPYs (Table 7).
The absorption probability is not very high due to the asymmetric substitution pattern which
leads to charge separation between the pyrroles. The incorporation of an iodine atom at
position 6 implies a drastic decrease of the fluorescence ability, which is attributed to the
enhancement in the probability of intersystem crossing, as describe above (Table 7).
Nonetheless, further halogenation leads to entirely different results depending of the position
in which the iodine is attached. The iodination at position 7 hardly affects the spectral band
position and induces a further reduction of the fluorescence ability, in agreement with an
additive heavy atom effect. In contrast, the iodination at position 5 gives rise to a
bathochromic spectral shift as well as an improvement in both the absorption probability and
fluorescence efficiency (Table 7), in concordance with the push-pull effect. Again, this
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enhancement in fluorescence coincides with an uniform electronic distribution in the pyrrole
rings, in concordance with the trends obtained in the 8tolylBODIPY. Therefore, present
results confirm that substitution and the extremes of the delocalized system is
advantageous for the fluorescence ability of the dye. In the triiodinated derivatives, the
presence of iodine at positions 5 and 7 has contrary influence in the photophysics of the dye.
As result, the effect of both iodine atoms is counteracted. That means, whereas substitution at
position 7 should increase the intersystem crossing, without altering the band position,
substitution at position 5 should favour the fluorescence ability and give rise to a
bathochromic shift. Consequently, their spectral bands are placed close to those of the
diiodinated derivative at positions 5 and 6, whereas their fluorescence capacity is similar to
that of the monoiodinated ones (Table 7). Indeed, the electronic distribution in the triiodinated
derivatives is less uniform and the system is less aromatic.
Finally, we should note the close correlation between the fluorescence quantum yield and the
lifetime with both changing the number of halogens appended to BODIPY and the
environmental properties (Table 7). Such evolutions are controlled mainly by the
nonradiative processes, thus the lower the fluorescence efficiency the faster the decay from
the excited state.
Summing up, upon iodination of the BODIPYs we have converted a fluorescence dye
characterized by a nearly negligible intersystem crossing probability into a promising singlet
oxygen sensitizer populating the triplet state making use of the socalled internal heavy atom
effect. Afterwards the energy transfer from excited triplet state to dissolved ground state
oxygen should lead to the singlet oxygen generation. Indeed, preliminary transient absorption
measurements confirm the triplet state populations and single oxygen generation for iodinated
BODIPYs with quantum yields in the range of compounds recognized as efficient singlet
oxygen photosensitizer (Rose Bengal), suggesting that they could work as photodynamic
therapy agents.
6. Conclusions:
The high and increasing number of publications on BODIPY indicates they are becoming
some of the most used dyes not only for laser production, but also for a wide variety of
technological applications including biomedicine. Their success may be, in part, due to their
stability and versatility. Almost all the available positions of BODIPY can be functionalized
with the desired entity. Furthermore, the substitution pattern of the core and the position
where the groups are attached will determine the photophysical properties of the resulting
BODIPY. In other words, tailor-made BODIPY can be designed for almost any wanted
application.
Here, we have made use of such advantages to span the BODIPY work region to the blue as
well as to the red part of the visible spectrum. Therefore, the whole visible region can be
covered with the same dye family and an efficient and stable laser signal can be achieved in
the desired wavelength. A red shift can be easily achieved by increasing the delocalization
through adequate aromatic substituents. Thus, BODIPY efficiently emitting into the red can
be obtained. On the other hand, the emission may also be shifted deep into the blue by the
incorporation of amino groups at their meso position. The electron releasing effect of the
amine induces the appearance of a hemicyaninelike resonant structure responsible for the
bright blue emission. Controlling the electron donor character of the amine by its substitution
allows the modulation of the spectral bands positions.
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A clear proof of the versatility of BODIPY fluorophores is their use as singlet oxygen
photosensitizers in photodynamic therapy. At first sight, these molecules are not adequate
because BODIPY are notable for their low intersystem crossing probability and the triplet
state population is a key feature for singlet oxygen generators. However, the halogenation of
BODIPY (up to four iodine atoms can be directly attached to the core) transforms a highly
fluorescence dye in a molecule with a high triplet state population. Thus, these iodinated
BODIPY should work as singlet oxygen photosensitizer in photodynamic therapy.
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