
Fluorescent Molecular Devices
DOI: 10.1002/anie.200702070

The Chemistry of Fluorescent Bodipy Dyes: Versatility
Unsurpassed**
Gilles Ulrich, Raymond Ziessel,* and Anthony Harriman

In memory of Charles MioskowskiBodipy · dyes/pigments · energy transfer ·
fluorescent probes · luminescence

1. Introduction

Despite existing for almost a century, fluorescent dyes
continue to attract the attention of scientists from an ever-
expanding multidisciplinary arena. Recent developments in
the field of personal diagnostics and in the area of organic
electroluminescent devices have boosted interest in the
development of next-generation emissive dyes. Countless
classes of highly fluorescent organic compounds are now
known, but the difluoro-boraindacene family (4,4-difluoro-4-
borata-3a-azonia-4a-aza-s-indacene, abbreviated hereafter as
F-Bodipy) has gained recognition as being one of the more
versatile fluorophores and this dye has steadily increased in
popularity over the past two decades. The first member of this
class of compound was reported by Treibs and Kreuzer in
1968,[1] although relatively little attention was given to the
discovery until the end of the 1980s.[2] Then, the potential use
of this dye for biological labeling was recognized[3] and several
new Bodipy[4]-based dyes were designed and indeed commer-

cialized for biological labeling. As a
consequence, Bodipy came to be
known to the biochemist and biologist
as a photostable substitute for fluores-
cein, and the number of papers and
patents started to escalate in the mid

1990s (Figure 1). The use of Bodipy as an effective biological
label has been complemented by its known propensity to
function as a tunable laser dye.[5] At the beginning of the 21st
century, numerous patents were deposited for additional
biological labeling purposes, for paint or ink compositions,
and for electroluminescent devices. In parallel, more funda-
mental studies on the chemical reactivity and the photo-
physical properties of the new dyes began to emerge. This
work has brought about a further rise in the number of
patents and research publications attesting to the versatility of
the Bodipy class of fluorophores; in 2006, some 729 patents
and 1074 journal articles were published that described the
multifarious applications of Bodipy-based dyes.[6] The excel-
lent thermal and photochemical stability, high fluorescence
quantum yield, negligible triplet-state formation, intense

The world of organic luminophores has been confined for a long time
to fairly standard biological labeling applications and to certain
analytical tests. Recently, however, the field has undergone a major
change of direction, driven by the dual needs to develop novel organic
electronic materials and to fuel the rapidly emerging nanotechnologies.
Among the many diverse fluorescent molecules, the Bodipy family,
first developed as luminescent tags and laser dyes, has become a
cornerstone for these new applications. The near future looks
extremely bright for “porphyrin(s little sister”.

Figure 1. Annual number of scientific publications describing Bodipy
fluorophores (source: CAS).
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absorption profile, good solubility, and chemical robustness
have all added to the general attractiveness of these materials.

2. Synthetic Considerations

The complexation of a dipyrromethene unit to a boron
trifluoride salt can lead to formation of a dipyrromethene-
boron difluoride structure, which can be considered as being
an example of a “rigidified” monomethine cyanine dye
(Figure 2). The greatly restricted flexibility leads to unusually

high fluorescence yields from the dipyrrometheneboron
framework. Conjugation of the p-electrons runs along the
organic backbone and can be extended by condensation of
suitable groups onto the periphery or by the attachment of
conjugated units to one or both pyrrole fragments.

This type of structure is commonly described as being a
boradiazaindacene by analogy with the all-carbon tricyclic
ring, and the numbering of any substituents follows rules set
up for the carbon polycycle (Figure 3). By analogy with

porphyrinic systems, the 8-position is often referred to as
being the meso site. The recent development of non-
fluorinated Bodipy dyes led to the introduction of a supple-
mentary term for the Bodipy abbreviation that is specific with
respect to the nature of the 4,4’-substituents: F for fluoro;
C for carbocycle, E for ethynyl, and O for oxygen. The
absorption- and fluorescence-spectroscopic properties of
members of the Bodipy family are highly influenced by the
extent of electron delocalization around the central cyanine
framework and, in a modest way, by the donor and acceptor
characteristics of the pyrrole substituents. It is, in fact, quite
rare for Bodipy dyes to lack alkyl substituents at the pyrrole
groups.

2.1. Basic Procedure

Construction of the starting dipyrromethene unit is based
on the well-known pyrrole condensation reaction, developed

originally for the synthesis of certain types of porphyrin. A
highly electrophilic carbonyl compound (for example, acid
anhydride, acyl chloride, or aldehyde) is used to form the
methene bridge between two pyrrole units. The latter are
usually substituted at one of the positions adjacent to the
nitrogen atom to avoid polymerization and/or porphyrin
formation. An excess of a non-substituted pyrrole is needed to
obtain satisfactory yields of the corresponding naked dipyr-
romethene.[7,8] Such synthetic procedures rapidly lead to the
isolation of symmetric F-Bodipy dyes after complexation of
BF3·OEt2 in the presence of a base, such as a tertiary
amine,[5,9] as shown in Scheme 1.

Using this synthetic method, numerous Bodipy units have
been built from readily available pyrroles, with the synthetic
effort being focused on varying the nature of substituents
located at the 8-position.[10–12] This strategy has allowed the
connection of selective groups directly onto the Bodipy
fluorophore without drastic change of their optical properties.
Such approaches do not perturb the geometry of the
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Figure 2. Basic types of cyanine structure.

Figure 3. Numbering scheme used for the Bodipy framework derived
from indacene.
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chromophore, they tend to avoid problems arising from steric
hindrance, and have little tendency to modify the electron
density on the Bodipy unit. A key point is that pyrrole
substituents restrict rotation of aromatic groups attached at
the 8-position and the resultant orthogonal geometry serves
to minimize electronic coupling between the dye and the
meso substituent. Many interesting chemical sensors have
been formulated in this way (see Section 4), which continues
to be the most popular route to functionalized Bodipy dyes.

Asymmetric Bodipy dyes are usually obtained by con-
densation of a carbonyl-containing pyrrole with a pyrrole
molecule that is not substituted at the 2-position. Many
Bodipy-based biological labels[3,4] are prepared by this
particular method (Scheme 2). An active carboxylate group

can be introduced at the 8-position by following a similar
procedure. This synthetic route is useful for the preparation of
reasonably large batches of dyestuff, although it tends to be
expensive in terms of solvent wastage. Purification is best
carried out by column chromatography followed by recrys-

tallization. In general, these materials separate well on a
chromatography column and can be purified to a high degree.

2.2. Chemistry on the Bodipy Core
2.2.1 Electrophilic Substitution

Treibs and Kreuzer[1] first realized that F-Bodipy dyes
which are free of substituents at the 2,6-positions readily
undergo electrophilic substitution reactions in the presence of
chlorosulfonic acid. This high level of reactivity was exploited
later by Boyer and co-workers as a means by which to
synthesize water-soluble analogues.[13] Other electrophiles can
be introduced in much the same way, thereby providing a
facile route to the isolation of F-Bodipy dyes bearing
bromine[14] or iodine groups[15] that are then available for
further synthetic modification (Scheme 3). It should be noted

that this approach leaves the B�F bonds unscathed; the
substitution reactions occur exclusively at the 2,6-positions,
and is therefore a valuable route to selective substitution.

2.2.2 Active Methyl Groups

An F-Bodipy core bearing methyl groups at the 3,5-
positions can be subjected to chemical modifications on the
methyl carbon atoms owing to their strong nucleophilic
character. These methyl groups can be deprotonated under
mild conditions. The resultant intermediates will readily add
to an electron-rich aromatic aldehyde, thereby generating a
styryl group (Scheme 4).[3,16,17] This synthetic procedure has
been used to extend the degree of p-electron conjugation and
has the effect of introducing a pronounced bathochromic shift
to both absorption and fluorescence spectral maxima. Fur-
thermore, the intermediary carbenium ion can be oxidized
in situ, leading to the corresponding 3-formyl derivative in
quite respectable yield.[17]

Scheme 1. Outline of a typical synthesis of symmetric F-Bodipy dyes.
The base removes HF formed in the final step.

Scheme 2. General outline for the synthesis of asymmetric F-Bodipy
dyes.

Scheme 3. General procedure leading to electrophilic substitution at
the F-Bodipy unit. a) Electrophile in anhydrous solvent.

Scheme 4. Introduction of styryl groups by addition–elimination steps
with an adventitious aldehyde. Ac=acetyl.
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2.2.3 Metal-Catalyzed Cross-Coupling

The presence of a halogen atom, either directly on the
Bodipy core or attached to an aryl ring, facilitates further
extension of the conjugation length and the building of more
sophisticated structures through the use of palladium-cata-
lyzed coupling reactions.[18] A halogen atom can be intro-
duced onto the F-Bodipy core by way of a suitably substituted
pyrrole,[19] with chlorinated dipyrromethene precursors,[20] or
by electrophilic substitution onto the Bodipy unit.[12] Various
types of coupling reactions, such as Sonogashira, Heck, Stille,
or Suzuki, have been used to introduce ethyne, ethene, and
aryl groups onto the F-Bodipy framework (Scheme 5). Again,
it should be noted that the B�F bonds remain inert during
such cross-coupling reactions.

The rational design of F-Bodipy dyes starting from 4-
iodobenzoylchloride[21] leads to fluorescent materials that can
be easily connected to certain aryl or heteroaryl groups
through similar palladium(0)-catalyzed procedures. This
method is preferred for assembling multicomponent molec-
ular systems capable of intramolecular energy and/or electron
transfer (see Section 3.1).

2.2.4 Nucleophilic Substitution of Leaving Groups

The presence of good leaving groups, such as chlorine
atoms at the 3,5-positions of an F-Bodipy dye, allows the
facile introduction of amino or alkoxy groups at these sites by
nucleophilic substitution (Scheme 6).[22] A thiomethyl group
at the 8-position is also an effective leaving group in the
presence of an amine.[23]

2.3 Extending the Degree of p-Electron Conjugation

Obtaining F-Bodipy dyes exhibiting fluorescence in the
far-red or near-IR regions of the spectrum requires the
presence of an extended delocalization pathway. Several
strategies are available by which to build this type of Bodipy
dye. The most direct method is to synthesize pyrrole
derivatives bearing phenyl, vinyl, or thiophene groups at the
3-position (Figure 4).[24,25]

Derivatives with an additional benzene ring fused to the
pyrrole group are well known and can be used as the basis of
an alternative strategy for the introduction of a bathochromic
shift (Figure 5), but it should be noted that isoindoles are not

suitable for the strategy described in Scheme 1. However,
Urano et al. showed[26a] that the isoindole framework could be
unmasked by a retro-Diels–Alder reaction (Scheme 7). This
procedure provides an indirect route to functionalized F-
Bodipy dyes starting from isoindole fragments.

Related dyes can be obtained by condensation of ortho-
diacetophenone with an ammonium salt, followed by boron
complexation (Scheme 8).[27] A different strategy employed to
produce long-wavelength absorbing Bodipy-based dyes is to
chemically modify the Bodipy framework (Figure 5). One
such way to extend p-electron delocalization is by formation
of a styryl group at the 3-position of the Bodipy unit by
reaction of a methyl group with an active aldehyde in basic
media. Conversely, a Wittig-type reaction can be carried out
on a suitable aldehyde.[13] This latter strategy has been used
recently with considerable success to generate a new class of
ratiometric fluorescence sensors (see Section 4).

Scheme 5. Examples of palladium-catalyzed cross-coupling reactions
on the F-Bodipy core. a) Reagents: SnPh4 (R=Ph), or ClC6H4B(OH)2
(R=p-ClC6H4), or styrene (R=CHCHPh), or phenylacetylene
(R=C�CPh).

Scheme 6. Selected example of nucleophilic substitution at the 3,5-
position of an F-Bodipy dye.

Figure 4. Examples of F-Bodipy dyes with extended p systems.

Figure 5. F-Bodipy dyes with a bis(isoindole)methene core.
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2.4. Modifications at the Boron Center

Few attempts had been reported that set out to substitute
the fluorine atoms of an F-Bodipy dye until very recently,
when Murase et al. registered a patent[28] reporting the
replacement of the fluorine atoms with aryl groups. In this
case, phenylmagnesium chloride was used to carry out the
replacement. The organometallic approach has been further
developed by Ulrich, Ziessel, and co-workers[29] and used to
introduce aryl,[30] ethynylaryl,[31] and ethynyl[32] subunits in
place of the usual fluorine atoms. These developments
provided access to a library of highly stable C-Bodipy and
E-Bodipy dyes and opened the way to the preparation of new
diads and cascade-type dyes. Depending on the nature of the
substrate, organolithium or Grignard reagents were used to
efficiently substitute the fluorine atoms (Scheme 9). The
properties and photophysical behavior of these new dyes will
be discussed in Section 3. It should be stressed, however, that
this simple strategy of carrying out substitution reactions at

the boron center has led to a dramatic increase in the
versatility of Bodipy dyes. In particular, it is now possible to
synthesize sophisticated arrays in which different types of
appended groups are positioned at the meso and boron sites.
This approach allows the isolation of molecular triads, tetrads,
and so on that were hitherto unimaginable.

The first reported example of an O-Bodipy dye involved
displacement of the fluorine atoms with o-phenoxy groups
located at the 3,5-positions in the presence of BBr3.

[33]

Hiroyuki et al. referred to fluorine displacement using sodium
alkoxides (Scheme 9) or thiolates in a patent.[34] This proce-
dure was used recently to finetune the reduction potentials of
fluorescent sensors for nitric oxide detection.[35] It is also of
note that the fluorine atoms can be rather easily replaced with
hydroxy groups in the presence of a strong Lewis acid.[36]

2.5. Related Structures

Very recently, interest has been increased in the 4-bora-
3a,4a,8-triazaindacene dyes (commonly referred to as azabo-
dipy dyes) owing to their efficient fluorescence in the far-red
and near-IR regions of the spectrum. The nitrogen lone pair at
the 8-position appears to contribute to the orbital levels of the
actual cyanine framework, reducing the HOMO–LUMO
energy gap relative to F-Bodipy dyes bearing similar sub-
stituents. Electrochemical measurements and molecular-or-
bital calculations could confirm this effect, which is respon-
sible for the red-shifted absorption and emission maxima. To
obtain azabodipy dyes, the main synthetic effort has been
directed towards isolation of the azadipyrromethene precur-
sor, with the boron center being coordinated to fluorine atoms
in the usual way. This type of structure was first reported by
Boyer and Morgan[37] who obtained the azadipyrromethene
precursor by condensation of hydroxylamine with 1-oxopro-
pionitrile[38] followed by BF3·OEt2 complexation. The neces-
sary research to obtain symmetric and asymmetric azabodipy
dyes was conducted primarily by the groups of OHShea and
Carreira, motivated by the potential applications as biological
labels, as sensitizers for photodynamic therapy,[39] and as
luminescent proton sensors.[40]

Scheme 7. Retro-Diels–Alder reaction used to extend the conjugation
for an F-Bodipy dye. Conditions: a) trifluoroacetic acid, 4,5-dichloro-
3,6-dioxo-1,2-benzenedinitrile (DDQ), iPr2NEt, BF3·OEt2 in CH2Cl2;
b) 220 8C, 30 min.

Scheme 8. Synthesis of bis(isoindole)metheneboron derivatives from
two equivalents of ortho-diacetylbenzene. See ref. [27] for details.

Scheme 9. Selected methods for modification at the boron center.
TMS= trimethylsilyl.
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OHSheaHs method is based on the addition of nitromethane
to a chalcone, followed by condensation with an ammonium
salt (Scheme 10).[41] In contrast, Carreira and ZhaoHs restrict-

ed azabodipy dyes were obtained by reaction of a 2,4-
diarylpyrrole with NaNO2 in an acetic acid/anhydride mixture
(Scheme 11).[42] In both cases, the F-azabodipy dye is obtained
by complexation of BF3·OEt2 in the presence of HJnigHs base
(N,N-diisopropylethylamine).

3. Optical Properties: Energy Transfer

One of the features of Bodipy dyes is that it is possible to
easily modify their molecular backbone, which provides
further opportunities to vary their optical properties and to
provide recognition sites for a variety of analytes. These dyes
have sharp bands in the absorption spectra (half-widths
typically being around 25–35 nm), large molar absorption
coefficients (typically being in the region of 40000 to
110000m�1 cm�1), high fluorescence quantum yields (normal-
ly between 60 and 90%), reasonably long excited singlet-state
lifetimes (these being around 1 to 10 ns), excellent chemical
and photochemical stability in both solution and solid states,
and versatile charge-transfer properties. The good solubility
of these dyes in most common solvents (excluding water)
should also be noted. In general, Bodipy dyes are resistant
towards aggregation in solution. The absorption spectra
recorded in solution or plastic films exhibit intense transitions
that correspond to the S0–S1 process, together with clear

vibrational fine structure, and a moremodest set of transitions
owing to absorption from S0 to S2 states. Both transitions
usually show vibrational fine structure ranging from 1200 to
1400 cm�1 typical of the molecular C=C framework of the
Bodipy core. When excited into either S1 or S2 states, strong
fluorescence is observed from the S1 state, which shows good
mirror symmetry with the lowest-energy absorption band. No
fluorescence has been observed from the S2 state and it
appears that internal conversion is quantitative. For selected
spectroscopic data, see Table 1.

Under most experimental conditions, the fluorescence
decay profiles are well described by monoexponential kinet-
ics. In general, the radiative rate constants (ca. 108 s�1) are
quite high, owing to the strong absorption transitions, whilst
the rate constants (ca. 106 s�1) for intersystem crossing to the
triplet state are relatively unimportant. The radiative rates
calculated from the Strickler–Berg expression remain in
excellent agreement with the experimental values. The
excited triplet state can be detected by laser flash photolysis
techniques, and has a lifetime on the order of several ms in the
absence of molecular oxygen. There is only one report of low-
temperature phosphorescence from a simple Bodipy dye,[43]

for which the process required promotion of intersystem
crossing by the external heavy-atom effect. Interestingly,
triplet emission is also observed for a Bodipy dye equipped
with an ancillary ruthenium(II) poly(pyridine) complex,[44]

which functions as a triplet sensitizer. In both cases, phos-
phorescence is found around 780 nm, which indicates a rather
low-lying triplet state.

3.1. Cassettes

A common problem found with organic dyes is that the
StokesH shift is too small for optimum use in flow cytometry
and fluorescence microscopy. Synthetic strategies have been
developed to circumvent this problem by covalent attachment
of an ancillary light absorber to the Bodipy core to form a
cassette. The intention is to channel all the photons absorbed
by the secondary chromophore, which is usually an aromatic
polycycle, to the Bodipy emitter. In this way, there is a large
disparity in excitation and emission wavelengths and the full
benefits of the Bodipy emitter are retained.[19,45] Some
prototypic examples of such dual chromophore dyes are
given in Figures 6 and 7.[46,47] An important feature of these
systems is that the two chromophores remain electronically
isolated because of the orthogonal arrangement around the
connecting linkage. The rate of energy transfer depends on
the structure of the dual-dye system and decreases with
increasing center-to-center separation in line with a dipole–
dipole transfer mechanism. The overall energy-transfer
efficiency exceeds 90%, even in the most extended system.[45]

Significantly faster energy transfer is found when the
anthracene donor is attached to the long axis of the F-Bodipy
acceptor, as in 18, than if the donor is coupled to the short
axis, as in 17.[19]

Some new dual chromophore dyes are given in Figure 7.
In each case, the aromatic polycycle, either pyrene, perylene,
or a mixture of both, is attached to the boron atom. Whereas

Scheme 10. Synthesis of an azabodipy dye. Conditions: a) CH3NO2,
HNEt2, MeOH, D ; b) NH4OAc (Ac=acetyl); c) BF3·OEt2, HInig’s base,
RT.

Scheme 11. Alternative synthesis of a restricted azabodipy dye. Con-
ditions: a) HOAc, Ac2O, NaNO2 b) BF3·OEt2, HInig’s base, RT.
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the absorption spectral profiles contain important contribu-
tions from each of the subunits, fluorescence occurs exclu-
sively from the Bodipy fragment.[47] Intramolecular excitation

energy transfer is extremely efficient in each case, even
though spectral overlap integrals for the pyrene-based system
are modest. Although sterically congested, molecular dynam-

Table 1: Spectroscopic data for selected Bodipy dyes.

Compound Solvent labs/nm
(e/K104m

�1 cm�1)
lem/nm F/% t/ns E/ V vs SCE

B/BC� BC+/B

1[13] EtOH 493 (7.9) 519 99 – – –
7[24] CHCl3/MeOH 546 564 19 – – –
8[24] CHCl3/MeOH 588 617 40 – – –
9[24] CHCl3/MeOH 637 652 48 – – –
10[26] Hexane 529 544 90 5.96 �1.57 +0.67
11[26] Hexane 599 605 91 5.71 �1.53 +0.33
12[27] CH2Cl2 571 597 – – – –
13[27] MeOH 634 (10.8) 658 92 – – –
14[27] MeOH 766 (6.5) 831 – – – –
15[41] CHCl3 688 (8.5) 715 36 – – –
16[42] CH3CN 740 (1.6) 752 28 – – –
17[19] CHCl3 569 594 75 3.7 – –
18[19] CHCl3 517 532 39 2.1 – –
19[45] CH2Cl2 528 (8.3) 544 90 7.0 �1.19 +1.02
20[45] CH2Cl2 526 (6.0) 544 60 5.0 �1.32 +0.99
21[45] CH2Cl2 532 (4.3) 545 68 4.3 �1.35 +0.99
22[46] CH2Cl2 516 (7.5) 552 80 5.7 �1.74 +0.78
23[46] CH2Cl2 526 (4.6) 562 19 2.0 �1.76 +0.78
24[31] CH2Cl2 517 (7.8) 537 90 9.5 �1.58 +0.87
25[31] CH2Cl2 516 (7.3)

371 (9.5)
537
537

94
90

6.2 �1.52 +0.89

26[47] CH2Cl2 516 (6.3)
464 (9.7)

535
535

94
93

7.6 �1.47 +0.86

27[47] CH2Cl2 516 (6.5)
466 (4.7)
372 (5.1)

535 95
95
90

6.2 �1.50 +0.87

28[51] CH2Cl2 536 (6.7) 544 1 <1 �1.27 +1.13
29[51] CH2Cl2 529 (7.15) 542 1 1.3 �1.32 +1.02
30[51] CH2Cl2 524 (6.8) 540 72 10.6 �1.32 +1.02
32[52] CH3CN 503 514 69 �1.42 +1.62
33[54] Et2O 498 509/615[a] 1.2/5[a] 0.01/3.5[a] – –
34[54] Et2O 498 510/613[a] 0.4/5[a] 0.015/3.6[a] – –
35[55] CH2Cl2 718 (7.25) 784 29 0.8 – –
36[57] MeOH 534 (11.0) 542 2 – – –
38[58] CH2Cl2 667 (8.8) 702 56 6.5 – –
39[58] CH2Cl2 720 (9.0) 754 33 7.2 – –
40[62] CH3CN 498 509 3 – – –
41[62] CH3CN 499 528 0.5 – – –
44[68] Hexane 623 631 92 4.9 – –
45[69] CHCl3 504 515 – – – –
47[72] CHCl3 572 585 1.0 3.8 – –
48[73] Et2O 594 (9.8) 638 83 3.8 – –
50[75] CH3CN 529 565 0.6 – – –
52[77] Et2O 501 510 32 1.8 – –
56[82] H2O/DMSO[b] 496 (7.3) 505 0.1 – – –
57[82] H2O/DMSO[b] 498 (5.2) 507 40 – – –
58[85] H2O

[c] 499 509 0.3 – – –
59[86] CH3CN 600 656 12 – – –
60[90] CH3CN 498 (1.2) 516 39 – – –
61[91] CH2Cl2 529 (7.2) 548 87 5.3 �1.14 +1.11
63[100, 102] CH3CN 491 (8.1) 501 95 5.2 �1.18 +1.22
64[100, 102] CH3CN 514 (7.9) 531 87 5.6 �1.29 +1.02
65[100, 102] CH3CN 521 (6.8) 557 41 3.9 �1.24 +1.01
66[105] CH2Cl2 525 (6.20) 538 50 7.3 – –
67[106] CH2Cl2 510 (3.25) 539 25 5.1 – –

[a] The low energy absorption and emission band correspond to a photoinduced charge transfer transition. [b] Phosphate buffer. [c] Tris HCl buffer.
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ics simulations indicate that the polycycles are in dynamic
motion and this fact prevents meaningful computation of the
orientation factors for FLrster-type energy transfer. These
new dyes, especially the mixed polycycle system, greatly

extend the range of excitation wavelengths that can be used
for fluorescence microscopy.

The new dual-chromophore dyes display extremely fast
intramolecular energy transfer from the polycycles to the
Bodipy residue. Similar behavior has been noted before for
polycycles attached to the indacene core and the rates appear
comparable for the different systems.[46,47] The ease of syn-
thesis and, in particular the ability to isolate asymmetrical
derivatives, is a clear advantage of the boron-substituted dyes.
There is no reason why the synthesis cannot be extended to
include other polycyclic substituents nor why cross-function-
alized dyes, having additional substituents covalently linked
at the indacene backbone, cannot be prepared. An interesting
feature of these E-Bodipy dyes is that the substituent does not
affect the photophysical properties of the Bodipy unit; which
is in marked contrast to the corresponding F-Bodipy dyes, in
which the absorption and fluorescence spectral profiles can be
tuned over a wide range. The ethynyl substituent merely
functions as an ancillary light harvester for near-UV photons.
In this respect, the asymmetric derivative 27 is the most
attractive dye, as it collects photons across most of the
accessible spectral range. This compound fluoresces strongly
when dispersed in polymeric media and acts as a highly
efficient solar concentrator. It also provides a large virtual
StokesH shift, displaying several clear absorption peaks that
are useful as markers for chemical sensors. The fluorescence
quantum yield is independent of temperature and excitation
wavelength and relatively insensitive to changes in the
polarity of the surrounding medium.[47]

Intramolecular excitation energy transfer appears to be
consistent with the FLrster dipole–dipole mechanism, at least
for the perylene-based chromophore. It is possible that the
rate of energy transfer is augmented by Dexter-type through-
bond interactions, given the short separation and conjugated
ethynylene linker. This linker is an effective bridge for
electron-exchange processes. The ability to tunnel through
the central boron atom is an unknown entity, however, and it
has not been necessary to invoke the Dexter mechanism in
our work.[47]

The final point of interest concerns the possibility of
setting up a cascade effect in the asymmetric derivative 27. In
such a scenario, photons absorbed by the pyrene unit can be
transferred directly to the Bodipy S2 state, in accordance with
model calculations, or to the perylene unit. This unit is
perfectly placed to act as an energy acceptor. Calculations,
using suitable reference compounds,[47] predict that the
FLrster-type energy transfer from pyrene to perylene could
compete with direct transfer to the dye but this result has not
been confirmed experimentally.

In certain cases, it has been shown that Dexter-type
electron exchange can compete with FLrster-type energy
transfer provided the reacting units maintain quite strong
electronic communication.[48–50] For any given system, the
actual mechanism for intramolecular energy transfer will
depend on the nature of the reactants, their mutual separation
distance, the surrounding environment and the type of
linkage. That both Dexter and FLrster mechanisms operate
is an added bonus and suggests that new diads might be
designed that display very fast energy transfer.

Figure 6. Selected examples of F-Bodipy dyes grafted with anthracene
or pyrene residues as ancillary light absorbers.

Figure 7. Selected examples of C-Bodipy and E-Bodipy dyes equipped
with naphthalene, pyrene or perylene moieties.

Bodipy Dyes
Angewandte

Chemie

1191Angew. Chem. Int. Ed. 2008, 47, 1184 – 1201 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


3.2. Electron-Transfer Reactions

Photoinduced electron transfer (PET) is a well-known
mechanism through which the fluorescence of a fluorophore
is quenched in a polar environment at ambient temperature.
A common strategy is to incorporate either an amino donor
(such as a tertiary amine) or a nitro acceptor (for example, a
nitroaromatic residue) close to the Bodipy dye such that
electron transfer can compete with fluorescence (Figure 8).

This approach can be used to design fluorescent probes, and
in particular pH indicators. The thermodynamics of the
system have to be poised such that efficient electron transfer
occurs in the “off” state, thereby ensuring minimal fluores-
cence. Coordination of the proton or metal ion to the
quencher raises the relevant reduction potential to such a
level that fluorescence is restored. Thus, the “on” state
displays the fluorescence properties inherent to the Bodipy
nucleus.

Several studies have described photoinduced electron
transfer from the Bodipy unit to nitro or phenazine frag-
ments[51] or from a dimethoxybenzene donor to the Bodipy
unit.[52] Replacing phenazine with an indole fragment de-
creases the thermodynamic driving force for light-induced
electron transfer to the extent that the characteristic fluores-
cence signal is restored. Interestingly, the dicyano derivative
32 is subject to extensive fluorescence quenching. Addition of
a nitronium ion, however, restores the fluorescence as a
consequence of nitration of the phenyl ring, which decreases
significantly the electron-donating ability of the phenyl ring.
These fluorescence probes might find application in biological
samples submitted to nitric oxide (NO) stress.

3.3. Intramolecular Charge Transfer

Photoinduced charge transfer (PCT) is closely related to
PET but usually the p system responsible for the emission
(Bodipy) and the anilino donor are held orthogonal to one

another, which minimizes electronic coupling. Of course, an
orthogonal geometry is not a requirement for light-induced
charge transfer, but it certainly helps to slow down the rate of
charge recombination, thereby allowing fluorescence to take
place with reasonable efficacy. Normally, for such systems the
bands in the absorption spectra are fairly narrow and
characteristic of an unperturbed Bodipy dye. However, the
fluorescence spectra are strongly dependent on the polarity of
the solvent. The fluorescence yields are quenched in polar
solvents but not in non-polar media and, in some cases, dual
emission is observed, for example, for compound 33 (Fig-
ure 9).[53] The change in dipole moment resulting from PCT

induces a large StokesH shift, the magnitude of which depends
on the environment around the fluorophore. It can be
anticipated that a cation, or a proton, in close interaction
with the electron-rich donor will drastically change the
efficiency of PCT and, consequently, modulate the fluores-
cence yield and/or spectral properties. A particularly inter-
esting case arises when a coordinated cation switches off the
fluorescence that accompanies charge recombination and
restores the typical Bodipy-like fluorescence. A variety of
PCT sensors have been built from macrocyclic chelates and
display severe on–off fluorescence changes on cation binding.
Some of these materials include Bodipy labels modified in the
8-position with tertiary amines or azareceptors (Figure 9).[54]

3.4. Near-IR Emitters and Singlet Oxygen Sensitizers

Several different approaches are available that shift the
emission wavelength of the Bodipy-based fluorophore to-
wards lower energy. A relatively facile method involves
extending the degree of p conjugation running through the
central core (Figure 10). For example, distyrylboradiazainda-
cenes have been prepared from the corresponding 3,5-
dimethyl derivatives and the resulting dyes show pronounced
charge-transfer character, with much reduced fluorescence
quantum yields in polar solvents.[55] Water-soluble dyes were
subsequently obtained by functionalization with oligo(eth-
yleneglycol) residues. These latter materials show good
permeability into intact biological cells and tumor-targeting

Figure 8. Examples of donor–acceptor diads based on F-Bodipy.

Figure 9. Examples of prototypic Bodipy-based dyes that exhibit
charge-transfer fluorescence.
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characteristics that make them interesting candidates for
sensitizers in photodynamic therapy.[56]

The valuable light-absorbing properties are offset, how-
ever, by the very poor triplet yields inherent to Bodipy-based
dyes. This problem can be overcome to some extent by
attaching heavy atoms, such as iodine, directly to the Bodipy
nucleus of 37 (Figure 11), thereby favoring intersystem cross-

ing to the triplet state. The fluorescence
efficiency drops from 70% to 2% com-
pared to the reference dye which lacks
iodine groups. Under aerobic conditions,
1O2 is generated with modest efficiency
on illumination and cellular toxicity has
been reported.[57]

Tailoring the nature of the central
unit to give a rigid, bis(isoindolo) core
offers further potential for the construc-
tion of a large set of dyes emitting in the
near-IR region (Figure 12). In particular,
substitution at the 3,5-positions of F-

Bodipy with anisole or ethylthiophene residues substantially
increases the extent of p-electron conjugation and pushes the
absorption maximum to 673 and 727 nm, respectively. In
accord with the exponential energy-gap law, there is a
decrease in the fluorescence quantum yield, from 49 to
20%, as the emission maximum moves towards lower energy.
The strategy of conducting chemistry at the boron center
using ethynylaryl Grignard reagents opens up the route to
produce the Cascatelle-type dyes for which the virtual StokesH
shift exceeds 13000 cm�1.[58] (Cascatelle is the French term for
a small cascade.)

A novel approach to the design of Bodipy-based dyes that
emit at long wavelength involves equipping the chromophore
with an empty coordination site able to complex transition-

metal ions. The intention is to benefit from the heavy-atom
effect to favor population of a low-lying triplet excited state
that can phosphoresce[44] (Figure 13). In both cases shown in
Figure 13, very weak emission from the Bodipy triplet is
observed at low temperature and lies within the 770 to 800 nm
range.[59] This achievement is quite remarkable considering
that phosphorescence from Bodipy dyes is very rarely seen.[43]

The actual mechanism for population of the Bodipy triplet
state depends on the nature of the compound and on the
excitation wavelength. Several potential energy-transfer steps
are available, including triplet–triplet energy transfer from
the metal complex to the dye.

Near-IR luminescence in the region of 900 to 1600 nm was
obtained by complexing a Bodipy core with Yb, Nd, or Er
units (Figure 14). Irradiation into the S1 state localized on the
Bodipy center causes energy transfer that populates excited
states on the lanthanide ion. The efficiency for this energy-
transfer step depends markedly on the relative positioning of
the energy levels involved.[60]

Figure 10. Selected examples of distyryl containing F-Bodipy dyes.

Figure 11. An effi-
cient singlet oxygen
generator based on
an F-Bodipy dye.

Figure 12. Examples of bis(isoindolo)Bodipy dyes.

Figure 13. Examples of F-Bodipy dyes grafted with ancillary rutheniu-
m(II) poly(pyridine) complexes that function as triplet sensitisers.

Bodipy Dyes
Angewandte

Chemie

1193Angew. Chem. Int. Ed. 2008, 47, 1184 – 1201 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


3.5. Bodipy Dyes Bearing Ancillary Radical Centers

The synthesis of dual probes constructed from a fluores-
cent module, notably a Bodipy dye, and a covalently bound
radical leads to combined sensors that can be detected by
fluorescence, NMR, and ESR spectroscopic methods.[61] In
these hybrid systems, the paramagnetic radical (e.g., a stable
nitroxide free radical) quenches fluorescence from the
Bodipy-based dye by one of several mechanisms, but fluo-
rescence is restored when the nitroxide is reduced to the
corresponding hydroxylamine. The most important applica-
tion of these systems is the detection of oxyradicals in situ.
Thus, any oxyradical will react with the nitroxide precursor to
form the more stable nitroxide radical. This reaction is
accompanied by a decrease in fluorescence from the accom-

panying Bodipy dye, as long as the radical center resides
reasonably close to the dye. Examples of known spin carriers
of this type are shown in Figure 15.[62] These Bodipy–radical
hybrids can also interact with cations or electrons and are
considered to be good candidates for Boolean logic-gate
applications.

Magnetic properties can be influenced by external stimuli
and, in particular, the use of photons can give key information
on the control of molecular spin. Coupling spin alignment to
photoinduced electron- or energy-transfer processes is an
emerging research target. For example, linking a Bodipy dye,
which functions as a light-activated electron acceptor, to an
photoactive anthracenemoiety, which also acts as the electron
donor, and to a verdazyl p radical provides a unique
opportunity to generate a spin-polarized quartet induced by
an ion-pair state (42, Figure 16).[63]

A local electrical field has been used to influence the rate
constants for photoinduced electron transfer and subsequent
charge recombination of the resultant ion pair in multi-
component prototypes bearing Bodipy units (43). In such
molecular architectures, state switching is controlled by fast
optical pulses and offers many interesting possibilities to
develop electronic devices that function at the molecular
scale.[64]

4. Chemical Sensors

The development of efficient sensors that operate by
fluorescence modulation is of great interest in analytical
chemistry and for the clinical, medical, and environmental
sciences.[65] The key feature of all such applications is that the
trapping of an analyte at some pre-designed site, such as a
cavity inside a macrocycle or a hydrophobic patch, causes a
pronounced change in the fluorescence properties of the
sensor. Recognition of the analyte in this manner can increase
or decrease fluorescence but, in general, a better analytical
procedure is when the presence of the analyte causes the
appearance of fluorescence. In many cases, improved sensi-

Figure 14. An example of a Bodipy-based diad that shows sensitized
emission from the lanthanide cation in the near infrared region.

Figure 15. Examples of F-Bodipy dyes bearing ancillary spin carriers.

Figure 16. Examples of multicomponent donor–acceptor molecules based on F-Bodipy.
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tivity can be obtained when the sensing event perturbs a
charge-transfer excited state or interrupts intramolecular
electron transfer.[66] Daub and Rurack[67] were the first to
show the high potential for Bodipy dyes in this field, and their
original research has been followed by countless examples of
Bodipy-based fluorescent molecular sensors. A brief summa-
ry of the field is given in Sections 4.1–4.5.

4.1. pH Sensors

There is a very comprehensive range of fluorescent dyes
that can be used as pH indicators and as chemical sensors for
protons present in organic media. Their mode of operation is
apparent from close examination of compound 33 (Figure 9).
The availability of a strong electron donor close to the Bodipy
chromophore ensures that efficient intramolecular charge
transfer from the dimethylamino nitrogen atom to the excited
singlet state of the Bodipy dye occurs upon illumination with
visible light. The normal Bodipy fluorescence is extinguished
in favor of charge-recombination fluorescence. The nitrogen
donor can be protonated at low pH value or upon addition of
acid to an organic solvent, so that light-induced electron
transfer is curtailed. This protonation results in the restora-
tion of normal Bodipy fluorescence.[67] By changing the nature
of the donor, or by systematic alteration of its reduction
potential, the pH range over which fluorescence modulation
occurs can be tuned. The wavelength range can be varied by
careful choice of the Bodipy dye, as exemplified for the near-
IR emitter 44 (Figure 17).[68] Related systems are also known;

for example, compound 45 bears a phenolic residue that is
deprotonated at high pH value. The thermodynamic driving
force for light-induced electron transfer from the phenol to
the Bodipy dye is strongly dependent of the state of

protonation of the phenol, thereby allowing pH measure-
ments to be made in alkaline solution.[69] Other molecular
architectures coupling different phenolic functions to a
generic Bodipy core serve to extend the workable pH range.
Related structures have calixarene, 46,[70] or naphthol[71]

groups attached to the Bodipymeso position. Again, building
a styryl connection at the 3-position offers an easy route to
produce systems working at long wavelength and able to
monitor at high pH value, as illustrated by 47,[72] or in the
presence of acid, as found for 48 (Figure 17).[73] Similar
systems can be envisioned that operate as chemical sensors
for simple cations in solution (see Sections 4.2–4.4).

4.2. Crown-Ether-Based Sensors

The preferred strategy for using fluorescent dyes to
monitor cations employs a functionalized macrocycle to trap
the target ion, with the selectivity being set by the size and
coordination sphere offered by the macrocycle. To switch off
an intramolecular charge-transfer process, upon substrate
recognition, it is normal practice to incorporate a suitable
nitrogen donor group into the macrocyclic structure but
sufficiently close to the Bodipy core to facilitate light-induced
electron transfer. Compound 34 (Figure 9) is typical of this
class of chemical sensor. Thus, cations accommodated within
the crown-ether void coordinate to the nitrogen lone pair,
raising its reduction potential and thereby eliminating the
thermodynamic driving force for intramolecular electron
transfer to the singlet-excited state of the Bodipy dye. The
result, of course, is the reappearance of normal Bodipy
fluorescence. Only those cations included into the macrocycle
restore fluorescence, and by calibration of the system using
fluorescence-spectroscopic titrations, the concentration of
cation is easily measured from relative changes in fluores-
cence yield. Improvements can be obtained using time-
resolved fluorescence spectroscopy to record emission life-
times, as the free and bound species usually give quite
disparate decay rates. By changing the nature and/or site of
attachment of the macrocycle, it becomes possible to design
suitable chemical sensors for most simple cations.[74] Consid-
erable versatility is possible in this field and some highly
unusual macrocyclic structures have been reported, such as
compound 49[75] which is used for detecting potassium cations,
and compound 50, which offers good potential for detecting
sodium cations[76] (Figure 18).

The use of sulfur-containing macrocycles or open-chain
systems extends detection to transition metals and mercury
salts. For example, a Bodipy dye bearing an aminotetrathio-
[15]crown-5 at themeso position 51 (Figure 19) has proved to
be a good sensor for mercury(II) salts.[77] Size contraction,
leading to compound 52,[78] or ring opening, as in 53,[79] have
led to the development of efficient sensors for iron(III) or
copper(I) salts, even in living cells (Figure 19). Association of
two Bodipy dyes possessing quite disparate optical properties
and a crown ether provides an elegant way to obtain sensitive
ratiometric fluorescent chemosensors for mercury(II), as 54[80]

(Figure 19) or for silver(I).[81]

Figure 17. Selected examples of F-Bodipy dyes functionalized with
secondary groups that undergo pH-induced transitions.
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4.3. Anilino-Based Recognition Sites

Some particularly interesting chemical sensors have been
constructed by attaching aniline derivatives to F-Bodipy.
Thus, Nagano et al.[82] and Zhang and co-workers[83] have
observed regeneration of Bodipy fluorescence after reaction
of the aromatic amine residue with both NO and NO2

�

(Scheme 12).[84] . The detection of NO in situ has many
obvious biomedical implications and is a challenging topic,
and these particular sensors hold considerable potential.

Anilino derivatives equipped with flexible coordination
arms can be used to recognize certain transition metals. For
example, compounds 57[85] and 58[86] (Figure 20), can be used
to detect zinc(II) and cadmium(II) ions, respectively, in intact
biological cells.[87] Alcohol or ester functions seem more
suitable for detection of lead(II) or copper(II) salts.[88] In
many of these cases, several mechanisms contribute towards

fluorescence modulation and it is not possible to give an
unambiguous description of the underlying chemistry. The
Bodipy dye is a good candidate for use in such systems
because of its high versatility.

4.4. Pyridine-Based Chemical Sensors

When a pyridine or an oligopyridine,[89] such as 2,2’-
bipyridine 59[90] or 2,2’:6’,2’’-terpyridine 60 (Figure 21)[91]

replaces aniline in the chemical sensors shown in Figure 20,
there is no inherent quenching of the Bodipy fluorescence, as
these units are not electrochemically active at normal
potentials. In many cases, however, cation coordination to
the unbound nitrogen atoms induces intramolecular charge
transfer, with concomitant quenching of the Bodipy fluores-
cence. Such behavior occurs when zinc cations are added to a

Figure 18. Examples of F-Bodipy dyes bearing appended macrocycles
able to bind adventitious cations.

Figure 19. Selected examples of F-Bodipy dyes functionalized with
sulfur-based chelating sites.

Scheme 12. A Bodipy-based chemical sensor for the detection of NO.

Figure 20. Selected examples of F-Bodipy dyes equipped with secon-
dary anilino functions.

Figure 21. Examples of F-Bodipy dyes functionalized with oligo-
(pyridine) residues suitable for coordination of added cations.
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solution of the terpyridine-based reagent 60[91] (Figure 21);
absorption and fluorescence spectral profiles are dominated
by contributions from the Bodipy unit. Zinc cations bind to
the vacant terpy ligand to form both 1:1 and 1:2 (cation/
ligand) complexes, as seen from X-ray structural data, NMR
spectroscopy, and spectrophotometric titrations. Attachment
of the cations is accompanied by a substantial decrease in
fluorescence from the bodipy chromophore owing to intra-
molecular electron transfer across the orthogonal structure.
At low temperature, nuclear tunneling occurs and the rate of
electron transfer has essentially no activation barrier. How-
ever, activated electron transfer is seen at higher temper-
atures and allows calculation of the corresponding reorgan-
ization energy and electronic coupling matrix element. In
both cases, charge recombination is faster than charge
separation.[43] The corresponding hydroxyquinoline-based
Bodipy dye 61 (Figure 21) acts as an efficient fluorescence-
based sensor for mercury(II)[92] and for copper(II) ions[93] in
solution.

4.5. Related Systems

A great number of other Bodipy-based fluorescence
sensors have been reported. Notable among these reagents
is an optically active binaphthol derivative that offers chiral
discrimination.[94] Also noteworthy is the Bodipy dye equip-
ped with an aryl boronic acid residue that can be used to
detect fructose.[95] The high DNA affinity of the Bodipy–
pyrene couple was revealed by fluorescence quenching upon
intercalation into the duplex.[96] A limited amount of anion
detection has been described using free 59 (Figure 21) or its
corresponding zinc complex, respectively, for fluoride ions[97]

and phosphate.[98]

5. Luminescent Devices

5.1. Electroluminescent Devices

An interesting feature of most Bodipy dyes, in common
with porphyrins and several other classes of fluorescent dyes,
is that the main structural framework undergoes reversible
oxidation and reduction processes at accessible potentials.[89]

This feature has resulted in Bodipy being used as both an
oxidative and reductive sensitizer, as outlined briefly in
Section 4. Furthermore, the various types of substituent
attached at any of the available sites can also partake in
electrochemical reactions so as to produce electroluminescent
materials for use in organic light-emitting diodes (OLEDs).
Indeed, functionalized Bodipy dyes have been used for
electrogenerated chemiluminescence (ECL) by alternating
the applied potential so as to form the radical cation and
anion in rapid sequence. Many different dyes have been
tested in this way, leading to correlations between electrode
activity and molecular structure.[67] In general, dyes with a
lower degree of substitution show higher fluorescence effi-
ciency while the lack of electron-donating substituents in
positions 2, 6, and 8 cause a decrease in the stability of the

radical ions, leading to irreversible electrochemical processes
(Figure 22). This instability gave rise to poor ECL behavior,
in addition to formation of a film on the electrode. Appro-
priate substitution with donating groups provides for moder-
ately intense ECL signals that correlate well with the
respective fluorescence efficiencies in solution.[99] Doping of
poly(N-vinylcarbazole), a well-known hole-transporting ma-
terial, with an appropriate Bodipy dye can be used to produce
electroluminescence over an unusually wide range of col-
ors.[100]

Bright green emission is observed when 60 (Figure 21) is
incorporated as the dopant (< 1%) in a double-layer OLED
using a metal-based, electron-transporting matrix (Alq3).
Within this device, complete quenching of emission fromAlq3

occurs because of efficient energy transfer to the Bodipy unit.
This latter component, despite being present at low concen-
tration, is responsible for the observed emission. The vacant
terpyridine site aids solubility in the matrix and decreases the
aggregation ability of the dye.[101]

The Bodipy unit in 60 acts merely as an exciton trap and
its value stems from it being a strong emitter in the green
region. Other types of Bodipy-based dyes have been devel-
oped to function as both light emitter and hole-transfer agent.
To conceive highly efficient OLEDs, with good stability
during long-term operation, it has proved necessary to replace
all the alkyl substituents with condensed arene rings (Fig-
ure 23). These arene rings help to extend the conjugation of
the p system. As a result, the emission wavelength is shifted to
the red region but the quantum yield remains fairly high. The
hole-transport properties are provided by the appended aryl
amine, with both symmetric and asymmetric derivatives being
available.[103]

Figure 22. The positioning of alkyl groups on the periphery of an F-
Bodipy dye (numbers in brackets refer to the laser dye name).[102]

Figure 23. Selected examples of F-Bodipy dyes having condensed
phenylene rings (left) to improve the optical properties and being
equipped with secondary units (right) to improve hole transport.
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5.2. Mesomorphic Materials

The rational design of segmented Bodipy dyes that
possess useful chemical, optical, electrochemical, or biolog-
ical functionalities and are able to self-assemble into predict-
able and tunable supramolecular assemblies such as micelles,
liposomes, microcapsules, dendrimers, gels, and liquid crystals
is a rapidly expanding research area. There is a need to
identify new materials that are easily manufactured in large
quantities and that possess valuable properties in terms of
color and stability. In this respect, attention has turned
towards soft materials, such as liquid crystals, and robust
organogels, and considerable effort has gone into the system-
atic modification of the Bodipy architecture to enable its
incorporation into such supramolecular assemblies.[104,105]

Entangled three-dimensional networks of fibers entrapping
solvent molecules have been produced by grafting paraffin
chains onto preorganized platforms carrying amido functions
(Figure 24). Balancing the molar ratio of paraffin chains and

the rigid aromatic core provides columnar mesophases, the
symmetry of which depends strongly on weak intermolecular
interactions.[105] The ionic self-assembled adducts shown in
Figure 24 are known to generate columnar liquid-crystalline
materials and thin films that are stable over a wide temper-
ature range. The flexibility introduced by the ready exchange
of ionic components and the use of highly fluorescent
templates, such as sulfonated Bodipy dyes, allows the
emergent mesomorphic textures to be monitored by fluores-
cence microscopy without the need for crossed polarizers.[106]

6. Biological Labeling

A considerable volume of work involving Bodipy fluo-
rophores has focused on their use as labeling reagents for

biological materials. The favorable photophysical properties
inherent to this family of dyes, including large absorption
coefficients, high fluorescence quantum yields, relative in-
sensitivity to changes in polarity and pH value,[107] narrow
emission profiles, nanosecond excited-state lifetimes, large
range of colors, and improved photostability relative to
fluorescein, make for a commercially attractive product.[108]

With the exception of recent developments in the use of
Cascatelle dyes,[29] most of labeling studies have involved the
use of commercial materials bearing an anchor with which to
attach the dye to the biological host. Little chemistry has been
developed on the boradiazaindacene core for this purpose
since the pioneering work of Haughland, Kang, Pagano, and
co-workers.[3,109] These important applications of Bodipy dyes
falls outside the scope of this Minireview but merit their own
compilation.

7. Concluding Remarks

With regard to the design of fluorescent labels for analysis
in situ, Bodipy dyes offer many significant advances over
other dyes. Indeed, tagging a Bodipy dye to a speciality anti-
body should provide biological labels of unparalleled sensi-
tivity and selectivity. The high fluorescence yield also ensures
that these dyes have important applications in analytical
science, OLEDs, solar concentrators, and as registers in
molecular electronics. Part of the success of Bodipy-based
dyes relates to the extremely low triplet yields. This feature
serves to minimize the formation of singlet molecular oxygen
and thereby to prevent photodegradation of the dye. The
triplet state can be generated by way of sensitization[44] or
through charge recombination in certain donor–acceptor
diads.[110] By equipping the Bodipy dye with suitable ancillary
binding sites, a tremendous range of chemical sensors can be
realized that take advantage of the ability to functionalize
most sites on the dye superstructure. In reality, the recent
discovery that the fluorine atoms can be replaced by organic
moieties, thereby expanding the range of derivatives and
facilitating the attachment of multiple chromophores, should
be recognized as a major accomplishment in this field.[111] A
simple illustration of this point can be made by considering
the Bodipy–terpyridine conjugate, compound 60 (see Fig-
ure 21) having the chelate attached to the meso position.
Linear coordination structures are found upon addition of
appropriate cations to 60. Replacing the fluorine atoms with
terpyridine units, however, leads to the formation of more
complex supramolecular structures that might include net-
works.[112]

The way is now open to incorporate Bodipy-based dyes
into all manner of interesting molecular-scale devices. For
example, logic gates[113] and photochromic switches[114] are
known, and Bodipy-based units are often used as input/output
signalers in optoelectronic devices.[115] An intriguing aspect of
this approach is how the attachment affects the properties of
the Bodipy dye. It has already been stressed that conjugates of
the type Bodipy–terpyridine can be built into supramolecular
structures, including polymers, but unusual properties can
also result from the various Bodipy–pyrene diads. These

Figure 24. Self-assembly of functionalized Bodipy dyes into columnar
liquid crystals.
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properties arise because of the quite disparate solvation
demands of the two units. Pyrene is often involved in
p stacking as a means by which to minimize surface contact
with the surroundings and recent studies have shown that the
diads are prone to solvatophobic effects. Such behavior
perturbs the photophysical properties of the Bodipy core but
also, in extreme cases, can induce self-association.[112] In other
cases, the Bodipy dye has been built into organogels or
included in plastic films, where its resistance to high temper-
atures facilitates processing.

It seems inevitable that a far greater variety of Bodipy-
based diads, triads, and so on will be forthcoming in the near
future and that these materials will find applications in
optoelectronic devices. In addition to light-induced electron
transfer, Bodipy can function as a chromophore in light-
harvesting systems and this research area seems set to
undergo rapid expansion. The important point in this case
concerns the high photostability of the dyes since light
collectors and solar concentrators are subject to fatigue and
photocorrosion. Such problems might be offset by the low
rate of intersystem crossing in Bodipy and by the facile
attachment of ancillary groups. It might be stressed that any
practical organic-based system for solar energy conversion
and storage needs to be fitted with a light harvester and
Bodipy might well be the answer.

Finally, we have referred specifically to the versatility of
Bodipy dyes which is related to their synthetic adaptability. It
is now possible to produce derivatives having attachments
placed at the meso, pyrrole, or boron sites, with each having
advantages. The meso site favors orthogonal geometries for
attached aromatic residues which can minimize electronic
coupling. The pyrrole site allows coplanar geometries that
maximize electronic communication between the subunits,
and the boron center provides for free rotation. Thus, the
same appendage can exert different properties according to
its site of attachment. The ability to construct asymmetric
dyes by attaching different substituents at the boron center
adds to the variety of compounds that can be made. Altering
the overall electronic charge is easy. The photophysical
properties of the Bodipy core are relatively insensitive to
changes in temperature or environment whilst the electro-
chemical properties are straightforward to interpret. The net
result is a universal fluorescent dye awaiting further interest-
ing applications.[116]
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