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An asymmetric BODIPY triad with panchromatic
absorption for high-performance red-edge laser
emission†
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A rational design of an unprecedented asymmetric cassette triad based

entirely on BODIPY chromophores allows efficient light harvesting over

the UV-vis spectral region, leading to a bright and stable red-edge laser

emission via efficient energy-transfer processes.

Long wavelength (4600 nm) fluorescent dyes have found applica-
tions in a wide variety of fields, such as laser printing, information
storage, displays and solar power conversion.1 They were also
proved to be useful tools in biomedical applications (including
photodynamic therapies),2 due mainly to the deeper penetration
into tissues of this kind of light.3 Although a number of long-
wavelength emitting commercial dyes with reasonable efficiency
are available,4 these dyes have important drawbacks: low absorp-
tion at the standard pump wavelengths (355 and 532 nm) and/or
poor photostability. One approach to overcome these drawbacks
is the straightforward synthesis of energy transfer cassettes,5 which
has proved to be a powerful strategy in fields such as light-
harvesting systems and sensors.6 Thus, these complex molecular
multichromophoric systems offer two main valuable advantages
with regard to simpler systems and physical mixtures of individual
(non-covalently linked) chromophores: (1) the possibility of excel-
lent excitation energy transfer (EET) efficiencies upon absorption
over a broad spectral window, to yield almost exclusively the
emission of a target chromophore unit; (2) the possibility of
performing the excitation far away from the emission region, which
enhances both the system photostability and the sensibility when
detecting the emission signal. However, this approach has not

been tried to date to develop panchromatic dyes with enhanced
red-edge laser emission.

In this regard, the rational design of a multichromophoric
molecular system with the aforementioned EET benefits is challen-
ging, since the effectiveness of each individual EET event depends
on the mutual separation and relative orientation of the involved
donor and acceptor moieties. BODIPYs (4,4-difluoro-4-bora-3a,4a-
diaza-s-indacenes) were demonstrated to be valuable scaffolds to
design cascade-like EET architectures,7 since they can be properly
functionalized to assure strong absorption throughout the visible
spectrum.8 On the other hand, high efficiency of monochromatic
emission beyond 650 nm can be obtained from certain conveniently-
functionalized BODIPYs.9 On the basis of this synthetic versatility of
the BODIPY chromophores for designing energy-transfer systems,
herein we report a straightforward, efficient and cost-effective
synthetic protocol to produce an unprecedented panchromatic
all-BODIPY cassette triad (1 in Fig. 1) enabling highly efficient
and stable laser emission at 665 nm.

The asymmetric molecular architecture of 1 is not trivial, as
it was judiciously designed to get the desired photophysical
properties through a simpler synthetic route. Thus, its twisted
architecture was selected to avoid supramolecular aggregation by
p–p stacking interactions, which are known to have a deleterious
effect on laser action. However, compared to symmetric BODIPY
systems, which can be straightforwardly synthesized (e.g., from

Fig. 1 Developed cassette triad. Key BODIPY moieties in different colours
(spacers in black). Individual key synthetic building-block fragments inside
dotted windows.
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pyrrole derivatives), the facile and scalable synthesis of low
symmetric BODIPY analogues is still challenging.

The lateral 8-aminoBODIPY moiety of 1 (the blue fragment in
Fig. 1) was selected as the short-wavelength donor due to the known
strong absorption and highly efficient and stable emission in the
blue-green spectral region exhibited by related individual BODIPYs
(400–500 nm).10 On the other hand, the central 8-mesitylBODIPY
moiety (the green moiety in Fig. 1) was chosen on the basis of its
expected strong absorption and emission in the green-orange spectral
region (490–600 nm),11 which should allow the required dual beha-
viour of the central core inside the triad (donor and acceptor
moieties), but also because the corresponding isolated BODIPY gives
a convenient synthetic building block to let its lateral asymmetric
functionalization occur as shown later. Finally, the 3,5-distyrylBODIPY
chromophore (the red fragment in Fig. 1) was selected due to its likely
strong absorption and high efficient emission in the red-edge spectral
region (600–750 nm).9 Moreover, the molecular assembly of the said
moieties was achieved through relatively short and rigid spacers
(twisted 1,4-phenylene‡ and 1,3-propynylidene) to get the desired
photophysical properties. Thus, the phenylene bridge is crucial
to maintain the twisted architecture of the spacer, avoiding its
aggregation. Besides, this twisted spacer should maintain the
corresponding linked BODIPYs electronically isolated. Alterna-
tively, the non-p-conjugated propynylidene spacer is key to keep
the ‘‘blue’’ identity of the lateral 8-aminoBODIPY, maintaining
the linked chromophores isolated. The selection of the spacers
takes into account the synthetic factors also, since they must
allow the straightforward assembly of synthetically-accessible
BODIPY-based building blocks, as mentioned below.

Thus, triad 1 was attained by the straightforward convergent
synthetic route shown in Fig. 2, which was judiciously designed
on the basis of using workable palladium-catalysed carbon–carbon
coupling reactions (Sonogashira and Suzuki). Synthetically-accessible
2,6-diiodoBODIPY 3 (easily obtainable from accessible 2)12 is the key
intermediate of the designed route, since it could be subjected to
controlled (stepped) carbon–carbon coupling reaction towards
the final desired triad. Thus, the Sonogashira coupling of 3 with the
blue N-propargyl-8-aminoBODIPY 5 (obtained from commercial 413

by using the methodology described by Peña et al.10) allowed the
easy preparation of diad 6 (Fig. 2). On the other hand, subjecting
synthetically accessible 714 to Knoevenagel-like reaction with
benzaldehyde/K2CO3 (standard red-shifting distyryl functiona-
lization of 3,5-dimethylBODIPYs9) allows obtaining boronic-
ester-based red BODIPY 8, which could be straightforwardly
coupled to diad 6 by Suzuki reaction, to afford desired 1 (Fig. 2).

As a consequence of the mentioned rational design, the absorption
spectrum of triad 1 (Fig. 3) resulted to be the sum of the bands of the
involved individual chromophores. Accordingly, four strong absorp-
tion bands at 631, 536, 426 and 342 nm (emax up to 105 M�1 cm�1, see
Table S1 in the ESI†) covering the whole near-ultraviolet-to-red
spectral region were recorded. The three vis bands were assigned to
the corresponding absorption of the electronically-isolated BODIPY
chromophores of 1, by comparing the absorption spectrum of 1 with
those individually obtained from parent dyes 2, 5 and 8 (Fig. 3).
The observed red shift of the band at 536 nm, when compared
with that obtained from 2, is mainly due to the conjugation of

the central BODIPY core of 1 with the propynylidene rest (see
Fig. 3). On the other hand, the ultraviolet (UV) band at 342 nm
results from the summed UV absorptions of the involved individual
BODIPY chromophores, being the distyryl chromophore the main
contributor (see Fig. 3). Theoretical calculations conducted on 1
(B3LYP/6-31+g*, see ESI†) also support the claimed electronic
isolation of chromophores, by predicting the involvement of mole-
cular orbitals placed exclusively at each BODIPY fragment for the
vis electronic transitions associated with each vis absorption band,
(see Fig. 3). Therefore, the cassette-required selective excitation of
chromophores should be possible in 1.

Indeed, the selective excitation of each chromophore in 1
leads to a strong red fluorescence from the distyryl fragment

Fig. 2 Convergent synthetic route to 1 (yields over arrows; see ESI† for
details).

Fig. 3 Absorption spectra of 1 (solid line), 2 (green), 5 (blue) and 8 (red) in
diluted ethyl acetate, as well as computed molecular orbitals involved in
each visible transition of 1. For better visualization of the contour maps,
see Fig. S1 in the ESI.†
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(645 nm, f = 72%; see Table S1 in ESI†), regardless of the
excitation wavelength along the whole UV-vis spectrum (Fig. 4).
Therefore, efficient EET processes take place, as demonstrated
also by the excitation spectra monitored at a long-enough wave-
length (see Fig. 4), which matches with the absorption spectrum
showing its characteristic four bands (cf., Fig. 3 and 4).

The efficiencies of the EET processes occurring in 1 can be
estimated from the quenching of the emission of the donor
chromophores, lateral blue and central green, induced by the
presence of the corresponding acceptor chromophores, central
green and lateral red (see Fig. S2 and Table S1 in the ESI†). Thus,
the efficiency of the EET from the blue donor to the green acceptor
resulted to be 99%, whereas the efficiency from the green donor to
the final red acceptor was 91%. It must be noted here that such
extremely efficient EET in diluted solution could not be achieved
from the physical mixture of the individual components of the
triad, even at high concentrations (see Fig. S3 in the ESI†), which
shows the advantages of using covalent linkages to impose appro-
priate short distances and relative dispositions between chromo-
phores, to enable efficient EET processes.5d The intramolecular
EETs between chromophores should obey a Förster-resonance
energy-transfer (FRET) mechanism, being extremely efficient due
to the involved short separation distances and the notable spectral
overlaps (especially high for the blue and green chromophores; see
Fig. S4 in the ESI†). Besides, a contribution of the through-bond
energy transfer (TBET) mechanism (not allowed in mixtures of
individual dyes) should also be feasible in the hop from the central
green chromophore to the red one, since the involved phenylene
spacer could enable the required electronic connection through its
p-conjugated orbitals. In fact, the calculated efficiency for this EET
process is quite high, despite the lower spectral overlap existing for
the green and red chromophores (see Fig. S4 in the ESI†). In
contrast, such a mechanism is less feasible in the hop from the
lateral blue chromophore to the central one, owing to the involved
methylene-bridge of the involved propynylidene spacer, which
should reduce the electron-exchange probability.

The optimized photophysics of 1, obtained from its carefully
designed structure, results in enhanced laser behaviour as a

laser dye when compared to those obtained individually from the
parent monochromophoric dyes. Thus, this singular structure
enables 1 to lase efficiently in the red spectral region under
pumping either in the UV (355 nm) or in the vis (532 nm) spectral
regions, due to the mentioned cassette behaviour, but also
because the covalent binding of its three BODIPY chromophores
leads to a significant increase in the absorptions, at both pumping
wavelengths, when compared to those exhibited individually by
the related monochromophoric parent dyes. This is a key factor
from the point of view of the laser action, since it allows reducing
significantly the required gain-media concentrations, avoiding
consequently dye-solubility problems, or dye quenching and/or
aggregation processes, all of them with detrimental effects on
laser emission. For instance, the new triad exhibits molar absorp-
tion coefficients of 9.5 � 104 and 11 � 104 M�1 cm�1 at 355 and
532 nm, respectively, which are above those exhibited individually
by the comparison parent dyes (see Fig. 3).

Under transversal pump conditions at 355 nm, broad-line-
width laser emission, with pump threshold energy of B0.6 mJ,
divergence of 5 mrad and pulse duration of 8 ns full width at
half maximum (FWHM), was obtained from a triad solution
placed in a simple plane–plane non-tunable resonator (see ESI†
for experimental details). In agreement with the photophysical
behaviour, the cascade of EET processes inside triad 1 leads to
a highly efficient (up to 49%) and monochromatic laser emission
centered at 665 nm. This laser efficiency is much higher than
that recorded from parent red BODIPY 8, whose laser efficiency
does not exceed the 30% value when pumped under identical
experimental conditions, either at 355 nm or at 532 nm. These
results could be related to the following facts: (a) the lower
absorption of 8 at 532 nm, when compared to triad 1, making it
necessary to increase significantly the dye concentration in the
gain media to achieve the optimal pumping conditions, and (b)
the energetic difference between absorbed (355 nm) and emitted
(665 nm) photons, which makes the emission process to be
energetically more favourable when taking place through an EET
cascade, as occurring in 1.

Triad 1 also exhibits excellent photostability, maintaining 100%
of the initial emission intensity after 100 000 pump pulses (see ESI†
for experimental details). Furthermore, the photostability of 1
was demonstrated to be noticeably higher than those exhibited
individually by the corresponding triad components. As an
example, under identical pumping conditions, the key indivi-
dual blue and red components of 1 (i.e., the initial absorber and
the final emiter; see 5 and 8 in Fig. 2) lose completely their laser
emission after 100 000 pump pulses. The same takes place when the
three individual components are physically mixed in a single
solution, which clearly demonstrates the benefits of embedding
them into a proper single molecular architecture. In order to put this
result in a proper perspective, the lasing parameters of the commer-
cial BODIPY dye PM650, lasing at the same wavelength obtained
from 1, were measured under identical experimental conditions.
Noticeably and different from 1, PM650 could not be pumped at
355 nm, since its low absorption at this wavelength makes necessary
dye concentrations upcoming the dye solubility limit. On the
other hand, pumping PM650 (2 � 10�3 M in ethyl acetate) at

Fig. 4 Fluorescence spectra of 1 at different excitation wavelengths along
the UV-vis (indicated by arrows), and the excitation spectrum monitored at
700 nm (black) in diluted solutions (ethyl acetate).
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532 nm makes this dye to lase at 657 nm with 35% efficiency and
38% loss of the initial laser-induced fluorescence intensity after
100 000 pump pulses. Therefore, triad 1 outperforms the lasing
properties of PM650, especially taking into account that PM650 was
only pumped at the longer 532 nm wavelength i.e., with less
energetic photons minimizing the energy released into the medium
and, therefore, reducing the rate and extension of the photo-
degradation process occurring when pumping with high-energy
photons. Moreover, compared to PM650, triad 1 exhibits
another important advantage, namely its high chemical stabi-
lity in solution. Thus, PM650 has been reported to be highly
unstable in certain solvents (most of them characterized as
electron donors),15 becoming completely bleached after some
hours (or days in the best case), and implying that its solutions
have to be used and characterized just after preparation.

In conclusion, we have developed a straightforward and cost-
effective synthetic approach to attain an asymmetric all-BODIPY
triad with panchromatic absorption and, simultaneously, effi-
cient and photostable laser emission in the red-edge spectral
region. The rational design of this molecular system ameliorates
three key optical factors to improve its photonic applicability:
four strong absorption bands with extinction absorption coeffi-
cients up to 105 M�1 cm�1, EET efficiency as high as 99%, and
laser efficiency up to 49%, the latter being much higher than
those exhibited by the parent red BODIPY mimicking the triad
red chromophore, and by the commercial dye PM650, which is
considered the bench-mark of the red-emitting BODIPY-based
laser dyes. Further work is in progress to study the laser
performance of the reported cassette, and future related ones,
in solid media (e.g., in thin film by dispersing the molecular
cassette in an appropriate polymer).
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