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1. Introduction :     
 
Fluorescent dyes have been intensively studied by the scientific community in multidisciplinary 
areas. The technological interest of these dyes has allowed their successfully application as 
active media of tunable lasers, in the development of photoelectronic devices, as fluorescent 
probes and chemical sensor, or monitoring the physicochemical characteristics of the surround-
ing ambiences [1 − 7]. The understanding of the photophysical properties of these systems is of 
capital importance, not only because of the intrinsic potential applications but also in the design 
of new dyes with specific properties. Indeed, a satisfactory correlation between the photophysi-
cal properties and lasing characteristics of several laser dyes has been established [8 − 16] by 
changing the molecular structure of the chromophore (substituent effect) and the environmental 
conditions (solvent effect, incorporation in rigid sold materials, etc).   
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Among the large number of existing laser dye families covering the spectral region from UV to 
near−IR [1], difluoro−boraindacene or boron−dipyrromethene complexes (BODIPY) have re-
ceived special attention. Their basic structure, depicted in Scheme 1, consists in two pyrrole 
rings linked by a methene and a BF2 groups. The first report related with these dyes dates from 
1968 by Treibs and Keuzer [17], but they do not gain recognition from the scientific commu-
nity until the end of nineties when some reports by Boyer and Pavlopoulos shown their poten-
tial application in tunable lasers [18 − 21]. The promising results obtained encourage to other 
researches to get a deeper inside in their lasing behaviour and to use this dye family in other 
fields such as biology or medicine [22 − 26]. Indeed, a huge number of publications arisen in a 
short time period describing their properties and applications [27 − 30].  

 
Scheme (1) : Alkyl substituted BODIPYs. 

 
BODIPY laser dyes present strong absorption and fluorescence bands in the visible spectral 
region, giving high fluorescent [31 − 38] and lasing efficiencies [18 − 21, 39 − 41]. Besides, 
their versatility, chemical robustness, low triplet state population, thermal and photochemical 
stability enhance the photoresponse of these dyes. For instance, highly efficient lasing signals 
after multitude of pumping pulses can be achieved when the BODIPY dyes are incorporated in 
solid host matrices [42 − 48]. This facilitates the development of solid−state tunable dye lasers, 
with important advantages with respect liquid−state lasers such as better manageability, versa-
tility and miniaturization of the experimental set up, and the lack of toxic and flammable sol-
vents [47, 48]. 
 
On the other hand, a large number of publications have claimed the use of BODIPY dyes in 
different photoelectronic devices: for instance as light harvesting arrays and antenna systems 
[49 − 53], acting as energy injector or acceptor to collect light and to carry it to a specific reac-
tion centre; or in holographic systems for digital information storage [54 − 56]. Moreover, 
many reports have described the use of BODIPYs as fluorescent probes or chemical sensors in 
biomedicine and biochemistry. In these cases, the photophysics of BODIPYs have to be sensi-
tive to the environmental properties [57 − 61] or to the presence of an analyte in the surround-
ing medium [62 − 72]. Usually, these probes or sensors are general achieved by the incorpora-
tion of specific functional groups in the BOIDIPY core, promoting new deactivation processes 
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 sys-
tem depending of the environmental conditions. 
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The knowledge of the photophysical behaviour of BODIPY dyes is essential to understand their 
lasing action and to design new photoelectronic sensors or devices based on BODIPYs. Apart 
of experimental studies, quantum mechanical calculations have become a powerful tool to de-
sign new molecular structures with specific photophysical properties [73 − 77]. This chapter 
summarizes the photophysics of BODIPY dyes studied by our research group in the last few 
years. The experimental results are complimented by quantum mechanic calculation results. 
The influence of structural (substituent effect) and environmental (dye concentration, tempera-
ture, nature of the solvent, rigidity of the polymeric matrix …) factors are analyzed. Thus, the 
incorporation of electron donating (amino or acetamido) and accepting (cyano) groups can 
provide important changes in the photophysical properties of the chromophore (red−shifted 
absorption and fluorescence bands and solvent−polarity charge transfer phenomena). Besides, 
multichromophoric polyphenylene−BODIPY systems lead to intramolecular energy transfer 
processes, extended to the UV the spectral region for the photoactivity of BODIPYs.   

 
2. General photophysics of BODIPY dyes :     
 
The typical UV/Vis absorption and fluorescence spectra of BODIPYs are shown in Figure (1). 
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 prob-
ability, with high molar absorption coefficient (ε ∼ 105 M−1 cm−1) and oscillator strength (f ≈ 
0.5). It presents a shoulder at higher energies (at around 1100 cm−1 from the absorption maxi-
mum), which is attributed to out−of−plane vibrations of the aromatic skeleton. Other absorption 
bands, corresponding to transitions to higher singlet excited states (S2, S3…), appear in the UV 
region and are less probable [27, 78]. Quantum mechanical calculations suggest that the main 
absorption band corresponds to an allowed A1 → B2 transition for the unsubstituted chromo-
phoric system, characterized with a C2v symmetry. Theoretical results indicate that this Vis 
band is assignable to the promotion of an electron from the HOMO orbital to the LUMO mo-
lecular orbital (Figure 1A), which is polarized along the long molecular axis of the chromo-
phore [79].  

 
Figure (1) : (A) Absorption (a) and fluorescence (b) spectra and (B) fluorescence decay curve 

(top) and residuals.(bottom) of PM567 in diluted solutions (2×10−6 M) of c−hexane [78]. 



 Applied Science Innovations Pvt. Ltd. 

 644 

© Applied Science Innovations Pvt. Ltd. 2012 

The shape of this absorption band is nearly independent of the dye concentration (at least up to 
2×10−3 M) suggesting the absence of any intermolecular dye−dye interaction, including dye 
aggregation [27]. This low tendency of BODIPYs to self−associate is a very important advan-
tage 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 concen-
trated solutions, generally required to record the laser signal [16]. 

The fluorescence spectrum of BODIPYs is practically the mirror image of the S0 → S1 absorp-
tion 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 in the rage of 500 cm−1. The shape of the fluorescence band is independ-
ent of the excitation wavelength indicating that the emission is from the lowest vibrational level 
of the S1 excited state, independent of the electron−vibrational level directly populated in the 
excitation process [27]. Therefore, a very fast internal conversion process from upper excited 
states populates the fluorescent excited state. The fluorescence quantum yield (φ) can be very 
high, reaching values close to the unit for some BODIPYs in certain media [27, 78].  
 
Generally, the fluorescence decay curves of BODIPYs can be analyzed as monoexpoenential 
decays, with fluorescence lifetimes (τ) around 4−6 ns (Figure 1B). The lifetime is independent 
of the excitation and the emission wavelengths, confirming the simple emission from the lo-
cally excited state [27].  
 
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 π−system. The BF2 group does not 
participate in the aromaticity of the π−system but avoids any cyclic electron flow around the 
chromophoric ring [80]. Consequently, BODIPY dyes can be classified as quasi−aromatic 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 [81] is a significant advantage for the 
potential application of BODIPYs in photonics since the triplet−triplet absorption, one of the 
most important losses in the resonator cavity, is drastically reduced. Therefore the 
non−radiative deactivation pathways are mainly controlled by internal conversion processes. In 
any case, and due to the rigidity and planarity of the chromophoric units (confirmed by quan-
tum mechanical calculations and X−ray diffraction data [79, 82]), the non−radiative deactiva-
tion of BODIPY dyes is expected to be low, in agreement with the experimental evidences for 
the high fluorescence ability of these dyes [2, 27, 83]. 
 

The fluorescent band and decay curves of BODIPY dyes present an important dependence on 
the dye concentration. Indeed, an augmentation in the optical density of the samples leads to a 
bathochromic shift in the fluorescent band, an important decrease of its intensity and an aug-
mentation of the lifetime [16]. These effects are attributed to inner filter effect (i.e. reabsorp-
tion/reemission phenomena) rather than to any intermolecular dye−dye interaction affecting the 
emission characteristics (i.e. excimer formation). Indeed, the photophysical properties recorded 
at high dye concentrations return to the original values obtained in diluted dye samples when 
the fluorescent signals were registered in the front−face configuration with very narrow optical 
pathway cuvettes (0.001 cm) [84]. The reabsorption/reemission effects observed in moderated 
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optical density samples (for instance in solid polymeric matrices) can be corrected by mathe-
matical procedures [85]. 
 
2.1 Effects of 2- and 6-Alkyl groups : 
The experimental and theoretically predicted photophysical properties of commercially PM546 
[86], PM567 [78] and PM597 [87] alkyl−BODIPY dyes in a common apolar solvent are sum-
marized in Table (1). All these dyes present methyl groups at 1, 3, 5, 7 and 8 positions of the 
chomophoric ring, and PM567 and PM597 derivatives present ethyl and tert−butyl groups, 
respectively, at 2 and 6 positions (Scheme 1). The experimental results suggest that the ethyl 
groups do not significant affect on the photophysics of BODIPY chromophore [78]. For in-
stance, the absorption and fluorescence bands of PM567 are bathochromically shifted around 
25 nm with respect to the spectral bands of PM546, with similar fluorescence quantum yields 
and lifetimes. However, the presence of the tert−butyl groups (PM597) not only induces further 
bathochromic spectral shifts, mainly in the fluorescence band (around 55 nm), but also de-
creases the fluorescence quantum yield and lifetime, with values around half to those obtained 
for the PM546 dye [87]. These results reveal an important Stokes shift (around 1300 cm−1) and 
a considerable increase in the non−radiative rate constant (knr) of PM597 with respect to the 
other PM546 and PM567 dyes (Table 1).  

 
Table (1) : Experimental and theoretically predicted (TD−B3LYP in gas phase) photophysical 
properties of alkyl−BODIPYs (PM546 [79,86], PM567 [78,88] and PM597 [87]): wavelength 
of absorption and fluorescence maximum (λab and λfl), Stokes shift (ΔνSt), molar absorption 
coefficient (εmax), oscillator strength (f), fluorescence quantum yield (φ) and lifetime (τ), rate 
constants of radiative (kfl) and non−radiative (knr) deactivation.  

 
* dye concentration (2×10−6 M) in methanol 
 

These experimental tendencies are theoretical predicted by quantum mechanical calculations. It 
was previously demonstrated that the absolute S0−S1 energy gap values proposed by semiem-
pirical methods are closer to the experimental ones than those predicted by the TD−B3LYP 
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 re-
produces more accurately the spectral shifts and changes in the transition moments of 

 Experimental *  Theoretical 
 PM546 PM567 PM597 PM546 PM567 PM597 
λab (± 0.2 nm) 492.0 516.2 523.0 403 426 429 
εmax (104 M−1 cm−1) 8.2 7.9 7.6 − − − 
f 0.40 0.49 0.38 0.53 0.54 0.52 
λfl (± 0.2 nm) 504.0 531.6 561.0 407 433 455 
φ (± 0.05) 0.95 0.91 0.48 − − − 
τ (± 0.1 ns) 5.58 6.10 4.21 − − − 
kfl (108 s−1) 1.71 1.49 1.14 1.88 1.60 1.61 
knr (108 s−1) 0.09 0.15 1.23 − − − 
ΔνSt (cm−1) 455 560 1305 215 360 1365 
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BODIPYs by the effect of the substituents and the solvent. Fir this reason, the DFT results are 
enclosed in Table (1) [79, 88]. 

The observed bathochromic spectral shifts by the presence of alkyl groups at the 2 and 6 posi-
tions can be interpreted in terms of the inductive effect. Quantum mechanical calculations sug-
gest 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 the 
2− and 6−position would stabilize more extensively the LUMO S1 excited state than the 
HOMO S0 ground state, reducing the S0−S1 energy gap (spectral shift to lower energies). Be-
cause the inductive effect +I of the branched tert−butyl group is higher than that of the ethyl 
group, the bathochromic shift is more significant in the PM597 than in the PM567 derivative 
(Table 1) [87].  
 
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 me-
chanical 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 attrib-
uted to the steric hindrance between the bulky tert−butyl groups with the adjacent methyl 
groups at 1− and 7−position of the PM597 core [87]. This loss in the planarity can be inter-
preted as a reduction in the rigidity of the chromophoric BODIPY system, favouring the inter-
nal conversion processes for PM597 and reducing its fluorescent capacity with respect to other 
BODIPY dyes with linear alkyl groups (Table 1) [87]. 
 
2.2 Solvent Effect :   
 
The photophysical properties of alkyl−BODIPY dyes have been studied in a wide variety of 
apolar, polar and protic solvents [87]. The corresponding results for PM597 dye are summa-
rized in Table (2). Other alkyl−BODIPYs show similar qualitative tendencies [78, 86]. In gen-
eral, the spectral bands shift to higher energies and the fluorescent capacity and lifetime in-
crease when apolar media are changed by polar/protic media. The augmentation in the fluores-
cence ability is due to a reduction in the non−radiative deactivation rather than to an enhance-
ment in the radiative decay [83]. All these experimental results have been confirmed by quan-
tum mechanics [79, 88]. 
 
The alternating electronic charge delocalisation through the conjugated π−system suggests that 
BODIPY dyes can be defined as cyclic polymethine− or cyanine−like structures [89, 90]. The 
dipole moment, oriented along the short molecular axis due to symmetry reasons, is relatively 
low (μ ≈ 3 D in the ground state), making BODIPY dyes insoluble in water (except in those 
systems with charged substituents, i.e. PM556). Theoretical results suggest that the dipole mo-
ment slightly decrease upon excitation (Δμ = −1 D in gas phase) [88]. 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). However, other 
solvent properties can affect the spectral bands.  
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Table (2) : Photophysics of PM597 dye in diluted solutions (2×10−6 M) of several solvents [87] 
 
 Solvent λab 

(nm) 
εmax 

(104M−1cm−1) 

λfl 
(nm) 

φ 
 

τ 
(ns) 

1 2−methylbutane 527.1 8.20 569.0 0.40 4.19 

2 hexane 527.5 8.25 567.8 0.43 4.35 

3 c−hexane 529.0 8.10 571.2 0.32 3.91 

4 isooctane 527.5 8.05 569.0 0.40 4.43 

5 diethyl ether 525.1 7.90 565.4 0.43 4.27 

6 1,4−dioxane 525.1 7.85 565.4 0.40 4.37 

7 THF* 525.1 7.75 566.6 0.37 4.15 

8 DMF* 524.0 5.89 565.4 0.35 4.69 

9 acetone 522.5 7.44 563.6 0.44 4.34 

10 2−pentanone 523.7 6.13 562.6 0.46 4.54 

11 methyl formate 522.3 7.55 560.6 0.47 4.45 

12 methyl acetate 522.5 7.85 561.8 0.48 4.44 

13 ethyl acetate 523.2 7.67 562.4 0.44 4.31 

14 buthyl acetate 524.3 7.85 564.6 0.43 4.51 

15 acetonitrile 520.8 7.60 560.6 0.44 4.27 

16 1−octanol 527.3 7.70 565.0 0.41 4.68 

17 1−hexanol 526.7 7.55 565.4 0.42 4.59 

18 1−butanol 526.1 7.70 566.6 0.39 4.33 

19 1−propanol 525.3 7.75 564.6 0.39 4.19 

20 ethanol 524.3 7.63 563.2 0.43 4.09 

21 methanol 522.9 7.58 561.2 0.48 4.21 

22 F3−ethanol* 521.6 7.01 561.2 0.49 4.64 
 
*DMF = dimethylformamide, THF = tetrahidrofurane, F3-ethanol=2,2,2−trifluoroethanol 
 
An accurate understanding of the solvent effect can be achieved by a multilinear correlation 
analysis [91, 92]. This method is based on the fact that a physicochemical property (XYZ) can 
be simultaneously correlated by a linear relationship with different solvent parameters (A, B, C, 
..) by means of - 
 
(XYZ) = (XYZ)o + cA A + cB B + cC C + …..  (1) 
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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.  
 
The photophysical properties of aromatic system are generally correlated with the solvent po-
larity/polarizability, H−bond donor / acceptor capacity and electron releasing ability [91]. The 
solvent properties can be described by the Taft π∗−, α− and β−scales, respectively [93 − 95]. 
Figure (2) shows the evolution of the experimental absorption and emission maxima (νab and νfl 
in cm−1) of PM597 [87] with those best predicted from the adjustable equation (1). The random 
distribution of the experimental data with the predicted values confirm the validity of adjustable 
method from which the adjusted cπ*, cα and cβ coefficients can be evaluated. These values are 
included in the respective graphs (Figure 2). 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 sol-
vents (not more than 10 nm). The cπ*, cα and cβ coefficients can be compared each other if the 
range values of π∗, α and β parameters from apolar to polar/protic solvents reach similar inter-
vals, as is the present case with π∗−, α− and β−scales in the approximately 0 − 1 range. Ex-
perimental results suggest that the absorption and fluorescence bands of PM597 are mainly 
affected by the solvent polarity / polarizability (high cπ* values), although the electron release 
capacity of the solvent can also affect, in some extent, on the band position. In general absorp-
tion and fluorescence bands shift to higher energies by increasing the solvent polar-
ity/polarizability (cπ* > 0), while the solvent basicity induces slight spectral shifts toward lower 
energies (cβ ≤ 0). The effect of the solvent acidity on the spectral positions is practically ne-
glectable (cα ≈ 0), mainly in the absorption band.  
 
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 multicompo-
nent solvent parameter (M), equation (2), in which several solvent properties are included [92].  
 
(XYZ) = (XYZ)o + cM M                                                                                                       (2) 
 
For instance, the Reichardt ET

N(30) is a very popular multicomponent solvent parameter in 
which both solvent polarity/polarizability and H−bond capacities are included [96].   
 
The observed increase in the φ and τ 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 [87]. Figure (3) shows the evolution of the knr 
value (in logarithm scale) of PM597 with the ET

N(30) solvent parameter. The good linear rela-
tionship (r = 0.85−0.90) suggest the validity of equation (2) applicable, in this case, for the 
non−radiative 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 delocalization of the positive charge through the π−system of the BODIPY 
chromophore [83]. Previous works of rhodamines and coumarins demonstrated that those fac-
tors favouring the movement of the positive charge through the delocalized π−system can be 
look as a loss in the rigidity of the chromophoric system and hence to a decrease of the fluores-
cence ability [11]. Thus, an electrostatic stabilization of the positive charge with the dielectric 
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constant of the solvent or any specific solute−solvent interaction reducing the charge mobility 
through the conjugated π−system, should lead to a diminution in the non−radiative deactiva-
tion. Similar arguments can be applied for the case of other alkyl−BODIPY dyes [32, 78, 86].  
 

 
 

Figure (2) : Multiple linear regression of the absorption and fluorescence wavenumber of 
PM597 [87] in a wide variety of media using the Taft solvent scales [87]: apolar (1−4),  

polar/aprotic (5−15) and polar/protic (16−22) solvents (see Table 2). 
  

 
 

Figure (3) : Evolution of the radiative (kfl) and non-raditative (knr) deactivation rate  
constants of PM597 with the Reichardt solvent parameter ET

N(30) [87].   
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It has been previously proven a good correlation between the photophysical properties and the 
lasing characteristics of alkyl−BODIPYs by changing both the molecular structure of the dye 
(substituent effect) and the solvent [84, 97]. Thus, similar bathochromic spectral shifts are ob-
served in the fluorescence and lasing band by the incorporation of ethyl (PM567) or tert−butyl 
(PM597) groups at the 2− and 6−positions of PM546 or changing from a polar/protic solvent to 
an apolar environment for a common alkyl−BODIPY dye (PM546, PM567 or PM597). Similar 
correlation can be also established 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. 
 
2.3 Photophysics of BODIPYs in solid polymeric matrices : 
 
The recent innovations in tunable lasers are being oriented to the development of solid−state 
dye lasers. They have interesting technological advantages such as the compactness, the ab-
sence of toxic and inflammable solvents, etc. In these lasers, the dye is embedded into a trans-
parent solid host material, which can be of both organic and inorganic nature [47, 48]. Inor-
ganic 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. Con-
cretely, polymethylmethacrylate (PMMA) has been largely used as organic host material be-
cause of the nice optical homogeneity and the viscoelastic properties and polarity of the poly-
mer can be controlled by the synthesis conditions [98]. 
 
Alkyl−BODIPY dyes have been incorporated into PMMA matrices, both as dopant and cova-
lently linked to the polymer chain [99 − 103]. Since the rigidity of molecular systems enhances 
the fluorescence capacity of BODIPYs, the elasticity/rigidity of the PMMA solid matrix can be 
modified by the copolymerization of MMA with adequate crosslinking agents [104]. Trifunc-
tionalized methacrylate (TMPTMA) and tetrafunctionized acrylate (PETRA), shown in Scheme 
(2), were used for this purpose. On the other hand, and since the highest fluorescence capacity 
of BODIPYs have been obtained in trifluoroethanol as solvent Table 2, PM567 and PM597 
have been incorporated not only into MMA but also into fluorinated−MMA copolymers [103]. 
Different fluorinated−MMA monomers (TFMA, PFMA and HFMA, in Scheme 2) and degrees 
of copolymerization have been considered. Finally, the covalent linkage of BODIPY core to 
PMMA chains can be performed by means of a polymerizable methacryloyloxy end group, 
which was incorporated in the meso 8−position of the BODIPY via a polymethylene chain 
(−(CH2)n−, with n = 1, 3, 5, 10 and 15 methylene units, Scheme 2) or a para substituted phenyl 
group (Scheme 2) [99, 100, 102]. 
 
The photophysics of PM567 in PMMA with different crosslinking agents have been reported 
elsewhere [101]. In general, the experimental results indicate that the absorption and fluores-
cence bands practically do not shift with the solid matrix (similar λab and λfl values are obtained 
in pure solid PMMA and in liquid ethanol, a solvent which can mimetic the physicochemical 
properties of MMA) neither with the nature and degree of the crosslinking agent. However, as 
is illustrated in Figure (4), the φ value of PM567 changes with the type and extent of the linking 
comonomers. Indeed there is an optimal crosslinking degree maximizing the fluorescence ca-
pacity of PM567, which depends on the nature of the crosslinking agent (around 10 % for 
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TMPTMA and around 1% for PETRA). Similar evolutions have been reported for the lasing 
efficiency (% Eff.) of PM567 [104], corroborating previous conclusions in the sense that those 
structural and environmental conditions optimizing the fluorescent emission of BODIPYs also 
improves the lasing efficiency. 
 

 
 

Scheme (2) : Molecular structure of the monomers and dye linkage to the PMMA chain trough 
a linear spacer of different length or by a para substituted phenyl groups [99,100, 102, 104]. 

 

 
 

Figure (4) : Evolution of the fluorescence quantum yield of PM567 with the concentration of 
the crosslinling agent (PETRA and TMPTMA) in the copolymer with MMA [101]. 
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This different behaviour with the crosslinking agent has been related to the glass transition 
temperature (Tg) of the copolymer matrix [104]. The Tg value of acrylic TMPTMA crosslinker 
is lower than that of the methacrylic PETRA one, providing a less rigid environment in the 
former case for the same crosslinking degree. In other words, the optimized rigidity of the 
polymer MMA matrix is reached for a lower PETRA crosslinker concentration than in the case 
of TMPTMA. A further increase in the crosslinking degree beyond this optimal point reduces 
the fluorescence capacity, probably because an excessively rigid environment damages the dye.  
 
On the other hand, PM567 and PM597 have been incorporated in crosslinked fluorinated 
PMMA copolymers [103]. Figure (5) shows the evolution of the φ value of PM567 and PM597 
with the type of copolymer. For PM567, the fluorescence efficiency increases in fluorinated 
matrices with respect to in the homopolymer PMMA. This increase correlates with a similar 
augmentation observed in the fluorescence lifetime, suggesting a reduction in internal conver-
sion processes of PM567. This diminution in the knr value agrees with that observed in liquid 
solution (F3-ethanol in Table 2) and corroborates above conclusions in the sense that polar en-
vironments increase the fluorescence capacity of alkyl−BODIPYs [27, 32]. Even more, a fur-
ther increase in the fluorescence capacity of PM567 is observed when crosslinker monomers 
are also included in the fluorinated matrices (Figure 5). Therefore, a more polar and rigid envi-
ronment ameliorates the fluorescence, and hence the lasing, of alkyl−BODIPYs [103].  

 
 
Figure (5) : Evolution of the fluorescence quantum yield of PM567 and PM597 with the type 
and proportion of fluorinated and crosslinked copolymers [103] (nomenclature in Scheme 2). 

 
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 (φ ≈ 0.5 − 0.6 
and τ ≈ 7 − 8 ns) than in liquid solutions (φ ≈ 0.4 − 0.5 and τ ≈ 4.0 − 4.5 ns). As is discussed 
above, the internal conversion of PM597 is higher than other alkyl−BODIPY dyes due to a loss 
in the planarity of the chromophoric ring in the excited state [87]. 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 
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PM597 progressively increases with the polarity and rigidity of the copolymer (Figure 5), with 
a similar evolution to that observed for PM567.  
 
It has been proven that the photophysical properties of alkyl−BODIPYs covalently bounded to 
PMMA chains by a long enough spacer (Scheme 2) are very similar to the respective dyes in-
corporated in PMMA as dopants [99, 102]. Consequently, the covalently linkage does not im-
prove the fluorescence, and hence the lasing, ability of alkyl−BODIPYs [99]. However, when 
the spacer is just one methylene unit, the fluorescence capacity decreases, due to a decrease of 
the radiative rate constant, and the spectral bands shifts to lower energies. Probably, for a short 
enough spacer, the inductive electron withdrawing of the methacryloyloxy group reduces the 
aromaticity of the electronic π−system of the chromophore, leading to a diminution in the ra-
diative deactivation probability and an augmentation in the S0−S1 energy gap [84]. In any case, 
when the linking polymethylene chain is long enough (more than 3 methylene units) the high 
fluorescence capacity of the BODIPY is recovered [99].  
 
When the phenyl group acts as a spacer between the polymer chain and the dye, the photo-
physical properties of BODIPYs are practically unaltered [100]. Quantum mechanical calcula-
tions reveal that the phenyl group is disposed practically perpendicular to the BODIPY core, 
avoiding any resonant interactions between the electronic clouds of both entities [83]. This 
perpendicular arrangement is assigned to the steric hindrance between the ortho H−atoms of the 
phenyl group and the adjacent methyl groups at the 1− and 7−position of the BODIPY core. 
Indeed, if these positions are unsubstituted, then the phenyl group at 8−position can be disposed 
coplanar with the BODIPY ring leading to important changes in the photophysics of the 
BODIPY chromophore, mainly with a decrease in the fluorescence capacity [105 − 108]. 
 
Therefore, if the covalent binding of the chromophore to the PMMA chain is carried out by a 
long enough linear polymethylene chain or a phenyl group, then the high fluorescence capacity 
of BODIPY is kept. Thus, the lasing efficiency of alkyl−BODIPYs does not change with the 
covalently linkage of the dye to the polymer chain [99, 102]. However, this covalent bond con-
siderably enhances the thermostability of the BODIPY chromophore, probably because the 
chemical linkage provides extra pathways to the dye to eliminate the excess of heat accumu-
lated during the laser action [99]. This effect is more pronounced if the dye presents two poly-
merizable end groups in the same molecule. In this case the dye can act as a crosslinking agent 
between two polymeric chains [102]. This strategy is of great importance in the application of 
BODIPY dyes in solid state lasers, because the thermal degradation is one of the most impor-
tant reasons for dye damage [47, 48]. In this way, the operative lifetime of the active media can 
be considerably increased by the covalent linkage. 
 
In summary, photophysical measurements and quantum mechanical calculations have demon-
strated to be a good strategy to look for the best structural and environmental conditions to 
optimize the lasing performance of alkyl−BODIPY dyes. Rigid systems (both from a structural 
point of view and from environmental restrictions) and polar media are recommended to reach 
these conditions optimising the laser action of alkyl−BODIPY dyes. The covalently linkage of 
these BODIPY cores to a polymeric PMMA chain does not alter the fluorescence and lasing 
efficiencies of the dye, but considerably improves the thermostability of the dye [99, 100, 102]. 
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2.4 Red shifted BODIPYs : 
 
The emission region of BODIPYs can be modulated by the incorporation of adequate func-
tional groups in the chromophoric unit. Alkyl−BODIPYs typically emit in the green−yellow 
part of the Vis region. However, and due to the potential technological application of dye lasers 
in the red and near−IR regions, new red−shifted laser dyes based on BODIPY skeleton are now 
being synthesised by different research groups [109 − 114]. The aim is to extend the delocaliza-
tion of the electronic π−systems of BODIPYs by conjugation with suitable substituents gener-
ally incorporated at the 3 and 5, or 8 positions of BODIPY core.  
 
Thus, the presence of a styryl group at 3−position of the PM567 core, the so−called PMS de-
rivative (inset in Figure 6) [115], induces drastic bathochromic shifts (around 50 nm) in the 
absorption and fluorescence bands with respect to the corresponding spectral bands of the par-
ent PM567 dye, (Figure 6). This shift to lower energies is a consequence of the extension of the 
delocalized electronic π−system through the styryl group. In fact, the contour maps of the 
HOMO and LUMO electronic states of PMS obtained by quantum mechanical calculations 
(inset in Figure 6) reveal a conjugation of the electronic clouds of both moieties. 
 

 
 

Figure (6) : Normalized absorption and fluorescence spectra of PMS (a) and PM567  
(b) in diluted solutions of methanol [115]. The contour maps of the HOMO  

and LUMO of PMS are also included.  
 

The extension in the π−system not only induces bathochromic shifts of the spectral bands but 
also leads to an augmentation of the S0−S1 spectroscopic transition probability, as is reflected in 
the molar absorption εmax and oscillator strength f values of PMS (> 105 M−1cm−1 and 0.6 − 0.7, 
respectively), which are among the highest ones obtained up to now for BODIPY dyes. The 
fluorescence rate constant of PMS (kfl = 1.53×108 s−1 in methanol) is also slightly higher than 
the corresponding value of PM567 (kfl = 1.49×108 s−1). However, PMS shows a somewhat 
lower fluorescence quantum yield and lifetime (φ = 0.82 and τ = 5.36 ns in methanol) than 
those values of PM567 (φ = 0.91 and τ = 6.10 ns) due to an augmentation in the non−radiative 
deactivation probability (from knr = 0.15×108 s−1 in PM567 to knr = 0.33×108 s−1 in PMS). This 
increase in the internal conversion of BODIPYs can be attributed to both a decrease in the 
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S0−S1 energy gap and/or an extra thermal dissipation of the excitation energy by the internal 
rotation and vibration movements of the styryl group. A possible non−radiative deactivation via 
a (E) → (Z) photoisomerization of the styryl double bond in the excited state [115] is discarded 
in the present case since only the (E) isomer of PMS is observed after prolonged visible light 
irradiation. The evolution of the photophysical properties of PMS with the nature of the solvent 
are similar to those above described for alkyl−BODIPYs (Section 2.1) [27, 32].  
 
Red−shifted BODIPY dyes can be also achieved by incorporating electron donor groups at 
appropriated positions of the chromophoric ring [116, 117]. Thus, Figure (7) illustrates the 
presence of an acetamido group at 3−position of the BODIPY core induces moderate batho-
chromic shifts (around 20 nm) in the absorption and fluorescence bands, with respect to the 
parent PM567 dye. These shifts are assigned to the augmentation in the delocalization of the 
electronic π−system through the acetamido group.   
 

 
 

Figure (7) : Absorption and fluorescence spectra of 3−acetamido−BODIPYs; 
Et−AcBDP and tBu−AcBDP [116, 117], referred to those of PM567. 

 
The presence of tert−butyl groups at 1− and 6−positions (tBu−AcBDP), instead ethyl groups 
(Et−AcBDP), increases the absorption (ε and f) and fluorescence (kfl) transition probability, 
while the spectral bands position and the knr constant remain practically unaltered. The former 
effects could be ascribed to the inductive effect of the alkyl group which is higher in the 
tert−butyl substituent. However, the fact that the tert−butyl groups at 1− and 6−position does 
not noticeably affect the internal conversion of BODIPYs contrast with previous results in 
alkyl−BODIPYs discussed in Section 2.1, in the sense that tert−butyl groups at 1− and 
7−position increase the internal conversion of PM597 due to a loss in the planarity of the chro-
mophoric ring [87]. In the present case such effect disappears because the absence of substitu-
ent at the adjacent 8 position facilities the accommodation of the tert−butyl group at the 
1−position, unaltering the planarity of the pyrrole rings. For this reason, the tBu−AcBDP de-
rivative presents higher fluorescence capacity, with φ ≈ 0.8 and τ ≈ 6 ns values, with respect to 
the parent PM597 dye (Table 1) [117]. 
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The solvatochromic shifts in the absorption and fluorescence spectra of these 
3−acetamido−BODIPYs are similar to those observed for alkyl−BODIPYs. However, the φ 
value of the 3−acetamido derivatives is practically independent of the solvent characteristics, 
which contrasts with the highest φ values observed in polar/protic solvents for alkyl−BODIPYs. 
Moreover, 3−acetamido BODIPYs presents a new absorption band at higher energies (around 
470 nm) in very acid ([H+] > 8×10−2 M) ethanolic solution, with a decrease in the φ value from 
0.70 to 0.36 but remaining the τ values practically constant. This decrease in the fluorescence 
efficiency is more pronounced after excitation at the new hypsochromic absorption band (φ = 
0.15). These results suggest the formation of a new entity related to the protonation of the 
3−acetamido−BODIPY dye in very acid media. The protonated species absorbs at shorter 
wavelengths and is not fluorescence (the shape of the fluorescence band is independent of the 
[H+]), and induces a static quenching in very acid media [117]. Probably, such a protonation 
lead to a chemical reaction resulting in the loss of the BF2 bridge. This fact will be discussed in 
Section 5.1 for a similar amino derivative. In any case, BODIPY dyes are chemically unstable 
in high acidity media [118].   
 
3. Intramolecular Energy Transfer Processes : Multichromophoric BODIPY sys-
tems : In order to reach for new photophysical phenomena in BODIPY dyes, multichromo-
phoric systems based on the incorporation of poly−p−phenylene moieties (biphenyl or ter-
phenyl) at the 8 position of the PM567 chromophore (Scheme 3) are analysed in the present 
Section. Additionally, a multichromophoric di−BODIPY system, consisting in two PM567 
cores linked by a terphenyl group at their meso positions (P3ArP, Scheme 3) is also considered 
[119, 120].  

 
 

Scheme (3) : Chemical structure of multichromophoric polyphenylene−BODIPY dyes [119]. 
 

The UV−Vis absorption spectrum of these multichromophoric systems is composed of several 
absorption bands (Figure 8). The lowest energy absorption band is the typical S0 → S1 elec-
tronic transition of the PM567 core. However, a new broad and structureless absorption band, 
non−observed in PM567, appears in the UV, which is attributed to the poly−p−phenylene moi-
ety (Figure 8A). The same holds true for the trichromophoric dye P3ArP (Figure 8A, curve c), 
suggesting the absence of any intramolecular dimer state between the two BODIPY units. 
Probably the length and rigidity of the terphenyl linking group place far away both BODIPY 
rings, avoiding any overlap between the electronic π−systems of both BODIPY cores. The most 
remarkable feature of P3ArP is its high molar absorption coefficient (εmax  ≈ 1.5×105 M−1cm−1), 
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twice that of normal BODIPYs, indicating that the absorption transition of each BODIPY 
chromophore is additive. Indeed, quantum mechanical calculations reveal that the S0−S1 ab-
sorption band of P3ArP corresponds to promotion of an electron from the HOMO to the 
LUMO of each chromophore that means two independent electronic transitions [120].  
 

 
 

Figure (8) : (A) Absorption and fluorescence (under Vis excitation) spectra of P2ArAc (a), 
P3ArAc (b) and P3ArP (c) in c−hexane. The corresponding spectrum of PM567 (d) is  

also included for comparison. (B) Fluorescence spectra under UV excitation [119, 120].  
 
The absorption spectra of these multichromophoric systems can be interpreted as the sum of the 
independent absorption bands of each chromophoric system, indicating the absence of any elec-
tronic coupling between the PM567 core and the 8−polyphenylene in the ground state. In fact, 
quantum mechanical calculations reveal that the first phenylene group (directly attached to the 
BODIPY core at the meso position) is disposed nearly perpendicular (dihedral angle 86.3º for 
P3ArAc) with respect to the PM567 ring. The theoretical simulation of the absorption charac-
teristics of these multichromophoric dyes also suggests the presence of two main absorption 
bands: one located in the visible region (energy gap ΔE = 2.88 eV) with oscillator strength f = 
0.41 corresponding to the S0−S1 transition of PM567; and another one placed in the UV region 
due to the first transition of the polyphenylene group: ΔE = 4.70 eV with f = 0.8 for P2ArAc, 
and ΔE = 4.30 eV with f = 0.9 for P3ArAc [120]. 
 
The excitation at the vibronic shoulder of the lowest energetic band (ca 490 nm) of PXArAc 
and P3ArP dyes leads to the typical intense Vis fluorescent band of PM567, being the mirror 
image of the corresponding absorption band (Figure 8A), with a low Stokes shift (ΔνSt ≈ 550 
cm−1). The photophysics of these dyes under Vis excitation remains quite similar to that of the 
PM567 analog with only one phenylene group at the 8−position (P1ArAc). Therefore, the num-
ber of phenylene units at the 8−position of the BODIPY core does not seem to strongly affect 
the photophysics of the chromophore.  
 
On the other hand, the UV excitation leads to a weak fluorescence emission from the corre-
sponding polyphenylene unit in the UV and to the typical strong Vis fluorescent band of the 
BODIPY group (Figure 8B). These results indicate the existence of an intramolecular excitation 
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energy transfer (intra−EET) process from the donor poly−p−phenylene to the acceptor 
BODIPY group. Consequently, the fluorescence emission of the poly−p−phenylene chromo-
phore is strongly quenched (φ < 0.02). This Vis emission is far away from the UV excitation, 
leading to a very large “pseudo” Stokes shift (ΔνSt ≈ 17700 cm−1), one of the largest observed 
in BODIPY dyes. Dyes with large Stokes shifts are demanded for their use as fluorescence 
labels and probes, since scattering interferences of the pumping/excitation light are neglectable 
at the emission detection region. The intra−EET process is very efficient for the P3ArP dye, 
since the emission from the terphenyl unit is practically not observed, Figure (8B). This is at-
tributed to the presence of two BODIPY acceptor units connected to the polyphenylene donor 
group.  

 
 

Scheme (4) : Intra-EET mechanisms in PXArAc and P3ArP dyes, together with the  
electronic density in the HOMO and LUMO states of PM567 and p terphenyl dyes [120]. 

 
In order to study the dynamics of the intra−EET, time−resolved fluorescence decay curves at 
different excitation and emission wavelengths were registered. The fluorescent decays of the 
free related chromophores, terphenyl and PM567, are well described by a monoexponential 
analysis, with lifetimes of around 1 ns and 6 ns, respectively. The fluorescent decay after direct 
excitation of the BODIPY (λexc = 490 nm) in the bichromophoric P3ArAc dye, was also mono-
exponential with τ = 4.8 ns, lower than that of the parent PM567 dye. This decrease was also 
observed for the 8−phenyl−PM567 analog (τ = 5.0 ns), ascribed to an enhancement in the 
non−radiative deactivation rate constant probably due to a vibrational coupling between both 
entities. However, the fluorescence decay after UV excitation of the p−terphenyl moiety in 
P3ArAc (λexc = 275 nm, λfl = 370 nm) becomes biexponential: a main component (98 %) with a 
short lifetime (< 1ns), lower than that of the free terphenyl unit; and a minor component (2 %) 
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with a longer lifetime (4.6 ns). The fluorescent Vis decay of the BODIPY component (λfl = 535 
nm) after UV excitation (λexc = 275 nm) was analyzed by a grown−in component with a short 
lifetime (< 1ns) and a decay component with a fluorescence lifetime of 4.75 ns, suggesting that 
the maximum population of the fluorescent excited state is reached after a delay time after exci-
tation. All these results confirm a fast intramolecular energy transfer (in the subnanosecond 
time−scale) from the excited state of the donor terphenyl to the acceptor BODIPY chromo-
phore. Scheme 4 illustrates this intramolecular excitation energy transfer (intra−EET) process. 
 
Different mechanisms can be used to explain this intra−EET process [121]. In the long−range 
dipole−dipole coupling mechanism proposed by Förster [122,123], the rate constant of the en-
ergy transfer depends mainly on the spectral overlapping between the fluorescence band of the 
donor moiety and the absorption band of the acceptor entity. Taking into account the low spec-
tral overlap observed between the fluorescence of terphenyl group and the S0−S1 absorption 
band of PM567 (Figure 9), the long range mechanism can be considered as neglectable in the 
present P3ArAc case. Moreover, quantum mechanical calculations predict that the transition 
dipole moment is polarized along the longer molecular axis of each chromophore, leading to a 
perpendicular disposition of both dipoles in P3ArAc (Figure 9). This theoretical result confirms 
the absence of any significant Förster resonance energy transfer. On the other hand, the 
short−range exchange interaction EET mechanism proposed by Dexter [124] implies an overlap 
between the electronic clouds of the involved partners. This means that the corresponding rate 
constant for the present P3ArAc case should be very low, since the electronic π−systems of 
both moieties are disposed nearly perpendicular.  
 

 
 

Figure (9) : Spectral overlap of the normalized absorption spectrum of PM567 and  
fluorescence band of terphenyl group. Inset: mutual orientation of the  

transition moments of each dye in P3ArAc [120].    
 
An alternative mechanism for the intra−EET process consists on the energy transfer between 
the donor to the acceptor through the chemical bond linking both moieties [125 − 128]. This 
mechanism demands an orbital interaction between both entities. The corresponding HOMO 
and LUMO contour maps of terphenyl and PM567, illustrated in Scheme (4), indicate that exist 
an important orbital interaction in the LUMO state between both chromophores through the 
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linking 8−position of BODIPY core. This observation supports the validity of the 
through−bond mechanism for the intra−EET in the terphenyl−PM567 system, similar to that 
proposed for other anthracene−BODIPY or porphyrin−BODIPY systems [129 − 132]. In any 
case, small contributions of the long−distance EET Föster mechanism cannot be excluded be-
cause of the weak overlapping between the fluorescence band of the terphenyl group and the 
S0−S2 absorption band of the BODIPY chromophore, as has been proposed for several 
8−pyrenyl substituted BODIPYs [133 − 137]. 
 
4. Charge Transfer Excited States : Cyano-BODIPY dyes :  
 
As has been discussed above, the presence of electron donor or acceptor substituents can modu-
late the emission region of BODIPYs. However, the presence of electron rich functional groups 
can in some cases induces the appearance of new photophysical phenomena, which usually are 
sensitive to the solvent properties or the presence of certain molecules in the surrounding me-
dia. These processes span the commercial and technological applicability of BODIPY dyes in 
other fields, apart from their inherent use as the active media of tunable lasers. 
 
The absorption and fluorescence bands of the commercial PM650, with a cyano group at the 
meso 8−position [138] are collected in Figure (10). This dye absorbs (λab ≈ 590 nm) and emits 
(λfl ≈ 600 nm) in the red region, with an important bathochromical shift of around 60 − 65 nm 
with respect to PM567. Besides, the presence of the cyano group reduces the intensity of both 
bands, mainly in polar/protic solvents (Figure 10).   
 

 
 

Figure (10) : (A) Absorption and fluorescence of PM650 in diluted solutions of c−hexane (a), 
dioxane (b) and methanol (c). (B) Fluorescence decay curves of the dye in those solvents.  

The contour maps of the HOMO and LUMO state are also included [138].   
 
Table (3) summarizes the photophysical properties of PM650 in a multitude of solvents with 
different physicochemical properties [138]. The observed large solvatochromic shift to lower 
energy by increasing the solvent polarity is also predicted by theoretical calculations. Such 
bathochromic shift can be interpreted by means of the contour maps of the HOMO and LUMO 
states shown in Figure (10). The presence of the strong electron withdrawing cyano group at 
central position of the chromophoric core implies a net stabilization of the LUMO level, char-
acterized by a much higher electronic density at this 8−position, than the HOMO state. Conse-
quently, the energy gap between the HOMO and LUMO states decreases, leading to the ob-
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served red shift of the spectral bands. On the other hand, the electron removal inductive effect 
of the cyano group reduces the delocalisation of the π−system of the chromophore, leading to a 
decrease in the kfl value, which correlates with a diminution of the absorption intensity (ana-
lyzed by the molar absorption coefficient εmax), as is shown in Table (3).  
 

Table (3) : Photophysical properties of PM650 (2×10−6 M) in a wide variety of solvents [138] 
 

  Solvent 
λab 

(nm) 

εmax
 

(104 M−1 cm−1) 

λfl 

(nm) 

φ 

 

τ 

(ns) 

1. 2−methylbutane 586.6 5.28 596.0 0.45 5.23 

2. n−hexane 587.6 5.20 597.2 0.44 5.14 

3. c−hexane 589.3 5.30 599.6 0.36 4.67 

4. isooctane 587.5 5.28 597.2 0.41 4.86 

5. diethyl ether 587.4 3.65 601.6 0.30 3.44 

6. 1,4−dioxane 589.8 4.25 607.2 0.19 2.89 

7. THF 590.0 2.93 606.4 0.18 2.46 

8. acetona 587.9 3.45 606.0 0.11 1.81 

9. Methyl formate 587.6 4.25 605.2 0.15 2.17 

10. Methyl acetate 587.8 4.25 604.8 0.16 2.38 

11. Ethyl acetate 587.8 4.17 603.2 0.15 2.37 

12. Buthyl acetate 588.9 4.48 603.6 0.19 2.71 

13. Acetonitrile 588.0 2.85 605.6 0.096 1.73 

14. 1−octanol 591.1 4.37 605.6 0.17 2.58 

15. 1−hexanol 590.5 4.29 607.6 0.14 2.31 

16. 1−butanol 590.0 4.17 607.6 0.13 2.02 

17. 1−propanol 589.6 4.00 606.8 0.13 1.83 

18. Ethanol 588.7 4.05 608.0 0.099 1.64 

19. Methanol 587.5 4.10 609.2 0.060 1.29 

20. F3−ethanol 589.9 3.80 614.4 0.040 1.14 
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The absorption band position of PM650 hardly changes with the solvent whereas the fluores-
cence band shifts bathochromically in polar/protic solvents, leading to a moderate increase of 
the Stokes shift. This evolution is opposite to the typical hypsochromic shift observed for 
alkyl−BODIPYs in polar media (Table 2). The corresponding multilinear analysis of the fluo-
rescence wavenumber and Stokes shift with different solvent parameters provide good linear 
relationship (correlation coefficient, r > 0.95), as can be observed in Figure (11). The adjusted 
coefficients suggest that the evolution of these spectroscopic parameters with the solvent char-
acteristics are mainly due to the solvent polarity (relatively-high cπ* values, inset Figure 11), 
being minor the effect of the solvent acidity (moderate cα values) and practically negligible the 
solvent basicity (low or null cβ values). Therefore, an increase of the solvent polarity and acid-
ity leads to a diminution and augmentation of the fluorescence wavenumber and Stokes shift, 
respectively. Indeed, quantum mechanics results indicate that the dipole moment of the PM650 
slightly increases upon excitation, the opposite evolution to that obtained for alkyl−BODIPY 
dyes above discussed [138]. 

 
 

Figure (11) : Multiple linear regression of the fluorescence wavenumber and Stokes shift  
of PM650 in a wide variety of solvents using the Taft solvent scales  

(from apolar 1 to polar/protic 20, see Table 3) [138].   
 
Moreover, the φ and τ values of PM650 drastically decrease in polar/protic solvents due to both 
a diminution in kfl value and, mainly, to an important increase in knr. These behaviours contrast 
with those reported for alkyl−BODIPY dyes (see Section 2.2) [27, 32]. The slight decrease of 
the kfl values in polar solvents can be assigned to the electron removing effect of the cyano 
group, which is favoured in polar solvents. On the other hand, the solvent effect on the knr of 
PM650 is analyzed by a multilinear relationship in Figure (12). The knr value (knr values in Fig-
ure 12 are represented in the natural logarithm scale) strongly increases with the solvent polar-
ity/polarizability (cπ∗ = 4.1, much higher than cα and cβ). Quantum mechanical calculation re-
veals a planar π−system in the excited state, preventing any internal conversion mechanism 
related to the flexibility of the BODIPY chromophore. Consequently, an extra radiationless 
deactivation via the formation of a non−fluorescent intramolecular charge transfer (ICT) state, 
obtained after the transfer of an electron from the excited state of the BODIPY core to the 
cyano group, has been proposed [139]. The mechanism for the formation of this ICT excited 
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state is illustrated in Scheme (5). The imminent effect in the formation of this photoinduced 
ICT state is a fluorescence quenching process for the emission from the locally excited state of 
the BODIPY chromophore. This ICT state would be characterized by a high dipole moment, 
and hence would be stabilized in polar media, quenching the LE emission more efficiently in 
such solvents. 

 
Figure (12) : Correlation between the experimental and predicted (by means of the Taft solvent 

scales) values of non−radiative rate constant knr of PM650 in many solvents (from apolar 1  
to polar/protic 20, see Table 3) [138]. Data are expressed in natural logarithm scale. 

 

 
 

Scheme (5) : Energy diagram for the deactivation processes from the S1 excited state of 
PM650: LE (Localize Excited), FC (Franck−Condon) and ICT (Intramolecular Charge Trans-
fer) states. Continuous and dotted lines represent radiative and non−radiative processes, respec-
tively [138]. 
 
The strong dependence of the fluorescence properties of PM650 with the solvent polarity sug-
gests the possibility of use this BODIPY dye as a fluorescent molecular probe in the characteri-
zation of the polarity of the surrounding environment [138].   
 
On the other hand, it has experimentally observed that the colour of PM650 in certain solvents 
can change after sample preparation [140]. Thus, in some N,N’−dialkyl amides (i. e. 
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N,N’−dimethyl formamide, DMF), the colour of the PM650 solution changes from violet, the 
normal tonality of PM650 dye, to green just during sample preparation. These solvents are 
characterized by their high polar and basic characters [91] (for instance, π* = 0.88 and β = 0.69 
for DMF). In other N−alkyl or non−alkyl amides (N−methylformamide, MF and formamide, 
F), the change of the colour takes place in a few days after sample preparation. With respect to 
DMF, these last solvents are more acid (i.e. α = 0.71 for F vs α = 0 for DMF) [91]. In other 
non−amide solvents with high electron donor ability (such as 2−pentanona and diethyl ether), 
the samples became nearly transparent after several days. In apolar (c−hexane), low−basic (di-
oxane) and polar/protic (methanol) solvents, the colour of PM650 remains unaltered for several 
weeks. Such effects have never been reported before in any BODIPY dye and are related with 
the presence of the cyano group [140].  
 
Figure (13) compares the absorption and fluorescence spectra of freshly prepared PM650 solu-
tions in DMF and in acetone, two solvents with similar polarity and basicity but different acid-
ity. The absorption and fluorescence bands of PM650 in DMF are drastically shifted to higher 
energies (100 nm in absorption and 70 nm in fluorescence) with respect to those in acetone, 
leading to an important Stokes shift (up to 2000 cm−1). Surprisingly, while the absorption prob-
ability of PM650 decreases in DMF, the fluorescence capacity significantly increases (φ = 0.40 
and τ = 5.15 ns) with respect to that in acetone (φ = 0.11 and τ = 1.81 ns). These results suggest 
that the ICT excited state of PM650 in polar solvents is not longer formed in this amide solvent. 
Moreover, the hypsochromic absorption and fluorescence bands of PM650 in amide media tend 
to disappear after ageing the samples during several weeks [140].  
 

 
 

Figure (13) :  A) Absorption and fluorescence (scales by their φ value) and 
B) fluorescence decay curves of PM650 in acetone (a) and DMF (b) [140]. 

 
To get a deeper understanding of the change in the color and posterior degradation of PM650 
dye in amides, the photophysical properties of the dye were registered at several ageing times 
in DMF/dioxane mixtures. Dioxane was chosen as an “inert” solvent, since the photophysical 
properties of this dye do not depend on the ageing. For a low DMF content mixture (16 %), the 
absorption spectrum for not ageing sample (t = 0), measurements just after sample preparation, 
present the typical absorption band of PM650, centered at around 590 nm (Figure 14(left)). The 
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ageing of this sample induces the presence of a new absorption band at lower energies of the 
main absorption band. The absorbance of the 590 nm absorption band decreases and those at 
460 and 490 nm slightly increases with the ageing time. 
  

 
 

Figure (14) :Evolution of the absorption spectra with the ageing time, from 0 (a) to 8 hours (k), 
of PM650 in DMF/dioxane mixtures (left 16 % and rigth 48 % in DMF) [140]. Inset shows  

evolution of the absorbance at specific absorption wavelengths with the ageing time.  
 

On the other hand, for a moderate DMF content DMF/dioxane mixture of 48% and freshly 
prepared sample, the intensity of the typical green/red absorption band of PM650 at 590 nm is 
drastically reduced whereas those blue bands at 460 and 490 nm become important (Figure 
14(right)). The red/green absorption band diminishes with the ageing time, and becomes practi-
cally undetected after 8 hour of the sample preparation. The blue absorption bands firstly in-
creases their intensities with the ageing time up to maximum value at around 90 minutes after 
the sample preparation from which their intensities decrease with the ageing.  
 
The loss in the typical green/red absorption band of PM650 (λab ≈ 590 nm) with the aging and 
the DMF content is an irreversible process and could be ascribed to a chemical reaction be-
tween PM650 (via the cyano group) and DMF molecules [140]. HPLC analysis indicates the 
appearance of several products of PM650 in pure DMF. The main one should be the responsi-
ble for the new blue absorption bands at 460 and 490 nm. 1H−NMR data of this compound 
seem to indicate the replacement of the methyl groups at 2− and 6−positions by H−atoms, with 
a non−hydrogen substituent at the 8−position. Therefore the cyano group is not exchanged by a 
proton but probably it is reconverted into a carboxylic group (likely by an oxidation process). A 
second minority compound could be related with the loss of the CN group from the aromatic 
π−system of the PM650 core. Quantum mechanics calculations at the TD−B3LYP level con-
firm that both chemical structures would lead to a hypsochromic shift of the S0−S1 transition 
[140]. 
 
The kinetics of the chemical reaction between PM650 and DMF are analyzed from the 
time−evolution of the disappearance and appearance of the green/red (λab ≈ 590 nm) and the 
blue (λab ≈ 480 nm) absorption bands, respectively, observed for PM650 in DMF/dioxane mix-
tures. The corresponding evolutions of the absorbance of these bands with the ageing time are 
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inset in Figure (14). For a 16 % DMF content, the disappearance of PM650 follows a 
pseudo−second order kinetic with respect to PM650 (1/A590 vs t, r = 0.9998, inset Figure 
14(left)). For higher DMF content (i.e. 48%), the kinetic order for the loss of the 590 nm ab-
sorption band is not so clear. For such a mixture, the time evolution of the absorbance at 480 
mm (inset Figure 14(right)) confirms the presence of two consecutive mechanisms for the 
PM650 degradation in electron donor solvents: a first process involved with the formation of a 
PM650−DMF complex (probably due to solute−solvent interaction through the cyano group); 
and a second slower process related with the owing bleaching of the dye. This degradation phe-
nomenon is not an oxidation process, since it was observed to take also place in an inert atmos-
phere of N2 [140]. 
 
The formation of the PM650−DMF complex is characterized by an activation energy, which 
can be evaluated from the evolution of the interchange of the 590 and 460 nm absorption bands 
with the temperature. An energy barrier of ~ 3 kcal mol−1 was reported for the present system 
[140]. 
 
5.   Proton Sensor BODIPY Dyes :  
5.1 Charge Transfer Complex : Amino BODIPY Derivative : 
 
As has been discussed above, the incorporation of an electron withdrawing cyano group at 
meso position of the chromophore leads to the important changes in the photophysical proper-
ties of the BODIPY chromophore, which becomes highly sensitive to the environmental prop-
erties. In view of such trends, the photophysical properties of a BODIPY derivative bearing an 
electron donor amino group directly linked to the 3 position of the BODIPY core, the so−called 
Am−BDP (scheme inset Figure 15), were also evaluated [116, 117]. The absorption and fluo-
rescence bands of this derivative in three representative solvents are shown in Figure (15) and 
its photophysical properties are summarized in Table (4).  
 

 
 

Figure (15) :  Absorption and fluorescence spectra of 3−amino BODIPY (Am−BDP) in  
diluted solutions of c−hexane (a), ethyl acetate (b) and trifluoroethanol (c) [116, 117]. 
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The photophysical parameters of Am−BDP in apolar solvents are similar to those of al-
kyl−BODIPYs, although the fluorescence quantum yield is nearly insensitive to the solvent 
characteristics. However, the shape of the absorption band of Am−BDP changes in polar/protic 
media (Figure 15), from a vibrational structured absorption band obtained in apolar environ-
ments to a broader and less intense and hypsochromically shifted absorption band in polar me-
dia. The total absorbance (area under the absorption band) is, however, nearly solvent inde-
pendent (f value in Table 4). On the other hand, the fluorescence band remains that of other 
BODIPY dyes, in spite of changing the characteristics of the media (Figure 15), but with a lar-
ger Stokes shift (1150 cm−1) in polar/protic solvents owing to the hypsochromic shift of the 
absorption bands. 
 

Table (4) :Photophysical properties of 3−amino-BODIPY (2×10−6 M)  
in six representative solvents [116, 117] 

 

 
Taking into account the electron donor character of the amino substituent, one could expect the 
formation of an intramolecular charge transfer (ICT) complex between the BODIPY unit and 
the amino group. This charge transfer complex should be stabilized in polar environments and 
would already exist in the ground state, because the spectral changes are observed in the ab-
sorption band. The ICT complex should be non fluorescent, since the shape of the fluorescence 
band is solvent independent (Figure 15). 
 
Because the electron donor capacity of the amino group would be strongly affected by the pro-
tonation of its electron lone−pair, the photophysics of Am−BDP derivative is pH dependent 
[117]. Figure 16 shows the evolution of the absorption and fluorescence spectra as a function of 
the H+ and OH− concentrations in ethanol. The absorption intensity progressively decreases 
from basic media to moderately acidifying the solvent, without any appreciable change in the 
shape of the absorption band (from curve a to curve e in Figure 16). But in solutions with [H+] 
in the range 3×10−8−4×10−4 M (from curves f to g, Figure 16), the absorbance at the vibronic 
shoulder increases in detriment of the main absorption band, and at [H+] > 2×10−3 M a new 
hypsochromic band appears at λab ≈ 460 nm (from curves h to l in Figure 16). These changes 
correlate with the modifications observed in the shape of the absorption band of Am−BDP in 
trifluoroethanol (Figure 15), a high−acid solvent. The excitation at this new absorption band 

Solvent λab 
(nm) 

εmax (f) 
(104 M−1 cm−1) 

λfl  
(nm) 

φ τ 
(ns) 

c−hexane 525.6 5.6 (0.37) 532.4 0.64 4.06 

ethyl acetate 506.4 3.0 (0.36) 529.2 0.62 3.89 

acetone 502.4 3.0 (0.38) 529.8 0.62 4.01 

methanol 498.8 2.7 (0.39) 529.0 0.64 4.21 

ethanol 503.2 2.8 (0.37) 529.4 0.65 4.17 

F3−ethanol ~ 485 2.2 (0.36) 531.9 0.69 5.20 
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induces a drastically decrease in the fluorescence intensity (φ  < 0.1) and the emission band 
becomes broader, (Figure 16). The fluorescence decay curves cannot be further analyzed as 
monoexponentials but rather as multiexponential. 
 

 
 

Figure (16) :  Absorption (A) and fluorescence (B) spectra of 3−amino BODIPY in acid and basic 
ethanolic solutions [117] (from [OH-] = 3×10-3 M (a) to [H+] = 3×10-6 M (e), from [H+] = 4×10-5 

M (f) to [H+] = 4×10-4 M (g) and from [H+] = 2×10-3 M (h) to [H+]= 8×10-2 M (l)). 
 

 
 

Figure (17) :  Conformational potential energy curve of BODIPY core calculated by  
the B3LYP method. Inset, scheme of the loss of BF2 group in acid media [117]. 

 
This effect of the solvent acidity on the photophysics of amino−BODIPY is not a general re-
versible acid−base equilibrium, since a cyclic external modification in the pH does not corre-
spond with the expected evolution in the absorption and fluorescence spectra. Moreover, the 
appearance of the hypsochromic absorption band in acid solutions, immediately after sample 
preparation, is also observed in aged solutions with moderate [H+] concentrations. These results 
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suggest the formation of a degradation product of the amino−BODIPY in acid media. HPLC 
measurements indicate that in such conditions, the dye loss the BF2 unit, as it is shown in the 
scheme inset of Figure (17). This process should take place via the protonation of the NH2 
group [117]. 
 
The break of the BF2 bridge disrupts the chromophoric π−system, leading to a decrease of the 
aromaticity of the system and to a new hypsochromic absorption band. Now, the two pyrrole 
units could rotate in the excited state around the methylene linking group, decreasing drasti-
cally the fluorescent ability of the dye. Moreover, proton transference between both N atoms of 
the pyrrole units in the excited state cannot be discarded, giving rise to an extra non−radiative 
loss of the excitation energy. In addition, the NH2 substituent could also acts as a proton donor 
group, increasing in this way the intramolecular proton transfer probability. All these phenom-
ena can explain the poor fluorescent ability of amino−BODIPY in acid media. 
 
The conformational flexibility of the compound resulting of the loss of the BF2 unit is theoreti-
cally confirmed by means of the potential energy curve (Figure 17) around the connecting sin-
gle bond between both pyrroles. The most stable conformation has the two pirrole units copla-
nar (Z−syn form, dihedral angle 0º), likely stabilized by an NH...N intramolecular H−bond. The 
Z−anti conformation (dihedral angle 180º), where this bond cannot be formed, must be a less 
stable state (Figure 17). The energy barrier for the change Z−syn→Z−anti transition is 22.7 kcal 
mol−1. This relatively high−energy barrier should be a consequence of the single/double bond 
character of the methene bridge group linking the two pyrrole moieties, owing to the two ex-
treme tautomeric structures of this system (Figure 17) [141, 142]. These results suggest the 
important role of the BF2 bridge to achieve a rigid structure and, hence, highly fluorescent abil-
ity for BODIPY dyes. 
 
5.2 Photoinduced Electron Transfer Processes in BODIPYs :  
 
The bichromophoric dye P2ArOH, which structure is depicted inset Figure (18), consists in the 
PM567 dye bearing at its meso position the p−phenylphenol chromophore.  

 

 
 

Figure (18) :  Fluorescence spectra evolution of P2ArOH with the solvent  
basicity in ethanol [120] (from pH = 0 (a) to pH = 13.1 (r)).   
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Its photophysical properties under visible excitation are very similar to those of its partner 
P2ArAc (Scheme 3), and also shows the above discussed intra−EET process under UV excita-
tion to reach the Vis emission (Section 3) [120]. However, both dyes differ in their photophysi-
cal behaviour in acid/basic media, because the properties of P2ArOH strongly depend on the 
ionization of its phenol group.  
 
The absorption spectrum of P2ArOH in ethanol remains nearly independent of the pH of the 
media in the 0−13 pH range. However, the Vis fluorescence band drastically decreases in basic 
media, as is shown in Figure 18. The fluorescence quantum yield slight decreases from φ = 0.60 
in very acid media ([H+] = 1 M) to 0.56 at moderate basic media (pH = 9.2). Further pH in-
crease implies a strong decrease in the fluorescence quantum yield,  reaching a φ value < 0.07 
at pH = 13.1 (Figure 18A). The proton association constant (Ka) obtained from the evolution of 
the fluorescence intensity with the pH is 1.6×10−11 (Figure 18B). This value is quite similar to 
that reported for p−phenylphenol (Ka = 1.4×10−11 in water/ethanol mixture) [143].  
 
The decay curves of P2ArOH are well analyzed as monoexponentials with τ = 5.05 ns in the 
pH range 0−10.8. In more basic environments the fluorescent decay becomes biexponential, 
with a major component (98 %) with a lifetime of 4.8 ns, and a minor one (2 %) with a shorter 
lifetime (0.7 ns). Moreover, the fluorescence quenching in basic media is reversible, since the 
bright emission of the BODIPY group is recovered after sample acidification. These results 
suggest that P2ArOH can be applied as a reversible fluorescent sensor for acid/base media. 
 

 
 

Scheme (6) : Calculated energy (in eV) of the frontier orbitals of PM567 and 4−phenylphenol  
in its neutral (acid pHs) and ionized (basic) forms in ethanol [120].  

 
The experimental results can be interpreted on the basis of quantum mechanical calculations. 
The theoretical energy levels for the frontier HOMO and LUMO orbitals of PM567 and 
p−phenylphenol in ethanol, in its neutral and ionized forms, are illustrated in Scheme (6). In 
acid media (neutral form), the HOMO and LUMO orbitals of p−phenylphenol are placed at 
lower and higher energies, respectively, with respect to the corresponding HOMO and LUMO 
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states of the BODIPY chromophore (Scheme 6, left). However, in highly basic media the OH 
group is ionized and the energy of the frontier orbitals of the resulting p−phenylphenolate in-
creases in such a way that its HOMO orbital is placed between the HOMO and LUMO levels of 
the BODIPY chromophore (Scheme 6, right). Consequently, when the BODIPY core is excited, 
an electron from the HOMO state of the ionized phenol can be spontaneously transferred (at 
least, the process is thermodynamically favored) to the HOMO state of the BODIPY, filling the 
semivacant HOMO orbital and avoiding the radiative transition of the excited electron back to 
the ground state [120]. Therefore, the loss in the fluorescent ability of P2ArOH in basic media 
could be assigned to a photoinduced electron transfer (PET) process [3 − 5] from the HOMO 
state of the ionized phenol group to the semivacant HOMO state of excited BODIPY core. 
 
Consequently, P2ArOH can be considered as a versatile fluorescent dye. It shows a large 
Stokes shift under UV excitation at the phenylphenol group, giving rise to the BODIPY bright 
fluorescent emission via an efficient intra−EET process. Besides, this dye can also be used as a 
switch on/off proton sensor due to the reversible dependence of its fluorescence emission with 
the acidity/basicity of the medium by means of the deactivation/activation of a fluorescence 
quenching PET process.  
 
6. Conclusions :  
 
BODIPY dyes are characterized by a versatile organic chromophoric system. Their spectro-
scopic and photophysical properties have their important applications in photonic, as the active 
media in syntonizable dye lasers. Probably BODIPY dyes are becoming the most used laser 
dyes in the green/red Vis spectral region [144]. The incorporation of adequate substitution pat-
terns allows the covalent linkage of the BODIPY chromophoric system to polymeric chain, an 
adequate strategy to develop tunable dye lasers in the solid state. Indeed, solid polymeric host 
materials not only ameliorate the photophysical properties of the BODIPY dye but also consid-
erably enhance the photo and thermal stability of BODIPYs, increasing the operative lifetime 
of the photoactive system. 
 
The design of new molecular structures based on the BODIPY chromophore with specific pho-
tophysical properties is essential for the application of these dyes in other fields such as fluo-
rescent probes, antenna systems, etc. The presence of functional groups in the molecular struc-
ture of the BODIPY allows the modulation of the emission region of BODIPYs. An extension 
of the π−system through styryl groups at the 3− and/or 5−position or the presence of electron 
acceptor (cyano) or donor (acetamido) groups at the meso 8−position or 3−position, respec-
tively, shifts the emission signal to the red, a very interesting spectral region from a technologi-
cal point of view. Besides, the presence of such electron donor/acceptor groups gives rise to 
new photophysical phenomena sensitive to the solvent properties. Thus, these BODIPYs can be 
used as fluorescent probes to monitoring the characteristics of the surrounding environments of 
the dye. In this sense, the presence of a cyano group at the 8−position induces the formation of 
a non−fluorescence intramolecular charge transfer state, which quenches the fluorescence emis-
sion in polar solvents. Besides, this group chemically reacts with electron donor solvents ap-
pearing new hypsochromic absorption bands. Thus, PM650 dye can act as a sensor of polarity 
and electron donor capacity of the environment in the red part of the visible region. On the 
other hand, the incorporation of an amino substituent at the central meso position of the 
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BODIPY core leads to a chemical reaction in protic media providing a non−fluorescence de-
rivative. Consequently, this dye can be used to monitor the environmental acidity. Moreover, 
the presence of a phenol group at the 8−position induces the appearance of a reversible quench-
ing process via a photoinduced electron transfer mechanism. This dye can be used as a fluores-
cent proton sensor following the switch on/off of the fluorescent signal. 
 
In multichromophoric poly−p−phenylene−BODIPY systems, the bright visible emission of the 
BODIPY core can be observed by direct excitation of the poly−p−phenylene unit at the UV 
region via an intramolecular energy transfer process of the excitation energy from the 
poly−p−phenylene unit to the BODIPY moiety. A very high “pseudo” Stokes shift is obtained, 
which facilities the recorded fluorescence signal in the Vis region without any interference of 
the scattering of the excitation/pumping light in the UV. 
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