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The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based molecules have emerged as interesting
material for optoelectronic applications. This type of structure is commonly described as an example of a
“rigidified” monomethine cyanine dye or as a boradiazaindacene by analogy with the all-carbon tricyclic ring
and the numbering of any substituents follows rule setup for the carbon polycycles (see COVER). This dye
has also been called “porphyrin’s little sister” and this happy definition has been so successful that in analogy
with porphyrinic systems, the 8-position is often referred to as the meso site. The facile structural modification
of BODIPY core provides an opportunity to fine-tune its photophysical and optoelectronic properties thanks to
the presence of eight reactive sites which allows for the developing of a large number of functionalized
derivatives for various applications. In particular, BODIPY dyes find increasing application in laser dyes,
organic electronic (OLED and OPV), bioimmagining, thanks to their properties like high fluorescent quantum
yield, sharp absorption and emission peak, photostability and stability under physiological conditions.
Because of this they can be used also as probes for pH changes, detection of cations, anions and so on.

BODIPY optoelectronics organic solar cells

| 1. Introduction

The rapid appearance of organic optoelectronics as a promising alternative to conventional optoelectronics has been largely
achieved through the design and development of new conjugated systems . The foremost advantage of organic materials is
that they are cheap, lightweight, and flexible and they can offer the opportunity to make the electronics sector greener through
the use of abundant materials and manufacturing methods rely on fewer, safer, and more abundant raw materials and with
cheaper processing based on solution techniques so the embodied energy for organic devices is expected to be lower than
for their inorganic counterparts usually processed by vacuum and high-temperature techniques ZEI4EIEI,

Since its discovery [ the 4 4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) molecule has been the subject of
considerable interest thanks to its chemical stability, easy functionalization, and interesting optical and electronic properties
combined with low toxicity and high biocompatibility and it has therefore emerged as a promising platform for multiple
optoelectronic applications [QIYMILZ - This type of structure is commonly described as an example of a “rigidified”
monomethine cyanine dye or, as it has three p-delocalized rings, one is pyrrole and the others are azafulvene and
diazaborinin-type ring systems 13l by analogy with the all-carbon tricyclic ring can be considered as a boradiazaindacene,
and the numbering of any substituents follows rule setup for the carbon polycycles (see Figure 1). This dye has also been 14!
called “porphyrin’s little sister” and this happy definition has been so successful that in analogy with porphyrinic systems, the

8-position is often referred to as the meso site.
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Figure 1. Naming and numbering of the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based on s-indacene. Pyrrole

ring pink boxes and azafulvene violet boxes Reproduced from Ref. 12! with permission of Taylor and Francis.

Over the years, several synthetic strategies have been implemented which have allowed the modulation of the optoelectronic
properties of the BODIPY that is assumed to have two equivalent resonance forms resulting in the forming of two rings named
azafulvene and pyrrole. Pyrrole is aromatic whereas azafulvene is a quinoid-type ring and it is not possible to distinguish the
two forms 12, Depending on the position and type of the substituents, it is possible to modify different parameters such as the
delocalization of the Tt-electrons in the molecule and the supramolecular organization and the morphology of the solid thin film
[LSII6IL7 | this regard, the BODIPY core has eight reactive positions 28 that can be used to modulate its optical properties
(291129] (Figure 1): the two Boron positions, the two a-positions, the four B-positions, and the meso-position. The positions a
and 3 are those which have the greatest influence on the electronic delocalization, while the other positions, meso and Boron,
have a lower impact on electron delocalization but have a strong impact on the steric hindrance of the molecule.

BODIPY-based materials are playing an increasingly important role in the field of organic semiconductors as demonstrated by
the high number of citations about 11,000 achieved from 2019 (Google scholar source) of which 5300 in the year 2020.

| 2. BODIPY-Based Active Materials in OPV

Renewable energy generated by solar cells is one of the potential solutions to the problem of maintaining our energy supply.
Organic solar cells have the potential to be part of the next generation of low-cost solar cells. An encouraging state-of-the-art
device has exhibited power conversion efficiencies (PCEs) over 17% [B% which represents a crucial step toward the
commercialization of OPVs. Among the rapid development of optical-active donor/acceptor materials, interface materials, and
device engineering, the properties of donors and acceptors, such as absorption, energy levels, and bandgaps, play a vital role
in realizing high PCEs. Therefore, the evolution of new photovoltaic materials with a smaller optical bandgap (Eg) reasonable
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels is crucial to further
improve the PCEs of OPVs Bl For these reasons, in the last 10 years BODIPY-based molecules have been of great interest
as active materials for photovoltaic devices, thanks to their good absorbance at low energies (low optical gaps), high molar
extinction coefficients, good chemical-stability, and opportune redox properties 3. Table 1 summarizes the results in OPV,
from the first work on the topic until 2020, where a BODIPY-based molecular material has been used as an active layer and
the main parameters of a photovoltaic device are mentioned such as the current density J, the fill factor (FF), and the power
conversion efficiency (PCE), where the FF is a measure of the quality of the solar cell and it is calculated by comparing the

maximum power with the theoretical one 32,
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Thanks to the planar core, easy lateral functionalization, and electron-deficient characteristics BODIPY derivative is an ideal
acceptor unit B3 for the design of donor—acceptor D—A type semiconducting architectures B4B35 which is one of the most
used approaches to modulate the optoelectronic properties of organic semiconductors 83738 The BODIPY derivatives
have been used both as donors and acceptors in OPV devices, in direct and inverted architecture 23, Some of the most
interesting results have recently been obtained using conjugated polyelectrolytes at the interface with the metal cathode 22
(89 This class of materials allows the engineering of the interface ¥4l hbetween the metal and the active layer improving the
extraction of the charge without complicating the preparation of the device. In fact, for the preparation of films, it is possible to
use solution techniques thanks to the use of solvents orthogonal to the active layer. It is important to underline that the
parameters that influence the OPV efficiency as mentioned before, are many. It is not always possible to evaluate the
individual contribution because they are often intimately connected and closely related to the chemical structure and the
choice of position, type, and the number of lateral substituents.

2.1. BODIPY Molecules as Electron Acceptor Materials in Organic Solar Cells

The fullerene has been, so far, the most common material used as an acceptor in an organic solar cell, however in recent
years the search for non-fullerene acceptors has gained significant attention. At the same time, there has also been an
increasing effort in the development of small molecules to be used as active materials for OPVs, due to the potential control of
frontier orbital energy level that they offer 43, The combination of these two interests has triggered research for small

molecules, non-fullerene acceptors, for bulk heterojunction (BHJ) OPV.

To the best of our knowledge, in early 2021, only few research groups have reported on the synthesis and application of non-

fullerene acceptor based on BODIPY.

In 2014, Thayumanavana et al. 44! presented a series of acceptor—donor—acceptor molecules containing terminal BODIPY
unit conjugated through meso-position using a 3-hexylthiophene linker to thiophebenzodithiophene, cyclopentadithiophene, or
dithienopyrrole. The three molecules have deep LUMO energy levels of -3.79 eV, -3.82 eV, and -3.74 eV, and good visible
absorption, with absorption maxima in thin-film at 532 nm, 530 nm, and 532 nm, respectively. The molecules have been
tested in inverted solar cells with a maximum PCE of 1.51% obtained with the molecules containing cyclopentadithiophene.

In 2017, Zhan et al. ¥ firstly reported the synthesis of a new acceptor small molecule based on a diketopyrrole core and two
BODIPY lateral moieties. The molecule has a LUMO of —3.79 eV and is present in a solid-state, an intense plateau-like
absorption with two maxima at 681 nm and 756 nm, which can be attributed to the delocalization of the LUMO along all the

molecule. The small molecule has been tested as an acceptor in direct OSC with a PCE of 0.888%.

2.2. BODIPY Molecules as Donor Materials in Organic Solar Cells

In Table 1, the main works on BODIPY-based molecules as a donor material in the OPV devices are reported. For each
research work, the year of the research publication, the peak of the absorption and the HOMO and the LUMO position of the
new molecule are reported, together with the main parameters of an organic photovoltaic cell. The works are listed in
chronological order and we observe that the first solar cell with a BODIPY-based active layer dates back to 2009 with a PCE
of 1.7% and that just 6 years later, in 2015, a PCE of around 5% was achieved.

Table 1. Photophysical and photovoltaic characteristics of bulk heterojunction organic solar cells based on BODIPY small
molecules.

Year AbsFilm .~ HOMO LUMO Jec Voo FF [%] PCE [%] Reference
Film [nm] [eV] [eV]
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2009

2009

2010

2011

2012

2012

2012

2014

2014

2014

2014

2015

2015

2015

2015

2015

572 -5.69
646 -5.56
649 =

733 -4.71
580 -5.47
673 -4.26
714 -5.32
748 -5.00
733 -5.02
760 -5.02
643 -5.31
680 -5.3
652 * -5.62
774 -5.23
614 -5.48
514 * -5.33

-3.66

-3.75

-2.57

-3.48

SRS

-3.86

-3.59

-3.64

3831

-3.50

-2.75

—3.52

-3.72

-3.44

-3.86

[mAlcm?]

4.7

4.14

7.00

6.3

8.25

29

14.3

6.8

8.9

3.39

8.42

10.48

10.32

10.20

3.03

[v]

0.866

0.753

0.75

0.988

0.51

0.7

0.68

0.67

0.51

0.71

0.82

0.9

0.97

0.90

0.81

42

44

38

67

30915

35

a7

31

34.3

34

27

55

56

46.5

55

24

1.7

1.34

2.17

3.7

3.22

0.52

4.70

1.50

1.56

15

0.65

3.76

5.29

4.75

5.05

0.58

[27]

126]

[46]

47

[48]

[49]

[50]

52]

[53]

[54]

[55]

57]

58]

[59]
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2015 655-792 -5.01 =EL03 13.39 0.73 373 3.6 [69]
2015 761 -5.34 -3.66 8.17 00.85 39 2.70 (61]
2015 696 -5.40 -3.81 7.64 0.73 38 2.12 [62]
2016 748 -5.19 -3.60 6.77 0.78 41 2.15 [63]
2017 627 -4.93 -3.28 13.79 0.768 66.5 7.2 [64]
2017 550 -5.11 -3.65 11.84 0.73 53.8 4.61 [65]
2017 765 -5.26 -3.91 13.9 0.64 65 5.8 [66]
2017 800 -5.23 -3.87 13.3 0.73 63 6.1 42]
2018 668 -5.06 -3.60 12.98 0.7 62 5.61 [67]
2018 720 * -5.39 -3.74 12.43 ** 0.88 61 6.67 [68]
2018 752 * -5.36 -3.79 14.32 ** 0.95 67 8.98 [68]
2018 550-640 -5.37 -3.46 11.46 ** 0.915 63 6.60 29
2019 717 -5.00 -3.42 5.17 0.672 40.8 1.62 [69]
2019 580 -5.28 -3.61 10.9 0.83 60 515 (9
2019 725 -5.16 -3.43 7.72 1 31 2.79 (4
2019 716 -5.47 -3.76 10.58 0.769 56.4 4.58 (2
2020 538 -5.35 -3.08 2.27 0.67 27 0.37 L&l
2020 586 -5.16 -3.17 13.56 0.78 61 6.45 =l
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2020

672 * -4.99

586* -5.91

-3.27

-4.09

* In solution: ** After Solvent Vapor Annealing (SVA).

16.24

0.87

0.71

0.45

66

21

7.61

1.36

[74]

In Table 2, only devices with PCE above 5% are analyzed in detail. The table ranges from the least to the most efficient

device. The parameters reported are the absorption window, the optical energy gap and the holes mobility of the molecule,

and the geometry of the device with any thermal or solvent annealing treatments.

Table 2. Photophysical and photovoltaic characteristics of bulk heterojunction organic solar cells based on BODIPY small

molecules with PCE above 5%.

Molecule

[Ref.]

58]

5b

[67]

Optical
Energy
GAP [eV]

1.72

1.84

1.59

1.74

Treatment

TA

TA + SVA

NO

Processed with
pyridine 4% v/v

Vacuum

processed

TA

TA +SVA

PCE
[%]

271

3.99

5.05

3.48

5.29

H)

2.74

4.72

5.61

FF
[%]

38

48

55

46

56

60

34

57

62

Hole
Mobility

[cm?/Vs]

7.84 x 1076

5.34 x 107>

8.45 x 107

8.5 x 107°

8.15 x 107

9.2 x 107

2.09 x 1074

437 x 107

Electron
Mobility

[cm?Vs]

2.34 x 1074

229 x 1074

Abs.
Band

[nm]

450-650

350-700

350-
1000

300-850
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7
1.52 TA 5.8 65 0.8 x 1073 5 400-800
[66]
8 Vacuum
1.32 6.1 63 = 5 500-900
[42] processed
0 g 2.54 39 5.34 x 107> 2.35x 1074
1.79 400-700
[39]
SVA 6.6 63 1.13 x 1074 2.45 x 1074
- 5.3 52 0.9x10™ 3.9x10™
10
1.65 300-800
[63]
TA 7.2 66.5 2.1x10™ 2.8x 107
g 3.21 46 g 8
11a
1.78 300-600
[29]
SVA 6.45 61 8.89 x 107 2.41 x 1074
e 3.76 48 / /
11b
1.58 300-700
[29]
SVA 7.61 66 1.07 x 1074 2.47 x 1074
e 3.32 41 3.95 x 107 2.31x107*
12a
1.52 400-800
[68]
SVA 6.67 61 1.10 x 1074 2.36 x 1074
e 4.73 45 4.85x 107 2.38 x 1074
12b
1.44 400-800
[68]
SVA 8.98 67 1.59 x 1074 243 x 1074

The highest efficiency for BODIPY small molecule-based OSC (data updated to 2020) was obtained by Bucher and co-worker
[68] jn 2018. The group designed and synthesized two small molecules comprised of a central BODIPY core, surrounded with
two diketopyrrolopyrrole (DPP) and two porphyrin side units, differing only from each other in the aromatic bridge between

BODIPY and porphyrins: in one case phenylene was used, in the other case thienyl.
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From the results reported in Table 2, it is evident that in a solar cell the parameters to be taken into consideration are manifold
and all closely connected to each other. Among them, two proved to be particularly important for the development of this class
of materials, the absorption spectral window that must clearly be as wide as possible and the active layer morphology. The
latter strongly affects the efficiency of exciton dissociation, the charges mobility, and their recombination. For this reason, it is
worth to stress the thermal treatments importance and the solvent annealing. We have shown that for the same material, once

TA and SVA have been made, the solar cell efficiency can often be doubled.
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