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Introduction

Fluorescent dyes based on 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene derivatives, known as BODIPYs, are widely used
as the active media for tuneable lasers, as they have a low
intersystem crossing rate, hence low triplet–triplet absorp-

tion probability over the lasing spectral region, and are very
photostable. They present absorption and emission bands in
the green-yellow and red part of the visible electromagnetic
spectrum and a fluorescence quantum yield, in some cases,
near unity.[1] Their laser action is even better than that of
rhodamine dyes,[2] considered as the benchmark in laser per-
formance.

Although the lasing action of the BODIPY dyes has been
the focus of much research,[1] more effort is needed to en-
hance their photostability, especially for commercial applica-
tions. It has been demonstrated that the modification of the
molecular structure of the chromophore system with ade-
quate substituents can give rise to more photostable laser
dyes with better photophysical and optical properties. Thus,
the synthesis of analogues of the most extensively used laser
dye, PM567 (Scheme 1), has been undertaken by incorporat-
ing several substituents on the pyrromethene moiety.[3]

To our knowledge, the studies on BODIPY dyes with flu-
orene units have been limited to structurally rigid BODIPY
dyes with spirofluorene moieties,[4] polymeric and copoly-
meric BODIPY dyes[5] and systems containing alkynylfluor-
ene units linked to the different positions.[6] In particular
systems with the indene chromophore have not been report-
ed.
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Introduction of these substituents at the appropriate posi-
tion of the indacene core could be carried out by reaction
over the BODIPY previously synthesised or by modification
of the pyrrole starting material in the BODIPY synthesis.[3c, f]

In this last method, asymmetric BODIPY dyes are usually
obtained by condensation of a carbonyl-containing pyrrole
with a pyrrole molecule that is not substituted at the 2-posi-
tion. Linked fluorene–pyrrole and indene–pyrrole ensembles
through C=C bonds are unknown. At the same time, such
compounds are especially promising as starting materials for
the synthesis of novel BODIPY fluorophores, owing to the
extension of the overall conjugation.

The work carried out covers these aspects, and describes
the synthesis of new asymmetric BODIPY dyes, PM567 ana-
logues 1 a–d, for which fluorene and indene units have been
incorporated into one of the pyrrole rings (Scheme 1). The
alkyl substituted dye, 1 a, was synthesised as reference to
assess the effect of incorporating fluorene and indene moiet-
ies at its 5-position.

Initially, we considered if the synthetic strategy previously
described by our research group, to achieve systems 1,4-un-
saturated with 1-indenylidene and 9-fluorenylidene units,[7]

could be employed for the synthesis of new pyrrole structure
with an a-position substituted for above chromophores. Sur-
prisingly, we obtained the desired pyrroles, but with some
unexpected results, and from these systems we carried out
the corresponding asymmetric BODIPY dyes.

In addition, we report here the evaluation of the photo-
physical properties and laser behaviour of the new dyes
both in solution and solid media. The BODIPY bearing two
fluorene groups connected via a methylene group is found
to have a very high fluorescence capacity (close to the unit,
regardless of the solvent), lasing efficiency and photostabili-
ty, improving the characteristics of the commercially avail-
able PM567. However, if the linkage between BODIPY and

fluorene is performed by a vinyl group the resonant interac-
tion between both electronic clouds leads to a red emitting
dye, but with lower fluorescence and lasing efficiency. On
the other hand, a BODIPY bearing an indene unit, also
linked by a vinyl group, shows very low red fluorescent
emission, but is sensitive to the presence of iron cations in
the surrounding environment. Thus, such system could be
used as a fluorescent sensor.

Results and Discussion
Synthesis of the dyes : The new asymmetric dyes 1 a–d were
obtained by condensation of 2-acetyl-4-ethyl-3,5-dimethyl-
pyrrole[8] (2) with a pyrrole molecule (3) conveniently sub-
stituted at the 2-position, following conditions previously de-
scribed[9] (Scheme 2).

The reaction of 2 and pyrrole with phosphorus oxychlor-
ide followed by treatment with boron trifluoride etherate in
the presence of triethylamine yielded the BODIPY dye 1 a
(26 %) and another dye that was identified as BODIPY
PM567 (4 %). An alternative route from 2-acetylpyrrole (4)
and 3-ethyl-2,4-dimethylpyrrole (5) yielded 1 a (46 %) and
traces of 8-methyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(6)[11] (Scheme 2). This route gave highest yield of the de-
sired dye.

The presence of secondary products (PM567 and 6) in-
volves the reaction of 2 or 4 with their respective deacetylat-
ed products, however, there is not examples in the literature
of deacetylation of pyrroles, but the decarboxylation reac-
tion of 2- or 3-pyrrole carboxylic acids is very common.[10] A
possible explanation involves the haloform reaction to give
the corresponding carboxylic acid, which loses carbon diox-
ide, although, in this reaction a trichloro compound is re-
quired and its formation is speculative. An alternative mech-
anism for the formation of compounds prepared from com-
pounds 2 and 3 a, or 4 and 5, is included in Scheme 3. This
mechanism is based on the facts that the formation of the
sigma-complex in course of an electrophilic (het)aromatic
substitution is a reversible process. Thus, the reaction of 2 or

Scheme 1. Molecular structures of commercial dye PM567 and their ana-
logues 1a–d synthesised in this work.

Scheme 2. Synthetic scheme for compounds 1 a–d.
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4 with an electrophile gives 7 and 8, respectively, that by re-
action with the corresponding pyrroles afforded the inter-
mediates 9 and 9�, which yield the dipyrromethene 10 the
precursor of 1 a. These intermediates are essential in the
proposed mechanism, and other secondary products ob-
served in the reaction could be justified from them.

BODIPY 1 b was formed by reaction of 2 and 3 b, which
was synthesised from N-protected pyrrole 2-carbaldehyde
(11) and indene, as shown in Scheme 4, following the condi-

tions previously described in our laboratory.[7] However,
when compound 11 was reacted with fluorene in the same
conditions, 3 c was obtained along with a new compound
that was identified as 3 d (Scheme 4).

Possible mechanistic pathway for formation of 3 d involves
the intermediary anion 12, which attacks the C=C bond
present in the N-protected pyrrole 13 (Scheme 5). This
attack could be justified by the high stability of anion 14, in

which the negative charge is delocalised by conjugation with
two benzene rings.

To remove the formation of pyrrole 3 d, we carried out
the synthesis of 3 c in Suzuki cross-coupling reaction be-
tween N-protected pyrrole 2-boronic acid (15) and 9-bromo-
methylene-9H-fluorene (16),[12] as shown in Scheme 6. In
these conditions, only 3 c was obtained, although also in low
yield.

Pyrroles 3 c and 3 d were later employed in the synthesis
of 1 c and 1 d, respectively, according to the reactions indi-
cated in Scheme 2. Traces of PM567 were observed in both
cases. The structures of BODIPY dyes 1 b–d were confirmed
by single-crystal X-ray diffraction (Figure 1 and the Support-
ing Information).

Photophysical properties : The asymmetrically alkyl-substi-
tuted 1 a dye shows some of the typical photophysical fea-

Scheme 4. Synthetic scheme for pyrroles 3b–d.

Scheme 5. Possible mechanistic pathway for formation of 3d.

Scheme 6. Alternative route for the formation of 3 c.

Figure 1. ORTEP representation of the molecular structure of BODIPY
1d.

Scheme 3. Mechanism proposed for the formation of 1a and the secon-
dary products.
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tures of the BODIPY chromophore,[1a] as can be derived
from the corresponding data summarised in Table 1. The ab-
sorption and fluorescence bands in the green-yellow part of
the visible have been characterised by slight hypsochromic
shifts with the solvent polarity and high fluorescence quan-
tum yields (f up to 0.95 in apolar media) and lifetime (t

around 5–6 ns). The fluorescence lifetime increases with the
solvent polarity, while the fluorescence quantum yield de-
creases. Such evolutions are owed to a decrease of kfl (corre-
lated with the diminution of emax) and a small increase of knr

in the polar media (Table 1). This behaviour, is not usual in
symmetric BODIPY,[1a] and could be ascribed to the asym-
metric substitution pattern affecting the transition dipole
moment. Then, the alkyl substituted 1 a dye will be used as
reference to discuss the effect of incorporating fluorene and
indene moieties at its 5 position.

Fluorene-BODIPY derivatives : The inclusion of two fluo-
rene units at the same position of the BODIPY core, both
separated from the chromophore by a methylene group
(1 d), induces a modest bathochromic shift (around 15 nm)
of the absorption and fluorescence spectral bands, with
regard to the parent asymmetric 1 a, as illustrated in
Figure 2. Such a shift should be a result of the donor induc-
tive effect of the branched substituent. The evolution of the
spectral bands with solvent characteristics follows the above
described hypsochromic shift with the solvent polarity. The
inspection of the photophysical data of this novel multichro-
mophoric dye under visible excitation (Table 1), reveals that
the inclusion of the fluorene units improves the fluorescence
capacity of the BODIPY chromophore, giving rise to fluo-

rescence quantum yield close to the unity, independent of
the considered solvent.

Quantum-mechanical calculations propose a ground state
geometry in which the BODIPY core and the fluorene units
are disposed in different planes, nearly perpendicular be-
tween each other (inset Figure 2A). Such a conformation
avoids any electronic interaction between them. Indeed, the
simulation of the absorption transition predicts a bathochro-
mic shift of around 10 nm and a similar transition probabili-
ty, with respect to 1 a. Previous works pointed out that the
inclusion of bulky groups with free rotation enhances the in-
ternal conversion processes, owing to the vibrational cou-
pling, decreasing the fluorescence capacity of the dye.[13]

However, in the present case, the bulkiness and disposition
of the fluorene moieties, as well as their special proximity,
leads to a high sterical hindrance, which should hinder their
rotation and hence the non-radiative pathway. Such con-
strained structures are characterised by improved fluores-
cence capacities,[3d, 14] as is the present case of 1 d (Table 1).

The inspection of the UV part of the absorption spectrum
of the multichromophoric BODIPY-fluorene triad reveals
the presence of new bands not observed for 1 a, and hence
assigned to the fluorene entity (Figure 2A), since in addition

Table 1. Photophysical properties, under visible excitation, of 1a, 1c and
1d in apolar, polar and polar/protic solvents.

Solvent labs
[a] emax

[b] lflu
[a] f[c] t[d] kfl

[e] knr
[e] DnSt

[f]

Dye 1a
F3-ethanol 492.0 1.9 511.0 0.75 6.17 1.21 0.40 760
methanol 495.5 2.5 512.5 0.76 5.78 1.31 0.41 660
ethanol 497.0 2.5 513.5 0.84 5.73 1.46 0.28 630
acetone 495.0 2.2 512.5 0.79 5.66 1.39 0.37 690
ethyl acetate 496.0 2.5 512.5 0.84 5.57 1.50 0.28 650
c-hexane 504.0 3.3 515.0 0.96 5.46 1.75 0.07 735
Dye 1c
F3-ethanol 566.5 4.1 600.5 0.33 2.28 1.44 2.93 995
methanol 575.4 5.0 603.5 0.48 3.20 1.50 1.62 805
ethanol 579.0 5.1 605.5 0.58 3.67 1.58 1.14 765
acetone 574.0 4.3 603.5 0.47 2.91 1.61 1.82 855
ethyl acetate 578.0 5.0 605.5 0.65 3.78 1.72 0.92 790
c-hexane 589.0 5.6 611.5 0.73 4.07 1.79 0.66 615
Dye 1d
F3-ethanol 510.5 2.1 523.5 1.0 6.26 1.59 0 490
methanol 512.5 3.9 525.0 0.99 5.76 1.72 0.02 455
ethanol 514.0 4.2 526.0 0.93 5.59 1.66 0.12 440
acetone 511.5 3.9 525.5 0.99 5.61 1.76 0.02 480
ethyl acetate 513.5 4.0 525.0 0.94 5.47 1.72 0.11 450
c-hexane 521.0 5.0 529.5 0.97 5.20 1.86 0.05 320

[a] Absorption (labs) and fluorescence (lflu) wavelength (�0.5 nm).
[b] Molar absorption (emax, 104

m
�1 cm�1). [c] Fluorescence quantum yield

(f, �0.05). [d] Fluorescence lifetime (t, �0.05 ns). [e] Radiative (kfl) and
non-radiative (knr) rate constants (108 s�1). [f] Stokes shift (DnSt, cm�1).

Figure 2. A) UV/Vis absorption spectra of 1 a (a), 1c (b) and 1d (c) in
diluted solutions of c-hexane. B) Fluorescence spectra under visible exci-
tation (solid line) and under UV excitation (dashed line). Inset A: opti-
mised ground state geometry of 1 d.
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they match perfectly with its spectrum.[15] Therefore, the
whole absorption spectrum of the 1 d dye can be considered
as the sum of the bands of the BODIPY core and the fluo-
rene moiety (Figure 2A), confirming again the absence of
any intermolecular interaction between both aromatic enti-
ties, at least in the ground state (Figure 2 A). On the other
hand, the excitation in the UV, where just the fluorene chro-
mophore absorbs light, leads only to the visible emission of
the BODIPY dye (Figure 2B), without trace of the fluorene
emission, which typically is high (f�0.77).[15] Consequently,
in the multichromophoric 1 d system, an efficient intramo-
lecular excitation energy transfer (intra-EET) process takes
place from the two donor fluorenes to the acceptor
BODIPY core, quenching the emission of the fluorene in
favour of the bright visible emission of the BODIPY. Thus,
a very high “virtual” Stokes shift is achieved since the fluo-
rescence detection region (Vis) can be monitored far away
from the excitation (UV), reducing background scatter in-
terferences.

Typically in dyads consisting of BODIPY moieties acting
as donor or acceptor in the intra-EET process, two different
mechanisms are responsible of the energy transfer:[16] the
through-bond and the through-space mechanisms (i.e. , the
so-called Fçrster dipole–dipole coupling).[17]

The through-bond mechanism demands an orbital overlap
between the donor and the acceptor (electronic coupling).[18]

It has been observed with BODIPY cores acting as accept-
ors and bearing donor groups (i.e., polyphenyl) directly
linked at meso position,[19] which is characterised by its high
electronic density in the LUMO state. Such a mechanism
has also been observed with unsaturated bridges or spacers
(ethynyl) connecting the donor (anthracene) and the accept-
or BODIPY core.[16c] In the present 1 d triad, the fluorene
units are separated by two single bonds from the BODIPY
core and the through-bond energy transfer should drastically
decrease with the distance between the donor and the ac-
ceptor. Therefore, such mechanism does not seem to be the
main cause of the observed efficient intra-EET process in
1 d.

The through-space process requires mainly a spectral
overlap between the fluorescence band of the donor and the
absorption band of the acceptor (dipole–dipole coupling) on
the basis of the Fçrster mechanism.[20] In our case, the fluo-
rescence band of the fluorene (placed around l=300 nm)
hardly overlaps with the S0!S1 absorption band of the
BODIPY core (place around l=500 nm), reducing the
probability of the direct energy-transfer process through
dipole–dipole coupling between both states. However, the
fluorene emission overlaps with the more energetic absorp-
tion bands of the BODIPY chromophore (S0!S2 and S0!
S3 placed around l= 350 nm). Aside from the lower absorp-
tion probability of such transitions, it seems that such over-
lap is enough to allow the energy-transfer process via this
mechanism. Indeed, Ziessel and co-workers have reported
intra-EET processes in multichromophoric systems consist-
ing in pyrene, terpyridine and a fluorene-derivative attached
to different positions of the BODIPY core and even replac-

ing the fluorine atoms.[6a] Owing to the spectral overlap of
the aromatic substituent fluorescence with the S0!S2 and
S0!S3 absorption bands of the boradiazaindacene core, the
proposed mechanism is a Fçrster type.

On the other hand, the inclusion of just one fluorene, also
at the 5 position, but separated from the BODIPY core by a
vinyl group (1 c), leads to an important bathochromic shift
(up to 100 nm) and a broadening of the spectral bands,
mainly in absorption (Figure 2). In fact, quantum mechani-
cal simulation of the absorption transition also predicts an
important shift of the absorption band together with an in-
crease in the oscillator strength (area under the curve), cor-
roborating the observed widening of the absorption band.
These changes are attributed to the extension of the elec-
tronic p system through the delocalised substituent. Indeed,
the corresponding HOMO and LUMO contour maps pre-
sented in Figure 3 confirm that the electronic cloud of the

BODIPY core is extended to the fluorene unit through the
linking double bond, leading to a cyanine like delocalised p

system in the whole molecule. Therefore, the type of spacer
between the BODIPY and fluorene plays an important role
in the photophysics of the resulting multichromophoric dye.
Thus, when a saturated spacer is used (1 d) the resonant in-
teraction between them is avoided leading to electronically
independent chromophores. However, an unsaturated
bridge allows the electronic coupling between them, result-
ing in a delocalised new p system through the whole mole-
cule (Figure 3).

The direct excitation of the S0!S1 absorption band pro-
vides a red fluorescence emission (around 600–610 nm, Fig-
ure 2 B). Besides, while the absorption probability is en-
hanced by the extended conjugation, both the fluorescence
quantum yield and the lifetime decrease with respect to the
parent 1 a, due to an increase of the non-radiative deactiva-
tion rate constant (Table 1). It is known that one of the
mayor drawbacks of red-emitting dyes is their lower fluores-
cence capacity, since the ground and excited state are ener-
getically closer favouring: on one hand, the radiative deacti-
vation of the emitting state (the delocalisation of the fluo-
rene leads to higher kfl values than 1 a, as correspond to the
augmentation of emax, Table 1); but, on the other hand and
mainly, the internal conversion probability is largely en-
hanced (higher knr values for 1 c than for the reference 1 a

Figure 3. Electronic density of the HOMO and LUMO states of the 1 c
dye.
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compound), since the vibrational coupling probability be-
tween the electronic excited and ground state increases, fa-
vouring the internal conversion processes. Figure 3 shows
that upon excitation the electronic density seems to shift
from the fluorene (HOMO) to the BODIPY core (LUMO),
reducing also the extension of the p system. The conforma-
tional changes of the unsaturated spacer connecting the
BODIPY and the fluorene (i.e. , rotation of this group)
could participate in the augmentation of the non-radiative
deactivation. As result, the emission ability is lower in the
red emitting 1 c.

The photophysical properties of 1 c are clearly more sensi-
tive to the solvent characteristics than those of the other flu-
orene derivative 1 d (Table 1). Thus, not only the hypsochro-
mic shift of the spectral bands is bigger, but also the fluores-
cence quantum yield and lifetime clearly decrease, from c-
hexane to alcohols, owing to an increase in the non-radiative
deactivation rate constant. Typically, the fluorescence ca-
pacity of alkyl-BODIPYs shows a low dependency on the
physicochemical properties of the solvent, being slightly
higher in polar/protic environments.[1c] To get a deeper in-
sight in the solvent effect on knr, a multilinear regression
analysis has been performed, for which a physicochemical
property is simultaneously correlated with different solvent
properties.[21] Generally the solvent properties, which affect
the photophysics of fluorophores, are those resulting from
general or nonspecific interactions (polarity/polarisability)
and those arising from specific interactions (acidity and ba-
sicity). These properties can be described by the Taft solvent
scales (p*, a and b, respectively).[22] The corresponding re-
gression is shown in Figure 4. The linear correlation is good
(r= 0.992) and the fitting results indicate that the increase of
knr is exclusively owed to an increase in the solvent polarity/
polarisability. Recently, however, Catalan and co-workers
have claimed that the term describing the solvent general in-
teractions needs to be split into two different scales; one for
the polarity (SdP) and another for polarisability (SP).[23] The
solvent acidity and basicity are described by the SA and SB
scales, respectively.[23] The linear fit with these four solvent
scales is more accurate (r=0.99999) and confirms that the
solvent polarity (cSdP =1.977) favours the non-radiative path-
way, whereas the influence of the specific interactions is
negligible (Figure 4). Nevertheless, the component responsi-
ble for the evolution of knr is clearly the solvent polarisabili-
ty (cSP =�6.063). Thus, an increase of the solvent polarisa-
bility leads to a decrease of the non-radiative deactivation
improving the fluorescence capacity. Indeed the evolution of
knr (from 0.66 � 108 s�1 in c-hexane to 2.93 �108 s�1 in trifluor-
oethanol) perfectly matches that of the solvent polarisability
(SP from 0.683 to 0.543, respectively, Figure 4). In solvents
of high polarisability the interactions between the p system
of the dye and the solvent should be favoured, which leads
to a less flexible molecular structure, but improves the fluo-
rescence capacity of the dye.

In spite of the resonant interaction between the fluorene
and the BODIPY unit, the UV absorption bands of the fluo-
rene are still observed, and their direct excitation leads ex-

clusively to the red emission of 1 c, indicating the presence
of an intra-EET process that give rise to a large “virtual”
Stokes shift. In this way, this bichromophoric dye converts
ultraviolet light into red light. As the spacer between the
donor fluorene and the acceptor BODIPY core favours the
orbital overlap between them, both the through-bond and
the through-space mechanism likely contribute to the intra-
EET process.

Indene-BODIPY diad : The replacement of the fluorene unit
by an indene moiety yields the compound 1 b. Its ground
state geometry reveals that indene is disposed in a more co-
planar disposition (twisting angle 208, X-ray=88) with re-
spect to the BODIPY core than fluorene (308, X-ray=368).
The higher planarity of the indene derivative predicted by
the quantum mechanical simulation in gas phase qualitative-
ly confirms the observed by X-ray diffraction in solid-state
structures. Excitation gives rise to a more planar geometry
with twisting angles of 128 for 1 b and 218 for 1 c. Such
higher coplanarity in the excited state can also be derived
from the HOMO and LUMO contour maps, which indicate
an electronic density shift from indene to BODIPY, similar
to that observed for its fluorene counterpart (Figure 3).
Therefore, the indene derivative 1 b is also characterised by
an extended conjugated p system, which gives rise to red-

Figure 4. Multilinear regression fit of the non-radiative deactivation rate
constant of 1 c on the basis of the Taft[22] solvents scales (p*, a and b de-
scribing the polarity/polarisability, acidity and basicity, respectively) and
the Catalan[23] solvent scales (SdP, SP, SA and SB describing the polarity,
polarisability, acidity and basicity, respectively).
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shifted spectral bands (absorption and fluorescence band
centred at l=591 and 596 nm, respectively in c-hexane).
However, although the absorption probability remains high
(emax around 6–8 �104

m
�1 cm�1), the fluorescence quantum

yield is very low, lower than 0.02. Moreover, the fluores-
cence decay curve is analysed by a biexponential fit consist-
ing in a very short and dominating lifetime (19.4 ps; 95.5 %),
and a minority lifetime (4.2 ns; 4.5 %), similar to typical
BODIPY. Therefore, the bounding of indene to BODIPY
results in a drastic increase in the non-radiative processes.
Singlet oxygen generation experiments reveal that the inter-
system crossing probability of 1 b remains low, as is typical
of BODIPYs, owing to its quasi-aromatic p system.[24] Fur-
thermore, viscous solvents (i.e., ethylene glycol) do not im-
prove the photophysical behaviour of 1 b, discarding the free
rotation of the indene group as the reason of the lack of
fluorescence of this derivative. Thus, the non-radiative path-
way should be assigned to internal conversion processes.

Previously, it has been reported that fluorene itself is
characterised by a high fluorescence quantum yield (f
around 0.7),[15] and its linkage to BODIPY leads to a highly
fluorescent laser dye. Indene, however, is characterised by a
poor fluorescence signal (f around 0.005), because its excit-
ed states are described as biradicals.[25] Moreover, high level
computational studies have simulated the potential energy
curve of the excited state looking for conical intersections
between S1 and S0 to account for the non-radiative processes
of indene.[26] They found that the main mechanism involved
is a fast and efficient internal conversion process. Therefore,
the linkage of indene to BODIPY, via a vinyl group, results
in a negative effect on the fluorescence capacity of the
BODIPY chromophore, owing, probably, to the internal
conversion of the indene group.

Although 1 b is not useful for lasing applications, it is
widely known that cyclopentadienyl and its derivatives
(indene) form stable complexes with iron cations, for exam-
ple ferrocenes.[27] Moreover, there are several fluorescent
sensors based on BODIPY, commonly bearing crown ethers,
to detect the presence of cations, depending of its size.[28]

The binding of the cation deactivates the quenching of the
crown ether (i.e. , photoinduced electron transfer) and re-
stores the fluorescence emission of the BODIPY (switches
on/off). Thus, we decided to explore this possibility and
make a titration experiment adding Fe3+ to a solution of 1 b.
Although the absorption spectra remains nearly unaltered, a
progressive increase of the fluorescence intensity with Fe3+

content was observed, as is illustrated in Figure 5. Common-
ly the presence of a paramagnetic ion, like Fe3+ , enhances
the spin-orbit coupling, and hence the intersystem crossing
probability, quenching the fluorescence emission. However,
in the present case the interaction between iron cation and
indene seems to decrease its negative effect on the
BODIPY emission. Indeed, for low amounts of Fe3+ the
fluorescence intensity is very sensitive to the presence of
this cation (Figure 5). For higher concentrations (>4 �
10�3

m) the fluorescence intensity enhancement is not so
prominent, but a linear relationship is obtained, which could

be used as a calibration curve to determine the concentra-
tion of the iron cation in the solution (Figure 5). Thus, 1 b
should behave as a fluorescence sensor of Fe3+ allowing
monitor quantitatively its concentration in the surrounding
environment of the indene-BODIPY derivative.

Lasing properties

Liquid phase : Initially, the laser derivatives were pumped at
the usual wavelength of l=532 nm. In our experimental
setup an optical density of the dye samples of approximately
20 determines that the incoming pump radiation penetrates
the sample (i.e. , is absorbed) a depth similar to that to 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 near circu-
lar-cross-section and enhances the laser efficiency (ratio be-
tween the energy of the dye laser output and the energy of
the pump laser incident on the sample surface).

The low absorption of the new dyes at l= 532 nm de-
manded the preparation of highly concentrated solutions to
reach the required optical density. This resulted in solubility
problems, as well as an aggregation of dye molecules, which
prevented the laser action or, in the best cases, decreased
the lasing efficiency to a mere 0.6 %. Thus, we proceeded to
analyse the laser behaviour of the new dyes pumped trans-
versely with radiation with wavelength near to the absorp-
tion maximum of the dyes.

Under these experimental conditions, broad-line-width
laser emission with pump threshold energy of approximately
0.8 mJ, beam divergence of approximately 5 mrad and pulse
duration of approximately 8 ns FWHM was obtained from
the new dyes when placed in a simple plane-plane non-tune-
able resonator. The dependence of the laser action of the
new BODIPY derivatives on the corresponding dye concen-
tration was analysed in ethyl acetate varying the optical den-
sities while keeping constant all the other experimental pa-
rameters. The lasing behaviour of the new dyes, 1 a, c and d
(Figure 6), shows good correlation with their photophysical
properties in dilute solutions. 1) the asymmetric substitution

Figure 5. Fluorescence spectra of 1b for different amounts of Fe3+ . Inset:
Evolution of the fluorescence intensity with Fe3+ concentration.
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in the BODIPY core (dye 1 a) induces highly efficient (up
to 34 %) laser emission peaked at approximately 530 nm,
which correlates with a high fluorescence quantum yield;
2) the presence of one fluorene group red-shifts the laser
emission up to l= 610 nm and reduces drastically the con-
version efficiency; 3) the presence of two fluorene groups at
3-position of BODIPY core allows to recover a high effi-
cient (up to 40 %) laser action centred at approximately
540 nm.

The actual effect of the solvent on the dye laser action
was analysed in solutions of polar nonprotic and polar
protic solvents at the dye concentrations that optimised the
corresponding laser efficiency of each derivative. The low
solubility of these new dyes in apolar solvent prevented us
from producing too highly concentrated solutions that were
required for some of the laser experiments under the pump-
ing conditions selected in the present work. Once again,
photophysical and laser properties are correlated: the higher
the fluorescence quantum yield is, the higher the lasing effi-
ciency becomes. Thus, the laser action of 1 a dye in acetone
exhibits an efficiency of 28 %, lower than those registered in
ethanol (37 %) and ethyl acetate (34 %). The substitution of
ethyl acetate by acetone as 1 d solvent increases the laser ef-
ficiency, which reaches a value of 43 %.

To analyse the lasing photostability of these dyes, some
studies were carried out under experimental conditions
identical to those selected to irradiate the fluorophores em-
bedded in solid polymeric matrices, which will allow later
comparison of their stability in liquid and solid phases under
laser irradiation. The new dyes were dissolved in ethyl ace-
tate and their concentrations were adjusted so that the laser
action was optimum in all cases. Because the irradiated
volume of the solid samples in our experimental conditions
was estimated to be 10 mL, capillary tubes were utilised, into
which the liquid solutions were incorporated, to reproduce
the geometry of the irradiated volume in the solid samples
and, thus, maintaining the same laser pump conditions in
both cases.

Although the optical quality of the capillary prevents
laser emission from the dyes, information about their photo-
stabilities can be obtained by monitoring the decrease in

laser-induced fluorescence intensity, under transversal exci-
tation of the capillary, as a function of the number of pump
pulses. The fluorescence emission was monitored perpendic-
ular to the exciting beam, and its collection and analysis was
carried out with the same set-up selected to characterise the
laser emission from dyes incorporated into solid samples.
The results obtained from the most efficient dyes, 1 a and
1 d, are plotted in Figure 7. The new dyes result to be highly

photostable since, after 80 000 pump pulses at 10 Hz, the dye
1 d maintains its initial laser output without sign of degrada-
tion, while the laser emission of 1 a derivative drops by less
than 10 % with respect to its initial output. Once more, this
laser behaviour can be related to the analysed photophysical
properties: the lower the non-radiative rate constant is the
higher the lasing photostability.

To put the present results in perspective, the lasing pa-
rameters of well-known dyes, such as Coumarin 540 A,
which lase in the same spectral region as the studied dyes,
were also measured under similar conditions. The new asym-
metric dyes 1 a and 1 d exhibit laser efficiencies and photo-
stabilities higher than the commercial Coumarin 540 A,
which lases at l�535 nm with an efficiency of 25 % and
with a drop in the laser emission of more than 65 % after
30 000 pump pulses at 10 Hz.

Solid-state experiments : The experiments were carried out
by using samples with the dye concentration that produced
the highest lasing efficiency in ethyl acetate solution (5–7�
10�4

m, depending on the dye). Methyl methacrylate (MMA)
was chosen as the main monomeric component of the for-
mulations, because this ester mimics ethyl acetate, the sol-
vent for which the studied dyes gave rise to high lasing effi-
ciencies. As discussed above, improvement in the lasing effi-
ciency of 1 a dye was determined in protic polar solvents,
such as ethanol. In the solid samples, the polarity of the
polymeric medium can be modulated by use of appropriate
copolymers. Thus, copolymers of MMA with monomers

Figure 6. Lasing efficiencies of the new dyes 1a (back bars), 1 c (dark
grey bars) and 1 d (grey bars) in ethyl acetate as a function of the dye
concentration.

Figure 7. Normalised laser-induced fluorescence emission as a function of
the number of pump pulses at 10 Hz repetition rate for 1a and 1d ethyl
acetate solutions.
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functionalised with polar groups, such as 2-hydroxyethyl
methacrylate (HEMA) were prepared in volumetric propor-
tions ranging from 10/0 (polymethyl methacrylate (PMMA)
homopolymer) to 0/10 (poly2-hydroxyethyl methacrylate
(PHEMA) homopolymer).

Broad-band and efficient laser emission, with beam diver-
gence of approximately 5 mrad and pulse duration of ap-
proximately 5 ns FWHM, was registered from the dyes in-
corporated as true solutions into the solid homopolymer
PMMA (Table 2). No significant differences were observed

in the wavelength of the maximum laser emission of each
dye between their liquid and solid solutions. The lasing effi-
ciencies of the solid materials, in the range of 20–30 %, are
lower than those of the corresponding liquid solutions. In
this regard, it has to be taken into account that the finishing
of the surface of the solid samples relevant to the laser oper-
ation was not laser-grade, so that even higher lasing efficien-
cies are to be expected with laser-grade surfaces.

The lasing stabilities of the dye-doped solid matrices were
studied by following the evolution of the laser output as a
function of the number of pump pulses in the same position
of the sample, at a 10 Hz repetition rate. Once again, both
dyes exhibit a high photostability although the presence of
PHEMA in the matrix degrades the lasing stability of the
1 a dye. Although the photobleaching of dyes can occur by
several different mechanisms and, from a general point of
view, can be considered to be quite complex, photo-oxida-
tion, in which chemically reactive singlet oxygen is formed
by sensitisation of ground-state triplet oxygen molecules by
triplet state dyes,[29] is maybe the degradation mechanism
most often referred to and the one with strongest relevance.
The high content of HEMA in the matrix plays an impor-
tant role in the photodegradation processes of dye 1 a, prob-
ably as a consequence of the higher oxygen permeability in
the final material. In addition, an increase of the concentra-
tion of HEMA comonomer leads to a more plastic material,
with lower elastic limit and better damage resistance.[30]

However, as the internal plasticisation increases, the protect-
ing “polymer cage” that surrounds the dye groups weakness
(the polymer becomes less rigid) and, as a result, the chro-
mophore could be easily bleached.[31]

Conclusion

In summary, new asymmetric BODIPY–indene and
BODIPY–fluorene dyes have been successfully synthesised
by using a conventional method. The key aspect of these
syntheses is obtaining the corresponding 2-substituted pyr-
role precursors, which are described for the first time in this
work. These BODIPY–fluorene systems, in which both moi-
eties are electronically decoupled, give rise to a highly fluo-
rescent laser dye, which improves the photophysical and
lasing properties of the related alkyl-BODIPYs. However, if
the bridge connecting both entities allows a resonant inter-
action between them, a red emitting dye is obtained. In
both cases, an intra-EET process takes place from fluorene
to BODIPY core, which allows obtaining bright Vis emis-
sion under UV or Vis excitation. Thus, these dyes are versa-
tile and efficient as active media in dye lasers, and could be
applied in biology since the excitation and emission region
are far away avoiding background interferences in the fluo-
rescence signal detection. On the other hand, the attach-
ment of indene to the BODIPY core, instead of fluorene, in-
duces a drastic decrease in the fluorescence ability, but
opens the way to development of a fluorescent sensor to
detect iron cations.

Experimental Section

General : Starting materials and reagents used in the preparation of
BODIPY dyes 1a–d are commercially available unless their synthesis is
described. The solvents were dried and distilled, before use. Spectral data
of the known compounds were in accordance with the literature data.
Flash column chromatography was performed by using silica gel Merck
60 (230–400 mesh). 1H and 13C NMR spectroscopy was recorded by using
a Bruker Avance AV-500 spectrometer (500 MHz for 1H and 125 MHz
for 13C), a Bruker Avance-DPX-300 spectrometer (300 MHz for 1H and
75 MHz for 13C) and a Bruker-AC-200 spectrometer (200 MHz for 1H
and 50 MHz for 13C). All spectra were recorded in CDCl3.

1H chemical
shifts are reported in ppm relative to tetramethylsilane (d= 0.00 ppm),
using the residual solvent signal as the internal reference. The 13C chemi-
cal shifts are reported in ppm with CDCl3 (d=77.67 ppm) as the internal
standard. Chemical shift multiplicities are reported as s= singlet, d=dou-
blet, t= triplet, q=quartet and m=multiplet. IR spectra (in cm�1) were
recorded by using a Bruker Tensor-27-FTIR spectrophotometer. Melting
points were determined in open capillaries and are uncorrected. Mass
spectra were registered by electron impact at 70 eV by using a VGI2–250
spectrometer. High resolution mass spectra were determined by electro-
spray ionisation in the positive mode (ESI+) by using a Accurate-Mass
Q-TOF LC/MS 6520 (Agilent Technologies). Combustion analyses (C, H,
N) were obtained by using a LECO CHNS-932 apparatus at the Univer-
sidad Complutense de Madrid analysis services and were within 0.4% of
the theoretical values.

General procedure for the synthesis of asymmetric BODIPYs 1a–d : To a
solution of 2-acetyl-4-ethyl-3,5-dimethylpyrrole[8] (2) (1 equiv) in CHCl3

was added POCl3 (1.1 equiv), and the mixture was stirred for 30 min at
RT. Then the corresponding pyrrole 3 (1 equiv) in CHCl3 was added and
the resulting solution was stirred for 12 h at RT. Triethylamine (1 equiv)
was added, followed by an addition of BF3·Et2O (1 equiv), and stirring
was continued for 3–4 h before being quenched with 10% aqueous HCl
and extracted with CH2Cl2. The organic extracts were washed with water,
dried over MgSO4, filtered and evaporated to dryness. The dyes were iso-
lated and purified by flash chromatography on silica gel.

Table 2. Laser properties[a] of the new dyes incorporated in solid matri-
ces.

Material Eff [%] lla [nm] I [%]

1d/PMMA 30 542 100
1a/PMMA 20 531 94
1a (MMA/HEMA 1/1) 23 531 93
1a/PHEMA 25 532 85

[a] Eff: energy conversion efficiency, lla : peak wavelength of the laser
emission; I : Intensity of the dye laser output after 100 000 pump pulses in
the same position of the sample with respect to its initial intensity I0,
I(%)= (I/I0) � 100, at 10 Hz repetition rate.
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Synthesis of 2-ethyl-4,4-difluoro-1,3,8-trimethyl-4-bora-3a,4a-diaza-s-inda-
cene (1 a): Compound 1a was obtained through two synthetic routes:
Method A : 2-Acetyl-4-ethyl-3,5-dimethylpyrrole (2) (455 mg, 2.8 mmol)
in CHCl3 (20 mL), POCl3 (0.3 mL, 3.3 mmol), pyrrole (3a) (0.2 mL,
2.8 mmol) in CHCl3 (10 mL), triethylamine (0.4 mL, 2.8 mmol) and
BF3·Et2O (0.3 mL, 2.8 mmol) were reacted. Flash chromatography using
hexane/EtAcO (98:2) afforded 1a (190 mg, 26 %) as a red solid and
PM567 (35 mg, 4 %).

Compound 1a : m.p. 155.5–156.0 8C; 1H NMR (300 MHz, CDCl3): d=

7.47 (br s, 1 H, CH), 6.93 (d, J = 3.6 Hz, 1H, CH), 6.31 (dd, J = 3.6,
2.1 Hz, 1H, CH), 2.48 (s, 3H, CH3), 2.46 (s, 3H, CH3), 2.33 (q, J = 7.5
Hz, 2 H, CH2), 2.24 (s, 3H, CH3), 0.97 ppm (t, J = 7.5 Hz, 3H, CH3);
13C NMR (75 MHz, CDCl3): d=160.3 (C=N), 140.8 (C), 140.4 (2 C),
136.6 (CH), 135.1 (C), 134.1 (C), 122.7 (CH), 114.9 (CH), 17.0 (CH2),
16.5 (CH3), 14.5 (CH3), 14.0 (CH3), 13.1 ppm (CH3); IR (neat): ñ =1568
(C=N), 1455 cm�1 (C=C); MS: m/z (%): 262 (38) [M]+ , 247 (100), 227
(16); HR-MS-ESI+ : calcd for (C14H17BF2N2 +H+): 263.1532; found:
263.1428.

Method B : 2-Acetylpyrrole (1 g, 9.2 mmol) in CHCl3 (20 mL), POCl3

(1 mL, 10.1 mmol), 3-ethyl-2,4-dimethylpyrrole (1.13 g, 9.2 mmol) in
CHCl3 (20 mL), triethylamine (1.3 mL, 9.2 mmol) and BF3·Et2O (1.1 mL,
9.2 mmol) were allowed to react. Flash chromatography using hexane/
EtAcO (98:2) afforded 1a (1.1 g, 46%) and traces of BODIPY 6.[11]

Synthesis of 2-[(E)-1H-inden-1-ylidenemethyl]-1H-pyrrole (3 b): To a so-
lution of indene (539 mg, 4.6 mmol) in dry THF (20 mL) at 0 8C and
under an argon atmosphere, was added dropwise a solution of nBuLi
(3.2 mL, 1.6m in hexane). The reaction mixture was stirred at RT for 1 h
and then, a solution of 11 (1 g, 5.1 mmol) in dry THF (20 mL) was
added. The mixture was refluxed for 4 h to complete the reaction and al-
lowed to warm at RT before being quenched with saturated NH4Cl solu-
tion and extracted with Et2O. The combined organic phases were washed
with H2O, saturated NaHCO3 solution and brine. The extract was dried
over MgSO4, filtered and concentrated to dryness. Flash chromatography
using hexane/EtAcO (98:2) afforded 3 b (145 mg, 16%) as a yellow solid:
m.p. 128.7–129.0 8C; 1H NMR (300 MHz, CDCl3): d= 8.44 (br s, 1H, NH),
7.56–7.53 (m, 1 H, CH), 7.27–7.24 (m, 1H, CH), 7.17–7.09 (m, 3 H, 3 CH),
6.92–6.89 (m, 3H, 3 CH), 6.60 (br s, 1H, CH), 6.28–6.27 ppm (m, 1 H,
CH); 13C NMR (50 MHz, CDCl3): d =141.4 (C), 137.9 (C), 133.8 (C),
132.8 (CH), 130.3 (C), 126.6 (CH), 125.2 (CH), 124.9 (CH), 122.4 (CH),
121.2 (CH), 118.7 (CH), 118.3 (CH), 114.9 (CH), 111.4 ppm (CH); IR
(neat): ñ =3457 (NH), 1640 cm�1 (C=C); MS: m/z (%): 193 (87) [M]+ ,
192 (100), 165 (19), 95 (11); elemental analysis calcd (%) for C14H11N: C
87.01, H 5.74, N 7.25; found: C 87.03, H 5.71, N 7.26.

Synthesis of 2-ethyl-4,4-difluoro-5-indenylidene-1,3,8-trimethyl-4-bora-
3a,4a-diaza-s-indacene (1 b): 2-Acetyl-4-ethyl-3,5-dimethylpyrrole (2)
(115 mg, 0.7 mmol) in CHCl3 (10 mL), POCl3 (0.07 mL, 0.8 mmol), pyr-
role 3b (140 mg, 0.7 mmol) in CHCl3 (10 mL), triethylamine (0.1 mL,
0.7 mmol) and BF3·Et2O (0.09 mL, 0.7 mmol) were allowed to react.
Flash chromatography using hexane/EtAcO (98:2) afforded 1 b (114 mg,
42%) as a blue solid: m.p. 286–287 8C; 1H NMR (300 MHz, CDCl3): d=

7.80 (br s, 1H, CH), 7.71–7.68 (m, 1 H, CH), 7.21–7.11 (m, 3 H, 3 CH),
7.02–6.85 (m, 4 H, 4 CH), 2.55 (s, 3 H, CH3), 2.49 (s, 3 H, CH3), 2.36 (q,
J =7.5 Hz, 2H, CH2), 2.28 (s, 3H, CH3), 1.01 ppm (t, J=7.5 Hz, 3H,
CH3); 13C NMR (75 MHz, CDCl3): d =160.4 (C=N), 147.3 (C), 141.9
(CH), 141.6 (2 C), 138.0 (C), 137.8 (CH), 136.2 (C), 135.0 (CH), 127.6
(CH), 125.9 (CH), 125.4 (CH), 123.6 (2 C), 121.1 (CH), 120.1 (CH), 119.0
(2 C), 118.4 (CH), 17.1 (CH2), 16.4 (CH3), 14.5 (CH3), 14.0 (CH3),
13.2 ppm (CH3); IR (neat): ñ =1565 (C=N), 1440 cm�1; MS: m/z (%): 388
(100) [M]+ , 373 (59); HR-MS-ESI+ : calcd for (C24H23BF2N2 +H+):
389.2001; found: 389.1997.

Synthesis of 2-[1H-fluoren-1-ylidenemethyl]-1H-pyrrole (3 c): Compound
3c was obtained through two synthetic routes. Method A : To a solution
of fluorene (1.11 g, 6.7 mmol) in dry THF (40 mL) at 0 8C and under an
argon atmosphere, was added dropwise a solution of nBuLi (1.6 m in
hexane) (4.8 mL, 7.6 mmol). The reaction mixture was stirred at RT for
1 h and then, a solution of 11 (1.44 g, 7.4 mmol) in dry THF (20 mL) was
added. The mixture was refluxed for 4 h to complete the reaction and al-
lowed to warm at RT before being quenched with saturated NH4Cl solu-

tion and extracted with Et2O. The combined organic phases were washed
with H2O, saturated NaHCO3 solution and brine. The extract was dried
over MgSO4, filtered and concentrated to dryness. Flash chromatography
using hexane/EtAcO (98:2) afforded 3c (212 mg, 13 %) as a beige solid
and 3 d (329 mg, 12%) as a slightly yellow solid.

Compound 3c : m.p. 137.6–137.9 8C; 1H NMR (200 MHz, CDCl3): d=8.57
(br s, 1 H, NH), 8.12 (d, J =7.6 Hz, 1H, CH), 7.72–7.65 (m, 3 H, 3 CH),
7.37 (br s, 1 H, CH), 7.33–7.19 (m, 4H, 4 CH), 6.92 (br s, 1 H, CH), 6.66
(br s, 1H, CH), 6.34–6.32 ppm (m, 1H, CH); 13C NMR (125 MHz,
CDCl3): d=141.2 (C), 140.5 (C), 138.8 (C), 136.8 (C), 132.4 (C), 128.8
(C), 128.5 (CH), 127.8 (CH), 127.3 (CH), 123.5 (CH), 120.8 (CH), 120.7
(CH), 120.4 (CH), 120.1 (CH), 120.0 (CH), 117.3 (CH), 114.3 (CH),
111.1 ppm (CH); IR (neat): ñ=3460 (NH), 1580 cm�1 (C=C); MS: m/z
(%): 243 (82) [M]+ , 242 (100), 215 (10); elemental analysis calcd (%) for
C18H13N: C 88.86, H 5.39, N 5.76; found: C 88.84, H 5.38, N 5.78.

Compound 3d : m.p. 165.0–166.0 8C; 1H NMR (300 MHz, CDCl3): d=

7.70–7.65 (m, 4H, NH, 3 CH), 7.54–7.52 (m, 2H, 2 CH), 7.34–7.09 (m,
9H, 9 CH), 6.93–6.90 (m, 2H, 2 CH), 6.16–6.14 (m, 1 H, CH), 5.70–5.67
(m, 1H, CH), 5.26–5.20 (m, 1H, CH), 4.73 (d, J =7.5 Hz, 2H, 2 CH),
3.29 ppm (t, J =7.5 Hz, 1H, CH); 13C NMR (75 MHz, CDCl3): d=144.6
(2 C), 144.2 (C), 144.0 (C), 141.7 (2 C), 141.2 (2 C), 128.3 (2 CH), 128.0
(2 CH), 127.2 (4 CH), 125.3 (4 CH), 123.3 (C), 120.5 (2 CH), 120.4 (2
CH), 120.3 (CH), 114.1 (CH), 94.9 (CH), 50.0 (2 CH), 48.2 ppm (CH);
IR (neat): ñ =3457 (NH), 1570 cm�1 (C=C); MS: m/z (%): 409 (1) [M]+ ,
244 (100), 165 (19); elemental analysis calcd (%) for C31H23N: C 90.92, H
5.66, N 3.42; found: C 90.95, H 5.64, N 3.41.

Method B : To a stirred suspension of (bromomethyl)triphenylphospho-
nium bromide (4.46 g, 10.2 mmol) in THF (60 mL) under argon and at
�60 8C was added sodium bis(hexamethylsilyl)amide (6 mL, 2.0m in
THF). The resulting red solution was stirred at �60 8C for 40 min, and
then a solution of fluorenone (1.66 g, 9.2 mmol) in THF (10 mL) was
added. It was allowed to warm slowly to RT and stirred overnight before
being quenched with H2O and extracted with Et2O. The extract was
dried over MgSO4, filtered and concentrated to dryness. Flash chroma-
tography using hexane afforded 16[12] (2.27 g, 96%) as a yellow solid.
1H NMR (200 MHz, CDCl3): d= 8.58 (d, J=7.8 Hz, 1H, CH), 7.72 (d, J =

7.8 Hz, 1H, CH), 7.68 (d, J= 7.8 Hz, 1 H, CH), 7.57 (d, J =7.8 Hz, 1H,
CH), 7.45 (dt, J=7.7, 1.4 Hz, 1 H, CH), 7.40 (s, 1H, CH), 7.39–7.34 (m,
2H), 7.28 ppm (dt, J=7.8, 0.8 Hz, 1 H, CH).

To a solution of 16 (601 mg, 2.3 mmol) in DME (30 mL) under an argon
atmosphere, were added 15 (494 mg, 2.3 mmol) and Na2CO3 (297 mg,
2.8 mmol) in the presence of a catalytic amount of tetrakis(triphenyl-
phosphine)palladium (8.6 mg, 0.008 mmol). The reaction mixture was re-
fluxed for 38 h to complete the reaction and allowed to warm at RT
before being quenched with H2O and extracted with CH2Cl2. The extract
was dried over MgSO4, filtered and concentrated to dryness. Flash chro-
matography using hexane/Et2O (99:1) afforded 3 c (74 mg, 13%).

Synthesis of 2-ethyl-4,4-difluoro-5-fluorenylidene-1,3,8-trimethyl-4-bora-
3a,4a-diaza-s-indacene (1 c): 2-Acetyl-4-ethyl-3,5-dimethylpyrrole (2)
(65 mg, 0.4 mmol) in CHCl3 (10 mL), POCl3 (0.04 mL, 1.1 mmol), pyrrole
3c (97 mg, 0.4 mmol) in CHCl3 (10 mL), triethylamine (0.06 mL,
0.4 mmol) and BF3·Et2O (0.05 mL, 0.4 mmol) were allowed to react.
Flash chromatography using hexane/EtAcO (98:2) afforded 1c (26 mg,
15%) as a blue solid: m.p. 277–278 8C; 1H NMR (200 MHz, CDCl3): d=

8.20 (d, J =7.7 Hz, 1H, CH), 7.87 (br s, 1 H, CH), 7.81–7.78 (m, 1H, CH),
7.65–7.58 (m, 2 H, 2 CH), 7.26–7.03 (m, 6H, 6 CH), 2.53 (s, 3H, CH3),
2.52 (s, 3H, CH3), 2.35 (q, J=7.5 Hz, 2H, CH2), 2.28 (s, 3 H, CH3),
1.00 ppm (t, J= 7.5 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): d =160.3
(C=N), 146.4 (C), 141.5 (C), 140.3 (C), 140.0 (C), 138.8 (C), 138.2 (C),
138.0 (C), 136.3 (C), 136.0 (C), 135.5 (C), 134.6 (C), 128.8 (CH), 128.4
(CH), 127.1 (CH), 126.7 (CH), 125.0 (CH), 122.7 (CH), 121.0 (CH),
119.8 (CH), 119.5 (CH), 119.1 (CH), 117.4 (CH), 17.0 (CH2), 16.3 (CH3),
14.5 (CH3), 13.9 (CH3), 13.1 ppm (CH3); IR (neat): ñ=1568 (C=N),
1447 cm�1 (C=C); MS: m/z (%): 438 (3) [M]+ , 322 (13), 85 (51), 71(67),
57 (100); HR-MS-ESI+ : calcd for (C28H25BF2N2 +H+): 439.2158; found:
439.2154.

Synthesis of 2-ethyl-4,4-difluoro-5-(di-9H-fluoren-9-ylmetyl)-1,3,8-tri-
methyl-4-bora-3a,4a-diaza-s-indacene (1 d): 2-Acetyl-4-ethyl-3,5-dimethyl-
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pyrrole (2) (66 mg, 0.4 mmol) in CHCl3 (10 mL), POCl3 (0.04 mL,
1.1 mmol), pyrrole 3d (164 mg, 0.4 mmol) in CHCl3 (10 mL), triethyla-
mine (0.06 mL, 0.4 mmol) and BF3·Et2O (0.05 mL, 0.4 mmol) were react-
ed. Flash chromatography using hexane/EtAcO (98:2) afforded 1d
(100 mg, 40%) as an orange solid: m.p. 318–319 8C; 1H NMR (300 MHz,
CDCl3): d=7.63–7.60 (m, 4 H, 4 CH), 7.36 (d, J =7.5 Hz, 2 H, 2 CH),
7.28–7.04 (m, 6 H, 7 CH), 7.02–6.99 (m, 2 H, 2 CH), 6.76 (d, J =7.5 Hz,
2H, 2 CH), 6.59 (d, J= 4.2 Hz, 1 H, CH), 5.40 (t, J =4.2 Hz, 1H, CH),
5.14 (d, J =4.2 Hz, 1H, CH), 4.42 (d, J =4.2 Hz, 2 H, 2 CH), 2.53 (s, 3H,
CH3), 2.32 (s, 3H, CH3), 2.30 (q, J=7.5 Hz, 2H, CH2), 2.18 (s, 3H, CH3),
0.95 ppm (t, J= 7.5 Hz, 3H, CH3); 13C NMR (75 MHz, CDCl3): d =157.8
(C=N), 154.5 (C), 145.8 (2 C), 145.3 (4 C), 141.8 (4 C), 141.4 (2 C), 139.1
(C), 127.1 (2 CH), 126.9 (2 CH), 126.6 (2 CH), 126.5 (2 CH), 126.4 (2
CH), 125.9 (2 CH), 119.6 (2 CH), 119.5 (2 CH), 116.5 (CH), 49.7 (2 CH),
44.8 (CH), 17.0 (CH2), 16.4 (CH3), 14.6 (CH3), 13.8 (CH3), 13.0 ppm
(CH3); IR (neat): ñ=1572 (C=N), 1447 cm�1 (C=C); MS: m/z (%): 439
(52) [M]+�165, 419 (100), 165 (35), 57 (29); HR-MS-ESI+: calcd for
(C41H35BF2N2 +H+): 605.2940; found: 605.2936.

X-ray structures : The structures of the dyes 1 b–d were determined by
using single crystal X-ray diffraction. The quality of the data for the dyes
1b and 1c are poor, but there were not possible to obtain crystals of
better quality. The data collections were realised at low temperature and
using Cu radiation to improve the quality of the data.

CCDC 783761 (1a), 783762 (1 b) and 783763 (1 c) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Photophysical properties : The photophysical properties were registered
in diluted solutions (around 2� 10�6

m), prepared by adding the corre-
sponding solvent to the residue from the adequate amount of a concen-
trated stock solution in acetone, after vacuum evaporation of this solvent.
UV/Vis absorption and fluorescence spectra were recorded by using a
Cary 4E spectrophotometer and a SPEX Fluorolog 3–22 spectrofluorime-
ter, respectively. Fluorescence quantum yields (f) were evaluated from
corrected spectra by using a diluted methanol solution of the commercial
PM567 (f=0.91)[32] and PM650 (f=0.06)[33] as reference, depending of
the absorption and emission region of the considered BDP. Radiative
decay curves were registered by using the time correlated single-photon
counting technique (Edinburgh Instruments, model FL920). Fluorescence
emission was monitored at the maximum emission wavelength after exci-
tation at l= 470 nm by means of a diode laser (PicoQuant, model
LDH470) with 150 ps FWHM pulses. The fluorescence lifetime (t) was
obtained after the deconvolution of the instrumental response signal
from the recorded decay curves by means of an iterative method. The
goodness of the exponential fit was controlled by statistical parameters
(chi-square, Durbin–Watson and the analysis of the residuals). The rate
constant of radiative (kfl) and non-radiative (knr) deactivations were cal-
culated by means of Equation (1).

kfl ¼ �=t and knr ¼ ð1��Þ=t ð1Þ

The ground state geometry was optimised by using the B3LYP method
and the double valence basis set (6-31G) implemented in the Gaussian
03 software. The energy minimisation process was performed without any
geometrical restrictions, and it was considered to be adequately conclud-
ed when the analysis of the vibrational frequencies did not give any nega-
tive frequency. The absorption properties were simulated by the time-de-
pendent (TD) method together with the above-cited density functional
theory (B3LYP).

Laser experiments : The commercial laser dyes Coumarin 503 (also called
Coumarin 307), Coumarin 522, Coumarin 540 A (also called Coumarin
153) and Pirromethene 597 (laser grade, Exciton) were used as received
with a purity of >99% (checked by spectroscopic and chromatographic
methods). Solvents for laser studies were of spectroscopic grade (Merck,
Aldrich or Sigma) and were used without purification. The new dyes
were incorporated in homopolymers, such as PMMA and PHEMA as
well as in linear copolymers obtained by copolymerisation of MMA with
different volumetric proportions HEMA. All monomers were purchased

from Aldrich. MMA and the initiator: 2,2�-azobisisobutyronitrile (AIBN)
(Acros) were purified before use while HEMA was used as received.

Preparation of solid polymeric samples : The new BDP derivatives were
incorporated into the different solid matrices following the procedure
previously described.[34] The solid monolith laser samples were cast in cy-
lindrical shape, forming rods of 10 mm diameter and 10 mm length. A
cut was made parallel to the axis of cylinder to obtain a lateral flat sur-
face of approximately 6� 10 mm. This surface, as well as the ends of the
laser rods, was prepared for lasing experiments by using a grinding and
polishing machine (Phoenix Beta 4000, B�ehler) until optical-grade fin-
ished. The planar grinding stage was carried out by using a Texmet 1000
sand paper (Buehler) with a diamond polishing compound of 6 mm as an
abrasive in mineral oil as a lubricant. The final polishing stage was real-
ised with a G-Tuch Microcloth (Buehler), using a cloth disk Mastertex
(Buehler) with diamond of 1 mm in mineral oil as an abrasive type.

Liquid solutions of dyes were contained in 1 cm optical-path quartz cells
that were carefully sealed to avoid solvent evaporation during experi-
ments. The solutions of the newly synthesised dyes as well as the solid
samples doped with these new dyes were transversely pumped at differ-
ent wavelengths matching the maximum absorption of the corresponding
dyes: at l=532 nm, with 5 mJ per pulse, 6 ns FWHM pulses from a fre-
quency-doubled Q-switched Nd:YAG laser (Monocrom OPL-10) and at
l= 500, 515 and 577 nm, with 5 mJ, 12 ns FWHM pulses from a Nd-
YAG-pumped dye laser (Spectron SL800 with an ethanolic solution of
Coumarin 503, Coumarin 522 and Pyrromethene 597, respectively). The
exciting pulses were line-focused onto the cell, providing pump fluences
on the active medium of 180 mJ cm�2. The oscillation cavity (2 cm length)
consisted of a 90 % reflectivity aluminium mirror, with the lateral face of
the cell as output coupler.

The photostability of each dye in liquid phase was also evaluated under
experimental conditions identical to those selected to irradiate the fluo-
rophores embedded in solid polymeric matrices, which will allow later
comparison of their stability in liquid and solid phases under laser irradi-
ation. Because the irradiated volume in solid samples was estimated to
be 10 mL, capillary tubes into which ethyl acetate solutions of dyes were
incorporated offer the best geometry to reproduce the volume irradiated
in the solid samples, thus maintaining the same laser pump conditions in
both cases. Although the low optical quality of the capillary prevents
laser emission from the dyes, information about photostabilities can be
obtained by monitoring the decrease in laser-induced fluorescence inten-
sity, excited transversally to the capillary, as a function of the number of
pump pulses at 10 Hz repetition rate. The fluorescence emission was
monitored perpendicular to the exciting beam, and its collection and
analysis was carried out with the same set-up selected to characterise the
laser emission from dyes incorporated into solid samples.
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