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This review article presents the most recent developments in the use of materials based on the

dipyrromethene (DPM) dye and some of its structurally related azadipyrromethenes (ADPM) for organic

photovoltaic applications (OPV). These chromophores and especially their corresponding BF,-chelated

derivatives BODIPY and aza-BODIPY, respectively, are well known for fluorescence-based applications

but are relatively new in the photovoltaic research field. This work examines the variety of relevant

designs, synthetic methodologies and photophysical studies related to materials that incorporate these

porphyrinoid-related dyes in their architecture. The main idea is to inspire readers to explore new
avenues in the design of next generation small-molecule and bulk-heterojunction solar cell (BHJSC)

OPV materials based on DPM chromophores. The main concepts are briefly explained, along with the
main challenges that are to be resolved in order to take full advantage of solar energy.
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Introduction

At the end of 2009, Jacobson and Delucchi published in
Scientific American the first plan to power 100% of the planet
with energy from renewable sources." In their plan, they
calculated that about 30% of the world’s continuous power
needs of 11.5 TW should be produced by solar power within 20
years. In the same vein, Gritzel was already pointing out in a
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Nature publication of 2001 that covering 0.1% of the Earth’s
surface with 10% efficiency solar cells would satisfy the world’s
energy needs for the time at which it was published.” More
recently, Armaroli and Balzani presented the idea of an
electricity-powered world as a major challenge for the 21st
century® and editorials have also pointed out a path toward
competitiveness for solar energy.* Additionally, the SunShot
program founded in 2010 by the US Department of Energy with
an annual budget of nearly $300 million aimed to bring down
the cost of solar energy to 6 cents per kilowatt-hour by 2020.

Considering the well-documented change in climate that the
world faces, first generation solar cells based on solid-state
junction and often made of silicon are a good start. This is
especially true as they have conversion efficiencies currently
oscillating around 25% for crystalline Si based cells and of 28%
for GaAs thin film cells.® On the other hand, these cells are
expensive and energy-intensive in their fabrication process,
while their rigid shape limits them to specific applications.>

Fortunately, the field of light-harvesting materials is cur-
rently undergoing a tremendous growth and a rich variety of
other technologies are battling to emerge as “The Paramount
One”, the principal ones being photoelectrochemical cells
based on nanocrystalline junctions and interpenetrating net-
works, tandem cells for water cleavage by visible light, dye-
sensitized solid heterojunctions and extremely thin absorber
(ETA) cells, and soft junctions and organic solar cells. In short,
we can say that this domain is in full growth.

Back in 2009, Brabec studied the economic aspects of
organic photovoltaic (OPV) devices in an interesting review.”
He concluded that a low-cost technology like OPV could
become competitive with other energy sources at an efficiency
of around 7% and a lifetime of the module of 7 years. State-of-
the-art devices’ conversion efficiencies are now at 9.1% for
polymer/fullerene organic solar cells in an inverted bulk-
heterojunction (BH]J) architecture by the American company
Polyera® and at 10.6% for tandem polymeric devices developed
by Sumitomo Chemical in collaboration with Pr Yang Yang at
UCLA.*° The latter was a world record which was achieved only
a few months after the reported efficiency of 9.8% for oligomer-
based (small-molecule) tandem solar cells achieved by the
German company Heliatek GmbH.' The Nobel laureate Alan
J. Heeger also reported recently solution-processed small-
molecule BHJ solar cells with 6.7% efficiency."" Such high
conversion efficiencies are very promising for this field, espe-
cially as OPV have three major advantages compared with their
competing technologies: the flexibility of the material for coat-
ing virtually everything as a thin film, the low weight of the
device and the low cost of production.

Many types of synthons are presently used at the industrial
scale in OPV, such as thiophene- and carbazole-based deriva-
tives.” However, the quest for new families of molecules is wide
open in order to resolve the few limitations that still hinder
good conversion efficiencies on large surface area plastic solar
cells, as discussed in a recent review."> A good source of
inspiration for solar energy conversion are Nature’s photosyn-
thetic systems which are still being investigated by the
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scientific community."® Porphyrinoid dyes are essential chro-
mophores in the light-harvesting process of natural photosys-
tems; therefore they give good insight to researchers into how
to create artificial ones based on them since many decades. The
understanding of photophysics and synthetic chemistry related
to these derivatives is central to many research groups around
the globe. Actually, porphyrinoids have started to attract atten-
tion lately for their incorporation in OPV devices."*™” This
renaissance is years after the very first example of organic solar
cell (OSC) was reported by Tang and Albrecht in 1975, who
incorporated chlorophyll-a as the photoactive layer between two
electrodes with a power-conversion efficiency of about
0.001%."*

This review will focus from an OPV point of view on the most
recent developments of molecules that incorporate dipyrro-
methenes (DPM) and some azadipyrromethenes (ADPM) in
their structure (Fig. 1). Structurally, DPM and ADPM are half
porphyrins and porphyrazines, respectively, but present inter-
esting advantages for OPV. In fact, their photophysical proper-
ties are similar to those of porphyrinoids, with many synthetic
advantages. First, they avoid the low-yield macrocyclization step
and difficult purification of porphyrins, an important point to
consider for commercialization. Second, they offer abundant
leverage possibilities for fine-tuning of the photophysical prop-
erties by variation of the substituents. Third, they present
greater versatility of metal coordination geometries allowed
by a bidentate motif as compared to the more rigid square
planar one of the parent family. This is of great interest from
the perspective of developing new OPV materials taking advan-
tage of the metallic center as a way to coarsely tune the
energetic levels.

In order to give a good overview of recent advances and
possibilities in this specific field of OPV, we propose here to
present the variety of synthetic methodologies, photophysical
studies and relevant designs based on small molecules or
polymeric materials showing the most promising results
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Fig. 1 Core structures of dipyrromethene (DPM) and azadipyrromethene
(ADPM).
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towards an improvement in the conversion efficiency of solar
cells. The review will be presented from a critical point of view
in order to inspire readers to explore new avenues in the design
of next generation OPV materials based on DPM chromo-
phores. We will introduce a brief explanation of OPV concepts
along with the main challenges that are to be resolved.

Specific OPV requirements
1.1. General concepts

An important link exists between photovoltaic devices and their
opposite counterparts, light-emitting devices (LED), which con-
vert electricity into light (Fig. 2). This is an important point to
consider in the analysis of a specific compound to know if it
may be a good prospect for optoelectronic applications since, in
some cases, it can be used in both solar cells and LED. There-
fore, this energetic interplay of light and electricity will be used
in the review to find out if a system is suitable for heterojunc-
tion photovoltaic devices.

There are mainly two types of organic-based solar cells
currently in use/development. The first one is the heterojunc-
tion solar cells, which include planar- and bulk-heterojunction
solar cell devices (PHJSC and BHJSC, respectively) and will be
the focus of this review. The second one consists of dye-
sensitized solar cells (DSSCs), which provide some interesting

hv

Solar Cells LED

e

Fig. 2 Energetic interplay of light (hv) and electricity (e”) between solar
cells and light-emitting diodes (LED).
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molecular architectures incorporating DPM and ADPM that will
be evaluated from an OPV point of view. For good reviews on
the latter type of solar cells, interested readers should consult
the papers published in 2009 by Gritzel on recent advances in
the field and in 2011 by Falaras et al. on ruthenium-based
sensitizers for DSSC."*?°

The general structure of heterojunction solar cells consists
of n-type and p-type semiconductor stacks sandwiched between
two electrodes, namely an aluminum cathode wired with a
transparent indium tin oxide (ITO) anode (Fig. 3). In addition, a
PEDOT:PSS layer is interwoven between the heterojunctions
and the ITO electrode to improve the surface quality of the
latter and for better charge transfer. The composition of the n-
type material is based generally on fullerene derivatives, such
as PCBM and PC,,BM (Fig. 4), which offer an ““ideal” low-lying
LUMO acting as an electron (e”) acceptor (A) and charge
transporter toward the cathode. The photoactive material acts
as the electron donor (D) allowing the hole (h*) transporter to
be based on small-molecules that are vacuum-deposited planar-
heterojunctions or on polymers that assemble into nano-
domains with fullerene derivatives in the case of BHJSCs.

The working mechanism of D-A heterojunction solar cells
involves four distinct events.?' First, there is photoexcitation in
the donor material leading to the formation of an electron-hole
pair, namely an exciton. In the second event, the exciton
diffuses to the D-A heterojunction. If the distance it has to
travel is longer than the maximum diffusion length (max Lp),
this excited state will be quenched, inhibiting any further
process. The third step of the mechanism involves the dissocia-
tion of the exciton at the D-A interface. In fact, this step is the
passage of the excited electron from the lowest unoccupied
molecular orbital (LUMO) of the D to that of the A. On the
other hand, the hole reintegrates with the highest occupied
molecular orbital (HOMO) of the donor. Finally, the fourth
step consists of charge transport and collection at the anodic
and cathodic electrodes of the geminate pair of charges gener-
ated in the previous step. Overall, this process leads to the
photogeneration of a current that can be converted into
useful work.

Planar Heterojunction

Bulk Heterojunction

Fig. 3 Schematic diagram of planar- (top) and bulk- (bottom) heterojunction solar cell structures.
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Fig. 4 PCBM and PC;,BM chemical structures.

Fig. 5 presents the relative energies of HOMO and LUMO
orbitals of both the D and A and the inter-correlated parameters
affecting photovoltaic performance. The band-gap (E,) consists
of the energy required to excite an electron from the HOMO to
the LUMO of D. Obviously, the source of energy (E) for the
excitation is light (hv) in the case of photovoltaic applications.
The built-in potential (V3) is the gain in voltage generated by
the system and is linearly dependent on the open-circuit voltage
(Vog, not shown). Finally, the Eq parameter represents the
difference between the LUMO orbitals of the D and A. This
difference is the downhill driving force for electron transfer to
occur and should be about 0.3-0.4 eV to ensure a good exciton
dissociation into a pair of charges at the D-A interface.>?

As will be discussed in the following sections, some
researchers have begun to integrate dyes as photosensitizers
in BHJSCs that act as electron relays (Fig. 5). These additives
tend to increase the overall energy conversion of solar cells; in
addition they increase the absorption of solar light in the near-
infrared (NIR) region. This point is especially important since
about 50% radiation intensity of the sunlight range between
700 and 2000 nm and the core solar flux between 600 and
800 nm (Fig. 6).>**

Challenges for Donor: 1—
® Broaden Abs toward NIR
® Reduce E,

* Increase Hole Mobility
* Morphology Control

Push-Pull Strategy

Fig. 5 OPV principles and challenges for the next generation of materials.
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Fig. 6 Solar spectrum (in W m~2 nm™%) and absorption spectra of plant
PSII.2° (Reprinted with permission from Acc. Chem. Res., 2009, 42(12),
1861-1870. Copyright© 2009 American Chemical Society.)

In order to determine the power-conversion efficiency (PCE)
(17) of the solar cell, current-voltage (/-V) curves under dark and
illumination conditions are generated as a direct characteriza-
tion method. As presented in a very recent review by Mishra and
Béuerle, essential parameters determining the cell performance
are shown in Fig. 7: Voc = open-circuit voltage; Jsc = short-
circuit current density; FF = fill factor; V,,, and Ji,,, are voltage
and current, respectively, at which the power output of a device
reaches its maximum,; Jy is the light-generated current.”* There-
fore, the equation of # is defined as the ratio of maximum
power output (Poy) to power input (Py,).

1.2. Challenges and parameters to control

The equation for PCE in Fig. 7 provides three key parameters
chemists and physicists have to control in order to increase the
overall quality of organic solar cells. Reviews concerning small-
molecule and polymer based organic solar cell characterization
are available for a detailed explanation of the various para-
meters influencing Vo, Jsc and FF in OPV.>*?%?” Nevertheless,
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Fig. 7 Current-voltage (J-V) characteristics of a typical solar cell.?*

(Reprinted with permission from Angew. Chem., Int. Ed., 2012, 51,
2020-2067. Copyright© 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.)

we can consider that Voc is mainly dependent on the HOMO
level of the donor relative to the LUMO of the acceptor. There-
fore, a good way to increase Vo consists of lowering the HOMO
of the donor. This can be achieved by fine-tuning frontier
orbitals in photoactive donor materials with electron rich
(donor) and/or poor (acceptor) groups, judiciously incorporated
in their molecular structure. In BHJSC, this strategy for copoly-
mers is known as the “push-pull” effect. The effects of combin-
ing an electron-rich monomer with an electron-poor monomer
on the resulting molecular orbitals are schematized in Fig. 5
(bottom-left). We can see in the scheme that the resulting HOMO
and LUMO are both affected to various extent by copolymeriza-
tion. Consequently, it becomes a major tactic for the reduction of
the band-gap toward absorption of low-energy photons in the
NIR region, a crucial aspect as discussed previously. Recently,
Wang reviewed the structures and properties of conjugated D-A
copolymers for SC applications in quite an interesting fashion,
clearly putting in relation parameters to explain how new push-
pull copolymers should be designed.*® Brédas et al. also made a
theoretical investigation of the impact of chemical structure
modifications on electronic and optical properties in relevant
OPV D-A copolymers.* In small-molecule/oligomer photoactive
materials, the same concept is used to create an assortment of
D-A, D-A-D or A-D-A architectures.**

For Jsc, the maximum photocurrent obtained depends strongly
on the number of photons that can be used by the solar cell, until
saturation effects are initiated. The photocurrent also depends on
the surface area of the cell, which explains why standardization of
the testing conditions is necessary to compare two different cells.
Among other parameters affecting Jsc, @ mention of device thick-
ness, absorption coverage and especially charge transport proper-
ties of organic semiconductors is required.

Describing the overall quality of the solar cell, FF relies on
the proportion of charge carriers that reach the electrodes
instead of recombining. Similar to the V¢, the HOMO/LUMO
levels of D and A materials need to be optimized in order to
optimize the FF. Molar absorption of the photoactive layer also

5 | Chem. Soc. Rev, 2013, 00, 1-65
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needs to be high in order to reach a high external quantum
efficiency (EQE) without having a thickness that hinders charge
transport toward the electrodes.

In the case of BH]JSC, active layer morphology and quality of
phase separation, i.e. a balanced repartition of the D and A
nano-domains, are essential for high PCE. The role of these
parameters has been extensively reviewed lately.*>*" The main
parameters to consider for a suitable morphology are material
composition, selection of solvent, annealing conditions and the
use of additives. On the other hand, the phase separation and
more general ordering in the solid state rely intrinsically on the
molecular structure. Therefore, careful engineering of the
photoactive material is fundamental to a successful device.

1.3. Commercial considerations and new avenues envisaged

The OPV field has grown exponentially in the last two decades
(Fig. 8 and 9), pushed forward by both academic and industrial
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Fig. 8 OPV publications each year over the last 20 years.>

45,000
40,000
35,000 -
30,000 -

25,000
20,000 1
15,000 1
10,000

5,000
0

This journal is © The Royal Society of Chemistry 2013

10

[\
93]

30

40

50

9
]



10

20

[\
93}

30

40

50

9
%3]

Chem Soc Rev

researchers interested in the commercialization of cost-effective,
low-weight and flexible technology for solar cells.*> While Brabec
and coworkers pointed out in 2009 that OPV would compete with
other energy sources at an efficiency of around 7% and a lifetime
of the module of 7 years,” Mishra and Béuerle are now looking
toward an efficiency of 10-15% for commercialization.”* Other
than PCE, another key aspect for commercialization of OPV is the
stability of the solar cell over time. Krebs has reviewed the recent
advances in that particular field and he is considering the idea of
developing SC with a one-day energy payback for the factories of
the future.*>** All this is nowadays conceivable due to tremen-
dous improvements made both by chemists on the composition/
properties of the D-A layer and by physicists and engineers on the
architecture of the solar cell.

Theoretically, researchers working on the photoactive layer
in OPV are expecting to reach a maximum PCE of about 10% for
a single donor material. This assumption is based on a model
for BHJSC investigated by Scharber et al. and they put in
relation LUMO’s energetic level of the polymeric D with its
band-gap in eV (Fig. 10).”>* A recent review from Gendron and
Leclerc presented four polymer classes with high potential for
commercialization within a few years based on this concept."?
For their part, both Lupton and the group of Scholes have
investigated the importance of conjugation in polymeric mate-
rials for charge transport and electronic energy transfers.*”*

On the other hand, several researchers are casting doubt on
the use of fullerene-based derivatives as the “ideal” acceptor
material. Therefore, they are exploring to replace them either by
graphene or by other organic non-fullerene electron-
conducting molecules.***° The use of dyes as the A is especially
interesting in a context where it has the potential to remedy the

Lumo level of the donor / eV

3 25 2 :
Band gap of the donor / eV

1.5 1

Fig. 10 Contour plot showing the calculated energy-conversion effi-
ciency (contour lines and colors) versus the bandgap and the LUMO level
of the donor polymer.” (Reprinted with permission from Adv. Mater., 2009,
21, 1323-1338. Copyright© 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.)
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poor light-absorption of the fullerene-based acceptors, which
decreases the overall PCE.*

In an attempt to refine the OPV model and help researchers
design more suitable materials for BHJSCs, Marks and coworkers
pointed out the differences this field expresses compared to tradi-
tional inorganic solar cell models.** Hence, they put in perspective
three important points for OPV: (1) geminate pair and bimolecular
recombination, (2) effects of interfacial layers inserted between the
electrodes and the active layer, and (3) resistance effects.

In order to reach up to 15% of PCE within a few years, the
design of new solar cell architectures seems imperative. Tandem
solar cells, conceptually integrating many layers of complemen-
tary light-absorbing D materials to expand the overall spectrum
coverage, are an example under exhaustive investigation.*™* In a
similar fashion, the incorporation of photosensitizers proposes
PCE efficiencies above the theoretical 10% for reasons described
in Section 1.1 and Fig. 5. Another interesting approach consists of
conjugated polymer-inorganic solar cells, but further improve-
ments are still needed to pass from ~3% PCE to the ~10% of
PHJSC and BHJSC.** Probably the most encouraging result in OPV
architecture is the parallel-like bulk-heterojunction solar cell
reported by You et al.*® This conceptually new approach main-
tains the simple device configuration and low-cost processing of
single-junction BHJSCs while inheriting the major benefit of
incorporating multiple polymers in tandem cells. In fact, Jsc of
tandem cells is nearly identical to the sum of Jsc of the two
corresponding individual polymeric cells, an increase of about
40%, while the Vo is in between their respective values. Overall,
an improvement of 30% in PCE was achieved with preliminary
optimization of this architecture.

A last noteworthy avenue of exploration in OPV is the utilization
of organometallic polymers/metallo-polymers. In a review of 2009
on challenges in organometallic chemistry, Wong argued for the
increased possibility of fine-tuning the chemical and photophysical
properties of optoelectronic materials containing metals, either
complexes or polymers, in comparison with purely organic
devices."® For example, transition metals allow MLCT transitions
of relatively low-energy band-gap due to their d orbitals, an
important aspect toward an increased absorption of NIR photons.
This relatively underexploited avenue in OPV will be extensively
considered throughout this review due to the inherent advantages
of the incorporation of metals in the photoactive D materials.

Hopefully, this short overview will give a better taste to readers
of the general concepts in OPV, numerous challenges and para-
meters to control, commercial considerations and new avenues
under investigation. From this point, focus will be devoted toward a
critical analysis of how dipyrromethene and azadipyrromethene
can be integrated into photoactive donor materials, either as small
molecules or polymers, to achieve important gains of PCE.

Dipyrromethene derivatives

In the past decades, several synthetic methods have been
developed and photophysical properties widely studied con-
cerning the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)

Chem. Soc. Rev, 2013, 00, 1-65 | 6
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dye (Fig. 1) and its derivatives.*”*° These dyes are of particular
interest owing to their strong absorption in the UV region and
sharp fluorescence emissions generally beyond 600 nm occurring
with high quantum yields. In addition to numerous synthetic
advantages offered by this family of dyes, they are tolerant to a
wide range of thermal, photochemical, pH and polarity conditions.
Their stability in physiological environments also makes them of
prime choice for imaging techniques and protein labeling. Their
use in other advanced applications such as laser dyes, fluorescent
indicators and as components of light-harvesting (LH) systems is
noteworthy. The groups of Boens and Lin recently published
reviews on fluorescent indicators based on BODIPY,’*”' You
et al. on BODIPY-based photosensitizers for photodynamic ther-
apy,>® Chujo et al. discussed their use as advanced luminescent
materials,” Boyle et al. their use as light active material compo-
nents,”* while Ziessel and Harriman discussed as early as 2010
their function in artificial LH antennae.> This pool of applications
originated from the intrinsic properties of this half-porphyrin and
is now strongly compelling the development of new derivatives
with fine-tuned properties. Therefore, we propose in this section
an overview of how BODIPY can be optimized toward their
incorporation into OPV materials.

2.1. Synthetic aspects and photophysical tuning of DPMs

2.1.1 The quest for NIR dyes. As mentioned in Section 1.1,
the OPV field is currently searching for NIR dyes with high
extinction coefficient (¢) and good photostability. In such a
context, many synthetic tools have been developed lately in
order to further push the absorption and emission properties
as far as possible in the NIR for BODIPYs. Four main strategies
have been used to take the 470 nm absorption of the generic
BODIPY core 1 (Fig. 11) up to almost a 1000 nm: (1) fusing rings
on the pyrrole units to extend its m-conjugation; (2) fusing an
aromatic unit on the zigzag edge of the core by an intra-
molecular oxidative cyclohydrogenation; (3) generating a
push-pull motif by derivatization at the o-, - and/or meso-
positions; (4) replacing carbon 8 by a nitrogen, giving rise to the
aza-BODIPY dye family (Fig. 1).”°

-271eV
_._+0.14eV -2.85¢eV
"""""" - sitev
LUMO o
—— . _+0.43 €V HOMO
""""" +0.15 eV
-5.54 eV e - e---emmo et _V
-5.97 eV -5.82¢
=~ / N =
NN.__N N N/
it
F ‘i: Fe F
[a]-fused BODIPY [b]-fused
2 1 3

Fig. 11 Effect on the electronic structures of benzene-fusing at the a and
b bond positions of a BODIPY as obtained by DFT calculations (B3LYP/6-
31G(d)).” (Adapted from ref. 57 with permission from The Royal Society of
Chemistry.)
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Fig. 12 Benzene-fused BODIPY and its corresponding dimer.>’

First, Wakamiya et al. looked at the impact of fusing rings on
the pyrrole units.”” Evaluation of the electronic impact of ring-
fusing a benzene at the [a] bond (2) and the [b] bond (3) on the
BODIPY skeleton 1 was achieved (Fig. 11). DFT calculations first
showed that benzene fusing at the [a] bond led to an increase of
the HOMO level while the fusing at the [b] bond mainly gave
rise to LUMO stabilization. Based on these in silico results,
synthesis of the benzo-[b]-fused BODIPY 4 and the fully fused

10

BODIPY dimer 5 was achieved (Fig. 12). An X-ray crystal [O§,,

structure analysis of benzo-[b]-fused BODIPY revealed a signifi-
cantly perturbed n-conjugation with system enhancement of its
electron-accepting azafulvene character. Dimer 5 showed a
large deviation of the central benzene from the aromatic
benzene geometry, a situation leading to a significantly low-
lying LUMO delocalized along the periphery. This was further
supported by electrochemical characterization. In addition, the
benzene-fused BODIPYs 4 and 5 showed broad and intense
absorption bands in the visible/NIR region (reaching up to
900 nm for the latter) along with weak fluorescence in the deep
red (Aem = 690 nm, @ = <0.01) and NIR region (/em = 940 nim,
& = <0.01), respectively.

Another nice example of extending the m-conjugation system
by fusing a benzene ring on the pyrrole unit was presented in 2010
by Jiao et al.’® They reported the asymmetrical synthesis of benzo-
fused BODIPYs showing a red-shifted absorption and bearing an
additional point of functionalization based on chloro- or bromo-
substituents in the 3-position (Fig. 13). With this structural plat-
form, Sonogashira-coupling was made possible to further expand
the m-conjugation with various aryl and thiophene groups. Nucleo-
philic substitution reactions were also possible on the same
position, allowing notably for the construction of push-pull
derivatives. Vicente and coworkers also reported the synthesis of
a series of symmetric benzo-appended BODIPYs by two different
routes, along with their computational modeling for a better
rationalization of the observed properties.>

An additional way to extend the m-conjugation system is to
fuse two or more BODIPY units together. Shinokubo et al.

7 - extended conjugation >

Leverage for functionalization I:> X 4

Fig. 13 Asymmetrical benzo-fused BODIPY platform.>®

This journal is © The Royal Society of Chemistry 2013
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247t antiaromatic
6

reported a facile synthesis of biphenyl-fused BODIPY obtained
by oxidative cyclization of peripheral aryl-substituents at the
B-position of the BODIPY.®® NIR properties and strong m-m
interactions in the solid state are associated with this extension
of the m-system. The same group also used BODIPY precursors
to generate antiaromatic porphyrinoid structures 6 and 7 (24
and 36n electrons, respectively) by metal-mediated synthesis
(Fig. 14).°" The photophysical properties of the extended con-
jugation system revealed absorption in the NIR past 950 nm,
albeit quite weakly. Pursuing their research toward the smallest
antiaromatic porphyrinoid structure possible, they also
reported a nickel-mediated reductive homocoupling of a homo-
leptic dipyrrin complex for the formation of a Ni(u) norcorrole
(167 electrons).®* In contrast, Bréring et al. recently reported the
preparation of aromatic 10-heterocorroles (187 electrons) inte-
grating a Group 16 element (O, S, Se) in the backbone through a

Fig. 15 Porphyrin-, anthracene- and perylene-based BODIPY NIR dyes.

This journal is © The Royal Society of Chemistry 2013
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t-Bu
Fig. 14 BODIPY-based antiaromatic porphyrinoid structures of 24 and 36m electrons.!

two-step macrocyclization approach from 3,5-dibrominated
dipyrrin precursors.®® They first used these precursors in order
to obtain bromine-terminated linear tetrapyrrole Cu(u) chelates
by using a n-BuLi/Cu(u) protocol. In a second step, cyclization to
the desired Cu(u) 10-heterocorrole complexes was achieved by
using different nucleophilic O, S, or Se transfer reagents. After
reductive demetalation with SnCl,-2H,O-HCI in a mixture of
acetonitrile and dichloromethane, the desired 10-heterocorroles
were isolable as pure free-base compounds.

The group of Wu investigated fusion of aromatic rings on
the zigzag edge of BODIPY by an FeCl;-mediated intramolecular
oxidative cyclohydrogenation reaction. They reported in 2011
three examples of m-extended systems based on porphyrin (8),
anthracene (9) and perylene (10) (Fig. 15).>*°*% Absorption in
the NIR up to almost 1000 nm was observed, in addition to
good solubility and high photostability. These observations are

t-Bu

56,64,65
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COOEt

COOEt

Ph
13

Fig. 16 Synthesis of a porphyrin-related macrocycle with embedded DPM and 1,10-phenanthroline subunits.®®

undeniably of great interest for OPV. Remarkably, the use of
organometallic chemistry with the Ni'" based porphyrin core
offers supplementary leverage for fine-tuning of the energy
levels in addition to axial coordination of an acceptor such as
PCBM derivatives.

Ishida et al. reported another example of the formation of
porphyrin related macrocycles starting from a DPM building
block.®® Their synthetic approach for 13 was based on a one-pot
[2+2] acid condensation of the meso-phenyldipyrromethene 11
with the corresponding 1,10-phenanthroline vinyl derivative 12,
advantageously avoiding formation of a complex mixture of
compounds (Fig. 16). Photophysical and X-ray characterization
were reported, along with DFT calculations. Interestingly, mod-
elization showed that both the HOMO and LUMO are mainly
centered on the DPM part of the porphyrin-related macrocycle,
with almost no contribution at all from the phenanthroline
moiety. The MgCl-coordinated derivative was also obtained and
compared to the metal-free macrocycle.

Boens et al. performed a comprehensive study concerning
the effect on photophysical properties of conformationally
constrained BODIPY dyes by means of annulation.®” To do
so, they prepared six different related dyes (14-19, Fig. 17) to
compare how pending phenyl groups in the o-position affect
the rigidity. Dyes were compared in solvents of variable polarity
and showed that the small solvent-dependent shifts observed
were primarily determined by solvent polarizability. The
authors also witnessed that symmetrically disubstituted com-
pounds 15 and 19 have bathochromically shifted absorption
and fluorescent spectral maxima compared to dyes 14 and 18
bearing asymmetrically monosubstituted DPM cores. Experi-
mental results were backed up by quantum mechanical calcu-
lations of the lowest electronic excitation and by comparison
with corresponding dyes of related chemical structure but
without conformational restriction. They concluded that the
fusion of conjugation extending rings to the 2,3- and 5,6-
positions of BODIPY is an especially efficient method for the
construction of dyes absorbing and emitting at longer
wavelengths.

Back in 2010, the group of Ohe prepared structurally rigid
BODIPY dyes having spirofluorene moieties as a means to force
the conformation (20-24, Fig. 17).°® These dyes exhibited
intense bathochromic shift in the absorption and fluorescence
maxima, along with a significant increase in fluorescence
quantum yield due to high rigidity and good planarity induced

9 | Chem. Soc. Rev, 2013, 00, 1-65

by spirofluorene moieties. DFT calculations also proved the
implication of spirofluorene units in the n-system of the
BODIPY derivatives. Furthermore, the fluorescent ON/OFF
phenomenon observed upon changing solvent for compound
9 was due to photo-induced electron transfer from an N,N-
dimethyl-aminophenyl unit to the BODIPY core.

The group of You reported the synthesis of NIR BODIPY dyes
with thiophene or furan fused on the b bonds of the pyrrole
(25-30, Fig. 17).°° They also took advantage of the heavy atom
effect brought about by bromine substituents to efficiently
apply their NIR dyes to singlet oxygen generation. The theore-
tical, optical and singlet oxygen generation characteristics of
these NIR dyes were assessed and proved the potential for their
use in imaging and photodynamic therapy. More recently, they
also published a study on the use of thieno-pyrrole-fused
BODIPY intermediate as a platform to multifunctional NIR
agents.”' On their side, Chujo recently studied thiophene-
fused BODIPY dyes (31-34, Fig. 17).° They took two distinct
substitution strategies to modulate the optical properties of the
new dyes. First, introduction of iodine groups (32 and 33)
allowed them to observe bathochromic shifts (15 nm for 32
and 30 nm for 33) and the enhancement of molar extinction
coefficients compared to the reference compound 31 (from
127000 up to 184000 M~ * em ' for 33) due to the heavy atom
effect. Second, the insertion of a -CF; group at the meso-position
in compound 34 led to a bigger bathochromic shift (60 nm)
arising from the lowering of the LUMO energy level, as observed
by calculations. Overall, this thiophene-fused BODIPY family
showed large molar extinction coefficients with sharp absorption
bands down to 623 nm in the case of 34 and low emissions. We
believe that such strong absorbers in the NIR would make
interesting candidates as additives in OPV applications.

Finally, Krumova and Cosa reported in 2010 the preparation
of 16 new BODIPY dyes with tunable redox potentials and
functional groups for further tethering (35-50; Fig. 18).”” Inser-
tion of electron-withdrawing and -donating groups in 2,6-
positions gave rise to redox potentials tunable by ~0.7 eV
without significantly affecting the band-gap or absorption/
emission properties. The integration of hydroxymethyl or for-
myl groups at the meso-position allowing for covalent tethering
on receptors and labeling of biomolecules was noteworthy. The
absence of emission in the meso-formyl derivatives also allows
for their application as exceptional fluorogenic probes for
studying the mechanisms of nucleophilic attack.

This journal is © The Royal Society of Chemistry 2013
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31:R{=Ry=Rz=H
32:R1=I;R,=R3=H
33:R1=Ry=1;R3=H
34: Ry =Ry, =H; R3=CF3

Fig. 17 Conformationally constrained BODIPY dyes by means of annulation and their analogues.

35:R1=0Ac;R,=H; Rz3=H
36: R1 =0Ac; R, =H; R3=ClI
37.R; =0Ac; R, =Cl; Rz =Cl
38 Ry =0Ac; R, =H; R3=CN
39: Ry =0Ac; R, =CN; R3 =CN

Fig. 18 BODIPY dyes with tunable redox potentials.”?

2.1.2 Tuning of emission. Looking more specifically at the
tuning of emission properties, another example of quenching
by structural derivatization was described by Ravikanth et al.”®
Synthesis of sterically crowded polyarylated BODIPYs 51-55
from brominated precursor 51 revealed that while the
propeller-like conformation derivatives obtained were highly
fluorescent, the unsubstituted precursors were almost not at all
(Fig. 19). Electrochemical studies also indicated a reversible
oxidation for polyarylated derivatives that was absent for

This journal is © The Royal Society of Chemistry 2013

25:X=0;Y=H;Z=H
26:X=S;Y=H;Z=H
27:X=0;Y=H;Z=Br
28:X=8;Y=H;Z=Br
29:X=0;Y=Br; Z=Br
30:X=S;Y=Br; Z=Br
Rs3
67-70

40. R; = OH; Ry =H; Rz = H 45 R;=0;R,=H; Ry = H
41:R; = OH; Ry, = H; Ry = Cl 46; Ry =O; Ry = H: Ry = Cl
42 R, = OH; R, = Cl; Ry = Cl 47:R=0;R,=Cl; Ry = Cl

43 R; = OH; R, = H; Rz = CN
44 R;=OH; R, = CN; Rz = CN
50: R = O; R, = Et; Rg = Et

unsubstituted ones. In a continuation of this paper, the same
group published the photophysical and electrochemical proper-
ties of new sterically crowded polyarylated BODIPY deriva-
tives.”* Using another synthetic procedure based on the
reaction of tetraarylcyclopentadienones with ammonium acet-
ate in a one-pot cascade process, the groups of Lu and Wang
collaborated together to study a large variety of heptaaryl-DPM
and their corresponding BODIPYs (Fig. 20).”> Along with their
exhaustive photophysical characterization of the derivatives

Chem. Soc. Rev, 2013, 00, 1-65 | 10
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52:. X=H
53: X=F
54: X = CH,
55: X = OMe

Highly fluorescent

Fig. 19 Polyarylated BODIPY derivatives exhibiting high fluorescence compared to unsubstituted ones.”®

Ary Ar2 NH4OAC
AcOH
Arq Arq 110°C

Ary
=X
Arq

2
BF3-Et,O S \
4’ AI’1 \ N AI’1
B

Ary

Fig. 20 Heptaaryl-DPM derivatives obtained from the one-pot cascade process and their corresponding BODIPYs.”®

obtained, they were able to show a fluorescent response to
environmental acidity.

Zhao and collaborators looked at the concept of geometry
relaxation-induced Stokes shift in red-emitting BODIPY.”® They
prepared 2-thienyl and 2,6-bisthienyl BODIPY derivatives (56
and 57, respectively; Fig. 21) that showed intense absorption
and a large Stoke shift (96 nm) vs. the small Stokes shift of
typical BODIPY (<15 nm). DFT calculations proposed that the
large Stokes shifts are due to the remarkable geometry relaxa-
tion upon photoexcitation and its substantial effect on the
energy levels of molecular orbitals. Interestingly, fluorophores
were used for fluorescent thiol probes, with 2,4-dinitro-
benzenesulfonyl (DNBS) as the fluorescence switch.

GR: geometry relaxation

Fig. 21 2-Thienyl and 2,6-bisthienyl BODIPY derivatives showing geometry
relaxation-induced large Stokes shifts.”® (Adapted with permission from J. Org.
Chem., 2012, 77(5), 2192-2206. Copyright© 2012 American Chemical Society.)

11 | Chem. Soc. Rev, 2013, 00, 1—-65

Interestingly, Cole reused compound 57 in a recent theoretical
work comparing four organic fluorophore families (coumarin,
cyanine, stilbene and BODIPY) to establish rules for molecular
design of UV-vis absorption and emission properties.””

Solvent is another environmental parameter that can
strongly affect the spectral properties when observing a chro-
mophore. In this sense, the relationship between the spectral
properties of alkylated BODIPYs in solution and the physico-
chemical parameters of various solvents is of interest.”® Marfin
et al. established that the negative solvatochromic effect is
intrinsic for BODIPY. They also concluded that specific inter-
actions contribute substantially to the properties of the chro-
mophore, which are determined by the electron donor
properties of the solvent.

The tuning of emission properties can also be achieved by
addition of Cu" and Hg" cations. Kobayashi et al. prepared
BODIPY derivative 58 with an -NH, and —-OH substituted meso-
phenyl ring (Fig. 22), which undergoes a specific fluorescence
enhancement under biological conditions in the presence of
Hg" cations. In addition, the presence of Cu" cations leads to
the J-aggregation of the dye. This behavior is of particular
interest for OPV, since J-aggregation gives rise to a red-shifted
absorption spectrum due to the parallel alignment of transition
dipoles.”® This type of aggregation appears to be a potentially
strong tool for the control of morphology of the photoactive
layer in the solid state. Interestingly, special behavior arising
from aggregation was also observed from tetraphenylethene-
containing BODIPY derivatives 59-61 (Fig. 22), which exhibited
aggregation-induced emission (AIE) tunable from the visible to
the NIR.®® In fact, the study of Tang and coworkers revealed
how subtle structural changes can modulate the emission
color, solvatochromism and AIE features of these BODIPYs.
In the same vein, Vu et al. looked at the spectroscopic proper-
ties and the aggregation process of the new sterically hindered

This journal is © The Royal Society of Chemistry 2013
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Fig. 22 BODIPY derivatives exhibiting aggregation behavior.”®~8*

BODIPY 62 bearing adamantyl moieties in the 3,5-positions
(Fig. 22).%" They observed that the aggregation process could be
described by three components, namely the monomer species
along with J and H aggregates. Analysis of fluorescence and
anisotropy decays also showed that excitation energy was
transferred from the monomer to the J dimers, while it might
most probably be trapped by H aggregates.

The group of Li reported the possibility of inducing green
color emission from a BODIPY dye via energy transfer from the
polysilane S; state to the S, state of the BODIPY in the solid
state.’> This was achieved by irradiation of a film made of
a poly(methylphenyl)silane containing less than 3 mol% of
BODIPY dye. Interest in this type of BODIPY-doped polysilane

This journal is © The Royal Society of Chemistry 2013

Review Article

CgH17

Fig. 23 Dual-emissive BODIPY derivatives.8*8

systems resides in the usually nonfluorescent behavior of
BODIPY dyes in the solid state due to aggregation and self-
quenching. According to the authors, new optoelectronic
devices for electroluminescence can be envisioned based on
their results.

With the idea of preparing new photoactive materials for
solar cells, Wang et al. reported BODIPY derivative 63 and its
use in functionalizing highly monodispersed PbS nanoparticles
(Fig. 23).%% Their system (63-PbS nanoparticles) reaches absorp-
tion and emission in the NIR region past 1100 nm, mainly due
to the intrinsic photophysical properties of PbS nanoparticles.
However, electronic communication between the BODIPY
ligand and the nanoparticle was established. Interestingly,
the BODIPY derivative used presented dual-emission behavior
at Amax = 585 and 655 nm in toluene that was further studied as
it was observed for the first time in this family of dyes. They
assigned it to an intramolecular electronic transition for the
higher energy emission and aggregation plus intermolecular
interactions for the lower energy emission as the explanation
for such a dual emissive behavior. A simple solar cell was
constructed based on 63-PbS nanoparticles as the photoactive
layer and this actually presented a photocurrent. This repre-
sents a true improvement compared to their control, oleic acid
capped PbS nanoparticles that did not display any PV
properties.

On their side, Cho and coworkers also observed S, emission
from chemically modified BODIPYs.** Those new BODIPYs 64
and 65 (Fig. 23) showed atypical emission from the second
excited state at shorter wavelength (~440 nm) in addition to
the one in the red region (631 and 636 nm, respectively). This
dual-emission behavior was investigated by fluorescence
up-conversion and transient absorption to reveal a dependence
of the emission decay time on the internal conversion and the
intersystem crossing process. TD-DFT calculations were also
performed for the assignment of electronic transitions implied.

The group of Banfi and coworkers reported the synthesis of
eight new variously substituted BODIPY dyes (66-73; Fig. 24)
and their photodynamic activity.*> Photophysical data were
presented along with the ability for singlet-oxygen generation.

Chem. Soc. Rev, 2013, 00, 1-65 | 12
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66: R; = Et; R, =0OMe; R3=H
67.R;=H; R, =0OMe; R3 =H
68 R;=Et;R, =OH; R3=H
69 Ri=H;R,=0H;Rz3=H
70. R{ = Et; R, =H; R3 = OH
71:R1=H; R, =H; R3=OH
722 Ry =1; R, =0OMe; Rz =H

Chem Soc Rev

80 compounds 74

Rs = CH;:> or CH2C|

Fig. 25 BODIPY-triazole derivatives exhibiting large Stokes shifts.8°

This last parameter is of interest for OPV because it represents a
form of susceptibility toward energy transfer of the dyes. From
the observations made, halogenated compounds 72 and 73
quickly generated singlet-oxygen, although they presented the
lowest quantum efficiency of fluorescence.

Finally, the group of Chang prepared a library of 120
BODIPY-triazole derivatives on solid-phase using a click-
chemistry protocol (Fig. 25).%¢ The compounds prepared exhib-
ited large Stokes shifts (up to 160 nm) and remarkable envir-
onmentally sensitive quantum yield increments that asserted
their potential as turn-on fluorescent chemosensors. Out of
their library, they identified 74 (Fig. 25) as the best fluorescent
chemosensor, which displayed high sensitivity and species-
selectivity towards human serum albumin. In addition to the
interesting photophysical behavior observed by the authors, we
strongly believe in the potential of click-chemistry as a powerful
synthetic tool for integration of BODIPYs in new OPV materials,
either in complex small molecules of D-A type or in various
polymeric architectures.

2.1.3 Regioselective functionalization. As described in Sec-
tions 2.1.1 and 2.1.2, substitutions on the DPM/BODIPY core
can greatly affect its absorption and emission properties. This
section therefore aims at discussing the various routes of
derivatization of the DPM/BODIPY core. Modifications at the
3,5-, 2,6- and 8-positions are well documented. It is possible to
operate electrophilic aromatic substitution (SgAr), direct hydro-
gen substitutions and Pd-catalyzed cross-coupling in the 2,6-
positions. The 3- and 3,5-positions can undergo SyAr (including
thiol-halogen nucleophilic substitution), electrophilic substitu-
tion with NBS on methyl groups, direct hydrogen substitutions,

13 | Chem. Soc. Rev, 2013, 00, 1-65

direct styrylation, and Pd-catalyzed cross-coupling.’”°" SyAr
and Liebeskind cross-coupling at the 8-position are possible,
similar to the installation of a meso-CF; group during the
formation of symmetric or asymmetric 3(5)-aryl(hetaryl)- and
3,5-diaryl(dihetaryl)-BODIPY dyes.”>®> Finally, nucleophilic
substitutions (Sy) with oxygen or carbon nucleophiles on the
boron center in the 4-position are also possible.”®*® Fig. 26
gives a schematic overview of the different synthetic routes for
the derivatization of the BODIPY core.

In an unprecedented synthetic effort to open a wider access
to the chemistry on 1,7-positions, the group of Dehaen focused
on the synthesis of 1,7-dihalogenated BODIPY dyes and further
substituted them by either nucleophilic aromatic substitution
(SnAr) or Pd-catalyzed cross-coupling reactions (refer to
Fig. 26).°° By doing so, they gave the last synthetic tools chemist

SNAr
Liebeskind Cross-Coupling

Halogenation -CF derivative

SNAF
Pd Cross-Coupling ™\ 's _
Direct Styrylation ) ¢ Halogenation
2 = = \ 6__>SEAF
SNAr 3\ N\‘é,N = Pd Cross-Coupling
Thiol-Halogen SyAr /' FTE 5 Direct H subtitution

Pd Cross-Coupling
Direct H subtitution
Direct Styrylation

Sg with NBS on CHj3

Sy with O and C Nucleophiles
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o

w
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Fig. 26 Overview of the synthetic routes for derivatization of the 35

BODIPY core.

This journal is © The Royal Society of Chemistry 2013
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needed to fully decide on regioselectivity in their design of BODIPY
derivatives. Shortly after, Ziessel et al. also reported derivatization
at 1,7-positions based on direct styrylation of methyl groups
leading to highly substituted BODIPYs of the type AB, A,B, or
ABCD.'® In addition to derivatization at the newly accessible 1,7-
positions, Ziessel also reported the possibility of preparing carbo-
nyl derivatives of BODIPYs via catalytic CO insertion."" In fact,
their methodological study dealt with carbopalladation reactions
on BODIPY dyes bearing aryl-halogen functions. The functional
groups could be positioned directly on the BODIPY core, ie. at the
meso- or B-positions, or in the periphery of the boron-substituted
and on styryl-BODIPY derivatives (75-86; Fig. 27). Using this
versatile technique, several ester and amide groups were efficiently
introduced on the dyes. The authors reported that these changes
do not significantly affect the optical properties and thus allow the
construction of new BODIPY-based functional dyes with carboxylic
anchoring groups or peptide linkages.

The groups of Hao and Jiao reported a straightforward
acid-catalyzed synthetic procedure for the preparation of

CO, Nu-H
[Pd(PPh3),Cl5]

Benzene / Toluene
Et3N / BusN
Heat

CO, Nu-H
[Pd(PPh3),Cl5]

Benzene / Toluene
Eth / BU3N
Heat

CO, Nu-H
[Pd(PPh3),Cly]

Benzene / Toluene
Eth / BU3N
Heat

CO, Nu-H
[Pd(PPh3),Cly]

B
Benzene / Toluene
Et;N / BuzN
Heat

Nu

Review Article

102,193 Numerous derivatives

pyrrolyl-dipyrromethene (Fig. 28).
having different functional groups were efficiently synthesized from
POCl;-promoted condensations between 5-chloro-2-formylpyrrole
or isoindole derivatives and suitable pyrrole or indole fragments
through a nucleophilic aromatic substitution of the initially formed
protonated azafulvene rings. In addition, these groups further
reported the preparation of 3-pyrrolylBODIPYs by an alternate
synthetic procedure using pyrrole and acyl chlorides in the
presence of oxygen (Fig. 29)."°" On his side, Ravikanth reported
the synthesis of meso-unsubstituted 3-pyrrolyl BODIPY in one
pot by treating the meso-free DPM with pyrrole in chloroform
followed by oxidation with DDQ, neutralization with triethyla-
mine and complexation with BF;-Et,0.'%° These three metal-
free one-pot protocols are of great interest to prepare new
tridentate ligands with extended m-conjugation able to coordi-
nate a variety of metallic cations, allowing further tuning of the
photophysical properties.

Regioselective halogenation of the BODIPY core is still
under study as it generates valuable synthetic precursors. Jiao

Ri= HorEt
Ry =Me or & Nu = OEt
v/\© oEt
Y=F NH(CH,),NH;
g_:—\ NHCH,COOEt

76: Nu = OEt

77: Nu = Oi-Pr

78: Nu = NH(CH,),NH,
79: Nu = NHCH,COOEt

81: Nu = OEt
82: Nu = Oi-Pr
83: Nu = NHn-Pr
85: Nu = OEt

86: Nu = NHCH,COOEt

Fig. 27 Preparation of carbonyl derivatives of BODIPYs via catalytic insertion.*o*

This journal is © The Royal Society of Chemistry 2013
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X=ClorBr
R4 =Hor CHj;

Fig. 28 Straightforward acid-catalyzed synthesis of pyrrolyl-dipyrromethenes and 3-pyrrolylBODIPYs.

i) Dichloroethane J aa—

o)

N « 49 Py Concentrated N. N-Z R=Alkyl
N Cl” "R ii)NEts ):} Aryl
H BF5-Et,O FF

o7}

Fig. 29 One-pot synthesis of 3-pyrrolylBODIPYs from pyrrole and acyl
chlorides.***

et al. reported that electrophilic bromination of pyrrolic unsub-
stituted BODIPYs using bromine can regioselectively generate
mono- to hepta-bromo substitution in a stepwise fashion.'*®
According to their results, the bromination of 87 occurs first at
2,6- (88 and 89), then at 3,5- (90) and eventually at 1,7-positions
(91) when a large excess of bromine is used (Fig. 30). Bromina-
tion of the meso-phenyl at the meta-position can even occur
when using up to 400 equivalents of bromine with a methoxy-
group present in the para-position. Regioselective substitution
and Suzuki coupling reactions were attempted on the bromi-
nated BODIPYs, giving good to excellent yields. Results
also showed that regioselective substitution occurred first at

Ph
i T—
//N N y/ x Bro
\B/ —_—
4 “’ CH2C|2
FF
87

Fig. 30 Regioselective stepwise bromination of the BODIPY core.’%®

15 | Chem. Soc. Rev, 2013, 00, 1—-65

1) POCl,
>
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POClI3

2) NEts
3) BF3-Et,0

102,103

the 3,5- and then at the 1,7-positions of the chromophore. The
spectroscopy of the compounds was included. Interestingly,
Zhang and Yang conducted a further study on these brominated
BODIPYs to determine their potential for singlet oxygen generation
and triplet excited-state spectra.'”” In the same period, they also
looked at a covalent BODIPY dimer linked at the 2-position for the
exact same application selectively in nonpolar environments.'*®
Likewise, Ortiz et al. reported a theoretical and experimental
study on the iodination of BODIPY dyes with different degrees
of substitution for the preparation of various derivatives bear-
ing asymmetrical DPM cores.'® Their study was the first to
present polyhalogenated BODIPYs with different halogen
atoms (e.g. 92-94; Fig. 31), allowing for selective functionaliza-
tion. Photophysical properties and singlet oxygen generation
were also presented. The group of Zhang recently reported the
preparation of various iodo-BODIPYs that were further used as
visible light-driven metal-free organic photocatalysts.'*°

Another recent study from Dehaen et al. proved the possibility
of preparing meso-halogenated BODIPYs and accessing useful
meso-substituted analogues either by SyAr or by Pd-catalyzed
cross-couplings.

111

This journal is © The Royal Society of Chemistry 2013
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Fig. 31 Selection of hetero polyhalogenated BODIPYs.

Yang et al. reported an example of BODIPY-based fluores-
cent sensors taking advantage of regioselectivity.*® Highly
selective detection of glutathione (GSH) over cysteine (Cys)
and homocysteine (Hcy) was obtained based on the rapid
replacement of mono-chlorinated BODIPYs 95 to 100 by
biothiols through thiol-halogen nucleophilic substitution and
the significantly different photophysical properties of sulfur-
compared to amino-substituted BODIPYs (Fig. 32). The sensor
95 was further successfully applied to the detection of GSH in
living cells. More recently, Ravikanth and coworkers also used
3,5-bis(acrylaldehyde) BODIPYs for the detection of Cys and
Hcy in living cells.'*

On their side, the group of Chattopadhyay took advantage of
the steric strain in meso-methyl BODIPYs 101 and 102 to functio-
nalize that position regioselectively by a Knoevenagel-type con-
densation of various aromatic aldehydes (103-108; Fig. 33)."*
Driven by alleviation of the structural strain of alkylated BODI-
PYs, the difference of acidity of the methylic protons at the
pyrrole rings was overruled. Aware of the attractiveness of resul-
tant meso-styryl BODIPYs for optoelectronic applications, the
authors mentioned that they intend to study DSSC applications.
This synthetic strategy is also valuable for the rational design of
small-molecule planar-heterojunction solar cells.

95 R = EY\N _/J‘O

N:N'
96:R = fYCOOEt
COOEt

/\/SrOH
3

Review Article

In a recent paper, the group of Ortiz refined the regioselec-
tive functionalization at the meso-position by Knoevenagel
condensation on alkyl-substituted-3,8-dimethyl BODIPYs.'"*
They noted that the change in hybridization of the carbon at
the 8-position (from sp® to sp®) determines the fluorescence
emission, while the presence of EDG or EWG groups leads to
ICT processes.

Other interesting results concerning the tuning of BODIPY
properties were reported in 2010 by the group of Cohen.'*?
Persistent intramolecular hydrogen bonds between the -NH
and F- groups were used to rigidify BODIPY dyes (109-113;
Fig. 34). This behavior was supported by X-ray crystallography
and solution '’F NMR experiments. The modular synthesis and
robust photophysical properties led the authors to suggest their
potential as materials for photochemical applications.

Derivatization at the boron center is also an interesting way
to modify the photophysical properties of the BODIPY family.
The most common ways for the substitution of fluorides are
with oxygen- or carbon-based groups. It allows for either
rigidification of the skeleton, addition of complementary chro-
mophores and/or tuning of the electronic levels through
reduction of the electron-withdrawing effect brought about by
fluorides. This approach has gained a lot of attention in the last
few years and might also be extended to the ADPM family.
Ziessel presented an excellent article in which they reported an
extensive study of boron chemistry on a diisoindolomethene
framework."'® A general synthetic approach was developed to
obtain the various difluorobora-diisoindolomethene dyes sub-
stituted with phenyl, p-anisole or ethyl-thiophene. A Grignard-
based strategy was further used to introduce ethynyl-aryl or
ethyl ligands on the boron center in replacement of the
fluorides, either in a homo- (Fig. 35) or a hetero- (114-120;
Fig. 36) manner. The numerous X-ray crystal structures

97:R = fg\@\ 99: R = OMe
COOH
-
100:R = HN@

R="N
%8 R=""s\_cooH

Fig. 32 Mono-chlorinated BODIPYs used for biodetection of glutathione by thiol-halogen nucleophilic substitution.®®

Rz

103: Ry = -Bu; R, = OMe
104: R4 = t-Bu; R, = OH
105: R4 = t-Bu; R, = NO,

Ry
Piperidine / AcOH
+ >
Toluene
Heat
101: Ry = t-Bu H "0
102: R4 = Et

106: R4 = Et; R, = OMe
107:R1=Et; R, = N02
108: R1 = Et; R, =Br

Fig. 33 Steric strain release-directed regioselective functionalization of the meso-position.***

This journal is © The Royal Society of Chemistry 2013
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Fig. 34 Hydrogen-bond rigidified BODIPY dyes.!*®

EtMgBr
THF

v, -0
THF 2
CuHo C4Hg
R2=H or OMe § O I
Fig. 35 Red to NIR fluorescent dyes based on boron-substituted diisoindolomethene frameworks.** 30
R R R R; R R
N\ _N. _N= N\ _N. _N= N\_N. _N= 35

o .
a%s a%s o3

N= (@] HN
(0] 0O (0]
7‘\/ / /J
114 R, = Ethylthiophene 117. Ry = Ethylthiophene 120 R = Ethylthiophene
Ry = OMe Ry = OMe Ry = OMe
115 R4 = p-Anisole 118 R4 = p-Anisole 45
R, = OMe R, = OMe
116: Ry = Ph 119 Ry =Ph
R2 =H R2 =H

50

9
w1

Fig. 36 Heterodisubstitution at the boron in BODIPY derivatives.}6118119
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obtained allowed the authors to determine a structure-fluores-
cence relationship to explain the modulation of emissions from
650 to 780 nm. They observed that when the steric crowding
around the boron center is severe, the aromatic substituents o to
the diisoindolomethene nitrogens are twisted out of coplanarity,
and hypsochromic shifts up to 91 nm with ethynyl substituents
are observed in the absorption and emission spectra. Electroche-
mical studies also revealed the redox active behavior of the dyes.
The boron substitution strategy explored in detail was already
used by the group of Ziessel back in 2010 when they reported
BODIPY dyes with pentane-2,4-dione anchors designed for incor-
poration in electrochemical solar cells (123-129; Fig. 37).""” Facile
anchoring on TiO, powder was achieved and studied by FT-IR
spectroscopy to evaluate the potential for integration in this type
of solar cells. The authors reported that the quench of fluores-
cence of TiO,-linked dyes was indicative of a good electron
injection in the conduction band of the semiconductor.

123: Ry =H
124: R, = Et

= N\
B~

/I \

HO OH

127

Fig. 37 BODIPY dyes with pentane-2,4-dione anchors.*’

This journal is © The Royal Society of Chemistry 2013
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Ziessel's group also reported the resolution of a racemic
mixture of a BODIPY derivative with an asymmetric boron
center (122, Fig. 36)."'® The dissymmetrization of the BODIPY
core was achieved by oxidation of the 3-methyl group to the
corresponding carboxaldehyde. In addition, '"H NMR and X-ray
structures both provided proof of H-bonding between the
carboxaldehyde proton and the remaining fluoride ligand.
Preparative chiral HPLC allowed resolution of the racemic
mixture and circular dichroism showed persistence of enantio-
mers over time at room temperature.

Jiang et al. successfully prepared the mono-acetate (127,
Fig. 37) and di-acetate substituted BODIPYs on the boron
center from TM-BDP by in situ generation of the TMSOAc
reagent.’'® X-Ray structures were obtained and photophysical
studies proved that derivatives retained the principal properties
of the parent TM-BDP. In addition, their results showed an
increased solubility in water for the acetate-modified BODIPYs,

125: Ry = NMe,
126: R, = OMe

e

—

HO CH
o) o
128: Rq = Ethylthiophene
R2 = OMe
129: R4 = p-Anisole
R2 =H
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Fig. 38 BODIPY derivatives bearing three- and four-coordinated boron groups.'?*

which is highly suitable for incorporation in biological applica-
tions. Other examples of water-soluble BODIPY derivatives were
also reported by Romieu in 2009 based on either boron chem-
istry or integration of sulfonated peptide chains that were
subsequently quaternized by reaction with propanesultone.'*°

The group of Wang prepared two new BODIPY derivatives
decorated with three- and four-coordinated boron groups. In
the first case, a Lewis acidic BMes,(vinyl) group was used to
prepare 130 and in the latter case it was a photochromic four-
coordinated boryl chromophore that gave 131 (Fig. 38).">" X-Ray
structural analysis along with absorption and emission proper-
ties in solution and solid phases either as neat or doped PMMA
films were studied. Significant mutual influence on photophy-
sical and photochemical properties by the different boron-
containing units was observed. For instance, the BMes,(vinyl)
unit in 130 greatly enhanced the BODIPY fluorescence effi-
ciency in a PMMA matrix while the photoreactivity of the N,C-
chelate boryl unit in 131 was completely switched off by
BODIPY via intramolecular energy transfer.

Finally, noteworthy publications on chemistry at the boron
center have appeared lately from the group of Thompson. They
reported a new class of BODIPYs, namely ClI-BODIPYs, bearing
chloride instead of fluoride atoms on the boron center that
allows for extremely easy substitution at the center.'*® This
work followed another paper published in 2009 where they
prepared perfluoroaryl-substituted boron dipyrrinato com-
plexes, also including spiro BODIPY derivatives (132-136;
Fig. 39)."** In another recent article, they optimized the BF,
removal from BODIPYs that they previously proposed in 2010
(Fig. 40)."*»'* This breakthrough based on a standard lab
microwave synthetic methodology using potassium hydroxide
as the base is opening up the way for an efficient use of
F-BODIPYs as a protective strategy of DPM. The authors

4
CeFs CeFs
132:R=H 135
133: R =Me
134:R = n-Bu

Fig. 39 Perfluoroaryl substituted BODIPYs .

19 | Chem. Soc. Rev, 2013, 00, 1-65

Rs PRa R Rs R4 R
R J N R 6 eq KOH Y N .
TNENG N HBUOH £ 0 (100:1) =N HN-f O
i M.W., 400W
Ri @5 R 140°C, 5-15 min R1 Ry

Fig. 40 Deprotection conditions for F-BODIPYs.*?*

proposed a mechanism for the deprotection implying tert-
butoxide as the active reagent due to the observation of a
‘BuO-BODIPY intermediate in the course of their study. The
application of their protection-deprotection strategy to the
synthesis of known and new pyrrolyldipyrromethenes is provid-
ing a good argument for the use of BF, protection in achieving
challenging target compounds. Such a general procedure
appears interesting in the perspective of expanding it to aza-
BODIPYs as well.

2.2. Oligomers and polyads incorporating DPM

The integration of oligomers and polyads as photoactive donor
materials in OPV is usually made possible through planar
heterojunction solar cells. This is mainly due to their relatively
low molecular weight allowing for vacuum deposition or
solution processing on the ITO substrate. However, a few
examples have been recently reported in which they have been
used as sensitizers to expand the panchromaticity of solar cells,
as mentioned in Section 1.1. Owing to the multiple ways to
integrate them in OPV, this section will be dedicated to the
review of energy transfer (ET) studies made on BODIPY oligo-
mers and tetrads, including porphyrinoids, and their integra-
tion in heterojunction solar cells either as donor materials or
additives.

2.2.1 DPM-based oligomers and polyads in energy transfer
studies. Energy transfer in molecular polyads necessitates
particular attention in order to fully understand the potential
of molecules to harvest the energy from light and make it flow
in a specific direction in complex systems. The assessment and
control of the exact mechanism of energy transfer upon photo-
excitation are therefore of great value for rational design.
Possible mechanisms can either be through a poorly efficient
radiative process or one of the two types of radiationless
processes (through-space (Forster type) or through-bond
(Dexter type)). The last few years have seen the development
of many systems incorporating BODIPY derivatives able to

This journal is © The Royal Society of Chemistry 2013
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Fig. 41 Phenylethynyl-BODIPY oligomers.*?®

10
transfer their absorbed energy to molecular partners or emit
energy received from tetrad partner units. Akkaya and Cakmak
have reported the preparation of various phenylethynyl-BODIPY
oligomers (137; Fig. 41), notably via a Sonagashira coupling
15 approach."® This study has revealed that such highly soluble,
bright dyes should also be considered as fluorescent building
blocks to create macromolecular assemblies.
Another exciting study has been reported concerning BODIPY
dimers by Benniston and co-workers in which they looked at
20 charge delocalization and exciton coupling of their newly synthe-
sized compounds (138-142; Fig. 42)."*” 138 to 141 are shown to
adopt a cofacial conformation allowing for systematic variations
of both the mutual orientation and mean separation of both
BODIPY residues. X-Ray data support this assumption for com-
plexes 138 and 139. This cofacial conformation allows charge
delocalization and exciton coupling which are revealed by electro-
chemical and spectroelectrochemical investigations. The group
further studied the photophysical properties of those dimers
under the condition of variation of temperature and pressure in
30  a recent paper.'*® Recently, in 2010, Benniston et al. also studied
the effect of substitution with covalently linked redox active
hydroquinone/quinone groups at the meso vs. the 2-position in
donor-acceptor BODIPY dyads (143-152; Fig. 43)."*° A complete
investigation of the photophysical and electrochemical properties
35 was reported along with special attention devoted to the electron
transfer from the hydroquinone toward the BODIPY unit. Lately,
another study was undertaken in collaboration with the groups of
Lemmetynien and Clegg to assess the effect of charge transfer and
charge recombination by insertion of a naphthalene-based bridge
40 in molecular dyads."® In order to do so, photophysical and
electrochemical properties of two related dyads based on a N,N-
dimethylaniline donor coupled to a fully alkylated BODIPY accep-
tor were described (153 and 154; Fig. 44) and they concluded that

N}
)]

50

138: R = CMe,
139: R = CH;

Fig. 42 Cofacial BODIPY dimers.*?’

(93]
w1
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OH 0 0
143:n=0 145:n=0
144:n=1 146:n=1

10
15
O\RZ 0
147: n = 0; R, = Benzyl 151:n=0 20
148:n=0;R,=H 152:n=1
149:n=1; R, = Benzyl
150:n=1;R,=H

Fig. 43 BODIPY-based molecular dyad incorporating hydroquinone/qui-
none redox active groups.*?°

\"]
o

the naphthalene spacer group is extremely efficient at promoting

back electron transfer. Benniston and coworkers also studied
Forster energy transfer over 20 angstroms from a pyrene-based
donor to a BODIPY acceptor in compound 156 and in comparison 30
with its phenyl derivative 155 (Fig. 44)."*'

In a similar fashion, a reversible fluorescence probe based
on the Se-BODIPY D-A system for the redox cycle between HCIO
oxidative stress and H,S repair in living cells was reported lately
by the group of Han.'*® Interestingly, the electron transfer
process is quenched upon oxidation to the selenoxide deriva-
tive 158 under HCIO conditions and is restored by H,S reducing
conditions, giving back the selenide derivative 157 (Fig. 44). Liu
and Wu removed the methoxy group and the group of Li used a
meso-hydroxymethyl BODIPY derivative by publishing similar 40

w
92}

concepts a few weeks later.'**'3
Audebert and collaborators also reported BODIPY-tetrazine
multichromophoric derivatives where the BODIPY units were
45

50

142

vl
w1
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/ 183: R =Blank

"\ 154: R = §§
W,

Weak Fluorescence
157 158

Fig. 44 BODIPY-based molecular dyads bearing a naphthalene, triazole

Strong Fluorescence

or selenium bridge 130152

closely held together (159 and 160; Fig. 45)."* BODIPY and
tetrazine fluorophores were connected through a phenyl spacer
and the resulting derivatives were characterized by photophy-
sical and electrochemical means. Furthermore, DFT calcula-
tions and spectroelectrochemistry experiments demonstrated
that photoinduced electron transfer and ET remain possible
when the tetrazine moiety is reduced electrochemically, which
shuts OFF the BODIPY unit’s fluorescence. Interestingly, the
group of Weissleder recently took advantage of the tetrazine
moiety as an acceptor group that can quench the emission of
the BODIPY in the differently positioned dyads 161-166

B (Fig. 45)."*° Upon reaction with a double bond, the conjugation

50

e
29

of the tetrazine moiety is broken and BODIPY’s emission is
turned back on with an enhancement of up to 1600-fold (164),
making such derivatives very interesting for superbright
bioorthogonal turn-on probes.

Thilagar looked at the dual-emission properties of borane—
BODIPY dyads 167 and 168, which differ mainly by their
molecular conformations (Fig. 46)."*” In addition to the dual
emissive behavior, they observed intramolecular charge trans-
fer between boryl and BODIPY chromophores along with a
difference in emission enhancement and quenching upon
fluoride binding. This discrepancy was further investigated by

21 | Chem. Soc. Rev, 2013, 00, 1—-65
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161:R=H
162: R = CHz

Fig. 45 BODIPY-tetrazine multichromophoric derivatives *>13¢

Mes.__Mes
B

N.g-
B

4~

F F
167:R=H
168: R = CHj3

Fig. 46 Borane—BODIPY dyads.**”

structural and computational methods in order to better under-
stand the effect of molecular conformations accessible.

Bard and collaborators recently studied BODIPYs in the
context of electrogenerated chemiluminescence (ECL) in a

This journal is © The Royal Society of Chemistry 2013
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173: R=FEt
Fig. 47 BODIPYs for ECL 138139141

series of papers. In the first one, n-pentyl-, phenyl- and a dyad
of BODIPY derivatives were synthesized and their electro- and
photochemical properties were studied (169-171; Fig. 47)."*®
The second one appended BODIPY units by a 2,2'-bipyridine
linker (172 and 173, Fig. 47)."*° These 2,2'-derivatives may be
used as building blocks for further incorporation in LH or
photocatalysis systems. Molecular electronics is also reported
as a potential application for such dyads. In fact, Nepomnyash-
chii et al. recently prepared devices with interdigitated array
electrodes to produce ECL with a BODIPY derivative.'*® A third
paper from Bard et al. focused on the preparation of BODIPY
dimers (e.g. 174; Fig. 47) by chemical or electrochemical oxida-
tion and their monitoring by the ECL technique.*' Hong also
reported an interesting example of selective anion sensing of
pyrophosphate by means of ECL using a BODIPY-based deriva-
tive.'”> Finally, a review on this specific ECL subject was
published lately by Bard."*?

In the context of creating molecular polyads with donor-
acceptor functionalities for directed ET, the group of Haley
reported a systematic study of six structural isomers incorporating
dibutylamine as donor moieties and BODIPY acceptors on a
tetrakis(arylethynyl)benzene (TAEB) core (175-180; Fig. 48)."** To
evaluate the effectiveness of the donor group, all-acceptor deriva-
tives based on either the TAEB core (181), the tetrakis(arylethynyl)-
1,4-pyrazine (TAEP) core (182) or bis(arylethynyl)benzene (BAEB)
core (183 and 184) were also synthesized using the same cross-
coupling strategy (Fig. 49). Photophysical studies were made and
corroborated with computational methods. The study revealed an
assortment of intriguing optical properties that can be fine-tuned
through small isomeric and structural variations. Comparison of
D-A compounds with the all-acceptor related 181 to 184 proved
the importance of strong donor moieties in molecular systems for
efficient charge transfer pathways. BODIPY acceptors were also
found to have a remarkable impact on the overall phenylacetylene
scaffold, quenching any form of solvatochromism that is most

This journal is © The Royal Society of Chemistry 2013
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R4 R3
175 R1 = R4 = p-NBuy-Ph
R = R3 = meso-BODIPY
176: Ry = R, = p-NBuy-Ph
R3 = R4 = meso-BODIPY
177: R4 = R3 = p-NBuy-Ph
Ry = R4 = meso-BODIPY
178 Rq = R4 = p-NBuy-Ph
R, = R3 = 3-BODIPY
179 Ry = R, = p-NBu,-Ph
R3 = R4 = B-BODIPY
180: Ry = R3 = p-NBuy-Ph
R, = R4 = B-BODIPY

Y4

meso-BODIPY =

B-BODIPY =

Fig. 48
benzenes.

Incorporation of BODIPY fluorophores on tetrakis(arylethynyl)-
144

often found in these systems. Finally, despite the tendency to
quench in polar solvents, the BODIPY unit was able in some
instances to enhance the quantum yields to levels not yet seen
with previously known TAEB molecules.

Donor-acceptor molecular dyads based on BODIPY modi-
fied 9-cycloheptatrienylidene fluorene derivatives were used by
Wang and collaborators for detecting Cu" cations."*®> Two
fluorescent chemosensors 185 and 186 were designed taking
advantage of the 9-cycloheptatrienylidene as the Cu' receptor
and BODIPY based fluorophores (Fig. 50). Both of them present
high selectivity toward this specific cation and high selectivity
with acidity independence. In addition, the authors report a
turn-on fluorescent behavior, which should be more practical
in the design of fluorescent chemosensors for detection of
Cu" anions.
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181: X =CH
182: X =N

Ry
185: Ry =Ry = H
186: R1 = — n-C5H11
R> = NMe,

Fig. 50 Donor-acceptor molecular dyads based on BODIPY modified 9-
cycloheptatrienylidene fluorene derivatives.*4®

Bichromophoric energy-transfer cassettes based on a BODIPY
donor linked via Sonogashira cross-coupling to cyanine acceptors

were reported by Burgess (187-173; Fig. 51)."*° Upon excitation of

35

40

45

50

the BODIPY moiety at 488 nm, the excitation energy was trans-
ferred through an acetylene bridge to various cyanines with
emission tunable from about 600 up to 800 nm as the length of
the oligomeric polyene increased. A through-bond ET was proved
to occur in 187 and 188 cassettes due to measured rates 2 orders of
magnitude faster than that reported for the classical through-space
Forster type ET. However, assessment of a specific ET mechanism
for 189 was not possible from rate measurements. The water
solubility of the lipophilic fluorescent-imaging probes was further
enhanced by encapsulation in calcium phosphate/silicate nano-
particles (ca. 22 nm). Only minor changes in the photophysical
properties of encapsulated cassettes were noted and labeling of
organelles with a model nanosystem containing 187 was accom-
plished by permeation in clone 9 rat liver cells.

twisted rr-conjugated linker

187:n=0
188:n=1
189:n=2

Fig. 51 Bichromophoric cassettes bearing a BODIPY donor with various
cyanine acceptors.*#®

23 | Chem. Soc. Rev,, 2013, 00, 1-65
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Also using a cross-coupling strategy, Ziessel et al. reported
the synthesis and length dependence for intramolecular energy
transfer in three- and four-color D-spacer-A arrays.'*” Interest-
ingly, the molecular triads used the boron center of one
n-extended BODIPY, acting as the A, to connect two conven-
tional BODIPY donor moieties through their meso-position
(190-193; Fig. 52). The spacer (S) units were based on oligomers
of 1,4-phenylene-diethynylene repeating units, allowing for
variation of the distance between D and A units from 18 to
38 A. The same strategy was further used to incorporate pyrenes
on the terminal BODIPYs (194; Fig. 52). The photophysical

190:n=0;R=F
191:n=1,R=F
192:n=2;R=F
193:n=3;R=F
194:n=0;R=§ _ CO

Fig. 52 BODIPY molecular triads based on D-spacer—A architecture.*’
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studies of the series revealed a highly efficient electronic energy
transfer (EET) through conjugated bonds occurring from the
first-excited singlet state of the conventional BODIPYs toward
the extended-one with a nonlinear evolution of the rate con-
stant upon variation of separation distance. With only a 4-fold
decrease in the rate constant, the length dependence appeared
to be a consequence of the energy gap between D and S units
becoming smaller as the molecular length increased. Remark-
ably, a simple relationship based on the effective conjugation
length exists between the measured electronic resistance of the
spacer unit and the Huang-Rhys factor determined by emission
spectroscopy. Also, excitation of the spacer alone led to a fast
EET to both D and A units followed by a slow second EET from
the D to the A. When pyrenes are involved in the system, fast
EET occurs toward the conventional BODIPYs from the pyrenes
followed by a slow long-range EET to the opposite terminal. The
authors suggested that they are highly attractive materials for
solar concentrators when incorporated in transparent plastic
media used under conditions where both inter- and intra-
molecular EETs occur.

In collaboration with Ziessel’s group, Harriman and cow-
orkers further studied systems incorporating pyrene- and
perylene-substituted BODIPYs (195 and 196; Fig. 53) to resolve
the contribution of intramolecular EET in closely coupled
molecular dyads.'*® The study was achieved in pressurized
methyltetrahydrofuran solution and showed that illumination
into the aryl polycycles leads to rapid intramolecular EET to
BODIPY but also that fluorescence from these units is partially
restored under high pressure. The argument made was that the
applied pressure restricts torsional motions around the lin-
kages and imposes a near orthogonal geometry for transition

R4 Rz

195: R1 = R2 = Py
196: R = Py; R, = Pe

-
o=
)

Fig. 53 Pyrene- and perylene-substituted molecular cassettes.’#”148

This journal is © The Royal Society of Chemistry 2013
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dipole moment vectors on the reactants. In turn, this pressure-
induced conformational restriction switches off Forster-type
EET within the system (contributions of ca. 5% for pyrene
and ca. 25% for perylene), leaving the main contribution to
the Dexter through-bond electron-exchange EET. Anthracene-
BODIPY dyads fused by conjugated phenylacetylenyl bridges at
the meso position were also reported by Nierth et al. in 2010."*°
Finally, Ziessel and Harriman recently published the prepara-
tion of an artificial LH array comprising 21 discrete chromo-
phores strongly inspired by a combination of the various
BODIPY and pyrene dyes previously discussed (i.e. 190 and
194)."°° The convergent synthetic approach led to a molecular-
scale funnel having an effective chromophore concentration of
0.6 M condensed into ca. 55 nm® that can direct the excitation
energy to a focal point. Interestingly, the energy obtained from
photoexcitation can also travel in the opposite direction, there-
fore becoming spread around the array before being trapped by
the acceptor. The authors undertook preliminary tests for the
incorporation of their new LH cassette as a sensitizer for
amorphous silicon solar cells and promising results were
obtained.

The collaboration of Ziessel and Harriman groups presented
an interesting study on spirofluorene-bridged BODIPY dyads
(197-201; Fig. 54)."" They used various combinations of the D
and A BODIPYs attached to the spirofluorene spacer to explore
the limits of Forster theory at a separation of 20 A. This was
achieved by comparing the agreement between computed and
measured coulombic matrix elements and the net result was

197:Ry=A Ry =H
198: Ry =H; R, =D
199:R1=R2=A
200:R1=R2=D
201: Ry =A;Rp=D

Fig. 54 Spirofluorene-bridged BODIPY dyads.**"*%2
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that Forster theory remains applicable to these closely spaced,
intramolecular systems. The solvent polarity effects on the rate
of Forster-type energy transfer were studied in a subsequent
paper published one year later using the 199, 200 and 201
adducts previously reported."> The group of Caprasecca et al.
further studied by quantum mechanics the solvent-dependence
of EET rates observed for dyad 201.">

More recently, Ziessel and Harriman groups studied the
nanomechanical properties of molecular-scale bridges as visua-
lized by intramolecular EET."* In that paper, a series of linear
molecular dyads of the type D-S-A (202-206; Fig. 55) were
prepared where the donor is a BODIPY, the spacer is built by
accretion of ethynylene-carborane units and the acceptor is
based on a dipyrrolopyrrole (DPP). The authors found out that
the probability of one-way EET between terminals depends on
the length of the spacer and also on temperature and applied
pressure. Based on their results for the given system, the
dynamics of EET can be used to estimate the strain energy
associated with molecular contraction, the amount of work
done in effecting the structural change and the Young’s mod-
ulus for the bridge. In a subsequent paper, the authors further
investigated the effect of the spatial configuration (linear vs.
bent) between a similar BODIPY donor and a DPP acceptor on
through-space EET (207 and 208, Fig. 55)."”° To mention, other
examples of highly fluorescent BODIPY-based nanocars incor-
porating carborane and adamantane groups as wheels were
reported by the group of Tour.'>>"*”

The group of Ziessel also prepared four other families of
small D-A dyads using a BODIPY moiety. A first paper

Fig. 55 Molecular dyads based on a BODIPY donor that uses ethynylene—carborane units to separate the DPP acceptor.
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208: ortho-carborane
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combined the 2-(2-hydroxy phenyl)benzoxazole (HBO) frag-
ment to the BODIPY through an amide linker (209,
Fig. 56)."*® Photophysical studies were performed on this dyad
and evidence of energy transfer from the HBO moiety toward
the BODIPY was revealed. The authors also observed the
absorption spectrum to be a linear combination of the two
subunits, a situation favored by their orthogonal conformation.
A second paper combined an electro-attractor BODIPY deriva-
tive with either julolidine (210) or triazatruxene (211) donor
moieties (Fig. 56)."° In those push-pull derivatives, there is a
low-energy charge-transfer state observable by both absorption
and emission spectroscopy. Charge-recombination fluores-
cence was found to be weak and decayed over a few picoseconds
to the ground state. Electrochemistry and DFT calculations
were also used to support photophysical studies. Finally, a
third paper showed that photoinduced electron transfer is also
possible from the BODIPY subunit toward a methyl-4,4'-
bipyridinium (methylviologen) acceptor (212 and 213,
Fig. 56)."°° This observation was supported by photophysical
studies, including transient absorption technique, and electro-
chemistry. However, the dyes were not able to generate any
catalytic amounts of hydrogen under standard conditions, a
behavior expected a priori the presence of
methylviologen.

Ziessel’s group joined forces with Harriman and Nierengar-
ten to prepare and study a sophisticated artificial light-
harvesting model built on hexa-adduct Ce, fullerenes decorated
with two types of BODIPY derivatives, namely a yellow absorber
(Y) and a blue absorber (B), introduced by a click-chemistry

due to

Oy N
Yy, ——NMe,

— (/N — N\ /N v
— \\\ Vs Carborane——= N/ —/n \ |

202:n=1

203:n=2

204:n=3

205:n=4

206:n=5
= \‘\_ /} —Carborane-~w=— ’\\_/} =

154,155
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t-Bu

t-Bu

O 212 O
\ /

Fig. 56 BODIPY dyads incorporating HBO, julolidine, triazatruxene or methylviologen.

approach (214 and 215; Fig. 57)."®' The BODIPY derivatives

retained their individuality in the system and assisted the
solubility of the fullerene. Fascinatingly, the fullerene spheres
did not act as electron acceptors under photo-excitation.
Instead, an electronic energetic migration pathway is favored
in solution between appended yellow light-absorbing BODIPYs
(Y) toward the energetically low-lying stilbene-derived BODIPYs
(B), which can emit around 660 nm. When spheres 214 contain-
ing only yellow BODIPYs are mixed in high concentration with
spheres 215 containing also trapping blue dyes to form a
polymeric thin film by spin coating from solution, inter-
sphere long-range energy transfer occurs between Y dyes until
they are trapped by B dyes. Such a phenomenon is a bio-mimic
of natural LH in photosynthesis, although a much lower
efficiency is reported. The authors also reported the prepara-
tion of a luminescent solar concentrator based on 215 able to
sensitize amorphous silicon photocells with a PCE of ca. 5%.
Another system incorporating Ce, as the electron acceptor in
BODIPY-based dyads has been studied lately by Zhao and
collaborators (216-219; Fig. 58)."°> They prepared two different
dyads incorporating a BODIPY chromophore attached by the n-
core via an ethynyl linker to one (217) or two (219) carbazole
subunits, one of which was bearing the Cqo. For comparison
purpose, related light-harvesting antennas 216 and 218 were
also prepared. The new dyads reported show strong absorption

This journal is © The Royal Society of Chemistry 2013
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210: R =

158-160

of visible light with long-lived excited states as organic triplet
photosensitizers for triplet-triplet annihilation (TTA) upconver-
sion (quantum yields up to 2.9%). In a very similar fashion, the
group also reported visible light-harvesting triphenylamine
ethynyl Cg,-BODIPY dyads 221 and 223 (Fig. 58) for the same
type of application along with their corresponding LH antennas
220 and 222.'% In fact, this group was the first to report in
2010 a library of organic triplet sensitizers based on a single
BODIPY chromophore (224-227; Fig. 59) with long-lived triplet
excited states for TTA upconversion.'®® This type of photosen-
sitizers usually rely on phosphorescent transition metal com-
plexes, showing poor tuning of UV/Vis absorption properties
and T, excited state energy levels. Their intrinsic problems were
overcome by the use of BODIPY dyes. More recently, they also
prepared BODIPYs conjugated to 2-(2-hydroxyphenyl) ben-
zothiazole/benzoxazoles (228-231; Fig. 59) and reported their
application as organic triplet photosensitizers for photooxida-
tion of 1,5-dihydroxylnaphthalene.'® Recently, the group pre-
pared new triplet photosensitizers taking advantage of the
resonance energy transfer to enhance their visible light absorp-
tion (232-234, Fig. 59)."° Photophysical studies were used to
prove that the intramolecular energy acceptor (iodo-BODIPY
moiety) and the donor (BODIPY moiety) had different and
complementary absorption bands in the visible that explained
this overall enhanced behavior. Time-resolved transient
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214:Ry=Rz=Y

Fig. 57 Atrtificial light-harvesting arrays based on BODIPYs and fullerene
derivatives.*®! (Adapted with permission from J. Am. Chem. Soc., 2012,
134(2), 988-998. Copyright© 2011 American Chemical Society.)

absorption spectroscopy has also confirmed the triplet excited
states to be distributed on both D and A moieties, which is the
result of bidirectional energy transfer in the dyads and a rare

27 | Chem. Soc. Rev,, 2013, 00, 1-65
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example for organic molecular arrays. Again, their application
as organic triplet photosensitizers for photooxidation of 1,5-
dihydroxylnaphthalene and as triplet-triplet upconverters was
studied. The authors also saw potential for the integration of
their various types of organic triplet sensitizers in photovoltaic
applications.

Zhao further used BODIPY for triplet-sensitizer applications
by integrating the chromophore into a N*C"N Pt"-acetylide
complex (235; Fig. 60)."°” The result was room temperature
long-lived NIR phosphorescence from the BODIPY part, max-
imized by the heavy-atom effect of Pt" cores connected to the
chromophore by m-conjugation. A complex that displays such
strong absorption of visible light and long-lived triplet intra-
ligand state (*IL) is suitable for upconversion, photocatalysis
and photovoltaic applications.

Other Pt" complexes incorporating BODIPY chromophores
were previously reported by Eisenberg and coworkers (236-239;
Fig. 60)."°® The potential for light-harvesting of Pt"(diimine)-
(dithiolate) complexes, which are poorly absorbing in the visible
but present long-lived charge-transfer excited states applicable in
photocurrent generation or H, production, was greatly improved
by the presence of the highly absorbing BODIPY core. Photo-
physical, electrochemical and TD-DFT studies were presented in
order to gauge the different energetic migration mechanisms
within the dyads. More recently, Mirkin et al. prepared a new
class of hemilabile ligands with BODIPYs that can signal
changes in the coordination mode through changes in fluores-
cence when complexed to Pt" (240-242, Fig. 60)."*°

The idea of forcing DPM dyes to stand as close as possible to
each other as discussed previously in this section was further
advanced by Dolphin et al., who prepared triple stranded
organometallic complexes using bis(DPM) ligands.'”® Co™,
Ga™ and In"™ cations were used to template those helicate
and mesocate assemblies. X-Ray crystal structures of Co™ (243)
and Ga™ derivatives were obtained and that of the former is
presented in Fig. 61 (meso-phenyl and hydrogens were omitted
for clarity). UV/Vis characterization showed extinction coeffi-
cient values reaching up to about 250000 M~ " cm™". With the
many possibilities for fine-tuning the absorption of DPM
derivatives, the authors pointed out the potential for the
triple-stranded complexes to serve as self-assembled functional
chromophores. Maeda et al. also prepared covalently strapped
double helices of bis(DPM)-Zn" complexes presenting two
double helical modes (244-247; Fig. 61)."”" This last behavior
was assessed through UV/Vis, circular dichroism and "H NMR
spectra examinations and was further supported by modeliza-
tion studies. The existence of the two modes of the double helix
has been proven to be dependent on the dihedral angles
between two of the dipyrromethene units at the pyrrole o-o
bond. In fact, the changes of the modes were observed accord-
ing to the temperature as well as the length of the straps. In a
similar fashion, homoleptic complexes of Cu bearing various
DPM ligands were prepared by both Servaty et al. (248 and 249;
Fig. 62) and Qu et al (250 and 251), in the latter case for
application as fluorescent turn-on probes for H,S detection in
living cells.'”>"7?

This journal is © The Royal Society of Chemistry 2013
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220.R=H
221:R = CGO

A\
FF
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222.R=H
223:R = Cgp R

Fig. 58 Cgo-BODIPY dyads for triplet—triplet annihilation upconversion and their related light-harvesting antennae.

The report in 2011 by Nozaki of new tetravalent metal
complexes 256-259 based on DPM derivative 252 (Fig. 63)
inspired the group of Thomas to prepare anionic Co" and Ni"
analogues (260  and 261, respectively; Fig. 63)."7*'”> The
former group prepared titanium, zirconium, germanium and
tin complexes 256-259 for their use as a new class of catalysts in
copolymerization of epoxides with carbon dioxide. The latter
group looked at the ligand-centered redox behavior of 260~ and
261" complexes. In fact, the one-electron (radical) and two-
electron oxidized forms of these complexes were structurally
characterized by X-ray diffraction and their electronic structure
was confirmed by spectroscopy and DFT calculations. On their
side, Neumann et al. reported use of trianionic DPM derivatives

This journal is © The Royal Society of Chemistry 2013

162,163

253-255 for coordination with either a boron or a Mn'" chelate

(262264 and 265-267, respectively; Fig. 63)."® They further
proved the use of Mn™ complexes 265-267 as peroxynitrite
scavengers via a two-electron oxidation mechanism, thereby
forming the corresponding Mn"-O species. In addition, X-ray
structures of 266 and its boron derivative 263 were obtained.
Another paper discussing the synthesis of DPM based orga-
nometallic complexes was reported by the group of Betley."””
They prepared three-coordinate Co™ imido complexes 269-272
bearing a sterically crowded DPM ligand from the Co" synthon
268 (Fig. 64). The Co™ complexes reported exhibit either spin
crossover or C-H bond activation properties. In fact, Co-imido
complex 269, which is paramagnetic at room temperature,

Chem. Soc. Rev, 2013, 00, 1-65 | 28
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234

Fig. 59 A selection of organic triplet sensitizers based on BODIPY chro-
mophores. 1647166

undergoes a thermally induced spin crossover from an S = 0
ground state to a quintet (S = 2) state as proved by variable

29 | Chem. Soc. Rev,, 2013, 00, 1-65
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]2 2BFy

X_  PPh,

N\
/

PPh,

240: X=8,Y=F
241:X=8,Y=H
242: X=NMe, Y =H

Fig. 60 Pt" complexes incorporating BODIPY chromophores.*677169

temperature "H NMR spectroscopy, crystallography and mag-
netic susceptibility measurements. Complex 270 (S = 1)
obtained from the reaction of 268 with mesityl azide can
further be converted into the metallacycloindoline complexes
271 or 272 via benzilic C-H activation.

Examples of heteroleptic Rh'™ and Ir'™" complexes bearing
DPM/n’-pentamethylcyclopentadienyl (Cp*) with the general
formula [(Cp*)MCI(DPM)] were prepared by the group of Pan-
dey (273-277; Fig. 65)."”® Their reactivity with various species
(e.g- NaN3, NH,SCN, PPh;, bpy and dpph) was examined. The

IIT

This journal is © The Royal Society of Chemistry 2013
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244: R = O(CH,)CH=CH(CH,)O
245: R = O(CH,),CH=CH(CHy),0
246: R = O(CHy)3CH=CH(CHz)s0

243 247: R = O(CHy),CH=CH(CH,),0

Fig. 61 DPM helical structures: X-ray structures of Co'" triple-stranded
bis(DPM) complexes (meso-Ph and H omitted for clarity; left) (adapted
with permission from Inorg. Chem., 2010, 49(24), 11550-11555. Copy-
right© 2010 American Chemical Society.): bis(DPM)-Zn"" complexes pre-
senting two double helical modes (right).}”%7%

R

R
N =)
AN
u
\ N~ \’I‘l /Y
S ¥z
RR
248: R =H
249: R =Ph

250:R=H
251: R=Ph

Fig. 62 Homoleptic Cu complexes with DPM derivatives 17273

t-Bu

252: R4 =Ry =t-Bu
253: R;=H; Ry =H
254: R4 = CHg; R, =H
255:R;=F:R,=H

260":

Fig. 63 Metal complexes based on trianionic DPM derivatives.t’4-17¢

This journal is © The Royal Society of Chemistry 2013

256: M =TiV; L=THF; X = Cl
257: M =2ZrV: L =THF; X = Cl
258: M = Ge'V; L = None; X = CI
259:M=Sn";L=THF; X =ClI
M=Co: L=
261" M = Ni'; L = None; X = None
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resulting complexes were characterized by elemental analyses,
photophysics and electrochemistry. They further studied their
catalytic activity for the reduction of terephthalaldehyde to
4-hydroxymethylbenzaldehyde in the presence of HCOOH/
CH3;COONa in water under aerobic conditions. In a very similar
fashion, they also prepared heteroleptic arene Ru'' complexes
of general formula [(n®arene)MCI(DPM)] based on meso-
substituted DPM ligands (278-282; Fig. 65)."7°

The group of Telfer reported the synthesis of a variety of
luminescent Re'-DPM complexes with the general formulas
fac[Re(DPM)(CO);Cl],  fac[Re(DPM)(CO);PR;] and fac-
[Re(DPM)(CO),PR;PR’;], where DPM is a meso-aryl dipyrro-
methene derivative (283-296; Fig. 65)."%" Structural character-
ization was achieved through X-ray crystallography in the solid
phase and "H NMR in solution. Photophysical studies were also
made, showing no emission for fac-[Re(DPM)(CO),PR;PR’;] deri-
vatives and only weak emission for the fac-[Re(DPM)(CO);Cl]™
and fac-[Re(DPM)(CO);PR;] ones. On the basis of the large Stokes
shift, the authors ascribed the emission to phosphorescence
from a triplet-excited state. They also reported in 2010 the
synthesis, characterization and TiO, binding studies of a series
of chromophoric complexes of 5-(4-carboxyphenyl)-4,6-DPM
(297-303; Fig. 65)."®" The synthesis of [Ru(bpy)(DPM),],
[Rh(DPM);] and [Pd(DPM),] was achieved by initial coordination
of the methoxycarbonyl derivative of the DPM with the corres-
ponding metallic center (299, 301 and 303, respectively) followed
by hydrolysis of the ester group to give 298, 300 and 302,
respectively. The authors reported interest for the use of such
DPM complexes in DSSC, which suggests that they should be
tested for OPV applications as well.

Wang and collaborators prepared the BODIPY-modified Ru"
arene complex 304 that can undergo ligand dissociation via a
mechanism involving visible light (Fig. 66)."*> Their design is
based on a monodentate pyridine meso-substituted BODIPY
ligand that effectively dissociates upon photoexcitation of the
BODIPY chromophoric unit (4 = >500 nm; photoinduced ligand
quantum yield of 4.1% at 480 nm). The authors showed that a

t-Bu
262: M=B;Ry=H
263: M =B; R; = CHg
264: M=B;R;=F
265:M=Mn":R;=H
None; X = None 266: M = Mn'!; R{=CHj
267:M=Mn":R;=F
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268 269

Fig. 64 Co'" imido complexes obtained from a Co' synthon.””

photoinduced electron transfer from this chromophoric unit
toward the Ru" arene moiety plays an important role. They
further exploited this dissociation strategy to replace the pyr-
idine-BODIPY ligand by the DNA base 9-ethylguanine (305;
Fig. 66), a proof of concept for the photoactivated red-shift of
anticancer metallodrugs’ absorption within the phototherapeu-
tic window.

The group of Zhao observed the room temperature phos-
phorescence of BODIPY in visible LH Ru" polyimine complexes
306 and 307 (Fig. 67) and further tested them as triplet photo-
sensitizers for triplet-triplet annihilation upconversion and
photocatalytic oxidation."®* Both compounds showed strong
absorption in the visible region (¢ = 65200 M~ " cm ™' at 528 nm
for 306 and ¢ =76 700 M~ ' cm ™" at 499 nm for 307). Compound
306 exhibited phosphorescence of the BODIPY moiety, as well
as the residual fluorescence of the BODIPY ligand. In compar-
ison, 307 showed only the residual fluorescence of the BODIPY
ligand. A long-lived BODIPY-localized triplet excited state was
observed in both compounds upon photoexcitation in the
visible region. Triplet-triplet annihilation studies revealed that
the direct connection of the n-core of the BODIPY chromophore
to the metal coordination center, as in 306, is essential to
enhance the effective visible LH of the ruthenium complexes.

The group of Ziessel also explored the idea of incorporating
metals in their molecular dyads. In 2010, they published in
collaboration with the group of Castellano the synthesis, struc-
tural characterization, electrochemistry and molecular photo-
physics of an Ir'"-based complex, [Ir(ppy).(bpy-ethynyl-
BODIPY)](PFs) (308; Fig. 68).'*" Compound 308 revealed a
BODIPY-based phosphorescence that was assessed by compar-
ison with appropriate model chromophores and proved to be
due to the large spin-orbit coupling afforded by the Ir'™™ center.
Preparation of hybrid organic-inorganic multichromophoric
arrays arranged on a truxene-based platform was also reported
by the group.'®® The synthesis, photophysical characterization
and ET features of a series of hybrid truxene derivatives
peripherally decorated with inorganic osmium-containing poly-
pyridine and organic BODIPY dyes were reported (309-311;
Fig. 68). The design allowed the photoactive terminal units to
be coupled to the central truxene scaffold via rigid ethynyl
linkers in a star-shaped arrangement. The results showed that
the absorption range widely covers the UV/Vis spectrum and

31 | Chem. Soc. Rev, 2013, 00, 1—-65

270 271:R=H
272:R=D

that Os *MLCT and BODIPY triplet act as the final collectors of
the absorbed energy. The authors noted the potential for the
construction of arrays where the population of either organic or
inorganic triplet levels can be indirectly and properly controlled
by simple substitution at the BODIPY units.

Pistolis and coworkers reported an organic-inorganic hybrid
system inspired from the LH photosystem II.'*® They used an
efficient supramolecular synthesis driven by coordination self-
assembly to prepare a robust multichromophoric D-A hexago-
nal wheel consisting of six BODIPY dyes in the corners arranged
perpendicular to the circular plane made of Pt" complexes with
4,4'-bpy spacers (see Fig. 69 for schematic 3D representation
[BODIPY in green; Pt in pink]). Interestingly, photophysical
studies revealed that such an assembly is completely fluores-
cent. Their one-step assembly of a solar-energy concentrator at
~520 nm appears promising and closely resembles the natural
supramolecular strategy. The authors therefore believed that
such materials could open new horizons in the construction of
sunlight concentrators that will boost solar energy research and
emerging photonics.

2.2.2 DPM-ADPM and DPM-porphyrinoid polyads. As
mentioned previously, DPM and ADPM are related to
porphyrinoids, therefore making their combination very
interesting in the context of light-harvesting systems to reach
suitable and complementary photophysical properties. Many
exciting polyads have been recently reported following this idea
and demonstrate the powerful nature of such a combination for
vectorial energy- and electron-transfer.

First looking at DPM-ADPM polyads, we note that the group
of Nishihara and coworkers, inspired by their synthesis of the
first Zn" heteroleptic DPM-based complexes 312 and 313,
prepared the fluorescent heteroleptic ADPM-DPM hybrid Zn"
complex 314 (Fig. 70)."®”'%® This compound was obtained by
means of a stepwise coordination method and led to a fluores-
cence maximum at 672 nm in toluene with a shoulder near
750 nm. The authors used DFT calculations from the X-ray
crystal structure to prove that fluorescence exclusively origi-
nated from the ADPM ligand by thermal equilibrium among
the two non-emissive charge-separated (CS) states and the
favored 'n-m* emissive excited state. They concluded that such
fluorescence behavior opens the door for photochemical appli-
cations of ADPM metal complexes.

This journal is © The Royal Society of Chemistry 2013
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X 273: M =Rh"" Ar=Cp*; X=CN
274: M = Rh'"": Ar = Cp*; X = NO»
275: M = Rh'"; Ar = Cp*; X = OCH,Ph
276: M= Ir'l; Ar=Cp*; X=CN
277: M= I'"; Ar = Cp*; X = NO,
=TT\ 278: M = Ru"; Ar = Cymene; X = CN

\ N, N= 279: M = Ru'; Ar = Cymene; X = NO,
M 280: M = Ru''; Ar = Cymene; X = OCH,Ph
Cl Ar 281: M = Ru''; Ar = Benzene; X = CN
282: M = Ru'; Ar = Benzene; X = NOy
283: R1 = CO2M€; R2 =H; R3 = CO, R4 =Cl
R1 284: R1 = COzMe; R2 =H; R3 =CO; R4 = PPh3

285: R1 =H; R2 =H; R3 =CO; R4 = PPh3
286: Rq = OMe; R, =H; Rz = CO; R4 = PPh3
287: Ry =Me; Ry =Me; Rz = CO; R4 = PPhs
R R,  288:R;=NPhy Ry=H;R;=CO;R,=PPh,
289: R1 = COzMe; R2 =H; R3 = CO, R4 = PBU3
=T N 290: Ry = COy;Me; Ry = H; Rz = PPh3; R4 = PPhg

\ N N>~ 291:R1=H; R2=H; R3=PPh3; R4=PPh3

R “---\R(-:‘/—-R 292: R1 = OMeg; R2 =H; R3 = PPhg; R4 = PPh3
N 293: Ry = Me; Ry = Me; Rs = PPhs; Ry = PPhg
oC co 294 R1 = Nth; R2 =H; R3 = PPh3; R4 = PPh3

295: Ry = CO,Me; R, = H; Rs = PPhs; Ry = PBus
296: R1 = COzMe; R2 = H; R3 = PPh3; R4 = PBU3

COzR

CO.R 299: R = Me

CO2R
NP
RO,C Pd CO2R
\ NN /
N ) ! Y
302:R=H
303: R = Me

Fig. 65 Complexes coordinating meso-substituted DPM derivatives.t8-16

The group of D’Souza also reported in 2012 other examples
of molecular dyads and triads implying both BODIPY and aza-
BODIPY covalently connected together (315 and 316,

This journal is © The Royal Society of Chemistry 2013
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304

305

Fig. 66 Photo-dissociative BODIPY-modified Ru' arene complex and its
corresponding product of replacement by the DNA base 9-ethylguanine.’®?

Fig. 67 BODIPY-Ru" polyimine complexes for triplet—triplet annihilation
upconversion and photocatalytic oxidation.*®

respectively; Fig. 71)."® In these two systems, the aza-BODIPY
acted as the acceptor, which was proved using computational,
spectroscopic, photodynamic and electrochemical measure-
ments. Actually, the kinetics of electron transfer via ‘aza-
BODIPY*, as measured by monitoring the decay of the singlet
aza-BODIPY at 820 nm, revealed a relatively fast charge-
separation process from the BODIPY to 'aza-BODIPY*. Lately,
they further integrated a Zn porphyrin (ZnP) in their system,
leading to an aza-BODIPY-BODIPY-ZnP triad 317 (Fig. 71)."°
Their photophysical studies revealed that the aza-BODIPY still
acts as the acceptor for the whole system. In fact, both the
BODIPY and the ZnP moieties transfer energy toward the aza-
BODIPY, while the ZnP is also capable of electron transfer.
Altogether, the new supramolecular triad combines the absorp-
tion and emission of the three subunits, making it a suitable
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Fig. 68 Hybrid organic—inorganic multichromophoric arrays incorporat-
ing BODIPY and iridium or osmium complexes connected by ethynyl
linkages 184185

Fig. 69 Schematic 3D representation of a circular light-harvesting BODIPY-
dye based array obtained through supramolecular assembly.*®¢ (Reproduced
from ref. 186 with permission from The Royal Society of Chemistry.)
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candidate for solar energy harvesting and developing optoelec-
tronic devices.

On their side, the group of Ng prepared a photosynthetic
antenna-reaction center mimic with a covalently linked mono-
styryl BODIPY-aza-BODIPY-Cg, triad 318 (Fig. 71).'®" The aza-
BODIPY was connected to the monostyryl BODIPY through a
click reaction and to the fullerene Cg, using the Prato reaction.
Intramolecular photoinduced energy- and electron-transfer
processes were studied by steady-state and time-resolved
absorption and fluorescence spectroscopy, in comparison to
the corresponding BODIPY-aza-BODIPY and aza-BODIPY-Cg,
dyads. Fast energy transfer from the BODIPY toward the aza-
BODIPY (at a rate of ~10"" s7'), with subsequent electron
transfer to the fullerene acceptor, was observed. They further
looked at the electrochemistry of the triad to assess the origin
of the electron transfer. The results indicated that a transfer
from the singlet excited 'aza-BODIPY* to the Cg,, yielding the
aza-BODIPY*'-Cy,*" species, is energetically favorable. Upon
photoexcitation, the lifetime of the resulting BODIPY-aza-
BODIPY*'-Cq,*" species was established at 1.47 ns. Finally,
nanosecond transient absorption measurements revealed that
the charge-separated state slowly decays to populate the triplet
state of aza-BODIPY before returning to the ground state.

Now looking strictly at BODIPY-porphyrinoid polyads, a
nice example of a multichromophoric array was reported by
Thompson et al. based on four BODIPYs bound to a platinum"
benzoporphyrin (319; Fig. 72)."°> This polyad exhibits intense
panchromatic absorption due to the complementarity of BOD-
IPY and porphyrin units. Fast bidirectional singlet and triplet
ET processes are described, along with a resulting long-lived
NIR-phosphorescence behavior. Overall, the paper reports a
core-shell antenna system that efficiently captures a broad
solar spectrum and shows quantitative ET from the antennae
to the core but at the same time spreads the excited state energy
over both the core and shell chromophores. This is of strong
interest for OPV applications due to the inherent strict limita-
tion of film thickness allowed for efficient exciton diffusion and
carrier conduction.

Khan and Ravikanth recently reported a series of studies in
which they linked BODIPY units to porphyrinoids by various
methods to produce multichromophoric systems. They first
developed a synthetic methodology based on the 3-bromo
BODIPY key precursor 320 to yield covalently linked chromo-
phore conjugates by cross-couplings (321-327; Fig. 73).">* In
addition to the porphyrinoid-based derivatives, it is noteworthy
that a terpyridine compound has been prepared. Further coor-
dination on a metallic center such as ruthenium is therefore
conceivable.?*'**'%5 An anthracene-based dyad is also to be
mentioned. Electrochemical characterization is reported, along
with spectral studies showing a stronger interaction in ethynyl-
bridged BODIPY-chromophore compared to ethynylphenyl-
bridged one.

In the second paper of the series, Ravikanth et al. prepared
covalently linked trichromophoric systems based on BODIPY-
porphyrinoid conjugates with three different chromophores
(328-331; Fig. 74)."°° The brominated o-positions of the

This journal is © The Royal Society of Chemistry 2013
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Fig. 70 Heteroleptic DPM and ADPM—DPM hybrid Zn" complexes 187188

BODIPY were again exploited for convenient connection by a
nucleophilic aromatic substitution strategy with porphyrinoids
bearing an alcohol group. Good solubility in common
organic solvents was reported, which is an interesting point
for porphyrinoid derivatives. Absorption and electrochemical
studies supported weak ground-state interactions between the
three chromophoric units, while fluorescence studies indicated
significant quenching of the BODIPY emission due to the
transfer of energy to one or both macrocyclic units attached
to it.

The third and final paper from Khan and Ravikanth relies
on non-covalent coordination of BODIPYs to Zn" and Ru"
metalloporphyrins for self-assembly of various dyads and triads
(332-335 and 336-339, respectively; Fig. 75)."” The coordina-
tion is ensured by oxypyridine-substituted BODIPYs in the
a-positions, again arising from a nucleophilic aromatic sub-
stitution strategy. An X-ray structure obtained for BODIPY-Zn"
porphyrin dyad 333 revealed an oblique coordination with an
angle between the porphyrin and the pyridyl ring of 70°. The
absorption studies of the stable Ru"-porphyrin conjugates
exhibited overlapping absorption features of both chromopho-
ric components, while fluorescence studies again presented a
quenching behavior of the BODIPY emission on coordination
with the Ru(TPP)CO unit. Electrochemistry revealed the char-
acteristics of both BODIPY and metalloporphyrin units in dyads
and triads.

The group of Ng recently prepared a BODIPY-phthalocya-
nine pentad also using a non-covalent coordination strategy
(340, Fig. 75)."°® The Si'V phthalocyanine with two axial p-
phenylene-linked BODIPY and monostyryl BODIPY (MSBDP)
moieties absorbs strongly in the most part of the UV-vis region
(up to 700 nm) and acts as an interesting artificial photosyn-
thetic antenna-reaction centre model. The authors observed
from the photophysical studies an energy transfer upon photo-
excitation from the BODIPY to the MSBDP, followed by an
electron transfer toward the phthalocyanine core. This work

This journal is © The Royal Society of Chemistry 2013
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was a follow-up of their photophysical study of the BODIPY-
MSBDP dyad alone."*®

Harvey et al. recently prepared another system where the
BODIPY chromophore was used to bridge two porphyrins.>*’ In
that case, a strategy of derivatization at the boron center was
used to prepare metal-free and Zn" metalated B,B-
diporphyrinbenzyloxy-BODIPY derivatives (341 and 342, respec-
tively; Fig. 76). Singlet ET from BODIPY to the porphyrin units
was analyzed and revealed an antenna effect due to the good
spectral overlap between D fluorescence and A absorption that
led to a notable quenching of the BODIPY fluorescence. How-
ever, the authors noted that further improvement in the system
could be made by a gain in the appropriate relative orientation
of the transition moments between the donor and the acceptor.

A panchromatic trichromophoric system using antenna
effect was also reported by Odobel for incorporation as a
sensitizer in DSSC (343; Fig. 77).>°" Such a trichromophoric
system was used for the first time for DSSC application and the
overall conversion efficiency was enhanced by 25%. Covalently
linked BODIPY, Zn" porphyrin and squaraine units have been
synthesized by Heck alkynylation and present an efficient
intramolecular ET between all the chromophoric units. The
antenna effect was assessed by the photoaction spectrum,
which features all of a chromophore’s absorption bands.

Coutsolelos and colleagues recently presented a straightfor-
ward synthesis of BODIPY-porphyrin dyads connected via a
cyanuric chloride bridge.>*> Their photophysical and electro-
chemical investigations led to a promisingly fast ET system
(344; Fig. 78). In fact, the comparison of absorption spectra and
cyclic voltammograms of metal-free and Zn" dyads with those
of their model compounds primarily showed retention of the
individual properties of the chromophoric subunits. This indi-
cated the negligible interaction between them in the ground
state. In addition, the luminescence and transient absorption
experiments revealed that excitation of the BODIPY unit into its
first singlet excited state resulted in rapid ET from BODIPY to
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Fig. 71 BODIPY-aza-BODIPY D-A molecular dyads and triads.*®9-19

porphyrin generating the first porphyrin-based singlet excited
state. This last singlet state can give rise to fluorescence or
undergo intersystem crossing to the corresponding triplet
excited states. With the remaining chloride on the cyanuric
acid moiety, a further substitution appears possible for incor-
poration in more complex light-harvesting systems. The same

group also reported the preparation and photophysical char-

e
29

acterization of BODIPY-porphyrin dyads connected both axially
to a Sn'" porphyrin via phenolate/benzolate bridges (345 and
346, respectively; Fig. 79) and peripherally to a meso-substituted
Zn" porphyrin via Pd-catalyzed amination (347; Fig. 79).>%*%

In a very similar fashion, the group of Dinolfo reported the
preparation by Cu'-catalyzed azide-alkyne cycloaddition

35 | Chem. Soc. Rev,, 2013, 00, 1-65
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Fig. 72 Multichromophoric BODIPY—-benzoporphyrin Pt' complex for
singlet and triplet generation %2

(CuAAC) of a dyad, tetrad and pentad based on BODIPY donors
connected to a Zn"-tetraphenylporphyrin (ZnTPP) acceptor via
1,2,3-triazole linkages (348-350; Fig. 80).>°> They further stu-
died those arrays by UV/visible absorption and emission
spectroscopy, fluorescence lifetime and DFT electronic struc-
ture modeling. Modelization provided insights that no excited
state mixing of the D and A orbitals occurs in such systems. The
results also showed that singlet excited state emission of the
BODIPY is significantly quenched in all three arrays, which is
consistent with ET to the porphyrin core. Furthermore, the
fluorescence excitation spectra of the three arrays matched the
through-space fluorescence resonance energy transfer (FRET)
mechanism, with ET values >95%. The authors claimed the
CuCAAC reaction to be a useful strategy for the creation of
molecular systems for solar energy conversion and artificial
photosynthesis.

The group of Wong reported the synthesis and photophysi-
cal properties of a series of D-A conjugates based on variously
substituted Yb"'-porphyrinate (YbPor) electron-donor moieties
bridged through an ethynyl linker to BODIPY electron acceptor
units (351-356; Fig. 81).>°° Photoluminescence studies demon-
strated efficient ET from the BODIPY unit toward the YbPor
counterpart. Once conjugated with the YbPor moiety, BODIPY
serves as an antenna to harvest the lower-energy visible light
and subsequently transfers it toward the former. Consequently,
the sensitization of the Yb™ emission in the NIR region is
achieved, with a quantum efficiency of up to 0.73% and a
lifetime of around 40 ps. Moreover, these conjugates exhibited
large two-photon-absorption cross-sections that ranged from
1048 to 2226 GM and strong two-photon-induced NIR emission.

Rational design and synthesis of a versatile FRET ratiometric
sensor for Hg"" and Fe' cations was achieved by Jiang et al.>"’
This fluorescent chemosensor is based on a flexible 8-hydroxy-
quinoline benzoate linked BODIPY-porphyrin dyad (314;
Fig. 82) where the BODIPY acts as D and the porphyrin as A.
Interestingly, the binding of this dyad with Hg*"/Fe*" induced

This journal is © The Royal Society of Chemistry 2013
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324:M = 2H
325:M = Zn"

Fig. 73 Covalently linked BODIPY chromophore conjugates using a 3-bromo BODIPY as the key precursor.?®®

just the opposite (promoting/restraining) influence on ET,
resulting in a remarkably different ratio change of two signal
emissions.

It is also of interest that the communication by Dolphin
et al. presented a synthetic way to obtain a variety of BODIPY-
hexaphyrin hybrids (358-360; Fig. 83).2°® The authors intend to
examine the detailed time-resolved photophysical properties
and advanced multi-hexaphyrin-BODIPY arrays for incorpora-
tion in multichromophoric LH systems.

This journal is © The Royal Society of Chemistry 2013

Another class of BODIPY-porphyrinoids based on subpor-
phyrins was developed by Osuka and coworkers.?*” BODIPY-
subporphyrin hybrids bridged by a 1,4-biphenylene or 1,4-
diphenylethynylene spacer (361-362 and 363-364, respectively;
Fig. 84) were obtained via either the palladium-catalyzed
Suzuki-Miyaura cross-coupling or Sonogashira cross-coupling.
The effects of the spacer and the BODIPY structures on struc-
tural and optical properties were put in relationship. The
conclusion was that intramolecular excitation ET from the
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Fig. 74 Covalently linked trichromophoric systems based on BODIPY—
porphyrinoid conjugates.*®

subporphyrin core to the peripheral BODIPYs occurred in all
cases and with great efficiency. Also, fluorescence was either

37 | Chem. Soc. Rev,, 2013, 00, 1-65
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increased or decreased depending on the presence or
absence of f-methyl groups adjacent to the meso-position of
the BODIPY subunit. Finally, it was observed that electronic
interaction between the subporphyrin core and the meso-
(1,4-phenylene) substituents caused spectral changes for the
subporphyrin part, a phenomenon not observed for their
porphyrin counterparts.

An interesting BODIPY-porphyrinoid hybrid has been
reported by Torres and coworkers.”’® This article presents a
panchromatic supramolecular fullerene-based D-A assembly
from a peripherally substituted BODIPY-zinc phthalocyanine
dyad (365; Fig. 85). Photophysical characterization revealed that
the BODIPY-zinc phthalocyanine (ZnPc) conjugated part of the
assembly absorbs in two disparate but complementary sections
of the solar spectrum (BODIPY = 525 nm; ZnPc = 680 nm). Its
electrochemical characterization revealed that the photoactive
ZnPc part has strong electronic interactions with the redox-
active BODIPY part in the ground state. Under photoexcitation
at 480 nm, the BODIPY-ZnPc complex reveals the photosensi-
tization of the ZnPc moiety by means of BODIPY photon
absorption. When self-assembled with the fullerene part, the
entity forms a BODIPY-ZnPc®*'-Cq,°*~ radical-ion-pair state with
an overall conversion efficiency of 25% and a lifetime 39.9 ns in
toluene. This last value is quite high in comparison with the
poor 5 ns of the simpler ensemble formed by ZnPc and
pyridine-functionalized Cgo. This complex also leads one to
think that OPV thin films could be derived from it and it should
give interesting photovoltaic results since there is a direct
connection between the fullerene acceptor and the BODIPY-
zinc phthalocyanine donor.

Following the same trend, the groups of Tkachenko and
D’Souza jointly reported a few months later the preparation and
electronic energy harvesting properties of multi BODIPY-zinc
porphyrin dyads accommodating fullerene 369 as the photo-
synthetic composite of the antenna-reaction center.*!* For the
dyads bearing one, two and four BODIPY entities (366-368,
respectively; Fig. 86), both steady-state and time-resolved emis-
sion and transient absorption studies revealed an efficient
singlet-singlet ET from BODIPY units to Zn porphyrin in a
timescale ranging from 28 to 48 ps. A decrease in the time
constant of ET observed upon increasing the number of BOD-
IPY units indicated a better antenna effect for dyads bearing a
higher number of those chromophoric entities. Furthermore,
supramolecular triads that mimic the antenna-reaction center
in a naturally occurring photosynthetic process were con-
structed by coordination of 369, a fullerenepyrrolidine
appended with an imidazole ligand, to the zinc porphyrin.
The structural integrity of the supramolecular triads was mea-
sured by optical, computational and electrochemical studies.
Energy calculations revealed the possibility of photoinduced
electron transfer from 'ZnP* to fullerene in the supramolecular
triads and preliminary transient absorption studies involving
pump-probe techniques further supported that hypothesis.
Again, this type of system is suitable for incorporation in OPV
thin films and should provide interesting photocurrent
conversion.

This journal is © The Royal Society of Chemistry 2013
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197,198

Fig. 75 Non-covalent BODIPY-metalloporphyrin dyads and triads.

COOMe

Fig. 76 B,B-Diporphyrinbenzyloxy-BODIPY derivatives showing antenna effec

2.2.3 DPM or ADPM polyads in OPV materials. With the
numerous articles on DPM-based oligomer and polyad studies
reported, their integration in real OPV devices has recently
started to emerge in the literature. Many examples of their use
as photosensitizer additives and as donor materials, along with

their use as potential materials, according to their energy levels

50

e
29

will be presented.

Two hexylthiophene-conjugated BODIPYs with benzo[1,3,2]-
oxazaborinine rings (370 and 371; Fig. 87) were developed for
BH]JSC’s photosensitizing additive application by the group of
Kubo and industrial collaborators from the Mitsubishi
Chemical Group Science and Technology Research Center.”'?
By adding only 5 wt% of the NIR absorbing BODIPY dyes in the

This journal is © The Royal Society of Chemistry 2013

341: M =2H
342: M = zn'

t'ZOO

blend ratio of a P3HT/indene-C,, bisadduct (IC;,BA) bulk
heterojunction structure, an increase from 3.7 to 4.0% of PCE
was observed for 371 and up to 4.3% for 370 (see Fig. 87)
(entries 1 and 2, Table 1). For the latter additive, it represents
an increase of about 15% in the overall conversion efficiency. In
addition to photovoltaic experiments, a complete photophysi-
cal and electrochemical characterization was presented, along
with the DFT studies. These promising results confirm that
well-defined NIR absorbing BODIPY derivative dyes do have the
potential to be used as light-harvesting sensitizers in polymeric
solar cells, probably in a manner depicted in Fig. 5. However,
the authors mentioned that their focus for future work would
be put toward structural optimization of the BODIPY-based
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343

Fig. 77 Panchromatic trichromophoric sensitizer for DSSC using antenna effec

Fig. 78 BODIPY-Zn" porphyrin dyad presenting photoinduced energy
transfer.292

sensitizers and on further investigation of mechanisms behind
its LH effects.

BODIPY derivatives as donor materials are under constant
investigation by the group of Ziessel and his collaborators. In
2010, they published the tailored hybrid BODIPY-oligothio-
phene donor 373 for BHJSC with improved performances
(Fig. 88).>'* In fact, they related that the fixation of a 5-hexyl-
2,2’-bithienyl (BT) unit on the BODIPY 372 increased the PCE of
the resulting BHJSC from 1.3 to 2.2%, mainly due to a large
increase of current density (entries 3 and 4, Table 1).”"* A
complete photophysical and electrochemical characterization
of the two compounds was also furnished. All those data led
them to conclude that structural changes had little effect on the
energy levels and light-harvesting properties of the D, but
improved its charge transport properties. Therefore, they men-
tioned that further work is needed to determine the impact of
the structural variation made on interfacial morphology, diffu-
sion length or charge recombination parameters. Fabrication of
new cells with PC,;BM as the A was also planned along with
synthesis of other BODIPY-oligothiophene hybrid systems.

Ziessel et al. further reported the regioselective synthesis of
5-monostyryl and 2-tetracyanobutadiene m-extended BODIPY
dyes (374-377; Fig. 88) in the perspective of integrating those
molecular dyads and triads into solar cells.”** The

39 | Chem. Soc. Rev,, 2013, 00, 1-65
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Fig. 79 BODIPY-porphyrin dyads bridged axially and peripherally.29%2%4

unsymmetrical 2,5-disubstituted BODIPY derivatives were
obtained from 2-substituted precursors (iodo, ethynylaryl)
using a regioselective Knoevenagel condensation reaction with
dimethylaminobenzaldehyde. A [2+2] cycloaddition reaction

This journal is © The Royal Society of Chemistry 2013
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Fig. 80 BODIPY-ZnTPP dyad, tetrad and pentad with 1,2,3-triazole linkages.2%°
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Fig. 81 Light-harvesting Yb"'—porphyrinate—BODIPY conjugates.?°®

t-Bu

t-Bu

397 t-Bu

Fig. 82 FRET ratiometric sensor for Hg'" and Fe" ions based on a BODIPY -
porphyrin dyad.2%”

with tetracyanoethylene was carried out on the unsaturated 2-
ethynyl-5-styryl- BODIPY 375 to obtain the 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD) derivative 377. This last
TCBD/BODIPY derivative 377 presented rich redox activity, an
important feature for stable solar cells over time. Its strong
charge transfer absorption band in the 500 to 700 nm range
(even reaching up to 800 nm) combined with a good solubility

This journal is © The Royal Society of Chemistry 2013

351: R =BDP; Ry, = Cer; R3=BDP; R4 =H
352: R{=BDP; Ry = CGF5; R3 = CGF5; R4s=H
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354: R4 =BDP; Ry =Ph; R3=Ph; R4=H
355: R, = Ph; R, = Ph; Ry = Ph; R, = BDP
356: Ry = BDP; Ry =Ph; R3=Ph; Rg=H

in common solvents makes it an interesting candidate for
optoelectronic applications. The authors mentioned that addi-
tional investigations are underway for a generalization of
synthetic methods.

The group of Ziessel also reported the absorption tuning of
BODIPY-monosubstituted triazatruxene (TAT) dyads for
BHJSCs (378-380; Fig. 88).>'> Their choice of combining a
TAT derivative to the photosensitizer BODIPY unit was moti-
vated by its high charge carrier mobility in thin films and its
semiconductor character, attractive redox properties, and
strong fluorescence. Unfortunately, the incorporation of
BODIPY-TAT dyads as photoactive layers in a 1:1 blend ratio in
weight with PCq;BM gave rise in the best case to a modest PCE of
0.90% (entries 5-8, Table 1). The -V curves for 379 indicated that
the charge carrier extraction was not adequate, even with the
acceptable hole mobility measured in the pure material. Interest-
ingly, additional chromophore for more complex polyad systems
appears achievable by a simple cross-coupling strategy with the
remaining iodine at the meso-phenyl position. According to the
authors, further work is in progress to improve active layer
morphology and charge carrier mobility in the blend.

Finally, Ziessel et al. lately reached a PCE of up to 4.7% in
BHJSC and observed an ambipolar behavior as organic field
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359: Ar = 2,6-Dichlorophenyl

360: Ar= CgF5
Fig. 83 Hexaphyrin—-BODIPY hybrids.2%®

effect transistors (OFET) with thienyl-BODIPY scaffolding.>'®
Their new green-absorbing DPM dyes engineered from bis-
vinyl-thienyl modules (381-384; Fig. 88) proved to be planar
by X-ray, exhibited strong absorption in the 713-724 nm range
and displayed comparable electron and hole mobilities in thin
films (up to 1 x 10> em? V' s7"). Once assembled as BHJSC
by a solution process in a low ratio with PC4;BM, the derivative

41 | Chem. Soc. Rev, 2013, 00, 1-65
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382 provided a PCE of up to 4.7% with a Jsc of 14.2 mA cm ™2, a
Voc of 0.7 V (entry 9, Table 1) and a broad external quantum
efficiency (EQE) reaching 60% at its maximum value in the
range from 350 to 920 nm (Fig. 89). These very promising
results seem to arise from the planarity in the solid state of
the thienyl-BODIPY derivatives, which favor short contact dis-
tances between neighboring molecules and exhibit high charge
mobility. The authors mentioned that challenging studies are
now in progress to collect the photons more efficiently in the
500-620 nm range in order to further improve device efficiency.

A first study testing the incorporation of ADPMs in OPV was
reported in 2011 by the group of Ma.>'” Inspired by their
exceptional NIR and solubility properties, the authors used
solution processable tetraphenyl-ADPM 385 and its BF," and
B-O chelated versions (386 and 387, respectively) as electron
donors to prepare efficient planar heterojunction organic solar
cells (Fig. 90). A vapor deposited layer of Cq, acceptor was added
to the spin-coated layer of the ADPM donor and power effi-
ciency of 0.6, 0.7 and 2.5% was obtained for 385, 386 and 387,
respectively, under AM 1.5G simulated sun solar illumination
(entries 10-12, Table 1). Attractively, the highest Vo (~0.8 V)
reported up to now for organic solar cells was obtained for the
387/Ce, device, with photocurrent generation in the NIR region
beyond 1.5 eV (see Fig. 91). Such results appear to be of great
interest to sustain further research with small ADPM deriva-
tives for OPV devices.

A second paper published in 2012 by members of Heliatek
GmbH looked at the use of tetra-phenyl aza-BODIPY 386 and
the previously reported benzannulated difluoro-bora-bis-(1-
phenyl-indoyl)-azamethine 388 as donor materials again in
PHJSC (entries 13-15, Table 1) (Fig. 90).>'®**' They observed
that upon benzannulation of the pyrrole of 386, giving 388, the
thin film absorption maximum is red-shifted by about 70 nm
up to 773 nm. Integrating those two materials in solar cells with
a MIP-architecture (metal intrinsic p-doped) (Fig. 92), they were
able to reach a higher V¢ value (0.96 V with BPADF as the hole
transport layer) for 386 than the 0.8 V obtained by Ma et al.
They were able to reach n = 1.2% with such a high Vi, almost
the double in efficiency compared to the 0.69% previously
reported. On its side, the device based on 388 reached a
mismatch corrected efficiency of 1.1% due to a Vo of 0.65 V,
a fill factor of 65% and an external quantum efficiency extend-
ing up to 860 nm. The authors were encouraged by the
considerable contribution of far red and NIR absorption
brought about by that family of chromophores. These simple
ADPM NIR chromophores should be suitable for integration as
photosensitizer additives in BHJSC to see to which extent they
would be able to increase the PCE.

Based on the few examples of BODIPY oligomers or polyads
integrated in BHJSCs, a few papers inspired us for the devel-
opment of potential new donor materials. For instance, the
versatile synthetic methodology published by Ziessel for the
engineering of thiophene-substituted BODIPY dyes appears
interesting in the context of integrating well-known optoelec-
tronic active thiophene derivatives to fine-tune the properties of
resulting polyads.””® They further push this idea of

This journal is © The Royal Society of Chemistry 2013

10

\"]
o

w
92}

40

50

vl
w1



10

20

[\
93]

30

40

50

(93]
%3]

Chem Soc Rev

Review Article

361: R = Me; Spacer =
362: R = H; Spacer =

363: R = Me; Spacer =
364: R = H; Spacer =

OV
)=~

Fig. 84 BODIPY-subporphyrin hybrids bridged by a 1,4-biphenylene or 1,4-diphenylethynylene spacer.2°®
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Fig. 85 Supramolecular Cggp-based D-A assembly from a peripherally
substituted BODIPY-ZnPc dyad.?°

incorporating thiophene on a BODIPY core as they reported
lately the preparation of unsymmetrical 3,5-dioligothienyl-
BODIPYs exhibiting red and NIR emitting properties.***

This journal is © The Royal Society of Chemistry 2013

Examples of potentially interesting thiophene-substituted BOD-
IPY dyes (389-395) from those two papers are shown in Fig. 93.
They exhibit n-extended conjugation along with solubilizing
chains and/or place for further chemical modification at the
meso-position. Another interesting chromophoric unit to incor-
porate for OPV application is the well-known fluorene. Nice
examples of two different BODIPYs appended to a fluorene
platform were reported, again by the group of Ziessel (396 and
397; Fig. 93).>*° Interestingly, they thought about incorporating
bipyridine groups in the architecture of 397 for further coordi-
nation to transition metals. This is paving the way for addi-
tional applications in artificial light-harvesting systems, such as
H, production or DSSC.

Replacing the fluorene platform by a carbazole one may also
provide an interesting avenue, as polymeric solar cells based on
that moiety have proved their efficiency.'”> Ooyama et al
reported one example lately when they looked at the photo-
voltaic performance of DSSC based on D-pi-A type BODIPY dye
398 bearing two electron-withdrawing pyridyl groups in 3,5-
positions and an electron donor carbazole-diphenylamine
moiety at the 8-position (Fig. 93).>*°® They observed a good LH
efficiency in the red and NIR region. DSSC testing led to an
incident photon-to-current conversion of ~10% over the range
of 500 to 700 nm, with an onset at 800 nm. Such a chromophore
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Fig. 86 Multi BODIPY—-zinc porphyrin dyads accommodating fullerene as the photosynthetic composite of the antenna-reaction center.?*
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Fig. 87 Hexylthiophene-conjugated BODIPY with benzol1,3,2]oxazaborinine rings for BHISC's photosensitizing additive application.?!? (Adapted with
permission from Org. Lett., 2011, 13(17), 4574-4577. Copyright@© 2011 American Chemical Society.)

Table 1 Photovoltaic parameters of OPV solar cells incorporating DPM and ADPM based derivatives

Light intensity Jsc

Entry Device structure (mW em?) (mA cm™?) Voc (V) FF 1 (%) Ref.
1 ITO/PEDOT:PSS/P3HT:1C;,BA with 5 wt% 370/Ca/Al 100 7.0 0.85 0.71 4.3 212
2 ITO/PEDOT:PSS/P3HT:IC,,BA with 5 wt% 371/Ca/Al 100 6.8 0.85 0.70 4.0 212
3 ITO/PEDOT:PSS/372:PCBM/AlL NA 4.1 0.75 0.44 1.3 213
4 ITO/PEDOT:PSS/373:PCBM/Al NA 6.9 0.74 0.38 2.2 214
5 ITO/PEDOT:PSS/378:PCBM/AlL 100 0.5 0.57 0.28 0.1 215
6 ITO/PEDOT:PSS/379:PCBM/AL 100 2.9 0.71 0.29 0.7 215
7 ITO/PEDOT:PSS/379:PCBM/Ca/Al 100 3.6 0.83 0.29 0.9 215
8 ITO/PEDOT:PSS/380:PCBM/Al 100 2.0 0.71 0.29 0.4 215
9 ITO/PEDOT:PSS/382:PCBM/Ca/Al 100 14.3 0.70 0.47 4.7 216
10 ITO/PEDOT:PSS/385:Cgo/bathocuproine/Ag 100 5.5 0.21 0.49 0.6 217
11 ITO/PEDOT:PSS/386:Cso/bathocuproine/Ag 100 3.1 0.47 0.48 0.7 217
12 ITO/PEDOT:PSS/387:Cgo/bathocuproine/Ag 100 5.9 0.80 0.56 2.5 217
13 ITO/Ce0/386/BPAPF/PV-TPD/ZnPc/Au 121 3.0 0.92 0.33 0.8 218
14 1TO/Ce0/386/PV-TPD/BPAPF/ZnPc/Au 122 3.2 0.96 0.48 1.2 218
15 ITO/C0/388/PV-TPD/ZnPc/Au 91 2.4 0.65 0.65 1.1 218
16 ITO/PEDOT:PSS/433:PCBM/Al 100 4.0 0.76 0.43 1.3 219
17 ITO/PEDOT:PSS/436:PCBM/AlL 100 4.8 0.80 0.51 2.0 219

definitively appears to be a suitable candidate for integration

moiety (399; Fig. 93).

227

A BODIPY-coumarin conjugate was

into OPV devices.

Three different chromophoric units have also been incorpo-
rated with the BODIPY to achieve sensing. Their photostability
in various conditions, i.e. wide pH and/or redox range, led us to
think that they might be interesting for designing a new
generation of long-lived OPV materials. The group of You
reported a molecular dyad with a tetrathiafulvalene (TTF)

43 | Chem. Soc. Rev, 2013, 00, 1-65

also constructed on a monostyryl BODIPY platform by Lin and
coworkers (400 and 401; Fig. 91).>*® Interestingly, Yang et al.
also reported lately BODIPY-coumarin derivatives linked
through the meso-position.>*® Finally, the group of Kim pre-
pared a dyad with a 2-dicyanomethylene-3-cyano-2,5-
dihydrofuran (DCDHF) group linked through pyrrolic position
(402, Fig. 93).

This journal is © The Royal Society of Chemistry 2013
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Fig. 88 BODIPY derivatives for photoactive donor materials in BHJSC 24-216:220

Following the same idea of redox stability in the dyad, fluorescence was reactivated when an oxidizing agent oxidized
Ravikanth and coworkers reported four BODIPY-ferrocene con- ferrocene to ferrocenium ion. Zhu et al. reported another exam-
jugates (403-406; Fig. 93).>*° The absorption studies indicated ple of a ferrocene-BODIPY conjugate, linked in that case
the presence of the CT band in BODIPY-ferrocene conjugates through vinylic bridges at alpha-positions, and looked at its

where the ferrocene(s) were directly connected to the BODIPY electrochromic properties based on the charge transfer process

framework at the o-position, but not at the meso-position. (407; Fig. 93).>*" Further examples of BODIPY-ferrocene conju-

However, all conjugates were non-fluorescent due to good elec-  gates were recently reported by Misra et al. aiming to improve the

tron transfer from the ferrocene to BODIPY unit. The electronic communication between the D and A moieties.

This journal is © The Royal Society of Chemistry 2013
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Fig. 89 Photovoltaic characterization (J-V curves and IPCE spectrum) of the best green-absorbing DPM dye 382.2¢ (Reproduced with permission from
J. Am. Chem. Soc., 2012, 134(42), 17404-17407. Copyright© 2012 American Chemical Society.)
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Fig. 91 Absorption spectrum and current density—voltage (J-V) characteristics for the BO-ADPM 387 in the given cell architecture.?” (Adapted with
permission from ACS Appl. Mater. Interfaces, 2011, 3(11), 4469-4474. Copyright© 2011 American Chemical Society.)

The group of Ng reported the preparation of very interesting
push-pull BODIPY derivatives (408-411; Fig. 94), which they
used for second-order nonlinear optical applications.”** We
strongly believe that such BODIPY derivatives bearing both an
electron-donating 4-(dimethylamino)phenyl-ethynyl group and
an electron withdrawing 4-nitrophenylethynyl group in the
opposite 2- and 6-positions represent attractive candidates for
OPV applications as well. However, the irreversibility of the first
oxidation as observed by electrochemistry might hinder the
lifetime of solar cells based on such compounds.

45 | Chem. Soc. Rev, 2013, 00, 1-65

To conclude this section on BODIPY-based oligomers and
polyads, a paper from Akkaya and collaborators reported in
2011 really expresses the idea of using D-A chromophoric
groups to expand the absorption spectrum toward NIR and
rationally fine-tune the energetic levels of the resulting dye.***
In fact, this paper optimized distyryl-BODIPY chromophores
(412-418; Fig. 94) for efficient panchromatic sensitization in
DSSC, but the basic principles are applicable to the design of
OPV materials. Interestingly, compound 418 was prepared only
to study the effect of excitation energy transfer (mostly through

This journal is © The Royal Society of Chemistry 2013
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Fig. 92 Solar cell architectures and energy levels for aza-BODIPYs 386 (left) and 388 (right). Thicknesses in nm are given in parentheses.

space) in a photosensitizer. Photophysical studies proved effi-
cient energy transfer from the peripheral BODIPY units, there-
fore a donor, toward the acceptor distyryl-BODIPY core lying
lower in energy (NIR absorber). Also, the electrochemical
characterization of 412 to 418 compounds revealed that 413
should be interesting for OPV based on a LUMO lying at 3.79 eV
and a band gap of 1.38 eV (see Fig. 10). Overall, this type of
systematic optimization approach appears suitable for the
screening and rational design of new OPV materials based on
DPM or ADPM dyes.

2.3. Polymers incorporating DPM

Many examples of integrating BODIPY derivatives into poly-
meric materials have appeared in the last five years, a few of
them concerning OPV application. In fact, they were mainly
prepared for their fluorescence and/or light-harvesting proper-
ties. We will here present some of them to outline the various
ways to incorporate BODIPY in such polymers and to evaluate
how suitable materials can be prepared for interesting photo-
active layers in BHJSCs.

2.3.1 DPM in main-chain polymers. About fifteen examples
of main-chain polymers containing BODIPY have been reported in
the last five years. One of the first of interest published back in
2008 by Chujo et al. reported three highly luminescent BODIPY-
based organoboron polymers (420-422; Fig. 95) obtained through
Sonogashira coupling of the monomer 419 with different types
of aryl diynes, namely 1,4-diethynylbenzene, 1,4-diethynyl-2,5-
bis(trifluoromethyl)benzene and 2,7-diethynyl-9,9-dihexyl-9H-
fluorene.”*® Interestingly, the incorporation into the polymer is
made through the boron center. These new polymers exhibited
supramolecular self-assembled structures such as particles,

This journal is © The Royal Society of Chemistry 2013
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fibers and networks. Such behavior is interesting for the control
of morphology in OPV application, one of the main issues that
need to be addressed. The group of Chujo published another
type of main-chain polymer containing BODIPY in 2010.>*” The
preparation of three aromatic ring-fused BODIPY-based con-
jugated polymers was presented (426-428; Fig. 96) with the full
package of structural and property characterization necessary
for this kind of material, along with density-functional theory
(DFT) calculations. The synthetic route was again using a Pd-
catalyzed Sonogashira coupling approach from the corres-
ponding monomers (423-425; Fig. 96). The authors noted that
intercalation in the p-phenylene-ethynylene main chain of
BODIPY monomers induced a red-shift in the UV-absorption
and photoluminescence (PL) spectra compared to BODIPY
alone, which is reasoned as a consequence of the extended
n-conjugation. From that also arise an intensely emitting
behavior of the three copolymers in the range from the deep-
red to NIR region (@p = 33-49%). According to them, further
studies are underway to design NIR luminescent conjugated
polymers that will include aza-BODIPY monomers, in reason of
the longer wavelength of the NIR emission.

The group of Liu reported two papers in 2009 in which they
polymerized BODIPY monomers either as homopolymers or
with fluorene, dialkyloxybenzene and thiophene derivatives by
cross-coupling strategies (429-433; Fig. 96).>****° In the first
paper, they took advantage of the Pd-catalyzed Suzuki coupling
approach to connect directly 9,9-dihexylfluorene to the
B-position of three BODIPY monomers variously substituted
in meso (429-431; Fig. 96).*® Through this strategy, they were
able to tune the emission color of the significantly enhanced
n-conjugated polyfluorenes obtained. The copolymers showed
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Fig. 93 Examples of interesting BODIPY dyes for OPV application.

absorption between 547 and 557 nm along with high molecular
weight and good solubility in common organic solvents such as
THF, DCM, chloroform and toluene. These properties are very
encouraging for their incorporation in OPV devices. The second
paper used the Pd-catalyzed Sonogashira polymerization

47 | Chem. Soc. Rev, 2013, 00, 1-65
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strategy to couple various 2,6-diethynyl-functionalized BODIPY
monomers with either the corresponding 2,6-diiodo-
functionalized BODIPY or 9,9-bis(6’-(hexylthio)hexyl)-2,7-
diiodo-9H-fluorene, 1,4-diiodo-2,5-didecyloxybenzene and 2,5-
diiodo-3-decylthiophenene (432-436; Fig. 96).”*° In this case,

This journal is © The Royal Society of Chemistry 2013
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Fig. 94 Push—pull BODIPY derivatives.234235

absorption of the polymers was between 606 and 665 nm (434
and 433, respectively), pushed toward the NIR as compared to
the first examples reported. In fact, polymers 433 and 436 were
incorporated into OPV devices in collaboration with the group

This journal is © The Royal Society of Chemistry 2013

of Fréchet to test them as electron donor materials.>*® The two
polymers, presenting high absorption coefficients and low
bandgaps of ~1.6 eV, were combined with the PCBM acceptor
in solution-processed BHJSC (entries 16 and 17, Table 1). For
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Fig. 95 Highly luminescent BODIPY-based organoboron polymers and their corresponding monomers.2

polymer 436, a power conversion of 2.0% was achieved with
Voc = 0.80 V and Jgc = 4.8 mA cm 2. With such bandgaps and
LUMO levels around 3.70 eV, the polymers should theoretically
be able to reach up to 7-8% of PCE (see Fig. 10). However, the
authors pointed out that while the efficiency of 2.0% was at the
time among the highest reported for dye-based materials,
improvements in morphology control as well as structural
modification were still needed to draw full benefit from this
type of polymers.

Li and collaborators reported in 2008 a series of poly-
(aryleneethynylene)s containing BODIPY also obtained from
the Sonogashira cross-coupling strategy (437-440; Fig. 96).>*
While these polymers were synthesized and characterized for
their nonlinear optical properties, their photophysical and
electrochemical properties were assessed. Very interestingly,
absorption maxima in the red region (between 535 and 640 nm)
and low band-gaps were obtained (between 1.51 and 1.78 eV).
These characteristics also make such polymers good candidates
for their use as OPV materials.

Herrmann et al. reported in 2009 other examples of poly-
meric dyes bearing the BODIPY chromophore within the main
chain.**" They started from a diiodonated BODIPY monomer to
prepare efficiently homo- and copolymers with a fully conju-
gated backbone via transition-metal-catalyzed polycondensa-
tion reactions (441-443; Fig. 96). The photophysical pro-
perties of the resulting polymeric materials were investigated
in bulk and at the single molecule level. It was found by the
authors that absorption and emission properties of BODIPY
homopolymer 441 were similar to those of the parent BODIPY
chromophore. In contrast, the copolymers made of 1,4-
diethynylbenzene (442) and benzene (443) exhibited absorption
and emission spectra that were shifted hypsochromically and
bathochromically, respectively, in relation to the homopolymer.
According to the authors, this behavior allows for easy color
tuning by the appropriate choice of comonomers and encour-
aged them to direct efforts toward employing polymeric BOD-
IPY dyes in organic electronic devices.

Zhu et al. reported lately the preparation via Sonogashira
polymerization of four chiral NIR emissive polymers

49 | Chem. Soc. Rev, 2013, 00, 1-65

incorporating styryl BODIPY derivatives and (S)-binaphthyl
(444-447; Fig. 97).>** Characterization by GPC, "H NMR and
UV/Vis spectroscopy, cyclic voltammetry and circular dichroism
was reported. In addition, they studied their derivatives by DFT
calculations. The chiral polymers presented moderate molecu-
lar weights with high solubility in common solvents and stable
chiroptical conformation. The four polymers also exhibited NIR
emission and good anisotropic fluorescence, behavior expected
to be useful in biological measurements and cellular imaging.

Hewavitharanage and collaborators reported another exam-
ple of polymerization through the boron position.>** Their aim
was to produce a D-A polymeric system where an organoboron
quinolate acts as the D and the E-BODIPY moiety as the A (448;
Fig. 98). Interestingly, the D part can absorb light at 264 nm
and the BODIPY unit reemit at 525 nm the energy absorbed,
giving rise to a 261 nm Stokes shift.

On the their hand, Skabara et al. presented in 2009 a redox
stable low band gap conjugated polymer based on an EDOT-
BODIPY-EDOT repeating unit (EDOT = 3,4-ethylene-
dioxythiophene) connected at the a-position of the BODIPY.***
Interestingly, the preparation of this homopolymer has been
made by electropolymerization from the EDOT-BODIPY-EDOT
repeating unit (449; Fig. 99). A band gap of 0.8 eV, which is
quite low and suitable for optoelectronic applications, was
obtained with fully reversible n- and p-doping processes. The
group of Algi also published two papers on copolymers incor-
porating EDOT as the comonomer of BODIPY derivatives
through the B-position, with or without thiophene spacers
(450 and 451; Fig. 99).>*>**® Electropolymerization was again
used to prepare environmentally robust electroactive materials
bearing high stability, well-defined quasi-reversible redox cou-
ple and fast response time between redox states. All these
properties clearly suggest that they would be suitable for OPV
applications.

Bard and collaborators published another type of homopo-
lymerisation synthetic route for the integration of BODIPY in
the main chain. Instead of electropolymerisation, they used in
that case anhydrous FeCl; in dichloromethane at room tem-
perature to achieve the desired polymer exhibiting low MW

This journal is © The Royal Society of Chemistry 2013
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Fig. 96 BODIPY-based conjugated polymers 219237241

along with dimers and trimers (452-456; Fig. 100).>"” Noteworth-

ily, another paper from Bard’s group used a similar chemical
approach combined with electrochemistry to afford dimers
through the o- instead of the B-position (see Section 2.2.1)."*!

This journal is © The Royal Society of Chemistry 2013

SlceHm

Other BODIPY-based alternating copolymers were reported
lately taking advantage of the push-pull motif and clearly give
hope for new BODIPY-based materials that can be useful in
OPV applications. Thayumanavan and collaborators presented

Chem. Soc. Rev, 2013, 00, 1-65 | 50
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Fig. 97 Chiral NIR emissive polymers incorporating BODIPY derivatives and (S)-binaphthyl.24?

525 nm

264 nm

ET

Fig. 98 E-BODIPY based fluorescent copolymer containing organoboron
quinolate units.?**

four novel n-conjugated alternating copolymers incorporating
the BODIPY core as the donor and quinoxaline (Qx), 2,1,3-
benzothiadiazole (BzT), N,N'-di(2’-ethyl)hexyl-3,4,7,8-naphthalene-
tetracarboxylicdiimide (NDI) and N,N’-di(2’-ethyl)hexyl-3,4,9,10-
perylenetetracarboxylic diimide (PDI) as acceptors (457-460;
Fig. 101).>*®* These new copolymers were synthesized via
Pd-catalyzed Sonogashira polymerization and characterized by
'H NMR, GPC, UV/visible spectroscopy and cyclic voltammetry
techniques. DFT calculations were also performed on polymer
repeat units and HOMO/LUMO energy levels obtained in silico

N02 NOZ

O o}

o_J 449 L0 450

Fig. 99 EDOT-BODIPY copolymers obtained by electropolymerization.

51 | Chem. Soc. Rev, 2013, 00, 1-65

456: R = Mes

Fig. 100 BODIPY oligomers and homopolymer obtained by electroche-
mical polymerization with FeCls.2’

were compared to electrochemical results. The study revealed
that copolymers with Qx and BzT possessed HOMO and LUMO
energy levels comparable to those of the BODIPY homopoly-
mer, while PDI stabilized both the HOMO and LUMO levels.

244-246

This journal is © The Royal Society of Chemistry 2013
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Semiconductor behavior was studied in organic thin-film tran-
sistors (OTFT) and revealed that the homopolymer and Qz- and
BzT-based copolymers showed only p-type behavior. On the
other hand, copolymers with PDI and NDI exhibited only n-type
behavior. Such polymers are definitely excellent candidates to
be tested in OPV application as they present panchromatic
absorption in the visible spectrum, low band-gaps and good
charge transport properties.

2.3.2 DPM in side-chain polymers. Chujo and coworkers
have also reported in 2010 water-soluble copolymers containing
BODIPY dye.>*° In this case, the hydrophobic BODIPY-based
methyl methacrylate monomer 461 is integrated as a side-chain
component via a reversible addition-fragmentation chain transfer
(RAFT) copolymerization with the hydrophilic (2-dimethylamino)-
ethyl methacrylate (DMAEMA) monomer in different ratios to
give a copolymer of general structure 462 (Fig. 102). While these
copolymers are not basically intended for optoelectronic applica-
tions, they have the interesting feature of being water-soluble.
The authors have shown the high sensitivity of such copolymers
toward the hydrophobic-hydrophilic balance. This is represented

RAFT

copolymerization

ATRP

Brn

Fig. 102 BODIPY-based methyl methacrylate monomers used in RAFT and ATRP polymerizations along with their corresponding copolymers.
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Polycondensation

2 Fe
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Polycondensation

Fig. 103 Polyolefins integrating BODIPY chromophores as monomers and chain stoppers.>*

by the phase-separation occurring at lower temperature, ie.
lower critical solution temperature (LCST), when hydrophobic
BODIPY content is increased. In fact, a ratio of only 1% or less
of the BODIPY-containing monomer has led to water-soluble
polymers. Also, they have called attention to the effective
decrease/increase of emission intensity on heating and cooling
in water causing the formation/inhibition of H-aggregation
between two BODIPY planes in the LCST-type copolymers. This
last assumption was supported by UV-visible absorption, PL
and dynamic light-scattering (DLS) experiments. Their future
plans for this kind of compounds are to develop BODIPY-based
copolymers and hydrogels exhibiting color tuning of fluores-
cence by LCST.

Fig. 104 Azulene dyad incorporating a BODIPY chromophore.?*?

53 | Chem. Soc. Rev,, 2013, 00, 1-65

Liras and coworkers reported BODIPY-conjugated thermo-
sensitive fluorescent polymers based on 2-(2-methoxy-
ethoxy)ethyl methacrylate (464-466; Fig. 102).>°° Their synthetic

470: A =

Fig. 105
side chain.

(D)»-BODIPY—(D),-BODIPY copolymers bearing BODIPY as a
253
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1 methodology was based on a methacrylic monomer containing sensitive families of polymers based on 2-(2-methoxy- 1
the BODIPY dye 463 that was incorporated by atom transfer ethoxy)ethyl methacrylate (MEO,MA). The first one was con-
radical polymerization (ATRP) in three different thermo- stituted of linear random terpolymers of general structure 464

10 % 10
O N_O
0 “ o)
O O.
I
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20 20
474
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Fig. 106 Dendrimeric structures containing BODIPY and PDI units.>>®
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and 465. The second family was made of diblock copolymers
466 and the third one was a MEO,MA-BODIPY based hydrogel
(not shown).

Lately, Wurm et al. prepared polyolefins integrating BODIPY
chromophore 467 as a monomer and 468 as a chain stopper
(Fig. 103).>>" These chromophores were integrated by metath-
esis polycondensation with phenyl-di-(10-undecenyloxy)-
phosphate comonomer using Grubbs’ first-generation catalyst
to give the resulting polymers. This method constitutes an
interesting general method that can be used to design new
polymers suitable for OPV application.

Noll et al. reported another example of polymer incorporating a
BODIPY as a side chain in 2011. In this case, a BODIPY chromo-
phore was attached to an azulene to obtain a dyad (469; Fig. 104).
Absorption spectra of the dyad showed a strong absorption band in
the visible range dominated by the BODIPY. Fluorometric studies
revealed that after excitation of the BODIPY subchromophoric unit,
the azulene moiety efficiently quenched the system mainly through
energy transfer, whereas charge transfer interactions play only a

525 nm

Fig. 107 Tetrastyryl-BODIPY-based light-harvesting dendritic system.2>®

55 | Chem. Soc. Rev,, 2013, 00, 1-65
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minor role. They further electropolymerized the dyad at the surface
of the electrode, but mentioned that further characterization of the
product is a subject of further studies.

Finally, Burgess reported other examples using BODIPYs as
side chains in polymeric structures.>®® Four donor-acceptor
systems were prepared to investigate the optical properties of
copolymers comprised of polyfluorene doped with BODIPY-
based fluors (470-473; Fig. 105). Their underlying hypothesis
was energy harvested via the strong absorptivity of the major
component, fluorene, would be primarily emitted from the
BODIPY parts at much longer wavelength. The synthetic
approach used was the Suzuki cross-coupling polymerization,
yielding molecular weight ranging from 7 to 15 kDa. The
authors mentioned that their system has several donors per
acceptor part and therefore offers potential for fluorescent
probe design, OLEDs and lasing materials. We also believe that
simple replacement of the fluorene comonomer by 2,7-
carbazole derivatives might lead to interesting OPV materials,
in a similar fashion to PCDTBT.>**

This journal is © The Royal Society of Chemistry 2013
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2.3.3 DPM and ADPM in dendritic polymers and MOFs.
The last BODIPY-containing macromolecular materials to be

Fig. 108 Structure of dendritic light-harvesting systems containing an
aza-BODIPY acceptor surrounded by BODIPY donors.?*’

This journal is © The Royal Society of Chemistry 2013

Review Article

presented in this review concern dendrimeric assemblies and
metal-organic frameworks (MOFs). Akkaya and co-workers
published in 2010 the convergent synthesis of dendritic BOD-
IPY appended perylenediimide dyes and the study of their light-
harvesting properties.”> Two dendrimers were obtained, one
with 4 and the other with 8 BODIPY units at the periphery with
a perylenediimide (PDI) dye at the core (474 and 475, respec-
tively; Fig. 106). As mentioned, the synthetic approach com-
bines a convergent one along with click-chemistry between
azides and terminal alkynes (Huisgen reaction). The great
potential of this system is demonstrated since light is effec-
tively collected as a result of the large absorption cross-section
of the dendrimer and efficiently channeled to the core PDI unit.
Overall, the system functions like an antenna, mimicking
natural light harvesting. The authors exposed the advantage
of their judicious design to encounter the general rule of
decreasing efficiency of energy transfer when the cross-
section is enlarged, even with the increase of absorption that
it generates. This design is based on the great spectral overlap
between the energy donor chromophores, BODIPY, and the
core PDI energy acceptor. Akkaya and his team arrived at the
conclusion that BODIPY and PDI are a good match for that kind
of a system and that the versatility of chemistry allowed by
BODIPY derivatives will lead in the future to light-harvesting
systems with a strong directional energy transfer. They recently
published a second paper on a tetrastyryl-BODIPY-based den-
dritic light harvester (477; Fig. 107) and estimated the energy
transfer efficiency of such a system by comparison with its
related methyl-substituted derivative 476.>>® The authors trans-
formed versatile BODIPY dyes into bright NIR-emitting fluor-
ophores by quadruple styryl substitutions and proved that an
efficient synthesis of a light harvester is possible when clickable
functionalities on the styryl moieties are inserted.

In 2009, Li prepared dendritic systems working in an
antenna fashion.>®” Interestingly, they used an aza-BODIPY as
the core unit and energy transfer acceptor, while multi-donor
BODIPY chromophores were integrated in the periphery (478-
480; Fig. 108). Synthesis of these macromolecular assemblies
was achieved by an efficient “click-chemistry” by Cu'-catalyzed
1,3-dipolar cycloaddition. This antenna system allowed the
migration of the excited-state energy of BODIPY units in the
periphery toward the core unit by fluorescence resonance
energy transfer. In fact, selective excitation of the donor gave
a high ET, in the order of >90% efficiency. Amplified emission
also occurs in the process. The authors pointed out that such a
facile approach for extending the functionalization of aza-
BODIPYs should open the way for development of novel NIR
dyes for numerous applications in optical devices.

Reiser and collaborators combined a covalent and a non-
covalent immobilization strategy as a new general method for
the synthesis of multifunctional carbon nanomaterials (481
and 482; Fig. 108).>°® Highly magnetic carbon-coated cobalt
nanoparticles (Co/C) served as a scaffold for noncovalent func-
tionalization of pyrene-tagged BODIPY fluorescent dye through
n-n stacking interactions. Next to the reversibly immobilized
pyrene-tagged dye, fully covalent functionalization of the
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Fig. 109 Combined covalent and noncovalent functionalization of cobalt/carbon nanoparticles with dendrimers and BODIPY fluorescent dye.>>®
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Fig. 110 Water-soluble biotinylated PGD—-BODIPY and its precursor.?*°
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O " 489
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Fig. 111 MOFs incorporating BODIPY in the assembly.2%° (Adapted with permission from J. Am. Chem. Soc., 2011, 133(40), 15858-15861. Copyright©

2011 American Chemical Society.)

magnetic core-shell nanoparticles was accomplished by graft-
ing dendrimers via ‘“click chemistry”. Alternatively, the nano-
particle surface could be covalently functionalized with a
BODIPY dye following the same procedure.

On their side, Zimmerman et al. published the dendritic single-
molecule fluorescent probe 484 that is monovalent, photostable
and minimally blinking based on the BODIPY derivative 483
(Fig. 109).>* This probe, based on a ring-fused BODIPY core that
is conjugated to a polyglycerol dendrimer (PGD), makes the hydro-
phobic fluorophore 483 water-soluble. The dendrimer emits in the
far-red region (705 nm) in a long and stable fashion, without the
necessity for an anti-fading agent such as Trolox. These interesting
properties were reported to greatly simplify the use of the fluor-
ophore for imagery applications (Fig. 110).

Finally, a nice example integrating BODIPY in light-harvesting
MOFs was reported in 2011 by Hupp and collaborators.>*® They
prepared two different assemblies from BODIPY ligand 485, one
isostructural (487) and the other one with a pillared-paddlewheel
type structure (433) featuring both BODIPY and Zn"-porphyrine
488 (Fig. 111). Due to a well-organized D-A assembly, the nearly
black crystals of 489 present essentially quantitative structure-to-
structure energy transfer (i.e. 485-to-488; antenna effect) and are

This journal is © The Royal Society of Chemistry 2013

capable of panchromatic light-harvesting. The authors pointed
out that while this energy transfer is efficient and rapid, the
effectiveness of pillared-paddlewheel materials similar to 489 in
moving excitons between proximal, well-aligned, and chemically
identical structures/chromophores still needs to be established.
From our point of view, such a system might be very interesting in
the context of OPV materials if the directionality of the generated
charges and processability issues can be addressed. Actually,
other examples of light-harvesting hybrid assemblies have been
recently reviewed by George et al. and might provide interested
readers insights into the subject.”®" Also, the integration of small
BODIPY molecules into MOF’s structure might be an easy way to
access new interesting photophysical properties, as proved lately
by Manzano et al, by obtaining dual absorption in the UV-vis
when confining a BODIPY dye in LTL zeolite nanochannels.>**

Outlook and concluding remarks

This review article intended to present the most recent devel-
opments in the use of materials based on dipyrromethenes and
some of their structurally related azadipyrromethenes for
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organic photovoltaic applications. As these materials are fairly
new in the already well-known domain of converting light into
electrical current, a survey of the recent research was done. We
presented and discussed the variety of relevant design, syn-
thetic methodologies and photophysical studies showing the
more promising results for the improvement of conversion
efficiency of both small-molecule and macromolecular based
organic solar cells that incorporate DPM in their architecture.
Many inherent advantages of DPM derivatives led us to believe
in their strong potential for OPV applications in the forth-
coming years. First, their great optical properties, ie. high
molar extinction coefficients and absorption/emission in the
NIR, make them competitive with porphyrinoids and other NIR
chromophores. Second, they offer abundant leverage possibi-
lities for fine-tuning the photophysical properties by variation
of the substituents. Finally, they present greater versatility of
metal coordination geometries allowed by a bidentate motif
compared to the more rigid square planar one of the parent
porphyrinoid family. This is definitively of great interest in the
perspective of developing new OPV materials taking advantage
of the metallic center as a way to coarsely tune energy levels.
Overall, DPM based materials appear to fulfill the requirements
of reliability, versatility and ease of preparation needed for the
design of OPV materials at low cost that will be able to convert a
part of the tremendous 3 x 10** J provided to our planet each
year by the Sun.

List of abbreviations

A Acceptor
ADPM Azadipyrromethene
ATRP Atom transfer radical polymerization

BAEB Bis(arylethynyl)benzene

BHJ Bulk-heterojunctions

BHJSC Bulk-heterojunction solar cells

Bpy Bipyridine

BzT 2,1,3-Benzothiadiazole

Cxx Fullerene derivative containing XX carbons
CuAAC Cu'-catalyzed azide-alkyne cycloaddition
Cys Cysteine

D Donor
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DFT Density-functional theory

DMAEMA (2-Dimethylamino)ethyl methacrylate
DPM Dipyrromethene

DSSC Dye-sensitized solar cells

E Energy

Eq Energy of the downhill driving force

E, Band-gap energy
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EDOT 3,4-Ethylene-dioxythiophene

EQE External quantum efficiency
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Current of the maximum power output
Short-circuit current density
Current-voltage curve
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Lower critical solution temperature
Light emitting diode
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Lowest unoccupied molecular orbital
Metal-to-ligand charge transfer
Metal-organic framework
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N,N'-Di(2’-ethyl)hexyl-3,4,7,8-
naphthalenetetracarboxylicdiimide
Near infrared

Organic light emitting diode
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Organic solar cell

Organic thin film transistor

Power input

Power output

[6,6]-Phenyl-Cg;-butyric acid methyl ester
Power conversion efficiency
Perylenediimide

Poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate)
Planar-heterojunction solar cells
Photoluminescence

Poly(methyl methacrylate)

Polymeric solar cells
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Reversible addition-fragmentation chain transfer
Spacer

Electrophilic aromatic substitution
Nucleophilic substitution
Nucleophilic aromatic substitution
Single wall carbon nanotube
Tetrakis(arylethynyl)benzene
Tetrakis(arylethynyl)-1,4-pyrazine
Triazatruxene
1,1,4,4-Tetracyanobuta-1,3-dione
Time-dependent density-functional theory
Triplet-triplet annihilation
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Vi Built-in potential

Vmp Voltage of the maximum power output

Voc Open-circuit voltage

ZnPc Zn"-phthalocyanine

ZnTPP Zn"-tetraphenylporphyrin

Aab Absorption wavelength

Aem Emission wavelength

by Quantum yield of fluorescence (excited at 1)
Dy Quantum yield for the triplet generation
o(*0) Quantum yield for the singlet oxygen generation
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