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BODIPY-Based Semiconducting Materials for Organic Bulk
Heterojunction Photovoltaics and Thin-Film Transistors

Dongil Ho,® Resul Ozdemir,® Hyungsug Kim,” Taeshik Earmme,” Hakan Usta,*® and

Choongik Kim*®

The rapid emergence of organic (opto)electronics as a promis-
ing alternative to conventional (opto)electronics has been
achieved through the design and development of novel -
conjugated systems. Among various semiconducting structural
platforms, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
m-systems have recently attracted attention for use in organic
thin-films transistors (OTFTs) and organic photovoltaics (OPVs).
This Review article provides an overview of the developments
in the past 10 years on the structural design and synthesis of
BODIPY-based organic semiconductors and their application in

Introduction

Since the 1950s, inorganic semiconductors have been explored
and commercialized in an extensive range of (opto)electronic
applications including electronic circuits, displays, and solar
cells. Alternatively, following the discovery of conductive
polymers by Heeger, MacDiarmid, and Shirakawa et al., organic
(semi)conductors have also attracted great scientific and
technological interest.™ This breakthrough in 1970s has clearly
revealed that organic compounds could transport electric
current by proper molecular design and controlled doping, and,
as a result, organic (semi)conductors have become the key
components in organic (opto)electronic devices, especially in
organic thin-films transistors (OTFTs) and organic photovoltaics
(OPVs).2" Thanks to the advancements in the past four
decades in the design and development of organic semi-
conductors, OTFTs have emerged as an alternative technology
to conventional transistors for cost-effective, large-area, print-
able, and flexible electronics,*?" and OPVs have emerged as a
viable source of low-cost renewable energy with zero carbon-
emission in everyday life. OPVs are also envisioned to address
numerous environmental issues mainly caused by fossil fuels.
An OTFT relies on the solid-state charge transport character-
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OTFT/OPV devices. The findings summarized and discussed
here include the most recent breakthroughs in BODIPYs with
record-high charge carrier mobilities and power conversion
efficiencies (PCEs). The most up-to-date design rationales and
discussions providing a strong understanding of structure-
property-function relationships in BODIPY-based semiconduc-
tors are presented. Thus, this review is expected to inspire new
research for future materials developments/applications in this
family of molecules.

istics of a m-conjugated organic semiconductor along its thin-
film plane which is in contact with a gate dielectric, and its
charge-transport ability is modulated by applying a gate bias.
On the other hand, in an OPV device, an additional photon
absorption process by the organic semiconductor is required
and the solid-state charge transport occurs in the perpendicular
direction to the organic semiconductor thin-film. The perform-
ance of organic semiconductors in these devices is highly
influenced by the corresponding (opto)electronic/physicochem-
ical properties and thin-film microstructure/morphology, which
are all closely related to its chemical structure at the molecular
level.

Regarding the continuing developments in OTFTs and
OPVs, the design and synthesis of novel high-performance m-
conjugated organic semiconductors is of utmost importance to
advance the existing device performances/technologies and
realize novel functions, and to elucidate chemical structure-
property-performance relationships. For the design of organic
semiconductors, realizing new building blocks with effective -
conjugation and favorable structural/electronic properties is of
particular interest. In the past several decades, many structurally
varied organic nt-scaffolds, mainly comprised of some of the first
three row elements, H, B, C, N, O, F, S, and Cl, have been
designed and studied. Nonetheless, in the construction of these
mt-structures, boron (B) has played a very limited role, and, until
very recent, there has been only a handful examples of B-
containing organic semiconductors in (opto)electronics. Boron
is a unique metalloid element located in Group-13 that has
three valence electrons, and when it participates in molecular
structures making three bonds, one of its p-orbitals remains
unoccupied. Thus, most of the boron-containing molecules
such as BF; and BH; have strong electron-accepting properties,
and they are used as Lewis acids and catalysts in various fields
of chemistry and materials science. Although boron-containing
three-coordinate molecular structures are not attractive build-
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ing blocks for electron-transporting semiconductors since they
tend to strongly trap electrons (undesired charge localization),
boron could offer great advantages in its four-coordinate
structures to construct favorable m-scaffolds. To this end, 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) (Figure 1) has
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Figure 1. Chemical structure of the 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY) rt-core and typical substitution positions in the synthesis of
organic semiconductors.
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been the most attractive boron(four-coordinate)-containing -
electron deficient building block with favorable structural and
electronic properties.

4,4-difluoro-4-bora-3a, 4a diaza-s-indacene (BODIPY) core
was first discovered in 1968 by Treibs and Kreuzer.®" Since
then, numerous synthetic methods have been developed and
BODIPY derivatives have been extensively studied in various
applications including chemosensors, electroluminescent devi-
ces, fluorescent switches, and biochemical labelling.?** Only
recently, BODIPY-based small molecules, macromolecules, and
polymers have emerged as promising electro-active materials in
OPVs and OTFTs thanks to their strong absorbance at low
energies extending to the near infrared region, low optical
band gaps, high molar extinction coefficients, high thermal/
photo-stability, efficient luminescence, and favorable redox
properties. In addition, from a molecular design perspective,
the BODIPY m-core shows good solubility in common organic
solvents, energetically stabilized LUMO level, and facile syn-
thesis/functionalization at several positions (Figure 1).59 Its
highly electron-deficient and coplanar st-core with a high dipole
moment (u=3-5D) and good m-delocalization makes it an

Taeshik Earmme obtained his B.S. and M.S.
degrees in Chemical Engineering at the Seoul
National University and completed his Ph D.
under Prof. Sam Jenekhe at the University of
Washington, on organic light-emitting diodes
(OLEDs) and organic photovoltaics (OPVs)
research. He then worked as an Associate
Engineer at the Phillips 66 Research Center,
Bartlesville (OK, USA) from 2014 to 2018. Since
2018, he has held the position of Assistant
Professor in the Department of Chemical
Engineering at Hongik University, South Ko-
rea.

Hakan Usta obtained his Ph.D. in Chemistry
from Northwestern University under the
supervision of Prof. Tobin J. Marks. He then
joined Polyera Corporation (IL, USA), where he
held Senior Research Scientist and Project
Leader positions between 2008 and 2013. He
is currently an Associate Professor in the
Department of Materials Science and Nano-
technology Engineering at Abdullah Gl Uni-
versity. He has published more than 50
research articles, 2 book chapters, and holds
13 international patents on organic (opto)
electronics.

Choongik Kim completed his Ph.D. in
Chemistry at Northwestern University under
the supervision of Prof. Tobin J. Marks. After
working as a Postdoctoral Associate with Prof.
George M. Whitesides at Harvard University,
he was appointed as Assistant Professor at
Sogang University in 2011. He is currently an
Associate Professor in the Department of
Chemical and Biomolecular Engineering at
Sogang University. He has published more
than 80 research articles on flexible electronic
devices and related optoelectronics materials.

19 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0618-1979

@: ChemPubSoc

ideal acceptor unit for the design of donor-acceptor type
semiconducting architectures. We should note that although
fluorine is the typical substituent on the four-coordinate boron
center (4,4-positions) and carbon is the typical atom at 8-
position, a number of different BODIPY building blocks have
been realized in (opto)electronic applications with different
substituents (e.g., cyano (—CN), acetylenyl (—-C=C-), and
fluorene m-unit) at 4,4-positions and different atoms (e.g.,
nitrogen in aza-BODIPY) at 8-position. Although BODIPYs have
very interesting structural/electronic characteristics with a great
potential for further advancements in OPV and OTFT applica-
tions, a decade ago, they have rarely been studied and
generally exhibited very low carrier mobilities (~107°-
1072 cm?V~"s7"),5* and poor photovoltaic performances (PCEs
of only 1-2%).57%% Only very recent efforts in the past five
years, including some work from our research groups, have
advanced the performance of BODIPY-based materials in (opto)
electronics reaching carrier mobilities of ~0.01-0.2 cm?V~'s™!
and PCEs of ~6-9%. Therefore, detailed knowledge of the up-
to-date results in BODIPY-based semiconductors, which is the
focus of this review, and continuous research into the develop-
ment of novel BODIPY-based semiconductors is of great
importance to broaden the understanding of their charge
transport properties and to advance the corresponding device
performances.

This review intends to provide an overview of the recent
progress on the design and development of BODIPY-based
organic semiconductors, and their applications in OTFT and
OPV devices. Since numerous comprehensive review articles
have focused on the working principles of OTFT and OPV
devices, no detailed attempt is made here.®**”! This review is
structured based on four main BODIPY-based semiconductor
types: (1) semiconductors with a central BODIPY m-unit, (2)
semiconductors with terminal BODIPY m-units, (3) annulated
BODIPY semiconductors, and (4) copolymers based on BODIPY
m-acceptor. At the end, we conclude with the potentials and
challenges of BODIPY m-building blocks for future progress in
OTFT and OPV technologies.

BODIPYs in Bulk Heterojunction Organic Photovoltaics

Inorganic solar cells are relatively mature technologies, and the
power conversion efficiencies have reached 26.7% for crystal-
line silicon photovoltaic cells (PVs).”? However, silicon solar cells
could not be applied to flexible substrates, and they are difficult
to manufacture in large sizes with low costs due to limitations
in fabrication technologies. These shortcomings of silicon PVs
and its inability to provide cost-effective energy solution is
some of the reasons why alternative materials are still attractive
for solar energy conversion systems. To this end, one of the
most promising classes of materials are m-conjugated organic
semiconductors that are blended in an electro-active bulk-
heterojunction (BHJ) layer. BHJ-OPVs could be manufactured via
very simple and cost-effective solution-based methods such as
spin-coating, spray deposition, and printing.”>=” During recent
years, remarkable developments have been achieved in BHJ-

ChemPlusChem 2019, 84, 18-37 www.chempluschem.org

CHEMPLUSCHEM
Reviews

OPVs through the optimization of molecular design on the
active/interfacial layers along with the morphology control and
improved fabrication methods. Mostly, polymer donor-based
OPVs have displayed higher power conversion efficiencies
(PCEs) compared to the small molecule-based devices. However,
small molecule-based semiconductors are advantageous for
their simple synthesis, easy purification, versatile molecular
structure, and minimal batch-to-batch variation.”®*¥ These
organic materials were applied as donors and acceptors in the
BHJ architecture, and various building blocks have been studied
throughout the years.*>? Among these, the BODIPY-based 7~
structures commonly exhibit high absorption coefficient with
absorption maxima in the visible spectral region and high
photoluminescence efficiency. Especially, the BODIPY m-core
possesses deep HOMO level (< —5.2 eV) and efficient mt-stacking
in the thin-film state, making it an attractive candidate for OPV
application. In this section, we summarize the recent progress
(Table 1) in the past decade in BODIPY-based BHJ-OPVs
focusing on four main material types and investigating the
corresponding molecular design, optical-electrochemical char-
acteristics, and device performances along with microstructural/
morphological properties.

Semiconductors with a Central BODIPY mt-Unit

The small molecules developed with a central BODIPY m-unit
exhibit good hole transporting semiconductor behavior, and
they have all been characterized as donor materials in BHJ-
OPVs. The early examples of semiconductors with a central
BODIPY mt-unit were developed by Rousseau et al. as a series of
solution processable small molecules.”® The new molecules 1
and 2 (Figure 2) were synthesized by introducing one or two
styryl units at 3,5-positions, which allowed the extension of -
conjugation and resulted in reduction of the HOMO-LUMO gap.
Oligo-oxyethylene chains ensured good solubility and film-
forming properties. BHJ photovoltaic devices were fabricated
by using 1 or 2 as donor and PCBM as acceptor in a 1:2 donor/
acceptor weight ratio. The bulk-heterojunction device config-
uration was realized by spin-coating chloroform solution of the
blend on ITO-coated glass substrate treated with a film of
PEDOT-PSS film. Both devices exhibited short-circuit current
densities (J,) exceeding 4.0 mAcm™. The device based on 1
gave open-circuit voltage (V) of 0.796 V with filling factor (FF)
of 34%, which led to power conversion efficiency (PCE) of
1.17%. The cell based on 2 showed lower V, of 0.753V,
agreeing well with its higher HOMO level as compared to 1.2%#"
This device presented an improved FF value of 44%, which
suggests that the more m-extended molecular structure of 2
leads to better hole-transport performance with PCE of 1.34%.
Following their original report in a separate study,”” the
same research group improved the device performance by
blending 1, 2 and PCBM in 1:1:2 weight ratio in the bulk-
heterojunction layer. The device exhibited J,. of 470 mAcm™
and V.. of 0.866V with FF of 42%, which overall led to an
increased PCE of 1.70%. Thus, blending dyes with complemen-
tary absorption properties led to a synergistic effect that yielded
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Table 1. Photophysical and photovoltaic performance of bulk heterojunction organic photovoltaics (BHJ-OPVs) based on BODIPY derivatives.
Year Material Amax HOMO LUMO Band gap Joe Voo FF PCE Ref.
[nm] [eV] [eV] [eV] [mAcm™] V] [%] [%]
2009 18 572 —5.69 —3.66 2.03 443 0.796 34 1.17 [46]
2 646 —5.56 —3.75 1.81 414 0.753 44 1.34
2009 1420 - - - - 4.70 0.866 42 1.70 [47]
2010 36 649 - - 1.70 7.00 0.75 38 217 [63]
2011 40 715 —5.22 —3.65 1.57 5.8 0.81 53 240 [64]
2011 43@ 733 —471 —257 2.14 7.0 0.85 71 430 [65]
44 747 —4.62 —2.52 2.10 6.8 0.85 70 4,00
2012 48 580 —5.47 —3.48 1.99 8.25 0.988 39.5 3.22 [48]
56l 532 —5.46 —3.40 2.06 5.22 0.914 31.7 1.51
6" 582 —542 —344 1.98 7.51 0.928 36.7 2.56
7e 534 —5.42 —3.39 2.03 6.16 0.901 333 1.85
2012 450 673 —4.26 —3.75 0.51 29 0.51 35 0.52 [49]
2012 8t 667 —5.46 —3.81 1.65 5.84 0.76 31 1.40 [50]
o 714 —532 —3.86 1.46 143 0.7 47 4.70
108 724 —5.30 —3.85 1.45 5.1 0.56 30 0.90
11% 713 —534 —3.84 1.50 8.5 0.55 32 1.50
2014 128 737 —5.43 —4.08 1.35 5.8 0.62 35 1.26 [51]
2014 13% 748 —5.00 —3.59 1.41 7.00 0.68 31 1.50
14 710 —4.96 —3.42 1.54 3.59 0.43 32 0.51
2014 154 733 —5.02 —3.64 1.38 6.80 0.67 343 1.56 [53]
162 752 —5.06 —3.74 1.32 7.62 0.72 35.7 1.96
179 741 —5.06 —3.73 1.33 11.28 0.74 375 3.13
2014 18 766 —5.14 —3.50 1.64 55 0.71 31 1.20 [54]
194 760 —5.02 —3.37 1.65 8.9 0.51 34 1.50
2014 30% 518 —5.40 —3.79 1.61 3.09 0.65 60 1.21 [37]
31@ 516 —-5.16 —3.82 1.34 3.90 0.62 63 1.51
321 516 —5.14 —3.74 1.40 3.28 0.57 63 1.18
2014 p1e 677 —5.30 —3.50 1.80 223 0.86 48 0.99 [55]
2015 46" 602 —5.15 —2.75 240 8.7 0.81 63 4.50 [66]
2015 47% 715 —522 —3.65 1.57 8.0 0.81 59 3.80 [67]
480 718 —5.16 —3.63 1.53 7.0 0.71 55 270
49! 729 —5.09 —3.60 1.49 5.4 0.61 52 1.70
2015 331 746 —5.01 —3.73 1.28 13.39 0.73 37.3 3.62 [68]
34" 742 —5.02 —3.73 1.29 7.76 0.76 356 2.10
2015 201 628 —5.36 —3.81 - - = - - [69]
211 696 —5.40 —3.81 1.59 7.64 0.73 38 2.12
221 623 —5.15 —346 - - - - -
231 601 —5.41 —3.60 - - - - -
24" 670 —5.17 —3.58 - - - - -
2015 351 641 —5.23 —3.72 1.51 10.55 0.97 46.5 475 [70]
36" 576 —5.49 —3.69 1.80 3.49 0.99 435 1.51
371 677 —5.16 —3.71 1.45 415 0.87 464 1.67
2015 ps5t! 444 —-5.16 —4.02 1.15 3.39 0.59 56.2 1.10 [71]
2016 50! 707 —5.13 —3.40 1.73 10.4 0.77 57.3 45 [72]
510! 705 —5.06 —343 1.63 8.6 0.74 57.3 3.7
SpL 753 —4.99 —3.48 1.51 8.5 0.61 51.0 26
2017 255 627 —493 —3.28 1.65 13.79 0.768 66.5 7.20 [73]
2017 26" 765 —5.26 —3.91 1.35 13.9 0.64 65 5.80 [74]
271 760 —5.26 —3.93 1.33 10.0 0.75 39 2.90
2017 p2@ 736 —5.32 —3.97 1.35 16.36 0.66 56 6.16 [38]
2017 38" 552 —5.24 —3.39 1.85 6.93 0.79 475 2.58 [75]
39 554 —5.18 —3.46 1.72 8.37 0.72 50.1 2.98
409 550 —5.11 —3.65 1.46 11.84 0.73 53.8 461
4@ 548 —5.02 —3.37 1.65 9.76 0.63 54.1 3.30
2017 530 762 —491 —3.67 1.24 4.9 0.41 55 0.8 [76]
54 777 —5.07 —3.78 1.29 6.1 0.56 63 1.6
551 793 —5.04 —3.81 1.23 2.0 0.48 67 1.0
56" 774 —5.00 —3.74 1.26 5.6 0.52 47 14
58 797 —5.13 —3.84 1.29 5.2 0.61 51 1.6
2018 p3@ 713 —5.40 —3.66 1.82 12.77 0.95 61 7.40 [771]
P4 780 —532 —3.73 1.59 14.48 0.92 66 8.79
2018 28 818 —5.39 —3.74 1.65 1243 0.88 61 6.67 [78]
200 861 —5.36 -3.79 1.57 14.32 0.95 67 8.91
2018 P6® 624 —5.45 —3.69 1.76 13.48 1.06 65 9.29 [79]
[a] via solution process; [b] via vacuum deposition.
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Figure 2. Chemical structures of semiconductors with a central BODIPY mwt-unit.

extension of photoresponse and increased power conversion
efficiency.

Rousseau et al. later synthesized a new BODIPY donor (3), in
which 5-hexyl-2,2"-bithienyl (BT) unit is attached to the meso-
phenyl ring of 2 (Figure 2)*@ The addition of this short
oligothiophene block improved the hole-transport property of
3, as observed in other classes of p-type semiconductors.®?
However, the BT group had a small impact on the electronic
properties of the BODIPY system due to the large twist angle
associated with the thiophene-phenyl linkage and the non-
coplanarity of the meso-phenyl ring with the dipyrromethene -
system. Cyclic voltammetry measurements showed a slight
positive shift of the oxidation and reduction potentials confirm-
ing the effect of the BT unit on HOMO/LUMO energies. To
fabricate BHJ cells, chloroform solution of compound 3 and
PCBM (1:2 weight ratio) was spin-coated on ITO-coated glass
substrate having a layer of PEDOT-PSS. The device exhibited J,.
of 700 mAcm™2, V,. of 0.75V, and FF of 38%, which yielded
PCE of 2.17%. Considering very similar optical and electro-
chemical features for 2 and 3, the improved efficiency was not
related to the increase in V. nor the light-harvesting properties;
the large increase in J,. suggests that the BT side chain had
contributed to the hole-transport properties. This was further
confirmed by fabricating ITO/Baytron/donor/Au devices and
measuring the hole mobilities by space charge limited current
technique. Hole mobilities of 5.10x107> cm?V~'s™' and 9.70x
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10°cm?V~'s™' were measured for 2 and 3, respectively,
proving that the presence of BT chain improved the hole-
transport efficiency.

Lin et al. reported small molecular BODIPY dyes incorporat-
ing conjugated substituents at the f sites (4-7) (Figure 2).*¥
This was the first report applying p-substituted BODIPY small
molecules in OPVs. Absorption and emission spectra of the new
dyes showed the characteristic absorptions at 530-580 nm
indicating elongation of the effective m-conjugation lengths.
Large twist angles (>50°) between BODIPY core and thiophene
rings were observed for 6 and 7, which weakens the electronic
interaction between the BODIPY core and the peripheral
segments. The alkyne units in 4 and 5 release the steric
congestion and facilitate light harvesting. 6 and 7 experienced
large Stokes shifts indicating that the excited-state molecules
display a more planar conformation or a more pronounced
charge-transfer state before emission. Bulk heterojunction
inverted photovoltaics with the configuration of [TO/Ca/BODIPY
dyes: [6,6]-phenyl C71 butyric acid methylester (PC;,BM) (1:3,
w/w)/MoO;/Ag were fabricated by spin-casting the active layer
from chloroform solution. Different concentrations of the dyes
were applied for the active layer; the resulting varied film
thickness was found to play an important role in determining
the electrical characteristics of the device.®® While the open-
circuit voltage (V,.) value showed little dependence on the film
thickness, J,. and PCE values varied significantly. Both J,. and FF
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values increased as the film thickness decreased. This is because
of increased degree of geminate and non-geminate recombina-
tions caused by larger serial resistance in thicker films. Through
optimization of the dye concentration for all small molecules,
the dyes with the alkyne entity exhibited better cell perform-
ances. Especially, OPV devices with 4 showed J, of
8.25mAcm™2 V, of 0988V, and FF of 39.5% yielding the
highest PCE of 3.22%.

Bura et al. developed a new series of thienyl-BODIPY dyes
(8-11 in Figure 2) and characterized their physical/optoelec-
tronic properties along with their performances as active layers
in both thin-film transistors and organic photovoltaics.™
Through differential scanning calorimetry (DSC) measurements,
9 was identified as a semicrystalline material with reproducible
melting and crystallization thermal transitions. The other
molecules remained amorphous showing melting transitions
only during the first heating ramp. Single crystal X-ray
diffraction of 9 was obtained to investigate its molecular/
packing structure. 9 framework substituents displayed a
coplanar structure with a nearly planar BODIPY core and a
slightly curved overall structure. All four molecules exhibited
fluorescence in the near-infrared region where their excitation
and absorption spectra perfectly matched. The molecular
energetics determined via cyclic voltammetry measurements
indicate that all four molecules are suitable to be employed as
electron donors with PC4,BM in BHJ devices. A low-lying HOMO
level was favorable for a high V,, and the energy offset
between the LUMOs of PC¢;BM and donors was 0.23 V that is
very close to an ideal case.”™ Charge transport performance of
the current dyes were measured by applying them as a
semiconductor layer in bottom-contact OTFTs, and 9 exhibited
ambipolar characteristics with hole and electron mobilities of
1x102 cm?V~'s™", while the other molecules showed lower
mobilities. The relatively high mobility value was ascribed to
the short distance between neighboring molecules in its solid
state. This was favored by the high propensity of the planar
molecule to organize in three dimensions with strong intermo-
lecular interactions of |--F and m-m-stacking. Glass/ITO/PEDOT:
PSS/8-11:PC¢;BM/AIl structures were fabricated for BHJ-OPV
devices, and the blended films were optimized by varying the
mass ratios. Remarkably, a high J value (143 mAcm™) was
observed for 9 due to its optimal band gap (1.46 eV) that
corresponds to the value predicted by Shockley and Queisser
for a single-junction photovoltaic system® and the large
absorption extinction coefficient. The relatively high V.. value
was in agreement with a deep lying HOMO level. By applying a
bilayer cathode with lower 9:PC,,BM content, slightly increased
FF (47 %) and PCE of 4.7% have been achieved. Relatively lower
performances were achieved for 10 or 11 due to their much
lower hole mobilities causing inefficient charge separation/
collection.

Mirloup et al. synthesized a new BODIPY-based molecular
structure, 12, which incorporates two thiophene-benzothiadia-
zole-thiophene moieties at BODIPY 3,5-positions (Figure 2).°"
The design was based on a push-pull-push architecture. In the
absorption spectra of 12, three peaks were observed; the first
peak around 320 nm was due to the presence of thiophene
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units overlapping with BODIPY.”” An effective charge transfer
band (CT) was observed at 537 nm due to strong electronic
interaction between thiophene and benzothiadiazole units. The
most intense peak (£=90000 M~'cm™') appeared at 737 nm
that corresponds to s—mt* transition of the BODIPY unit. 12 was
used as electron donor and blended with electron acceptors
PCs;BM or PC,,BM to fabricate electro-active films for bulk
heterojunction photovoltaics. Through the optimization of
processing conditions, the devices exhibited promising PCE of
1.26%, with J., V,., and FF values of 5.8 mAcm™2 0.62V, and
35%, respectively.

Two near-IR absorbing BODIPY based donor molecules 13
and 14 were synthesized by Kolemen et al. (Figure 2).%? In their
previous study,” it has been shown that the absence of methyl
groups at 1,7 positions was advantageous for extended m-
conjugation and smaller dihedral angle between meso-phenyl
units and the BODIPY core. In 13, electron donor diphenylamino
phenyl moiety was placed at the meso position with a styryl
spacer to improve the intramolecular m-conjugation and
structural flexibility. To observe the structural effects on the
donor, meso-phenyl substituted analogue 14 was also studied.
Additional diphenylamino phenyl units were attached at 3,5
positions to obtain near-IR absorptions. Both molecules showed
intense and broad absorption bands in the red and near-IR
region with high extinction coefficients. 13 exhibited red-
shifted peak around 748 nm due to its extended smt-conjugation.
The HOMO/LUMO energies for 13 and 14 were measured to be
—5.00/—3.59 and —4.96/—3.42 eV, respectively. Bulk heterojunc-
tion photovoltaics were fabricated with the active layer of 13-
14/PC¢;,BM, and 13 showed PCE of 1.50% with J, V., and FF
values of 7.00 mAcm™2 0.68 V, and 31 %, respectively. Structural
analysis of the two small molecules was carried out, and the
more twisted meso-substituent in 14 was found to be
responsible for the decreased interaction between donor and
acceptor moieties in the bulk-heterojunction layer to result in
decreased device efficiency. Therefore, donor-acceptor distance
could be considered as a key factor in enhancing device
efficiency and, thus, as a design strategy in tuning the proper-
ties of the m-core.

Liu etal. synthesized and fully characterized three new
BODIPY-based small molecular donors 15-17 (Figure 2).*
Modification at the meso-position showed slight influence on
the light-harvesting ability, energy levels, and domain sizes, but
it was very effective in tuning the packing behavior in the solid
state. Through two-dimensional grazing incidence X-ray diffrac-
tion (2D GIXRD) and conventional X-ray diffraction (XRD)
measurements, 16, as compared with 15, exhibited more
ordered packing behavior in the pristine film, which originated
from the presence of favorable intermolecular interactions
based on halogen atoms.®” However, when PC,,BM was
blended to fabricate BHJ layer, destruction of the crystalline
structure occurred for both molecules. As for 17, dimerization
of the two BODIPY units expanded the m-backbone and gave
the molecule a twisted structure through the “steric pairing
effect” resulting in an enhanced intermolecular interaction.””
Strong and highly ordered diffraction peaks were observed not
only for the neat 17 film, but also for PC,,BM:17 blend films.

23 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0618-1979

@: ChemPubSoc

This corresponded well with the UV-vis absorption spectra,
where A, of 15 and 16 exhibited hypochromic shifts when
blended with PC,;BM while the M\, of 17 remained unchanged
(Figure 3). Therefore, it could be proposed that the ordered
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Figure 3. UV-vis absorption spectra of the three donors in the blend films
(dashed lines) (1:2 for 15 (H-T-BO):PC,,BM and 1:2.5 for 16(Br-T-
BO):PC,,BM and 17(DIMER):PC,,BM, w/w).®* The absorption spectra (solid
lines) for the neat films are also displayed for comparison. Copyright 2014
American Chemical Society. Reproduced with permission from ref. [53].

packing of 17 remained well both in pristine and blend films.
With the fact that the packing order improved from 15 to 16
and to 17 in pristine films and even in blend film for 17, the
performance of the BHJ devices followed the same trend. 15,
16, and 17 exhibited J,. values of 6.80, 7.62, and 11.28 mAcm ™,
respectively, which is followed by the PCEs of 1.56, 1.96, and
3.13%, respectively. This study demonstrated that the
enhancement of intermolecular interaction and dimerization
through meso-position clearly contributed to the J,. and PCE of
BODIPY-based small molecular photovoltaics.

Sutter et al. synthesized new BODIPY-based small molecules
18 and 19, which were m-extended with vinyl-thienyl linked
triphenylamine moieties (Figure 2).5 It has been reported that
the attachment of thiophene moieties on the BODIPY m-core
improved the efficiency due to high carrier mobility inside the
active layer®™ Also, high open circuit voltage has been
demonstrated by linking triphenylamine fragments in the 2,6-
positions of the BODIPY framework."® Thus, the newly designed
molecules were expected to exhibit increased electronic density
towards thiophene sites to favor charge transfer with the
electron-withdrawing BODIPY core. The molecules were
blended with PC;,BM to fabricate bulk-heterojunction solar cell
devices. By optimizing the blending ratio and applying addi-
tional annealing, 19 achieved the highest PCE of 1.5% with J,,
V,., and FF values of 89 mAcm™ 0.51V, and 34 %, respectively.

Liao et al. designed and synthesized a series of novel meso-
thienyl BODIPY derivatives (20-24) with various electron-
donating units (thiophene, bithiophene, carbazole, fluorene and
triphenylamine) at 3,5-positions (Figure 2).* The derivatives
exhibited good panchromatic absorption with high extinction
coefficients. Especially, 21 exhibited a broad absorption band
and a high extinction coefficient due to the presence of
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strongly electron-donating five-membered ring containing
bithiophene moiety. This particular derivative possesses better
intermolecular interactions facilitating electronic communica-
tion between donor and acceptor units in the blend layer. 21
was chosen as the electron donor material to fabricate BHJ
photovoltaic devices with PCg;,BM acceptor via conventional
spin-coating process. The optimized solar cell devices achieved
a PCE of 2.12% with J,. of 7.64 mAcm™2 V,. of 0.73 V, and FF of
38%.

A novel BODIPY-based small molecule, 25 with dithiafulva-
lene (DTF) end units, were synthesized and characterized by
Rao et al (Figure 2).”® DTF acted as an effective electron-
donating moiety to tune the molecular optoelectronic proper-
ties and to form a stable complex with electron acceptors in
photovoltaics.""*""" A broad absorption profile was observed
covering a wide spectral range of 350-780 nm extending into
near-IR region. The molar extinction coefficient value (g) at the
strongest peak of 376 nm was calculated as 3.3x10°*M 'em™,
which was attributed to m-rt* transition in the peripheral DTF
donor unit. The HOMO and LUMO energy levels were estimated
to be —4.93 and —3.28 eV, respectively, from cyclic voltammet-
ric measurements. This indicates that the frontier molecular
energy levels of the new molecule were compatible with those
of popular electron acceptors for use in OPVs. A high PCE of
7.2% was measured from BHJ photovoltaic devices fabricated
with solution-processed and thermally annealed 25: PC;,BM
blend films. This was one of the highest efficiencies reported for
a BODIPY-based donor. It is noteworthy that a remarkable value
of 88.1% external quantum efficiency was observed at 371 nm.
Furthermore, a smooth surface morphology and low RMS
roughness of ~1.8 nm was measured for the annealed photo-
active layer.

Bulut et al. developed and synthesized two new BODIPY-
based dumbbell-shape molecules 26 and 27 with triazatruxene
(TAT) moieties for OPV applications (Figure 2)."" In the design
of these molecules, self-assembling property of a previously
reported BODIPY derivative, 9,°” was tuned by incorporating
TAT end units. TAT end unit has been reported to strengthen
the molecular stacking behavior."**'?" Ethynylene and vinylene
conjugated linkers were used in 26 and 27, respectively, to link
sterically-demanding TAT units to the BODIPY central core by
preventing steric hindrance from weakening the electronic
communication in the molecular backbone.® Particularly, 27
was reported to be the first example of tetra-vinylaryl
substituted BODIPY-based molecule with different vinylaryl
groups at 3,5 and 2,6 positions. DFT calculations confirmed the
presence of highly coplanar TAT end-groups. Significant differ-
ence was observed in the film absorption spectra of 26 and 27,
suggesting distinct solid-state packing behavior for each
molecule. Both small molecules were applied as electron donor
in OPV devices using PC,;BM acceptor, and 26 exhibited the
highest PCE of 5.8% exceeding that of TAT-free 9-based
reference device. This result was ascribed to higher charge-
carrier lifetime/mobility and much higher FF in 26-based cells
because of the presence of ethynyl-linked TAT end units.

Two novel small molecular BODIPY semiconductors 28 and
29 (Figure 2) were very recently synthesized by Bucher et al. as
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Figure 4. Chemical structures of semiconductors with terminal BODIPY m-units.

donor material for solution-processed bulk heterojunction solar
cells.”® The BODIPY core was linked to DPP units via ethynyl
linkages at 2,6-positions and connected to porphyrin unit via
phenyl-vinyl (28) and thiophene-vinyl (29) linkers to enable
intramolecular energy transfers. In their previous report,"*
BODIPY was directly linked to porphyrin and the connection
between BODIPY core and thiophene was enabled via ethynyl
linker to obtain donor copolymers. 28 and 29 based thin-films
showed absorbance from 400 nm to 818 nm and to 861 nm,
respectively. LUMO energy levels of 28 and 29 were measured
to be —3.74 eV and —3.79 eV, respectively, via cyclic voltamme-
try measurements. The HOMO energy levels of —5.39 eV and
—5.36 eV were calculated by using LUMO and E, values. The
solar cells were fabricated within the device architecture of ITO/
PEDOT:PSS/28 and 29:PC,,BM/PFN/AIl, blend of 1:1.5 weight
ratio for donor: PC,;BM. Optimized device of 28 exhibited PCEs
of 3.32% with V,. of 0.92V, J,. of 8.81 mA/cm? FF of 41%. 29
showed higher PCE of 4.73% with J,. of 10.85 mA/cm? V.. of
0.97 V, and FF of 45%. After solvent vapor annealing (SVA) in
presence of CS,, PCE significantly increased to 6.67 % with V.. of
0.88V, J,. of 1243 mA/cm? and FF of 61% for 28. 29-based
device showed higher performance with PCE of 8.98%, V.. of
0.95V, J,. of 1432 mA/cm?, and FF of 67 %. PL spectra revealed
that the better photovoltaic performance of 29 comes from its
better exciton dissociation and charge transport properties.
These molecules also exhibited the energy losses of 0.63 eV and
0.50 eV, respectively. This difference originates from the lower
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LUMO offset between 28 and PC,;,BM (0.31 eV) in comparison
with 29 and PC,;BM (0.36 eV). Consequently, these results are
one of the highest performances in the literature for small
molecular donor materials. BODIPY, DPP, and porphyrin are
shown to be a very promising building block combination for
further development of high-performing solar cells.

Semiconductors with Terminal BODIPY wt-Units

Semiconductors developed with terminal BODIPYs are accept-
or-donor-acceptor (A—D—A) type molecular systems in which
BODIPYs have been employed as m-acceptors. Although most
of these semiconductors have been characterized as donor
materials in BHJ-OPVs, one study has demonstrated their
characterization as an acceptor material. This study was
conducted by Poe et al. in which they synthesized a series of
A—D—A small molecules containing terminal BODIPY m-units.””
BODIPY moieties were conjugated through their meso-positions
using a brominated hexylthiophene linker to afford 30, 31 and
32 (Figure 4). Donor addition through a and f positions of the
BODIPY core has allowed the m-conjugation to extend, resulting
in red-shift of optical absorption and reduction of band gap.
However, conjugation through the meso position yielded
minimal interaction between the donor core and the terminal
BODIPY units in the ground state resulting in relatively small
shift in the absorption profile.'®'%? Stronger donor units
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(cyclopentadithiophene and dithienopyrrole) in 31 and 32 led
to red shifts in the charge transfer band resulting in low optical
band gaps of 1.47 eV. Low LUMO levels of —3.7 eV and —3.9 eV
were observed, respectively, which makes these molecules
potential acceptors in BHJ-OPVs. Inverted bulk heterojunction
photovoltaic devices were fabricated by blending the acceptor
small molecules 30, 31 and 32 with P3HT donor. PCE of 1.21%
was achieved for P3HT:30 active blend layer. Previous studies
have reported the use of solvent additives to improve the
efficiency of PCBM-based BHJ devices."®"'® Since newly
synthesized acceptors showed good solubility in most organic
solvents, 1-chloronaphthalene was applied as a solvent additive.
When 3% 1-chloronaphthalene was added, 31 yielded J,, V.,
and FF values of 3.90 mAcm™, 0.62V, and 63%, respectively,
with the highest PCE of 1.51 %.

Liu et al. synthesized and characterized two new BODIPY
small molecules 33 and 34, where the BODIPY end units were
linked to diketopyrrolopyrrole (DPP) and 4,8-dithienyl-benzo
[1,2-b:4,5-b’ldithiophene (BDT) m-cores, respectively, through
their meso-positions (Figure 4).%® The absorption spectra con-
firmed that the central DPP moiety in 33 complements the gap
between the absorption bands of two BODIPY end-units and
affords enhanced absorption. The photovoltaic properties were
observed by fabricating BHJ-OPV devices using PC,;BM accept-
or. The devices based on 33 exhibited the best PCE of 3.62%
with J., V,, and FF values of 13.39 mAcm™ 0.73 V, and 37.3 %,
respectively. 34 yielded lower PCE of 2.1% with J,. of
7.76 mAcm™, V. of 0.76 V, and FF of 35.6%. External quantum
efficiency (EQE) and absorption spectra of the blend films were
compared to investigate the contribution of the DPP m-core to
the photocurrent. The DPP-containing film showed not only
enhanced absorption, but also intense and sharp diffractions in
XRD measurements that indicate a relatively more crystalline
morphology.

Three acceptor-donor-acceptor type small molecules 35-37
were synthesized by Xiao et al,, in which 8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[1,2-b:4,5-b]dithiophene (BDTT), 9,9-dioctyl-
9H-fluorene (FL), and thieno[3,2-blthiophene (TT) donor cores
were conjugated, respectively, to the a-positions of the BODIPY
acceptor end-units (Figure 4)."” The small molecules showed
good solution-processability, broad and strong absorptions, and
low-lying energy levels. Among these molecules, photovoltaic
devices based on 35/PC;,BM blend layer showed the highest
PCE of 4.75% with J,. of 10.55 mAcm™2, V.. of 0.97 V, and FF of
46 %. Since V,. depends on the energy difference between the
HOMO of a donor and the LUMO of an acceptor, higher V,. was
obtained for the devices based on 35 and 36, for which lower
HOMO energy levels were observed. The 35-based device
yielded significantly higher J.., which was further confirmed by
EQE measurements. As compared with other molecules in this
study, relatively extended m-conjugation of 35 molecular back-
bone leads to stronger intermolecular orbital overlaps with
enhanced isotropic charge transport."' 35/PC,,BM blend films
showed the smallest domain sizes with the optimal nanophase
separation, which facilitates close contacts between 35 and
PC,;BM molecules. On the other hand, 37-based blend film
displayed large globular domains,"'” which led to reduced
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interfacial area between donor and acceptor units and resulted
in low J,..

Liao etal. designed and synthesized four new solution
processable, linear acceptor-donor-acceptor type BODIPY small
molecules 38-41 by using various donor units of fluorene,
carbazole, benzodithiophene, and phenothiazine (Figure 4).7”
The connections between terminal BODIPY and central donor
units were made by using conjugated ethynyl units at BODIPY’s
2-position, which led to the extension of molecular absorption
spectra (320-700 nm) with high molar extinction coefficients
(10°cm™"M™") and strong fluorescence quenching. BHJ organic
solar cells were fabricated with the device structure of ITO/
PEDOT:PSS/active layer/Ca/Al, where 38-41 were used as the
donor and PC;;BM was used as the acceptor in a 1:1 weight
ratio in the presence of 1% 1,8-diiodooctane (DIO) additive. 40-
based device exhibited the highest PCE of 4.65% with J,. of
11.84 mAcm™2 V,. of 0.73V, and FF of 53.8%. Better device
performance of 40, as compared to other molecules in this
family (2.60-3.33%), originated from superior photon-electron
conversion and carrier transport properties of structurally highly
favorable dialkoxy-substituted benzodithiophene unit. The films
of 40 showed greater intermolecular interactions, as compared
with those of 38, 39, and 41, which led to enhanced light
absorption, increased hole mobility, and favorable surface
morphology.

Annulated BODIPY Semiconductors

Annulated BODIPYs are another class of organic semiconductors
which display extended m-conjugation and backbone rigidity,
which together leads to high fluorescence quantum yields and
strong intermolecular m—m interactions. These molecules have
been characterized as donors, acceptors, and sensitizers in BHJ-
OPVs and showed promising device performances. The early
example of an annulated BODIPY was reported by Meiss et al. in
which a transparent organic photovoltaic device was fabricated
using a benzannulated BODIPY small molecule (42) as the
donor material (Figure 5).%9 42 was synthesized following the
previously reported paper by Gresser etal.® This material
showed an absorption peak at 773 nm, which made it
applicable for devices where transparency in the visible range is
as important as the absorption in the near-infrared region. The
photovoltaic devices adopted an inverted p-i-n architecture in
which the intrinsic absorber is sandwiched between highly
conductive, doped charge transport layers. The photoactive
bulk heterojunction layer was fabricated by blending 42 with
Cso and was sandwiched between an intrinsic electron transport
and donor layer for better coverage of the infrared region. The
device exhibited J,. of 5.8 mAcm™ and V., of 0.81 V with FF of
53%, which led to the highest PCE of 2.4% by modifying the
illumination direction. This work demonstrated that BODIPY
materials could be used for highly efficient semi-transparent
organic photovoltaics.

The first example of a BODIPY molecule that worked as a
sensitizer to improve the photovoltaic performance of poly-
meric photovoltaics has been demonstrated by Kubo etal,
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Figure 5. Chemical structures of annulated BODIPY semiconductors.
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which were hexylthiophene-conjugated BODIPYs with a central
benzo[1,3,2]oxazaborinine ring (43 and 44 in Figure 5).° These
molecules absorb near-infrared light with relatively high
molecular extinction coefficients. Prior to this study, the group
has developed new types of BODIPYs with benzo[1,3,2]
oxazaborinine m-core relying on intramolecular B—O chela-
tion,® which led to a red shift in the absorption band®*
yielding near-infrared absorbing dyes. Through comparison
with the corresponding hexyloxy derivative, the effect of
thiophene insertion on the absorption property was examined.
43 showed near-infrared light absorption with a A, value of
733 nm and the molecular extinction coefficient (€) of 1.35x
10° M~"ecm™', which is suitable for light-harvesting. 44 showed
Amax Of 747 nm and € of 1.48x10° M~'cm™’, where the red shift
with the enhanced molecular extinction coefficient could be
attributed to the degree of twists between the isoindole unit
and thiophene rings in the chromophore. The newly synthe-
sized dyes were incorporated into the electro-active layer of
P3HT/IC;,BA (IC;,BA=indene-C,, bis-adduct) in a BHJ photo-
voltaic cell.®”” When compared with the P3HT/IC,,BA control
device, the addition of BODIPY molecules led to an increased
charge carrier generation in the near-infrared region, exhibiting
enhancements in the short circuit current and the PCE (Fig-
ure 6). The P3HT/IC,,BA/43 ternary device resulted in J, of
7.0 mAcm, V,. of 0.85 V, FF of 71%, and PCE of 4.3 %.
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Figure 6. J-V curves for the photovoltaic devices based on P3HT:IC,,BA
blend layer with and without 5 wt% 43 (shown as 1a in the figure).*
Copyright 2011 American Chemical Society. Reproduced with permission
from ref. [65].
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Hayashi et al. developed a novel aryl-fused BODIPY mole-
cule 45 (Figure 5) and demonstrated photocurrent generation
based on its n-type semiconducting property.*? The molecule
was synthesized through oxidative cyclization of B-aryl groups,
and it exhibits extended m-conjugation and backbone rigidity
that together leads to high fluorescence quantum yield and
strong intermolecular m-m interactions. As a result, 45 demon-
strated near-infrared absorption with an intense absorption
maximum at 673 nm. The molecular structure of 45 is revealed
by single crystal X-ray diffraction analysis, in which n-n
interactions between peripheral fused-biphenyl moieties ex-
hibited short interplanar distance of 3.48 A. In addition, BODIPY
units displayed a 1-D infinite stack, which is known to be
favorable for organic semiconductors.®°" The electrochemical
properties were also examined that indicated a low LUMO
energy level of —3.75 eV. This is in the range of those of the
previously reported n-type semiconductors. To verify the n-type
characteristics of 45, a p-n heterojunction photovoltaic device
was fabricated employing tetrabenzoporphyrin (BP) as an
electron donor®** AV, of 0.51V, J,. of 2.9 mA/cm? and FF of
35% were obtained yielding PCE of 0.52% and demonstrating
the potential of BODIPY small molecules as n-type semi-
conductors in OPVs.

Chen et al. synthesized and investigated a novel benzannu-
lated BODIPY 46 (Figure 5).°° The extended m-conjugation in
this molecule leads to a broader absorption in the red region of
the solar spectrum (A, ~800nm), and m-m interactions
between the fused benzene rings was expected to enhance
carrier-hopping rate. 46 was used as electron donor with Cg,
acceptor in a BHJ cell and demonstrated the highest perform-
ance in a bilayer architecture with a PCE of up to 4.5% (J,. of
87mAcm? V, of 081V, and FF of 63%). Furthermore,
neutron reflectivity experiments were performed on the bilayer
film, which revealed a 13 nm mixed layer at the donor/acceptor
interface. Although each layer was deposited separately during
the fabrication of these devices, spontaneous mixing of Cg, and
46 was evident. To interpret the extent of spontaneous mixing,
planar-mixed heterojunction devices were fabricated, and the
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Figure 7. Synthesis and chemical structure of copolymer P1 based on
BODIPY m-acceptor.®

intrinsically mixed region of the bilayer device showed a 46:C,,
ratio of 1:3.

Three benzannulated aza-BODIPY molecules 47-49 (Fig-
ure 5) with different substitutions were studied in OPV devices
by Kraner et al.”” These molecules were previously studied by
Gresser et al."" These three donors were optimized with Cy, to
fabricate bulk heterojunction photovoltaics and 47 yielded the
highest PCE of 3.8% with J, V,., and FF values of 8.0 mAcm 2,
0.81V, and 59%, respectively. Note that this exceeded the
device performance originally reported by Meiss et al.*¥ When
methyl/methoxy groups were added to 47, 48, and 49 exhibited
lower PCEs of 2.7 and 1.7 %, respectively. This PCE trend agreed
well with the charge carrier mobilities measured by open-circuit
corrected charge carrier extraction (OTRACE) method. The
mobility decreased as the size of the functional group increased
due to higher reorganization energy of the donor molecule and
the increasing number of traps. Higher trap density was
measured by impedance spectroscopy for lower performing
aza-BODIPY blends. The traps originated from the bulk of the
donor, which results in an increased trap density in the blend
for higher donor contents. Therefore, it could be concluded
that the additional side groups in the aza-BODIPYs lowered
charge carrier mobilities and led to lower PCEs.

Lorenz-Rothe et al. developed new small molecular benz-
aza-BODIPYs (50-52) which has fluorene groups at the boron
center instead of fluorine atoms (Figure 5. These semi-
conductors exhibited high thermal stability due to the presence
of phenyl, tolyl, and methylthienyl substituents at a-positions.
They also showed absorption maxima at 670-715nm in
solution and at 700-750 nm in thin-film. The hole transport
characteristics of the current borafluorene compounds were
found to be very similar to those with BF,-substitutions, which
is in the range of 10™*-107° cm?V~'s™". The new molecules were
employed as donor material in bulk heterojunction photo-
voltaics where C4, was used as the acceptor. 50-based devices
fabricated as a blend layer in thickness of 70 nm showed PCE of
4.4% and high EQE of 62% at 690 nm. This result is one of the
highest efficiency values in the literature reported for a
vacuum-processed small-molecular solar cell. These solar cell
performances make borafluorene BODIPYs very promising for
future developments.

Three novel benzannulated aza-BODIPY dyes with N-methyl
pyrrole, N-methyl indole and 2-trimethylsilyl thiophene (53-55)
substituents at a-positions were synthesized by Li et al. (Fig-
ure 5).7% These dyes exhibited absorption maxima at 762-793
in solution and at 830-849 nm as thin-film with high molar
extinction coefficients. So, they were used as NIR absorbers in
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photovoltaics. The same research group also synthesized three
additional derivatives by replacing one fluorine atom in BF,
with a cyano group (56-58). These molecules also showed high
extinction coefficients and outstanding absorption maxima at
774-797 nm in solution. Cyano- and fluorine-functionalized
molecules exhibited different dihedral angles between the
substituents at o-positions and the BODIPY m-core, which is
induced by the F--H hydrogen bond interactions and stacking
effects. Both the HOMO and LUMO energy levels are relatively
more stabilized in cyano-functionalized molecules, which has a
direct effect on its thermal stability. Cyclic voltammetry
measurements revealed that the frontier energy levels of these
semiconductors make them suitable as donor materials in
photovoltaics. The bulk-heterojunction solar cells were fabri-
cated by vacuum deposition of these molecules where Cq, was
used as the acceptor material. BHJ solar cells based on these
dyes displayed PCEs of 1.4-2.6%. Further optimization of 55-
based devices revealed the best PCE value of 3.0% and V. of
0.61 V. The authors also mentioned that these molecules could
be used in tandem/triple solar cells thanks to their high thermal
stabilities and absorption onsets at 950 nm.

Copolymers Based on BODIPY m-Acceptor

Although BODIPY-based copolymers have been widely studied
in the literature for numerous applications, until today there
has been not many examples for use in BHJ-OPV devices. To
this end, the only known BODIPY copolymers, P1-P6, are
summarized here, which showed some of the best photovoltaic
performances when used as the donor material in the BHJ layer.
In the early study, He etal. synthesized a novel conjugated
polymer, P1, by combining BODIPY and Pt-acetylenide building
blocks (Figure 7). The platinum diacetylenide moiety adopts
square planar structures and serves as a structural scaffold that
combine organic and organometallic chromophores to form
linear conjugated polymer chains."®'%® Moreover, the platinum
complexes exhibit strong spin-orbital couplings that induce
long-lived triplet exciton formation, which has been considered
to be advantageous in OPVs.'%"" P1:PC¢,BM blends in differ-
ent weight ratios were employed, and the highest PCE was
obtained as 0.21 %. It was suspected that the poor performance
was due to the lack of energy level alignment and non-ohmic
contact formation with the PEDOT:PSS interfacial layer. Thus,
MoO; was thermally evaporated as the anode interfacial
layer."">"¥ As a result, increased J,, V., and FF values of
223 mAcm™2 0.86V, and 48%, respectively, were measured
with an improved PCE of 0.99 %.

In a very recent study, a novel low band-gap D-A
copolymer P2 based on meso-thiophene substituted BODIPY -
acceptor 20D-TBDY was synthesized and characterized by Usta
et al.”¥ P2 was obtained via copolymerization of 20D-TBDY-Br,
acceptor monomer with thiophene donor monomer (Figure 8).
The five-membered thienyl aromatic unit at the meso-position
minimized the dihedral angle (0 =46°) with the highly coplanar
dipyrromethene m-core. This contributed to efficient m-m
stacking and C—H--t interactions in the solid state of the
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Figure 8. Synthesis and chemical structure of copolymer P2 based on BODIPY mt-acceptor."

copolymer. Moreover, mt-delocalization for LUMO was extended
towards the meso-thienyl mt-core, yielding favorable electronic
properties. The thienyl unit at the meso-position effectively
increased the dipole moment of the ground-state, which is
expected to enhance the backbone-ordering and interchain
interactions in the corresponding thin films due to strong
dipolar interactions.'” Photovoltaic characteristics of P2 were
studied by blending with PC,;BM acceptor. Low optical band
gap of 1.3 eV was observed for the copolymer, making it very
attractive for optoelectronic applications."® Furthermore,
strong interchain interactions were found through aggregation
both in solution and solid state, resulting in enhanced -
coherence. Inverted BHJ devices with P2:PC;,BM active layer
showed PCE of 6.16%, J,. of 16.36 mAcm™, V, of 0.66 V, and FF
of 56% after adding 1,8-diiodooctane (DIO). The absorption
spectra and film morphology of the polymer/fullerene blend
with DIO was studied to clarify the enhancement effect. The
absorption peak intensity had increased in the range of 800-
900 nm with a slight red-shift, indicating enhanced structural
ordering and interchain interactions with the addition of
DIO.'2'2% Simultaneously, highly interpenetrated and small-
sized domains (20-40 nm) were formed, which allowed much
larger interfacial area between P2 and PC;,BM. AFM images also
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confirmed the presence of small domains with low surface
roughness.

In another recent study, Bucher et al. reported two novel
solution-processable, acceptor-n-donor type copolymers P3
and P4, which are based on BODIPY m-acceptor and thiophene
si-donor units (Figure 9).7” The connections between donor and
acceptor building blocks were enabled via ethynyl linker. P3
displayed strong absorption profile from 500 to 800 nm with an
optical bandgap of 1.74 eV. Cyclic voltammetry measurements
revealed that HOMO/LUMO energy levels are —5.40eV/
—3.66 eV for P3 and —5.32 eV/—3.73 eV for P4. Widening the
absorption profile (to 850 nm) and reducing the optical band
gap (to 1.59 eV) were realized going from P3 to P4, which
originated from covalent linking of porphyrins to BODIPY's 3,5-
positions. The new copolymers were employed as donor
materials in bulk heterojunction photovoltaics where PC;,BM
was used as acceptor. P3 and P4 based optimized device
showed overall PCEs of 3.03 and 3.86%, and V, values of 0.99
and 0.95V, respectively, which was obtained in 1:2 donor/
acceptor weight ratio and by casting from dichlorobenzene
solution. The difference in the open circuit voltage originated
from more stabilized HOMO energy level of P3. After solvent
vapor annealing (SVA) in DCM, the device performance

P3

Y= --CHzor "\\P

Figure 9. Chemical structures of copolymers P3 and P4 based on BODIPY m-acceptor.

ChemPlusChem 2019, 84, 18-37 www.chempluschem.org

77

29 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0618-1979

@: ChemPubSoc

CHEMPLUSCHEM
Reviews

Figure 10. Chemical structures of copolymers P5 and P6 based on BODIPY m-acceptor.

dramatically increased to PCE values of 7.40% (V,.=0.95V, J,.=
12.77 mA/cm?, and FF=61%) for P3 and 8.79% (V,.=0.92V,
J.=14.48 mA/cm?, and FF=66%) for P4. The addition of
porphyrin caused significant increase in J,. and FF values due to
balanced charge transport, reduced recombination, favorable
blend film morphology, and enhanced crystallinity. The cova-
lent bonding between porphyrin and BODIPY units allowed the
control of distance/orientation between donor and acceptor
moieties in the polymer backbone. This was claimed to be the
key parameter to reach such high-power conversion efficiency
in this study.

The early example of meso-aryl substituted BODIPY-based
donor-acceptor copolymer was based on the report of Chochos
et al., in which they developed a novel copolymer P5 (Figure 10)
employing a,f3-unsubstituted meso-thienyl substituted BODIPY
acceptor and dithienovinylene donor.”” This copolymer showed
an ultralow optical band gap of 1.15 eV, and both acceptor and
donor units were substituted with linear alkyl chains (—CgH,,
and —C,,H,;) to impart solubility in common organic solvents.
Furthermore, this semiconductor was the first copolymer based
on a o,p-unsubstituted BODIPY m-unit. This copolymer showed
a panchromatic absorption profile ranging from 300 nm to
1100 nm, which makes it suitable for near infrared (NIR) organic
photovoltaic applications. P5:PC,,BM blends in different compo-
sition ratios were prepared via spin-coating and were studied in
inverted BHJ-OPV devices, and the highest performance was
obtained with PCE, J. V., and FF values of 1.10%,
3.39 mAcm™ 0.59V, and 56.18 %, respectively.

In a very recent study by Sharma et al.,, a new copolymer P6
(Figure 10) bearing electron-deficient BODIPY and electron-rich
thiophene units linked by ethynyl bridge was synthesized, and
its photophysical/electrochemical properties were investi-
gated.”” Ethynyl bridges were used in the polymeric -
backbone due to its electron-withdrawing nature and the
cylindrical-like m-electron density, which leads stabilized HOMO
energy level (—5.45 eV). Solution-processed BHJ-OPV devices
were fabricated by blending P6 donor polymer with a
carbazole-tetracyanobutadienediketopyrrolo-pyrrole  (SMDPP)
based non-fullerene acceptor. After the optimization of active
layer morphology, very high PCE of 9.29% was achieved, which
is also higher than the devices employing P6 donor polymer
with PC,,BM acceptor (7.41%). This improved power conversion
efficiency was attributed to the better light harvesting efficiency
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of the P6:SMDPP active layer in the near-infrared region, and
the higher LUMO energy level of the SMDPP as compared to
PC,,BM. As of the date of this review, this PCE is the highest
among all known solar cells based on BODIPY based copolymer.

BODIPYs in Organic Thin-Films Transistors

In addition to photovoltaic applications, BODIPY-based small
molecules and polymers have been also explored as electro-
active semiconducting materials in TFT devices. However, when
compared with BHJ-OPVs, the number of BODIPY semiconduc-
tors characterized in OTFTs are much more limited and the
device performances are relatively poor with typical charge
carrier mobilities of 1072 cm?V~"s™" or lower. There is only one
example of a BODIPY semiconductor showing a charge carrier
mobility of >0.1cm?V's7'"? BODIPY m-core possesses a
unique electronic structure and its m-architecture has a clear
impact on its charge-carrier type.®’?%'**' While m-extension on
the BODIPY’s meso-position leads to n-channel semiconducting
characteristics,”” aromatic substitutions at other positions result
in p-channel transistor behavior.*” The BODIPY mt-core has also
been employed as a strong acceptor unit in constructing
donor-acceptor (D—A) molecular/polymeric wt-architectures, and
varied electrical characteristics have been obtained depending
on the final molecular structure. Semiconductor thin-films were
fabricated via vacuum deposition or solution processing, and
not only the electronic feature of the materials, but also the
microstructure/morphology of the films have greatly influenced
overall charge-transport performance. In this section, we
summarize the recent progress (Table 2) in the past decade in
BODIPY-based OTFTs focusing on four main material types and
investigating the corresponding molecular design, optical and
electrochemical characteristics, and device performances along
with microstructural/morphological properties.

Semiconductors with a Central BODIPY m-Unit

Note that TFTs based on 9 that has a central BODIPY m-unit was
discussed earlier in this review. The only other known examples
of molecular semiconductors with a central BODIPY mt-unit are
59-62, which were designed and synthesized by Singh et al.,
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Table 2. Field-effect mobility values, current on/off ratios, and threshold
voltages for organic thin-film transistors (OTFTs) employing BODIPY-based
semiconductors.
Year Material Mobility lon/lofe V, Ref.
[em?V~'s™] \Y%
2011 pst 2.9%107° (p) 10° 75 [39]
P6™! 1.6x107? (p) 10% —53
p7® 3.1x10°% (p) 10? —44
P8 3.9x107° (n) 10 43
po® 1.4%107° (n) 10* 37
2012 9l 1.0x 1073 (p) NA NA [50]
1.0x107% (n)
2013 P10® 2.0x107* (p) 10* —50 [40]
P11® 1.0x1073 (p) 10° —32
P12 1.7%x107" (p) 106 —46
P13@ 7.0x1073 (p) 10° —37
2014 59 8.2x107° (p) 9.2x10° -20 [41]
60" 8.6x107° (p) 53x10* —16
617 8.7x107° (p) 3.1x10* -20
62" 1.4%x10°° (p) 9.0x10° —83
2014 30@ 3.3x107° (n) 10' 7.3 [37]
319 5.8x107° (n) 10° 18
320 54x107° (n) 10? 27
2015 63% 1.5%10°° (p) - - [42]
2x107% (n)
2015 P14% 1.0x107% (p) 40x10° -9 [43]
P15% 3.2x107° (p) 8.3x10° 3
P162 8.0x107*(p) 7.4x10° —25
2016 64 2.7x107*(n) 9.6x10° 43 [44]
65" 1.1%107% (n) 1.5%x10° 19
2016 P17% 6.1x1073 (p) 3.1x10° -17 [45]
3.4x1073 (n) 7.5x10* 58
P18@ 3.1x107* (p) 6.9x10° —-25
P19® 3.1x1072 (p) 1.3x10? —30
1.5%1072 (n) 3.0x10' 40
2016 P20F 7.79%107° (p) 316 —17 [126]
p21% 9.46x107° (n) 10* 58
p22® 537x107* (p) 10° —22
2017 66" 40x1073 (n) 106 - [127]
2017 67" 0.11 (n) 10° 22,5 [137]
2018 p25% 49%107™ (p) 10 —14 [128]
P26 49x107° (p) 10? —50
[a] via solution process; NA = not available.

comprising triphenylamine donor end units at 2,6-positions and
varying alkyl side chains at meso-phenyl group (Figure 11).*"
Homogeneous thin-films were fabricated via solution-process-
ing, and among them, oligoethylene glycol (OEG)-substituted
62 exhibited the highest hole mobility of 1.4x107° cm?V~'s™
and threshold voltage of -8.3V in an OTFT device, which was
comparable to regioregular polythiophenes with OEG substitu-
ents.™ |t is noteworthy that OEG containing m-conjugated

59-62

Figure 11. Chemical structures of semiconductors with a central BODIPY rmt-unit.
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semiconductors have been rare in the literature, and little
attempt has been made to use them in organic (opto)
electronics.

Semiconductors with Terminal BODIPY m-units

The semiconductors employing terminal BODIPY m-units were
all synthesized with five-membered thiophene units attached to
the BODIPY meso-positions, and they mainly worked as n-type
(or ambipolar) organic semiconductors in OTFTs. This particular
design was found to show great electronic/structural advan-
tages to enhance charge-transport in the solid state. In the early
study, Wang etal. designed and synthesized a novel near-
infrared absorbing small molecule 63 (Figure 12) in a con-
jugated acceptor-donor-acceptor-donor-acceptor (A-D-A-D-A)
architecture."? Diketopyrrolopyrole (DPP) and BODIPY acceptor
building blocks were employed with bithiophene donor
bridges. 2-ethylhexl side-chains were added on the central DPP
unit to ensure good solubility in organic solvents. This approach
was employed to realize strong charge-transfer transition and
good m-delocalization."®"” Bottom-contact OTFTs were fabri-
cated, which yielded ambipolar characteristics with moderate
hole and electron mobilities of 1.5x107°cm?V's™" and 2x
10 °cm?V's™', respectively. In the same years, Poe etal.
investigated the TFT characteristics of 30, 31 and 32, which
were originally developed for use in BHJ-OPVs (Figure 4).5”
Bottom-contact OTFTs were fabricated to examine the charge
transport performance of these molecules, and 31 exhibited the
highest electron mobility of 5.8x107°cm?V~"'s™', while 30
exhibited the lowest electron mobility of 3.3x10™° cm?V~'s™".
Following these two studies, Usta etal. designed and
characterized two novel solution-processable BODIPY-based
small molecules for OTFTs in a recent study. 64 and 65 were
developed based on an acceptor-donor-acceptor molecular
system, where BODIPYs were used as terminal acceptors and
terthiophene/quaterthiophene were used as the central donor
unit (Figure 12).*¥ Linear and symmetrical molecular architec-
tures with extended m-conjugations and optimized molecular
energetics were achieved by connecting BODIPYs to the a,w-
positions of oligothiophene cores through meso-positions. The
single-crystal structure of a subunit displayed a relatively planar
geometry. The inter-ring torsional angle between the BODIPY
plane and the meso-thiophene unit was found to be 48.8°,
which is smaller than those of the previously reported meso-
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Figure 13. Top-view SEM images of OTFT devices fabricated via solution shearing of 65 with source-drain electrodes deposited perpendicular (A) and parallel
(B) to the major fiber alignment direction.”” Copyright 2016 American Chemical Society. Reproduced with permission from ref. [44].

aromatic substituted BODIPY small molecules (6 =56-90°). This
is ascribed to the absence of f-pyrrole substituents and
sterically less hindering nature of the five-membered meso-
thiophene ring.*” The BODIPY core showed slipped cofacial -
stacked packing motif with a beneficial interplanar m—x stacking
distance of 3.79-3.97 A. These structural features offered
advantages to enhance charge-transport in the solid state. In
addition, the new molecules exhibited unusually good solubil-
ities despite the absense of long lipophilic alkyl substituents.
Top-contact/bottom-gate OTFTs were fabricated using solution-
sheared films. 65 exhibited an electron mobility of
0.01 cm?V~"s™" with an extremely high |/l ratio of 108, which
was higher than those of 64 (2.7x10* cm?*V~'s™"). Furthermore,
fiber-alignment-induced charge-transport anisotropy (u;/u,
~10) was observed, where higher mobilities were achieved for
the microfibers along the conduction channel, which enables
efficient long-range charge-transport between source and drain
electrodes (Figure 13). These OTFT performances were the
highest reported for an n-type BODIPY-based small molecular
semiconductor.

Following their original study on small molecules 64 and 65,
Usta etal. synthesized and characterized another solution-
processable acceptor-donor-acceptor (A-D-A) type small mole-
cule, 66, which consisted of BODIPY end-unit acceptors and a

ChemPlusChem 2019, 84, 18-37 www.chempluschem.org

rod-shaped 1,4-bis-(thienylethynyl)2,5-dialkoxybenzene central
donor unit (Figure 12)."" 2-ethylhexyloxy electron-donating
groups were employed on the central phenyl ring. To design a
shape-consistent, rod-like structure with an extended m-con-
jugation length, alkyne linkages were applied between the
sterically-bulky central phenyl core and thienyl units.*® It is
known that alkyne linkages are advantageous to assist steric
and conformational constraints due to its quasi-cylindrical
electronic symmetry. The meso-positions of the BODIPYs were
used to connect to the thiophene units by minimizing inter-ring
torsions between donor and acceptor units. 2-ethylhexyloxy
lipophilic substituents were employed for good solubility in
common organic solvents. Single-crystal X-ray diffraction (XRD)
analysis was employed to reveal crucial structural features and
intermolecular interactions of the new semiconductor, and
relatively small “BODIPY-mesothiophene” dihedral angle of
4494° and antiparallel m-stacked BODIPY dimers with an
interplanar distance of 3.93 A were observed. Solution-shearing
method was used to grow highly crystalline one-dimensional
(1-D) microribbons on PS (polystyrene)-brush treated substrates
(Figure 14). Strong edge-to-face “C—H(pyrrolic)--mt(dialkoxyphe-
nylic) (~2.85 A)” with relatively weaker “m(ethynyl)--m(ethynyl)”
(~4.51 A) directional interactions were identified to be impact-
ful in the formation of highly crystalline microribbons along the
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Figure 14. SEM/AFM-topographic images of the solution-sheared 66 thin-film."?” Copyright 2017 Royal Society of Chemistry. Reproduced with permission

from ref. [127].

[100] crystalline direction. Using these microribbons, bottom-
gate/top-contact OTFT devices have been fabricated, which
exhibited an electron mobility of 4.0x102cm?V's™" and
current on/off ratio of 10°~10° This was the highest electron
mobility reported to date for a BODIPY-based small molecular
semiconductor with alkyne linkages.

Annulated BODIPY Semiconductors

Although numerous annulated BODIPY-based semiconductors
have been reported in BHJ-OPV devices showing appreciable
power conversion efficiencies (vide supra), to the best of our
knowledge, there is only one example of an annulated BODIPY-
based semiconductor characterized in TFTs. * In this example,
67 (Figure 15) showed an electron mobility of 0.11 cm?V~"s™'

Figure 15. Chemical structures of annulated BODIPY semiconductor 67.

and |,/ls ratio of 10° This OTFT device also showed a
photoresponse when NIR light was used. We should emphasize
that annulated BODIPY-based semiconductors could be a
potential research direction for the design, development, and
characterization of new BODIPY m-architectures as novel semi-
conductors in OTFTs.

Copolymers Based on BODIPY m-Acceptor

Copolymers based on BODIPY m-acceptor building blocks have
been developed in the past several decades in the literature for
various applications, and there are a good number of reports
on their OTFT performances. Although they are typically p-type
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semiconductors, we should note that there is one study
revealing n-type activity (vide infra). One of the early studies on
BODIPY-based polymeric semiconductors for use in OTFTs was
reported by Popere et al, in which five novel m-conjugated
donor (D) - acceptor (A) type copolymers (P7-P11) incorporat-
ing BODIPY core along with quinoxaline (Qx), 2,1,3-benzothia-
diazole (BzT), N,N'-di(2"-ethyl)hexyl-3,4,7,8-naphthalenetetracar-
boxylic diimide (NDI), and N,N-di(2-ethyl)hexyl-3,4,9,10-
perylene tetracarboxylic diimide (PDI) m-acceptors, respectively,
were synthesized via Sonogashira cross-coupling polymeriza-
tions (Figure 16).%¥ In these polymers, while Qx and BzT are o-
quinoid-type acceptors, NDI and PDI are rylene-type acceptors.
Semiconductor layers were spin-coated from 10 mg/mL chlor-
obenzene solutions onto octadecyltrimethoxysilane (OTS)-
treated Si/SiO, substrates, and bottom-contact thin-film tran-
sistors were fabricated. P7, P8, and P9 exhibited p-type semi-
conductor behaviors. The highest hole mobility was found to
be 29x107°cm?V~'s™" for P7. The combination of BzT and Qx
in the polymer backbone reduced the mobility of holes by few
orders of magnitude. On the other hand, P10 and P11 exhibited
n-type semiconductor behaviors. The electron mobility for P10
was found to be 3.9x10°cm?V~'s™', and, for P11, it was an
order of magnitude higher (1.4x107° cm?V~'s™).

Usta and Facchetti etal. developed BODIPY-thiophene
copolymers P12-P15 as p-channel semiconductor materials for
organic thin-film transistors (Figure 16).*” The planar dipyrro-
methene mt-core unit with effectively delocalized HOMO/LUMO
orbitals enabled extended intramolecular mt-delocalizations and
ni-t stackings. The BODIPY units in the copolymers exhibited
strong local dipoles (u=3.38-4.12 Debye) oriented toward the
4,4'-fluorine substituents, which was found to enhance molec-
ular ordering and thin-film crystallinity via strong dipolar
interactions."?? The alkyl chain of the copolymers at the meso-
position and methyl substituents at the a- and f-positions
ensured good solution processability and facilitated interdigita-
tion in the solid-state.* The polymer thin-films were fabricated
via spin-coating and exhibited p-type characteristics under
ambient conditions. P12, P13, and P15 exhibited relatively low
hole mobilities of 0.0002-0.007 cm?V~'s™" and current on/off
ratios of 10°~10°. P14 exhibited relatively high hole mobility of
0.17 cm*V~"'s™" with current on/off ratios of 10°-10° The out-
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Figure 16. Chemical structures of copolymers based on BODIPY m-acceptor.

standing improvement of mobility in this polymer originated
from its favorable film morphology and electronic structure.
Debnath et al. synthesized three new low-band-gap copoly-
mers P16-P18 (Figure 16) by using BODIPY acceptor and
thiophene-capped  5,5-bis(hexyloxymethyl)-5,6-dihydro-4H-cy-
clopentalc]-thiophene (CPT) donor.”® The CPT unit was con-
nected through 3,5-positions and 2,6-positions of BODIPY in
P16 and P17, respectively, whereas an additional acetylene
spacer was used in P18. UV-vis-NIR region absorption spectra
were recorded to examine the changes in the optical properties
of the three polymers. P16-P18 in chloroform solution
exhibited absorption maxima (A..) at 721, 559, and 631 nm,
respectively, and red-shift of 50 nm were observed for thin
films. When compared with P17, m-conjugation was enhanced
in P18 due to the minimization of the possible steric hindrance
by the additional spacer unit. A more red-shifted absorption
was observed for P16 because of the effective conjugation
through 3,5-positions of BODIPY. Optical band gaps (E,*) of
1.28, 1.71, and 1.57 eV for P16, P17, and P18 respectively, were
measured based on the absorption onset, and P16 showed the
lowest band gap for any CPT-containing polymer. Polymer thin-
film transistors were fabricated in bottom-contact configuration,
and P16 showed hole mobility of 0.01 cm?V~'s™" in the best
device, which was four orders of magnitude higher than that of
P17. This was the highest reported performance for a BODIPY-
based polymer having a-linkages (3,5-positions). This could be
attributed to the absence of methyl groups in P16, which
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enables more effective m-delocalization through a-connections
between donor and acceptor units.

Singh et al. designed and synthesized three copolymers
(P19-P21 in Figure 16) based on BODIPY and diketopyrrolopyr-
role (DPP) building blocks.*” The band gaps of the polymers
were modulated with slight variations in the BODIPY structure.
DPP was selected as a comonomer due to its coplanar
backbone structure and the presence of quadrupole,*"'3%
which facilitates better packing."**"* It was noticed that the
torsional angle at the connection point between BODIPY and
DPP was a function of the methyl units at 3, p’ positions. P21
does not have methyl moieties at 3, ' positions and exhibited
a torsional angle of 27°, which was the lowest among the
polymers studied in this work. This matched with the result of
vibronic coupling observed in the UV-vis absorption spectrum,
which indicated linearity along the polymer backbone. Frontier
molecular orbitals, HOMOs and LUMOs, were delocalized along
the backbone for all three polymers, indicating ambipolar
characteristics. OTFTs were fabricated to examine the electrical
performance of polymers. As expected, P21, which had the
lowest band gap of 1.2 eV among the three polymers, exhibited
ambipolar charge transport with the highest hole and electron
mobilities of 3.1x102cm?V's™" and 1.5x102cm?V's™,
respectively.

Debnath and his colleagues synthesized three novel
BODIPY-acetylene copolymers P22-P24 using different substitu-
tion positions on the BODIPY core (Figure 16)."* Site selective

34 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0618-1979

@: ChemPubSoc

polymerization enabled band gap engineering within these
copolymers. From P22 to P24, the HOMO energy level
significantly changed, while the LUMO level remained very
similar. Thin-films were fabricated via spin coating onto
octadecyltrimethoxysilane (OTS) modified SiO, substrate. Hydro-
phobic modification of the substrate increased the mobility for
P23 and P24 by two orders of magnitude while keeping the
mobility for P22 nearly the same. P22 and P24 exhibited p-type
characteristics with hole mobilities of 7.79x107° cm?V~"'s™" and
537x107*cm?V~"'s™", and current on/off ratios of 10'-10°,
respectively, while P23 displayed n-type behavior with an
electron mobility of 9.46x10° cm?V~'s™" and current on/off
ratio of 10%. The poor electrical performance of P22 originated
from the backbone curvature in the polymer chain in every
monomeric unit, which has a direct effect on thin-film
morphology and device performance. This study was the first
example of band-gap engineering for BODIPY-acetylene poly-
meric semiconductors."*

In addition to the photovoltaic studies with copolymer P2
(Figure 8), Usta et al. also investigated its OTFT characteristics.
The transistor device was fabricated by spin coating copolymer
solution on a PS-brush treated substrate, which exhibited a hole
mobility of 5107 cm?V~'s™". The thin-film morphology was
studied by XRD and AFM revealing that the formation of
lamellar ordering in the out-of-plane crystallographic direction
was absent. In the same study, a derivative of P2 was developed
with a thieno[3,2-b]thiophene comonomer, which showed low-
er performance originating from its much lower molecular
weight."*® More recently, Chochos et al. developed two novel
ultralow band gap (E; <1.0eV) copolymers P25 and P26
(Figure 16) based on o,3-unsubstituted meso-thienyl substituted
BODIPY acceptor and quaterthiophene donor units.'® The
position of the alkyl side chains on the central bithiophene
fragment was found to have a direct effect on the optoelec-
tronic and charge transport properties of the final copolymers.
Tail-to-tail alkyl chain positioning in P25 resulted in lower
optical band gap and higher charge mobility when compared
with the head-to-head alkyl-positioned copolymer P26. Both
copolymers exhibited p-channel OFET device characteristics in
bottom-contact/top-gate device configurations with hole mobi-
lities of 4.7x107*-107°cm?V~'s™'. Despite the low LUMO
energy levels for these copolymers (—4.1 eV), the absence of
electron-transport was attributed to the poor delocalization of
the corresponding LUMOs, the presence of electron traps, and
the poor microstructure.

Summary and Outlook

Structural versatility of m-conjugated systems is very crucial to
the development of new organic semiconductors, and it allows
for the realization of fine-tuned (opto)electronic properties for a
particular application. The design and development of novel -
architectures for use in organic semiconductors has always
been a key research area in the field of organic (opto)
electronics. Since its discovery in the late 1960s, most of the
early work on BODIPY-based functional materials has focused
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on their synthesis/functionalization and applications in chemo-
sensors, fluorescent switches, and biochemical labelling. In-
spired by the great advancements in BHJ-OPVs and OTFTs,
BODIPYs have also gained increased attention over the past
decade as an effective building block in organic semiconduc-
tors.

This review explores the recent progress (2009-2018) in the
field of BODIPY-based organic semiconductors that have been
characterized in BHJ-OPVs and OTFTs. The structural and (opto)
electronic properties, as well as their device performances with
microstructural and morphological properties are deeply
studied in this review, and the corresponding device perform-
ances are summarized in Tables 1 and 2. Despite low charge
carrier mobilities (~107°-10"2cm?V~'s™") and poor photovoltaic
performances (PCEs ~1-2%) reported only a decade ago,
promising results with carrier mobilities of ~0.01-0.2 cm?V~'s™'
and PCEs of ~6-9% were achieved in OTFTs and OPVs with
recently developed BODIPY m-architectures. In fact, the most
promising results to this end were mostly achieved in the past
2-3 years. Although the research on BODIPY-based molecules is
still at its early stage with regards to realizing high perform-
ances, BODIPY moieties have already demonstrated great
potential rendering them a promising class of materials for
further opportunities in (opto)electronic technologies. Although
BODIPY offers numerous advantageous electronic and structural
features as discussed in this review, its most unique properties,
which certainly differentiate BODIPY from the other m-systems,
are its very high molecular dipole moment and that it could
enable good solubility in common organic solvents without the
need for long lipophilic alkyl substituents. We believe that these
features, along with others, can vastly expand the applicability
of BODIPYs to the field of high-performance BHJ-OPVs and
OTFTs. In our opinion, continued synthesis and device studies
on BODIPY-based semiconductors are quite essential not only
to increase current device performances and open new
opportunities, but also to establish a strong understanding of
material structure—property—-optoelectronic performance rela-
tionships. Based on the performance values obtained in these
studies reviewed here, it could be suggested that BODIPY-based
conjugated systems have a high potential for further develop-
ment and represent a remarkable platform for the molecular
engineering of solution-processable electro-active materials in
organic (opto)electronics.
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