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ABSTRACT: An efficient strategy for the controllable synthesis of
BODIPY arrays based on the Stille cross-coupling reaction has
been developed, from which a family of well-defined ethene-
bridged BODIPY arrays from dimer to hexamer was synthesized.
These arrays showed strong absorptions reaching the near-infrared
II (NIR II, 1000−1700 nm) region with maxima tunable from 702
nm (dimer) to 1114 nm (hexamer) and possessed efficient light-
harvesting capabilities, excellent photostability, and good photo-
thermal conversion abilities under NIR light irradiation.

Highly stable, small organic molecules with strong
absorption beyond 800 nm have recently received

much attention because of their practical applications as
optoelectronic materials,1 in bioimaging,2 and as theranostics
reagents.3 A conventional approach to obtain such low-band-
gap dyes is the introduction of a push−pull motif along the
molecular long axis (for example, ICG and NIRb, shown in
Figure 1a).4 Another straightforward strategy is the extension

of π-conjugation. To maximize π-overlap, it is necessary to
hold the π-systems coplanar within a rigid tapelike framework
by fusing the units edge-to-edge (Figure 1b).5−7 For example,
the [n]acene series,5 fused isoindigo ribbons,6 and fully
conjugated porphyrin tapes (PTs) and expanded porphyr-
inoids7 are noticeable polycyclic aromatics with low, tunable
band gaps. However, these approaches typically encounter
serious problems, such as a challenging synthesis, chemical
instability, and poor solubility caused by the resulting planar
structures.
Boron dipyrromethenes (BODIPYs), as a class of emerging

small-molecule fluorophores, are intriguing building units for
NIR dyes because of their excellent stability arising from the
strongly electron-withdrawing BF2 group and their intense
absorption.8 Many BODIPY-based NIR dyes,9−12 including
several well-designed fused BODIPY dimers10 and linear
BODIPY oligomers,12 have been synthesized; however, their
main absorption bands mostly fall in the range of <800 nm. A
sole example of fused BODIPY dimers, BD (Figure 1b) with
diradical character, was reported by Wu and coworkers10i and
showed strong absorption bands beyond 1100 nm. Never-
theless, the synthesis of fused dimers is difficult, and extension
to the higher fused BODIPY homologues is extremely
challenging to achieve due to the synthetic inaccessibility.
Recently, versatile and rapid access to various chain lengths of
nonconjugated, ethylene-bridged BODIPY motifs (up to
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Figure 1. Schematic of the design strategies for NIR dyes based on
(a) the push−pull motifs and (b) the π-extended fused tapelike
framework. (c) Structure and numbering of BODIPY 1, possible
ethene-linked BODIPY dimers, and arrays 2−6 in this work.
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octamer) was discovered by Werz and coworkers.12e These
nonconjugated oligo-BODIPYs showed interesting J-type
excitonic coupling, outstandingly high attenuation coefficients,
and intense fluorescence.
Inspired by these results, we wondered whether a simple

ethene-bridged BODIPY dimer without steric hindrance may
also exhibit effective π-conjugation by mainly adopting a
coplanar conformation. Extension to the higher ethene-bridged
BODIPY arrays may provide a simple way to build dyes with
intense and tunable NIR absorption. In addition, the flexible
linkage permits the free rotation of each BODIPY unit in the
excited state, deactivating excited states through the non-
radiative channel13 and possibly converting absorbed photons
into heat.9e It should be noted that ethene-bridged BODIPY
dimers and trimers with steric encumbrance have been
reported for promising theranostics reagents.12a,d

Herein we report an efficient cross-coupling strategy of α-
chlorinated BODIPYs to give a series of ethene-bridged
BODIPY arrays, including the first structurally characterized
dimer to hexamer. These arrays showed absorption maxima
tunable from 702 (dimer) to 1114 nm (hexamer) and
possessed efficient light-harvesting capabilities and excellent
photostability. This research is of fundamental interest for
studying the structure−property relationships of ultraphoto-
stable NIR photosensitizers as photothermal reagents, which
are highly desirable for biomedical applications.
Initially, theoretical calculations were conducted on the six

possible ethene-linked BODIPY dimers (Scheme S1 in the
Supporting Information (SI)) to examine their geometric and
electronic properties (Figures S1 and S2 and Table S1).
Among them, α−α, α−β, and β−β ethene-linked BODIPY
dimers showed coplanar conformations, and the dihedral
angles between adjacent dipyrrin planes were 4.3, 2.9, and 4.5°,
respectively. In contrast, α−m, β−m, and m−m ethene-linked
BODIPY dimers have relatively large dihedral angles of 15.2,
39.0, and 73.1°, respectively (Figure S1). Moreover, a
significant difference is shown in the energy levels between
these ethene-linked BODIPY dimers, in which the α−α-linked
dimer has the lowest band gap of 2.09 eV. Importantly, α−α
and α−β dimers gave the most red-shifted absorption, with
maxima at 621 nm by TDDFT calculations (Figure S2 and
Table S2), whereas only the HOMOs and LUMOs of α−α and
β−β dimers are delocalized across the entire molecules.
In conjunction with the previously described results in the

favor of α−α-linked dimer, we then carried out calculations on
the α−α-linked higher arrays 3−6, which all showed small
dihedral angles (1.17−5.15°) between adjacent dipyrrin planes
(Table S1). The calculated energy levels of arrays at the
B3LYP/6-31G(d) level are effective at decreasing their LUMO
levels (−3.24, −3.42, −3.50, −3.56, and −3.59 eV from dimer
2 to hexamer 6, respectively) and increasing their HOMO
levels (−5.39, −5.10, −4.98, −4.91, and −4.87 eV from dimer
2 to hexamer 6, respectively). The HOMOs and LUMOs are
delocalized across the entire molecules for monomer 1 to
pentamer 5 (Figure S3), whereas those of hexamer 6 are
mainly delocalized in the central four BODIPY units. Arrays
2−6 showed calculated absorption maxima of 621, 809, 938,
1077, and 1169 nm, respectively, where the corresponding
monomer 1 absorbs only ∼406 nm (Table S3). The S1 states
of these arrays are mainly assigned to the electronic transitions
of HOMO → LUMO. Furthermore, the oscillator strength
enhancement of the corresponding transitions with the
increase in the BODIPY units, which induces the increase in

molar absorption coefficients, was observed, suggesting the
strong light-harvesting ability of these BODIPY arrays.
Next, on the basis of our recently reported α-chlorination of

BODIPY,14 we developed an efficient method for the synthesis
of BODIPY arrays 2−6, as depicted in Schemes 1 and 2. The

key intermediates 1Cl and 1Cl2 were first synthesized and were
used to build ethene-bridged arrays through the Stille coupling
reaction (Scheme 1a). The palladium-catalyzed Stille coupling
reaction was selected because it has several advantages, such as
mild reaction conditions and high yields of target products.15

We first screened several different conditions for the Stille
coupling between 1Cl and trans-1,2-bis(tributylstannyl)ethene
(ESn). Pd2dba3 and the ligand P(o-tol)3 were found to be an
efficient catalyst system for this reaction. Using this optimized
condition, the Stille coupling of 1Cl with 0.45 equiv of ESn
gave the symmetrical dimer 2 in 93% yield (Scheme 1b) in
refluxing toluene. Both the reaction temperature and the
amount of substrates were used to control the selectivity of the
Stille reaction. At room temperature, this coupling between
1Cl and 3 equiv of ESn produced 1Sn in 65% yield (Scheme
1b).
Trimer 3 was then obtained in 79% yield from the cross-

coupling reaction between 1Cl2 and 2.2 equiv of 1Sn (Scheme
1c) using the above Stille coupling condition in refluxing

Scheme 1. Synthesis of 2, 3, and Chlorinated Derivativesa

aReaction conditions: (i) CuCl2·2H2O, acetonitrile, 80 °C. (ii) Pd2
dba3, P(o-tol)3, toluene, 110 °C. (iii) Pd2 dba3, P(o-tol)3, toluene, rt.
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toluene. Similarly, when only 0.66 equiv of 1Sn was used to
react with 1Cl2 at room temperature in toluene, dimer 2Cl was
isolated in 50% yield as the main product (Scheme 1c).
Interestingly, when 1Cl2 was reacted with 0.45 equiv of ESn in
toluene at room temperature for 24 h (Scheme 1c), a mixture
of chlorinated oligomers 2Cl2, 3Cl2, and 4Cl2 was isolated in
one pot in 33, 18, and 4% yield, respectively.
Tetramer 4 was synthesized by two different methods from

dimers 2Cl and 2Cl2 (Scheme 2a), respectively. By adopting
the same strategy as that for dimer 2, 4 was obtained in 90%
yield from the Stille coupling of 2Cl and 0.45 equiv of ESn in
refluxing toluene. Moreover, tetramer 4 was also constructed in
75% yield from dichloroBODIPY dimer 2Cl2 and 2.2 equiv of
1Sn, similar to the synthesis of trimer 3. Using this strategy,
pentamer 5 was synthesized in 72% yield in the Stille coupling
reaction between dichloroBODIPY trimer 3Cl2 and 2.2 equiv
of 1Sn (Scheme 2b). Finally, hexamer 6 was synthesized in
83% yield from the Stille coupling of trimer 3Cl and 0.45 equiv
of ESn (Scheme 2c). The key intermediate trimer 3Cl was
obtained as the major product in 52% yield from the one-fold
Stille coupling of 1Sn and an excess amount of dichlor-
oBODIPY 2Cl2 at room temperature.

The high-resolution MALDI-TOF mass spectra of 2−6
reveal a single species with precise isotopic distribution
patterns that are in good agreement with the calculations
(SI). The chemical structures and the purity of arrays 2−6
were also confirmed by NMR spectroscopy. The structure of
2Cl2 was unambiguously elucidated by single-crystal X-ray
diffraction (Figure S5 and Table S4), revealing its highly planar
structure, including the ethene linkage. The deviation from the
mean plane, which consisted of the two BODIPY units and the
ethene moiety, was only 0.087 Å. The length of the bond (d1)
between the BODIPY unit and the ethene linkage was 1.43 Å,
which is shorter than the standard Csp

2−Csp
2 single-bond

length. The ethene CC bond (d2) length was 1.34 Å. These
data indicate the well-extended conjugation between the
BODIPY unit and the ethene linkage in this dimer.
Figure 2a shows the absorption spectra of dyes 1−6 in

toluene, which have absorption maxima of 500, 702, 866, 990,

1076, and 1114 nm, respectively. The lowest energy bands
were substantially shifted to the low-energy region with the
increase in BODIPY units, indicating the effective expansion of
π-conjugation upon oligomerization. With the increase in the
conjugation chain, the fwhm (full width at half-maximum)
values were significantly increased (from 30 nm for dimer 2 to
111 nm for hexamer 6) in toluene. Importantly, the molar
absorption coefficients of arrays 2−6 also have significant
enhancement (Table 1) in comparison with that of 1. Among
them, trimer 3 gives the highest molar absorption coefficient of
248 000 M−1 cm−1 at 856 nm, indicating the strong light-
harvesting ability of these BODIPY arrays. The λabs(max) and

Scheme 2. Synthesis of 4−6a

aReaction conditions: (i) Pd2 dba3, P(o-tol)3, toluene, 110 °C. (ii)
Pd2 dba3, P(o-tol)3, toluene, rt.

Figure 2. (a) Normalized absorption and (b) emission profile of 1−6
in toluene.

Table 1. Photophysical Properties of 1−6 in Toluene at
Room Temperature

arrays λmax (nm)
ε

(M−1 cm−1)
λem
(nm) ϕ (%)a ss (cm−1)b

1 501 97000 520 38 729
2 702, 639 (sh)c 215000 720 24 356
3 866, 781 (sh) 236000 895 1.5 374
4 990, 873 (sh) 180000 1015 0.7 249
5 1076, 948 (sh) 151000 1106 0.3 252
6 1114, 983 (sh) 108000 1136 0.2 174

aRelative fluorescence quantum yields. bStokes shifts. csh means the
shoulder peak.
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λem(max) values for arrays 2−4 (Figures S6−S8) are
hypsochromically shifted with increasing solvent polarity and
decreasing polarizability, similar to those of typical BODI-
PYs.8e Arrays 2−6 also show deep NIR and NIR-II emission,
with the maximal peaks at 720, 895, 1015, 1106, and 1136 nm
in toluene (Figure 2b), respectively. The Stokes shift tends to
be smaller with the increase in the conjugation chain (Table
1), indicating smaller geometric rearrangements upon
excitation in higher oligomers.12a The fluorescence quantum
yields gradually decrease with the increase in BODIPY units.
Dimer 2 shows a decent fluorescence quantum yield of 24%,
and trimer 3 exhibits weak emission with a fluorescence
quantum yield of 1.5%. Arrays 4−6 all give interesting NIR-II
emission in the range of 1000−1300 nm; however, their
fluorescence quantum yields were <1% in toluene. The
quenching of fluorescence might be due to the rotation of
BODIPY units around ethene linkages in the excited state.
Arrays 3−6 exhibit weak emission and have strong

absorption above 800 nm, which falls within the wavelength
range of the commercial NIR laser source. Therefore, the
photothermal conversion properties of 3−6 were investigated
in toluene (50 μg/mL) under 808 or 980 nm laser irradiation
with clinically approved indocyanine green (ICG) as a
reference. As shown in Figures S10−S14, the solution
temperatures showed rapid increases under continuous laser
irradiation and then gradually decreased to room temperature
after the laser irradiation was stopped. All dyes showed no
degradation after five cycles of heating and cooling under
continuous laser irradiation. The photothermal conversion
efficiencies were in the range of 30.4−34.8% for arrays 3−5,
whereas hexamer 6 showed a photothermal conversion
efficiency of 18.2% under 980 nm laser irradiation.16

Encouraged by these promising photothermal properties,
trimer 3 was selected to prepare water-soluble nanoparticles by
encapsulating in well-known Pluronic F127 block copoly-
mers.17 The formation of micelles was confirmed by dynamic
light scattering, of which the hydrodynamic sizes were ∼160
nm (Figure S15). The resultant 3NPs exhibited excellent water
solubility and slightly red-shifted absorption when compared
with that of trimer 3 dissolved in DMF (Figure S16a). When
exposed to laser irradiation (808 nm, 1.0 W/cm2), the 3NPs
solution in PBS showed obvious concentration-dependent
photothermal conversions (Figure S16b). A net temperature
increment of ∼55 °C at a concentration of 40 μg/mL after 300
s of laser exposure was obtained. Furthermore, an obvious laser
intensity-dependent temperature enhancement of 3NPs was
observed (Figure S16c). The calculated photothermal
conversion efficiency of 3NPs in PBS solution was 56.8%
(Figure S16d,e). While under the same conditions, ICG gave a
photothermal conversion efficiency of only 23% (Figure S17).
Moreover, the photothermal performance of 3NPs did not
change from five repeated heating/cooling cycles (with 5 min
of laser exposure each cycle), which was attributed to the great
photothermal stability of trimer 3 (Figure S16f). The much
higher stability of 3NPs under irradiation compared with that
of ICG, together with their high photothermal conversion
efficiency and large molar absorption coefficient, enable them
to be attractive candidates as NIR dyes for biorelated
applications.
In summary, we have presented a novel, facile cross-coupling

strategy for the controllable synthesis of well-conjugated
BODIPY arrays, in which an almost coplanar structure of the
BODIPY units and the ethene linkage were obtained. Intense

NIR-I and II absorption as well as emission, extraordinary
photostability, and high photothermal conversion efficiencies
enable these BODIPY arrays to be new NIR materials for
potential biorelated applications. This finding indicated how
conjugated BODIPY arrays could be a simple yet efficient
method to access dyes with tunable absorption bands reaching
the NIR II region.
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