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The present work deals with the synthesis and photophysical, quantum mechanical, and lasing
characterization of novel BODIPYs bearing amino and nitro groups at different positions in the core.
The results emphasize the relevant role on the photophysical and lasing properties, not only of the

attached functionality but also of the position in which is grafted, as well as the molecular structure of the

indacene core. A wide part of the visible spectrum can be covered by the insertion of an amino group at
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position 3 (red shift) or 8 (blue shift). Furthermore, the electron withdrawing character of the nitro

substituent induces intramolecular charge transfer processes, the efficiency of which depends on the
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Introduction

The family of difluoroboradiazaindacenes, known by the trade
name BODIPY, is currently considered as comprising some of
the most useful and versatile fluorophores. The numerous
applications of these compounds (biotechnology, electronics,
etc.) require the design of new fluorophores with properties
such as high stability, high fluorescence quantum yields, large
Stokes shifts, and suitable absorption profiles, as well as
incorporating substituents that optimize the function of these
compounds in the different applications." The incorporation
of appropriate functional groups onto the chromophore could
lead to new photophysical processes or large spectral shifts.
Thus, the type of substituents and the position in which they
are attached to the chromophore allow obtainment of, for
example, a highly fluorescence dye in the red part of the visible
spectrum or a system in which fluorescence properties are
sensitive to a certain property of the surrounding environ-
ment. Therefore, one should choose carefully the kind of
substituents and the position in which they will be incorpo-
rated to BODIPY, depending on the desired application."
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position of the nitro group on the BODIPY core. All these experimental findings can be rationalized with
the help of quantum mechanical calculations.

Post-modification of the BODIPY core is a convenient
method for the facile functionalization of these dyes. The
extensive literature available on BODIPY dyes shows that
substitution at all positions has been investigated.'™ Several
synthetic strategies have been used for this purpose, such as
Knoevenagel-type condensation’® 82 and oxidative formyla-
tion of methyl-substituted BODIPYs,” nucleophilic substitu-
tions’*“®* and palladium coupling reactions'® on
halogenated BODIPYs, direct hydrogen substitution,® the
Liebeskind-Srégl reaction” and electrophilic substitution
reactions.®® Furthermore, the replacement of fluoride atoms
by carbon and oxygen nucleophiles or by other halogen atoms
has been shown to be an important advance for the
introduction of functionality,® %2585

Functionalization at the 2,6-positions from 1,3,5,7-tetra-
methyl substituted BODIPYs can be achieved by electrophilic
substitution reactions."®® Thus, halogenation at these posi-
tions has been extensively studied.”**”¥ However, the nitration
of BODIPYs has not attracted so much research interest as
demonstrated by the few related publications in the literature.
As we know, there is an example of nitration in the 2,6-
positions of the commercial BODIPY core named PM546 (A),"
and there are several Japanese patents with two dinitro
derivatives (B'" and C'?), but neither their syntheses nor their
spectroscopic data have been described (Fig. 1). Moreover,
electrophilic substitution reactions in pyrrole-unsubstituted
BODIPYs have attracted relatively little research interest until
very recently*”*¢7 and, specifically, there is no study on the
nitration reaction in this type of compound. In contrast, there
are numerous examples of BODIPYs with nitro groups but not
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Fig. 1 Chemical structures for 2,6-dinitro-1,3,5,7-substituted BODIPYs (A, B and
C), and 8-dinitroaryl BODIPY (D).

directly attached to the BODIPY core (D),"*'* and most of
them are used as precursors of amino groups (Fig. 1).

In this work we report the synthesis of new nitro derivatives
of two different BODIPY scaffolds, by electrophilic substitution
and subsequent reduction to the corresponding amino
derivatives (Fig. 2). This library of new dyes allows us to
analyze in detail the dependence of their optical properties on
the nature and position of the substituents linked to a
symmetric and asymmetric BODIPY core.
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Fig. 2 Starting BODIPYs (1, 2) and core-nitro and amino BODIPY dyes (3-9)
studied in this work.

1548 | RSC Adv., 2013, 3, 1547-1556

View Article Online

Furthermore, the present work provides new insight into
the effect of the molecular structure on the photophysical
properties of the resulting chromophore. The nitration of
BODIPYs induces new photophysical processes such as charge
transfer phenomena, the influence on the optical properties of
which is strongly dependent on the type of substituent, as well
as the position where it is anchored to the chromophore.
Therefore, the correct selection of functional groups and the
most convenient position to graft them to the core allows the
design of tailor-made BODIPY for the desired application,
ranging from BODIPY covering a wide part of the visible part
of the spectrum (amino substitution) to fluorophores sensitive
to the environmental properties (nitro substitution). Moreover,
these derivatives should be excellent scaffolds to further
functionalization, leading to a wide battery of available
structures based on BODIPY.

Results and discussion

Synthesis

Nitration of the BODIPY core has been carried out by
electrophilic substitution reaction. Thus, the reaction of
BODIPY dye 1'* with 2 equiv. HNO; in Ac,O at 0 °C gave a
mixture of 6-nitro derivative 3 (11%) and 5-nitro derivative 4
(37%), which were separated via flash chromatography on
silica. A similar result was obtained from pyrrole-unsubsti-
tuted BODIPY 2" with 4 equiv. HNOj; in Ac,O, yielding 2-nitro
derivative 5 (6%) and 3-nitro derivative 6 (36%). No other nitro
BODIPY was formed under these reaction conditions.
Increasing the amount of HNO; gave a complex mixture of
nitro products.

Due to the low yields obtained from B-nitro derivatives 3 and
5, we carried out the independent synthesis of these
compounds from nitro pyrrole precursors (Scheme 1). Thus,
the reaction of 2-acetyl-4-nitro-1H-pyrrole (10)'°® and 3-ethyl-
2,4-dimethyl-1H-pyrrole with phosphorus oxychloride in
CHCI;, followed by treatment with BF;-OEt, in the presence
of triethylamine, gave a moderate yield of BODIPY 3. For the
preparation of BODIPY 5, we carried out the nitration of
(1H-pyrrol-2-yl) (4-tolyl) methanone (11),"” yielding a mixture
of (5-nitro-1H-pyrrol-2-yl) (4-tolyl) methanone (12) and (4-nitro-
1H-pyrrol-2-yl) (4-tolyl) methanone (13), which were separated
via flash chromatography on silica. The condensation of
compound 13 and pyrrole with phosphorus oxychloride,
followed by treatment with BF;-OEt, in the presence of
triethylamine allowed us to isolate BODIPY 5, but, as in the
direct nitration of BODIPY 2, with a very low yield (Scheme 1).
In addition, this compound was very unstable and its
photophysical study was not possible. The amino BODIPYs 7
and 8 were readily obtained by reduction of the nitro to the
amino group in the presence of molecular hydrogen and a
solid catalyst with a quantitative good yield. However, BODIPY
9 could not be isolated because it decomposes quickly.

Photophysical properties

The photophysical properties of the parent compound 1 have
been previously analyzed as a function of the solvent nature.™

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Independent synthesis of BODIPYs 3 and 5.

Its photophysics were conditioned by the asymmetric sub-
stitution pattern, which reduces the absorption probability,
while its fluorescence efficiency remained high, close to 100%
in apolar solvents (Table 1). In addition, the asymmetric
charge distribution in the pyrroles, induced by the substitu-
tion pattern, increased the non-radiative deactivation pathway
and led to a moderate fluorescence quenching in polar media
(around 25%), not reflected in the fluorescence lifetime. This
behavior was a consequence of a concomitant decline in the
radiative rate constant (parallel to the decrease in the molar
absorption) and an enhancement of the non-radiative deacti-
vation rate constants with the solvent polarity, which further
favored the charge separation between the pyrrols.

Amino substitution. With respect to the parent dye 1, the
presence of an amino group at position 5 (compound 7) red-
shifts the spectral bands (around 20 nm), owing to the electron
donor ability of the amine, which enhances the delocalized
electronic density in the chromophoric core (Table 1 and
Fig. 3, left). Similar red shifts have been reported for BODIPYs
bearing amino groups at positions 3 and 5.'® The 5-amino
substituent increases the asymmetry in the charge distribution
with the consequent decrease in the absorption probability of
the new derivative 7. Alternatively the fluorescence quantum
yield remains high in apolar media, whereas it significantly
decreases in polar media, following the same dependence on
the solvent polarity to that previously observed for the

Table 1 Photophysical properties of compound 1 and its 5-amino derivative (7)
in apolar (cyclohexane) and polar media (methanol). The full photophysical data
in other solvents are collected in Table S1 (ESIT)

Jab (nm) Emax (M_l Cm_l) i (nm) ® T (ns)
1
c-Hexane 504.0 33000 515.0 0.96 5.46
Methanol  495.5 25000 512.5 0.76  5.78
7
c-Hexane 522.0 19000 538.0 097 4.44
Methanol  510.0 9000 534.0 0.74 4.54

This journal is © The Royal Society of Chemistry 2013
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reference dye 1 (Table 1). In fact, the electron releasing
capacity of the amino at position 5 is not strong enough to
induce a charge transfer state, which usually drastically
quenches the fluorescence emission of BODIPYs. Theoretical
simulations do not suggest an electronic density shift from the
amino to the BODIPY core upon excitation, and the frontier
orbital contour maps keep the normal features of the
fluorophore, but extended to the amino group.

The inclusion of the same group at position 6 (compound 9)
gave rise to a very unstable product, with fast degradation,
losing the spectral bands typical of BODIPY. The electronic
coupling of the amino at such a position could give rise to the
formation of an emanine-imine tautomeric equilibrium
(Scheme S1, ESIf) destroying the delocalized m-system of the
chromophore. Therefore, entirely different results were
obtained by changing the position in which the amino group
was attached. Such a key role of the substitution position on
the optical properties is reinforced by previous results reported
by a BODIPY bearing just an amino group in the meso
position.”'® While the presence of this group in position 5 led
to a slight bathochromic shift of the spectral bands, the
substitution at position 8 induced a large blue shift (Fig. 3,
right).

The reason for such opposite behavior can be understood
through the theoretical simulation of the electronic distribu-
tion in the frontier orbitals involved in the corresponding
spectral transition. With independence of the substitution, the
electronic density at position 5 of the BODIPY core is nearly
similar in the HOMO and LUMO states (Fig. 3). Thus, the
5-amino substituent only increased the delocalization of the
n-system, red-shifting the spectral bands. However, the
electronic density at position 8 of the BODIPY core increases
significantly upon excitation from the HOMO to the LUMO
state, highlighting the meso position as being very sensitive to
substituent effects. Then, the electron donor amine linked at
the 8-position raised up the energy of the LUMO state, leaving
the HOMO state unaltered,"® and, consequently, leading to an
increase of the energy gap, which is reflected in the blue-shift
of the spectral bands.

Nitro substitution. Following an opposite behavior to that
previously described for amino substitution, the presence of a
nitro group at position 5 (compound 4) as well as at 6
(compound 3) gave rise to a hypsochromic shift of the
absorption band due to its electron withdrawing character
(Fig. 4), which removes part of the electronic density
delocalized through the BODIPY core. Nonetheless, the most
striking feature induced by nitro substitution is a drastic
change in the shape of both the absorption and fluorescence
spectra. Indeed, the absorption bands seem to be split into two
transitions, behavior that becomes clearer in fluorescence,
where very broad emission bands were registered.

Taking into account the strong electron-withdrawing char-
acter of the substituent, one could wonder that this photo-
physical behavior is related to the presence of an
intramolecular charge transfer (ICT) state, active even in the
ground state. However, the influence of the ICT on the spectral
bands is not well defined, since absorption transitions
attributed to ICT have been reported as red-shifted and as
blue-shifted, with respect to the locally excited (LE) state.>’
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Fig. 3 (Left) Absorption and fluorescence spectra of the alkylated BODIPY 1 (a) and its 5-amino substituted derivative 7 (b). (Right) For comparison purposes, the

corresponding spectral bands of the fully unsubstituted BODIPY dye (named as BDP) and its 8-amino derivative ((c) and (d), respectively)

7¢19 are included. For the sake

of clear understanding of the opposite spectral shifts induced by the amino group depending on the grafting position, the HOMO and LUMO contour maps of the

BODIPY core are also included.

More clearly perceptible is the dependence of the ICT states on
the solvent nature, since they are stabilized in polar media due
to their high dipole moment. Thus, their spectral bands are
very sensitive to the solvent polarity and usually show large
Stokes shifts in polar solvents.

However, the spectra of these nitro derivatives are char-
acterized by small Stokes shifts and low solvatochromism.
Indeed, the presence of such a possible second band becomes
less evident in polar media, whereas the spectral transitions
involving ICT states usually appear clearer, as the polarity of
the solvent increases. Moreover, the fluorescence spectra and
fluorescence decay curves of these nitro-substituted BODIPYs
do not change with the excitation wavelength (or emission
wavelength in the later case), and also their excitation spectra
perfectly match the absorption ones, regardless of the
emission wavelength. All this evidence allows rejection of the
hypothesis of the presence of an ICT state as the origin of the
apparent spectral splitting, which could be more related to the

fluorescence intensity

o

molar absorption (10*M" cm™)

400 450 500 550 600
wavelength (nm)

Fig. 4 Absorption and fluorescence spectra of compound 1 (a) and its nitro
derivatives 3 (b) and 4 (c).

1550 | RSC Adv., 2013, 3, 1547-1556

change in the vibrational structure of the bands induced by
the nitro group, because of the following features: (a) the
vibrational resolution appears clearer in apolar media; (b)
there is only one emitting entity, since the spectral bands and
the decay curves are independent of the excitation and
emission wavelengths; (c) the solvatochromism of the spectra
is quite low (see Fig. S1 in the ESIf), and (d) theoretical
simulation of the absorption spectrum only predicts one
transition in the visible region.

Regarding the fluorescence properties, the presence of the
nitro group reduced the fluorescence efficiency and the
lifetime of the BODIPY, as shown in Table 2 and Fig. 5. Such
a decrease was more evident in polar media, where the
fluorescence decay is faster. This trend is more dramatic in
compound 4, because in the most polar media the fluores-
cence ability becomes negligible and the corresponding decay
curve has to be deconvoluted as biexponential, with a
dominating short lifetime (around 50 ps in methanol). The
marked sensitivity of the fluorescence quantum yield and
decay curve on the solvent polarity can be related to the
presence of an extra non-radiative deactivation pathway in
these media.

Taking into account the strong electron-withdrawing ability
of the nitro group, the reason for the fluorescence quenching
should be an ICT state, built up from the LE state. The
presence of an ICT has been discussed before to explain the
shape of the spectra. Although such a hypothesis was
discarded as an explanation of the spectral splitting, it does
not mean that the ICT is not taking place in the excited state.
From the above discussion, it is clear that the ICT state is not
formed in the ground state. Nonetheless, it can be populated
in the excited state, but with absence of self-emission, which
allows the maintenance of the vibrational resolution of the
absorption spectrum in the fluorescence one. Therefore, the
formation of an ICT state upon excitation in the nitro
derivatives 3 and 4 explains the decrease in fluorescence
ability. Generally, the ICT states are characterized by a poor or
negligible emission, since they are placed at lower energies
than the LE state and non-radiative deactivation is more

This journal is © The Royal Society of Chemistry 2013
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Table 2 Photophysical properties of reference compound 1 and its nitro derivatives (3 and 4) in cyclohexane and methanol. The full photophysical data in several

solvents are listed in Table S2 (ESIt)

Jap (nM) emax M~ ' em™Y) 2 (nm) » 7 (ns) ka (1078571 kor (1078 s7H
c-Hexane
1 504.0 33000 515.0 0.96 5.46 1.75 0.07
3 458.0 24000 509.0 0.53 3.13 1.70 1.49
476.0 24000 530.0
4 474.0 25000 530.5 0.17 1.53 1.11 5.42
556.0
Methanol
1 495.5 25000 512.5 0.76 5.78 1.31 0.41
3 446.5 21000 509.5 0.17 1.54 1.10 5.39
526.5
4 462.5 20000 530.5 0.005 0.05 (91%) — —
1.73 (9%)

feasible. In fact, in some derivatives, the ICT emission is
weakly detected in non-polar media. The ICT stabilization in
polar media implies a loss of its fluorescence emission,
because the consequent red-shift favors the non-radiative
deactivation from the ICT state.”** Moreover, the charge
transfer could be as feasible as a ‘“dark” charge separation
(CS) state could be populated from the ICT state. In this state
the charge transfer is so high that the charges are fixed and the
electronic delocalization is stopped, hence contributing
further to the loss of fluorescence emission.

The fluorescence quenching ability of the ICT state induced
by the nitro group depends on the chromophoric position at
which it is attached. In fact, its inclusion at position 5 led to a
more drastic decrease in the fluorescence efficiency and
lifetime than at position 6. Generally, in BODIPYs the dipole
moment is located along the transversal axis with the positive
charge density placed around the central position 8 and the
negative charge density at the fluorine atoms (Fig. 6). Thus, the
charge separation should be more effective upon incorpora-
tion of an electron acceptor group (nitro) at the bottom part of
the BODIPY (position 5, compound 4) than at the rest of the
positions (i.e., position 6, compound 3). In fact, the presence
of the nitro substituent significantly increases the theoretically
calculated dipole moment of the molecule, from 6.6 D of the
parent compound 1 to 11.6 D for derivative 3 and up to 12.8 D

10000

1000

1004

counts

time (ns)

for compound 4 (Fig. 6). These results indicate that the
quenching effect of the ICT is more important in the derivative
4 where, in polar media, the fluorescence almost disappears
(<0.01). Moreover, in this last derivative the decay curve
becomes biexponential, with a main component characterized
by a very fast lifetime (around 50 ps), which is attributed to the
quenching of the fluorescence LE state by the ICT state, and a
residual contribution of a lifetime around 1.5-2 ns, resem-
bling that of the LE state. In more polar solvents such as 2,2,2-
trifluoroethanol, the fluorescence quantum yield decreases,
making an accurate deconvolution of the corresponding decay
curve impossible.

Consequently, the nitro derivatives described herein work as
polarity sensors due to the ICT state. They do not represent
good laser dyes but, apart from being excellent starting points
for further functionalization, they are very sensitive to the
environmental polarity.

Amino and nitro derivatives of 8-tolyl BODIPY 2. The
photophysics of the reference compound 2 are controlled by
the presence of the phenyl ring in the meso position. The
absence of substituents at adjacent positions enables free
rotation of the aryl group. Such a motion greatly increased the
internal conversion process, owing to vibrational couplings,
causing a drastic decrease of the BODIPY fluorescence ability
(p < 0.05 and © < 400 ps; see Table S3, ESIf). Moreover,

10000 4

1000 5

counts
>
>

11
10 20
time (ns)

1

Fig. 5 (A) Fluorescence decay curve of compound 1 (grey) and its nitro derivatives 3 (b) and 4 (a) in cyclohexane. (B) Decay curves of compound 2 as a function of the

solvent; cyclohexane (a), acetone (b) and Fs-ethanol (c).

This journal is © The Royal Society of Chemistry 2013
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3(u=11,6D)

4(u=12,8D)

Fig. 6 Electrostatic potential mapped onto the electronic density for compound
1 and its nitro derivatives 3 and 4. The corresponding calculated dipole
moments are also included.

interaction between the phenyl and indacene electronic clouds
could not be discarded and could further take part in the non-
radiative deactivation processes.>!

While the presence of an amine at position 5 in asymmetric
compound 1 (dye 7) led to a bathochromic spectral shift and
kept the high fluorescence ability of the BODIPY, the presence
of such a group in the 8-tolyl-BODIPY core (compound 8) gave
completely opposite results: a slight hypsochromic shift and a
lower fluorescence efficiency (p < 0.03 and © < 150 ps; see
Table S3, ESIf). Therefore, in this case, the electron releasing
ability of the amine substituent increases the non-radiative
deactivation processes. This donor resonant effect should
increase the electronic charge at the BODIPY core, and hence,
the deleterious effect in fluorescence of the phenyl free motion
should be more important than in the above amino derivatives
without such an 8-aryl group. The molecular orbitals of
compound 8, depicted in Fig. 7, show that transition from
the HOMO to the LUMO state implies a shift of electronic
density from the amino-BODIPY core to the phenyl ring.
Considering the electron donor character of the amine and the
ability of the phenyl group to behave as donor or acceptor
depending on its substitution, the additional presence of a
quenching ICT state should be operative. Indeed, in the most
acidic media (2,2,2-trifluoroethanol), where the amine can be
protonated and its electron donor ability should be lower, the
highest fluorescence quantum yield is achieved, in concor-
dance with a lower formation probability of the ICT state.

LUMO

HOMO

Fig. 7 HOMO and LUMO contour maps of compound 8.
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The vibrational resolution of the spectral bands upon
nitration of the reference 8-tolyl-BODIPY (compound 6) was
not so marked as previously observed in the nitro derivatives
of compound 1. In this case, the spectral bands are similar to
that shown by BODIPY dyes (see Fig. S2, ESIt), although they
became broader in polar media. Once more, these features
confirm that the nitro group tends to alter the vibrational
resolution of the electronic transitions, and reinforce the
above interpretation of the absence of spectral bands from any
ICT state for derivative 6, as well for 3 and 4.

Surprisingly, whereas the nitration of alkyl BODIPY was very
harmful to the fluorescence efficiency, the nitration of the
8-tolyl-BODIPY at position 5 (compound 6) ameliorates the
fluorescence ability of the chromophore (Fig. 8). The electron
withdrawing character of the nitro group removes electronic
density from the chromophore, including from the central
position. Thus, the effect of the aryl free motion is reduced
and the fluorescence efficiency is somewhat recovered.

The essential role of the electron character of the sub-
stituent in the fluorescence ability of derivatives bearing bulky
groups with free motion should be noted. Taking into account
the fact that the internal conversion processes have been
associated with the structural rigidity/flexibility, the electron
donor moieties (i.e. amine) increase the negative influence of
such rotational freedom on the fluorescence while the electron
acceptor ones (ie. nitro) counteract this non-radiative path-
way. To this aim, the most effective positions to be substituted
are 3 and 5 (beginning and end of the delocalized n-system of
the BODIPY).%"*°

Following a similar behavior to that previous described and
discussed for the nitro derivatives 3 and 4, in the case of
compound 6, the electron withdrawing effect of the nitro
group was so high that, in the more polar environments, the
mentioned ICT state is more stabilized and -effectively
quenches its fluorescence emission (Fig. 8). In fact, the
fluorescence quantum yield of dye 6 in methanol clearly
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Fig. 8 Evolution of the fluorescence quantum yield of reference compound 2
(triangles) and its nitro derivative 6 (circles) in several solvents ordered by their
polarity.
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drops, to values as low as those of the reference compound 2,
and, simultaneously, the lifetime becomes shorter (around 500
ps in methanol, Table S3, ESIf). It should be mentioned that
the decay curve of the nitro-derivative 6 is described as
monoexponential even in polar media, while the nitration of
compound 1 at the same position 5 (compound 4) gave rise to
a biexponential decay in polar solvents. Such behaviour should
be related to the inherent high internal conversion probability
induced by the aryl free motion in the derivatives of compound
2, which reduces the influence of the ICT process in the
fluorescence decay of dye 6.

Lasing properties

The position of the absorption bands of the derivatives with
amino substitution allows for studying their lasing properties
under pumping at 532 nm. Under our experimental conditions
(transversal excitation and strong focusing of the incoming
pump radiation, see experimental section), the concentration
of the dyes in the different solvents for the lasing studies
should be in the millimolar range, so that the incoming pump
radiation penetrates the sample (i.e. is absorbed) to a depth
similar to that of the thickness of the pump stripe at the input
face of the cell onto which the pumping radiation is focused
(about 0.3 mm). This gives rise to an emitted beam with a
near-circular cross-section and optimizes the lasing efficiency
(ratio between the energy of the dye laser output and the pump
energy incident on the sample surface).

Compound 9, where the amino group was at position 6, was
very unstable, as discussed above, when dealing with its
photophysical properties, and its lasing behavior could not be
characterized. Thus, only the lasing properties of compound 7,
with the amino group at position 5, could be studied. Although
the highest fluorescence quantum yield of this compound was
obtained in cyclohexane (Table S1, ESIf), it could not be
dissolved in this apolar solvent at the concentrations required
to obtain laser emission. Thus, the dependence of the laser
emission on the concentration of the solvent was studied in
ethyl acetate, which was the solvent where compound 7
exhibits the next highest quantum yield. It was found (Table 3)
that the optimum concentration was 1.4 x 10> M, rendering
a lasing efficiency of 29%. Lower and higher concentrations
resulted in decreased lasing efficiency. This behavior of the
emission efficiency is typical of lasing dyes. The lasing
efficiency first increases with dye concentration up to a point
from where further increases in concentration result in a
decrease in the lasing efficiency, due to the increase in

Table 3 Maximum wavelength of the laser emission (4;,) and lasing efficiency
(Eff) of compound 7 as a function of the concentration in ethyl acetate and in
different solvents at a given concentration. Pump wavelength was 532 nm

Solvent ¢ (mM) Aa (nm) Eff (%)
Ethyl acetate 0.8 563 24

1.4 564 29

1.9 568 20

2.8 568 14
Methanol 1.4 558 12
Acetone 1.4 573 20
DCM 1.4 576 23

This journal is © The Royal Society of Chemistry 2013

View Article Online

reabsorption/re-emission processes. The growing importance
of reabsorption/re-emission processes with dye concentration
is also reflected in the progressive red-shift of the wavelength
of the laser emission.

In Table 3 are also presented the efficiency and peak
wavelength of the laser emission of compound 7 in polar
aprotic and polar protic solvents at the determined optimum
dye concentration. The lasing efficiencies correlate well with
the dye photophysical properties in diluted solutions (Table
S1, ESIf): the higher the fluorescence quantum yield, the
higher the lasing efficiency, with the lowest efficiency being
obtained in polar protic solvents. In this regard, it should be
indicated than no laser emission was observed when the
solvent was 2,2,2-trifluoroethanol.

Due to the hypsochromic shift of the absorption bands in
the nitro derivatives, their lasing properties were first studied
under pumping at 355 nm, which is the usual pump
wavelength for dyes emitting in the blue spectral region.
Once again, although the highest fluorescence quantum yields
of the nitro derivatives 3 and 4 were obtained in apolar solvent
cyclohexane, these compounds could not be dissolved in this
solvent at the high concentrations needed for laser operation
under the transversal pumping arrangement.

Compound 4 did not exhibit laser action, even under our
drastic pumping conditions, which was to be expected taking
into account the low fluorescence efficiency of this dye in all
solvents (see Table S2, ESIf). Compound 3 did exhibit laser
action, albeit with efficiencies of less than 10% under the 355
nm pumping (Table 4). From Table S2, ESLt and Fig. 3, it is
seen that although the absorption bands of the nitro
derivatives are blue shifted, away from the typical pump
wavelength of 532 nm, the shift is not enough to move the
bands as far away as 355 nm, so that absorption at this
wavelength is rather low. Higher lasing efficiency would be
expected if the nitro derivatives are pumped at or near the
maximum of their absorption bands. Thus, we used a
Coumarin 460-based dye laser, working at 450 nm (see
experimental section), to pump compound 3 at the peak of
its absorption band. As can be seen in Table 4, under these
conditions the lasing efficiency of this compound in ethyl
acetate doubled to 18%. This lasing efficiency is still lower
than those obtained with the amino derivatives (Table 3), as is
to be expected given the lower fluorescence quantum yields of

Table 4 Maximum wavelength of the laser emission (4,) and lasing efficiency
(Eff) of compound 3 as a function of the concentration in ethyl acetate and in
different solvents at a given concentration

Solvent Jpump (M) ¢ (mM) Aa (nm) Eff (%)
Ethyl acetate 355 2.2 534 9

355 4.5 539 7

355 6.7 540 4
Ethyl acetate 450 2.2 537 11

450 4.5 538 18

450 6.7 540 16
Acetone 450 4.5 534 8
Methanol 450 4.5 539 5

¢ Apump: pump wavelength.
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compound 3 with respect to those of compound 7 (Tables S1
and S2, ESIf). When compound 3 is dissolved in acetone or
methanol its lasing efficiency decreases, in good correlation
with the photophysical properties (lower fluorescence quan-
tum yields in these solvents than in ethyl acetate).

The 8-tolyl BODIPYs, derivatives of compound 2 with amino
or nitro groups at position 4 (compounds 8 and 6, respec-
tively), have very low fluorescence quantum yields (Table S3,
ESIf) in all solvents and, correspondingly, their laser emission
was very inefficient. Under 355 nm pumping and at the
optimum concentration of 2 x 10~* M, compound 8 lased at
550 nm with an efficiency of just 1%, whereas compound 6,
which has somewhat higher fluorescence quantum yields,
emitted laser radiation at 563 nm with an efficiency of 4%.

Conclusion

The present work highlights the essential role of the nature
and position of the substituent, as well as the molecular
structure of the indacene core, in the optical properties of
BODIPYs. In this sense, the same functional group may lead to
entirely opposite results, just by varying the position in which
it is incorporated to the chromophore and/or the molecular
structure of the core. The amine group at position 3 led to a
modest red shift, but the same group at position 8 led to a
large hypsochromic shift. On the other hand, the strong
withdrawing character of the nitro group induced intramole-
cular charge transfer processes in the excited state, where the
quenching effect over the fluorescence emission depends
strongly on the position in which it is added to the indacene
core. In spite of this, laser action has been demonstrated in
both amine and nitro derivatives, with lasing properties
exhibiting good correlation with the photophysical properties.

Furthermore, the amino and nitro derivatives described
herein are excellent precursors, from a synthetic point of view,
to design BODIPY derivatives with different functionalizations.

Experimental section

Materials

Starting materials and reagents used in the preparation of
BODIPYs are commercially available. The solvents were dried
and distilled before use.

Synthesis of BODIPY 1-9

BODIPY dyes 1'* and 2" were synthesized by the methods
previously described. These compounds were transformed in
the corresponding nitro BODYPYs 3-6 by treatment with
HNO;/Ac,0. By means of a catalytic hydrogenation over Pd on
charcoal, the nitro derivatives 4 and 6 can be easily reduced to
the corresponding amino BODIPYs 7 and 8. The syntheses and
spectroscopic data for all compounds are described in the
ESLt
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Characterization of the new dyes

Spectral data of the known compounds were in accordance
with the literature data. Flash column chromatography was
performed using silica gel Merck 60 (230-400 mesh). 'H and
3C NMR spectra were recorded with a Bruker Avance-DPX-300
spectrometer (300 MHz for 'H and 75 MHz for *C) and a
Bruker Avance III spectrometer (700 MHz for 'H and 176 MHz
for 3C). Chemical shift multiplicities are reported as s =
singlet, d = doublet, t = triplet, q = quartet and m = multiplet.
IR spectra (in cm ™) were recorded in a Bruker Tensor-27-FTIR
spectrophotometer. Melting points were determined in open
capillaries and are uncorrected. High resolution mass spectra
were determined by ESI (electrospray ionization) in a FTMS
Bruker APEX Q IV and by EI (electron impact) in a
Thermofisher MAT 95 XP (see ESIf).

Photophysical properties

The photophysical properties were registered in dilute solu-
tions (around 2 x 10~ ° M), prepared by adding the
corresponding solvent to the residue from the adequate
amount of concentrated stock solution in acetone, after
vacuum evaporation of this solvent. UV-Vis absorption and
fluorescence spectra were recorded on a Varian model CARY
4E spectrophotometer and a SPEX Fluorolog 3-22 spectro-
fluorimeter, respectively. The fluorescence spectra were
corrected from the wavelength dependence of the detector
sensibility. The fluorescence quantum yield (p) was obtained
using a methanolic solution of PM567 as a reference (¢" =0.91).
Radiative decay curves were registered with the time correlated
single-photon counting technique (Edinburgh Instruments,
model FL920) wusing a microchannel plate detector
(Hamamatsu C4878), with picosecond time resolution (~20
ps)- Fluorescence emission was monitored at the maximum
emission wavelength after excitation at 410, 440 and 470 nm
by means of a diode laser (PicoQuant, model LDH410, 440 and
470, respectively) with 150 ps FWHM pulses. The fluorescence
lifetime (r) was obtained from the slope after the deconvolu-
tion of the instrumental response signal from the recorded
decay curves by means of an iterative method. The closeness of
the exponential fit was controlled by statistical parameters
(chi-square, Durbin-Watson and the analysis of the residuals).
The radiative (k) and non-radiative deactivation (k) rate
constants were calculated by means of: kg = ¢/t and ky, = (1 —
¢)/7, respectively.

Laser experiments

Liquid solutions of dyes were contained in 1 cm optical-path
length cells, which were carefully sealed to avoid solvent
evaporation during the experiments. The dye solutions were
transversely pumped with nanosecond pulses either at 532 nm
(6 ns FWHM and 5.5 mJ/pulse) or at 355 nm (8 ns FWHM and
3.5 mj/pulse). The source of the 532 nm pulses was a
frequency-doubled Q-switched Nd:YAG laser (Monocrom
OPL-10). The 355 nm pulses were the third harmonic of a
Q-switched Nd:YAG laser (Spectron SL282G). In both cases the
excitation pulses were line-focused onto the cell, providing
pump fluences on the active medium of 180 mJ em ™2 and 110
m] cm~? for 532 nm and 355 nm pumping, respectively. The
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oscillation cavity (2 cm in length) consisted of a 90%
reflectivity back aluminum mirror and the lateral face of the
cell as an output coupler. Experiments were also performed at
a pump wavelength of 450 nm, with 12 ns, 3 mJ pulses from a
dye laser (ethanolic solution of Coumarin 460 pumped with
the Spectron SL282G 355 nm pulses). The energy of dye and
pump laser pulses was measured with GenTec ED-100A and
ED-200 pyroelectric energy meters. The spectral characteristics
of the laser emission were determined by collecting a fraction
of the emission by an optical fiber attached to the input slit of
a  spectrograph/monochromator (SpectraPro-300i, Acton
Research Corporation) equipped with a charge-coupled device
(CCD)/SpectruMM:GS 128B).
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