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The increasing demand for efficient energy sources has led to the emergence of photovoltaic (PV)
technologies. However, there remains a need to move them from the laboratory scale to the general
market, which requires exceptional materials that provide both stability and efficiency. Among the
materials currently being investigated, diketopyrrolopyrroles (DPPs) stand out due to their chemical
versatility, robustness, and optoelectronic properties, especially their intense absorption in the visible and
near infrared spectrum, high charge carrier mobility in conjugated systems, good crystallinity and,
sometimes, low production costs. In this article, we review the most successful DPP-based single
molecules applied in emerging PV technologies to date. Thus, DPP single molecules applied in organic
solar cells, dye-sensitized solar cells and perovskite solar cells are presented, together with their
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chemical structures, photovoltaic device performance and additional information. In addition, we
attempt to give some pointers for the optimization of future, DPP-containing molecular designs and to
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1. Introduction

Organic semiconducting materials are essential for improving
photovoltaic technologies as their optoelectronic properties can
be tuned by modifying their chemical structure, thus allowing
device performance to be optimized. In order to determine the
most suitable such materials, a great deal of research effort has
been exerted over the years. In this sense, there are many

Area de Quimica Orgdnica, Instituto de Bioingenieria, Universidad Miguel
Herndndez, 03202 Elche, Spain. E-mail: asastre@umh.es

Desiré  Molina is assistant
professor of Organic Chemistry
at Universidad Miguel

Hernandez de  Elche.  She
received her PhD degree from
Universidad Miguel Herndndez
de Elche in 2016, under the
guidance of Prof Angela Sastre-
Santos, where she has remained
so far. She also joined the group
of Prof. Anders Hagfeldt at EPFL
(Switzerland) for 12 months as a
postdoctoral fellow. Her research
interests ~ concern  in  the
development of new materials for their application in
photovoltaic technologies and other electrical devices.

Desiré Molina

16078 | J Mater. Chem. C, 2021, 9, 16078-16109

highlight the potential of these building blocks.

structures on which these novel materials are based, including
porphyrinoids,”> phthalocyanines,® perylenediimides,"* and
diketopyrrolopyrroles (DPPs).° The latter are a good example of
moieties that can be used to build promising semiconductors.”*°
DPPs were discovered in the 1970s by Farmum et al as a
by-product of the classical Reformatsky reaction between benzo-
nitrile and ethyl bromoacetate."" DPPs are m-electron bicyclic-
dilactam systems that act as electron acceptors. These derivatives
are characterized by excellent stability, low solubility, and an
intense red colour due to the extended m-conjugation between
their electron-rich and electron-deficient units, as well as strong
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Fig. 1 General structure of DPPs and numbering of their atoms.

excitonic coupling in the solid state.''* As such, DPPs started to
be used as pigments. Due to the chemical versatility of DPPs, it
was possible to synthesize other derivatives, which resulted in
improvements and innovations in the pigment sector and,
subsequently, in the plastics and inks industries."* Thus, it was
observed that the optoelectronic properties could be varied by
changing the chemical structure of DPP, thus allowing this type of
compound to be used in a large number of applications. These
systems can exhibit n-type, p-type or ambipolar semiconductor
behaviour and can therefore provide the desired electronic
character.”® The 2,5-positions of the lactam nitrogens (Fig. 1)
can be replaced by several groups, the most common being aryl,
acyl and alky groups. These substitutions allow the solubility in
organic solvents to be increased, whereas substitutions of the end-
capping groups at the 3,6-positions perturbs the optoelectronic
properties.’®'” These end-capping groups can be different
aromatic groups, depending on the reagents of origin of the DPPs
(Fig. 1). Other appealing properties of DPP derivatives are their
intense absorption in the visible and near infrared spectrum,
their high charge-carrier mobility in conjugated systems, good
crystallinity and low-cost production. In addition, DPPs can show
high thermal, photochemical and mechanical stability.'*™°
The poor electronic character of the DPP core endows them with
outstanding light-harvesting properties, while their flat structure
enables significant intermolecular n-n interactions that facilitate
charge mobility in organic field-effect transistors (OFETs).”**'
As such, they are attractive building blocks with wide-ranging
applications, especially in the field of photovoltaic technologies
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and OFETs.'®*” In addition to these properties, DPPs also
exhibit high fluorescence quantum yields in solution and in film,
with a large extinction coefficient, which allows them to be used
as fluorescence sensors.”®3* Singlet fission has also been
described in DPP systems, both in the solid state and in
solution.>"® This property would allow the theoretical
Shockley-Queisser limit to be increased from 32% to 45%, thus
increasing the efficiencies of the solar devices in which they are
integrated. Given the interesting properties of this type of
compounds, many examples of DPP-based materials can be found
in the literature, both single-molecule and polymers.>” Single
molecules have advantages over their polymeric counterparts
because of their well-defined chemical structure, easier synthesis,
lower batch-to-batch variation and high open-circuit voltage.*®°
In this review article we recapitulate and discuss the latest
advances in photovoltaics involving DPP-based single molecules,
with an emphasis on the chemical structure of DPP-based
systems, to gain an insight into the possible relationships between
structure and performance in those devices in which they are
integrated.

2. DPP-based single molecules in
organic solar cells

Organic solar cells (OSCs) have attracted a great deal of
attention owing to their potential for obtaining lightweight
and low-cost solar cells.*® Various types of OSCs are discussed
herein and classified into two general groups: planar (PHJ)
(Fig. 2a) and bulk heterojunction (BHJ) OSCs (Fig. 2b and 3c).
Both are structurally defined by a multilayer in which each layer
can be deposited using a different manufacturing technique.
In a typical OCS device, the active layer is composed of a bilayer
(PHJ), or a blend of the donor and acceptor counterparts (BHJ),
between an anode (generally ITO) and a metal electrode
(cathode).*! Interfacial layers, such as the hole-transport layer
(HTL) and the electron-transport layer (ETL), are inserted
between anode-photoactive and cathode-photoactive interfaces,
respectively, to improve the performance and stability of the
0SCs.** To simplify the model, it is assumed that the donor
absorbs the light, then an electron is excited from the donor’s
highest occupied molecular orbital (HOMO) to its lowest
unoccupied molecular orbital (LUMO). The resulting charge
transfer is efficient if the offset between the donor LUMO and
acceptor LUMO is high enough to overcome the exciton biding
energy, which is typically 0.1-1.4 eV, thus giving rise to
electron-hole pairs or excitons. In other words, the excitons
must diffuse to the donor-acceptor interface, where there is
enough potential energy drop to separate these excitons into the
free charge carriers, namely electrons and holes (Fig. 2-i).**
These electrons and holes are then transported to the respective
electrode via the bicontinuous pathway, thereby avoiding
recombination and charge capture. In this process, losses
due to thermalization, absorption losses owing to spectral
incompatibility, insufficient energy required for exciton
splitting, i.e. Eppoton < Ebanda gap, which promotes a new state,
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Fig. 2 General structure of: (a) a PHJ cell, (b) a standard BHJ, (c) an inverted BHJ and (d) general energy diagram of the photoelectric events involved in
the operation of a standard OSC. (i) Excitation of an electron between donor HOMO-LUMO and the respective diffusion from the donor LUMO to
acceptor LUMO (Epnoton > Eband gap)- (ii) The electron at the donor HOMO level absorbs a low-energy photon, thus promoting a new state and trapping
the electron in this state. Recombination pathways are represented by downwards arrows and the green circle, where (iii) represents band-to-band
recombination, (iv) trap-mediated recombination and (v) interfacial recombination.
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Fig. 3 Chemical structures and PCEs for (a) P1 and P2, (b) P3, (c) P4 and P5, and the acceptors PAl, PCgoBM and Cegp.

trapping the electron in this state (Fig. 2-ii), and charge recom-
bination, can occur (Fig. 2iii-v)."* As such, a low band gap
material can improve device performance.*> Over the past few
years, an inverted device architecture has also been established
for OSCs exhibiting a relatively high environmental stability. In

16080 | J Mater. Chem. C, 2021, 9, 16078-16109

an inverted device, the cathode is at the bottom while the top
electrode is the anode (Fig. 2c).

Traditionally, given their excellent charge-transport
performance, the electron-acceptor materials that have been
extensively used in organic photovoltaics are fullerene

This journal is © The Royal Society of Chemistry 2021
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acceptors (FAs). Representative examples include [6,6]-phenyl-
Ce1/Cy1-butyric acid methyl ester (PCq,BM/PC,,BM) and
indene-C¢/C;o bisadducts (ICBAs). These FAs have the
disadvantage of being expensive and having electronic levels
that are difficult to modify, in addition to poor absorption in
the visible region. In contrast, non-fullerene acceptors (NFAs)
are often energetically tunable by way of simple chemical
modifications, thus allowing them to participate in light
absorption and charge dissociation. Additionally, NFAs can
provide longer device lifetimes since they usually present
greater thermo- and photostability. In fact, in recent years there
has been a marked improvement in single-molecule-based
NFAs, many of which now exceed power conversion efficiencies
(PCEs) of 15%,*®"” and very recently there was a quantitative
leap to PCEs as high as 18.2%.*®*° DPP-based single molecules
are presented below, illustrating their chemical structure
(both donor and acceptor); the structures of their non-DPP
counterparts can be found in the corresponding section.

2.1. DPP-based single molecules in PHJs

PHJs were first reported in 1986 by Tang. These devices are
based on two layers stacked on top of each other. Each layer
comprises different organic films, one with a donor moiety and
the other with an acceptor semiconductor (Fig. 2).>° In these
devices, only excitons generated at a distance of 10-20 nm from
the interface can reach the heterojunction. Under these conditions,
the efficiency of the resulting solar cells is limited by the charge
generation. In addition, the photovoltaic properties are strongly
dependent on the nature of the electrodes. Although a lot of
scientific work had already been published on this topic,>** the
first example of DPP-based single molecules in PHJs would not be
published until 2011. In this article, Kylberg et al described
the application of two DPP derivatives end-capped with two
trifluoromethylphenyl groups (P1 and P2) together with Cg
(Fig. 3) as the acceptor counterpart.®® P2 contained extra vinylene
bridges between the aromatic rings (Fig. 3a). The best performance
was obtained with this latter after thermal annealing (PCE = 3.30%,
short-circuit current density (Ji) = 7.89 mA cm™ >, open-circuit
voltage (Vo) = 790 mV and fill factor (FF) = 53%, under AM 1.5G
illumination (100 mW cm™2)). However, as a maximum PCE of
0.3% was achieved with P1, the structure with the most extended
conjugation could be more advantageous. These derivatives were
also used as electron acceptors in BHJ.>* Peng et al. designed an
NFA PHJ solar cell using tetraphenyldibenzoperiflanthene (PA1,
Fig. 3) as the donor and a 4-chlorophenyl-DPP (P3) as the acceptor
(Fig. 3b). This work aimed to compare the results for the PHJ and a
planar-mixed heterojunction solar cell (PM-HJ). PM-HJ devices
contain a layer between the donor and acceptor layers. This
architecture increases the exciton photogeneration, maintaining a
high V,. and FF.>> With the PM-H]J architecture glass/ITO/MoOs/
PA1/PA1:P3/P3/BCP/Ag they obtained a better performance (PCE =
3.20%) than with the regular PHJ one, mainly because of the
improvement in Jyc from 2.78 to 5.42 mA cm 2, despite presenting
both lower V,. and FF. This donor/acceptor interface suggests a
high interface energy gap and a relatively low saturation, thus
highlighting the importance of these two parameters to generate a

This journal is © The Royal Society of Chemistry 2021
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high V. In a recent study, Rooney et al, synthesized two DPP-
based latent pigment donor materials (P4 and P5, Fig. 3c). Latent
pigments are organic pigments with a chemically or thermally
removable functionality, which induces a non-permanent dye-type
solubility.”® Di-tert-butyl dicarbonate (+BOC) protecting groups
were introduced at the lactam nitrogens as this sterically bulky
group can prevent the formation of n-n stacking networks and
H-bonding sites, thereby the improving the solubility in common
organic solvents. Once deposited, the protecting groups were
removed thermally at 200 °C. These materials were combined with
PCeoBM (Fig. 3) as acceptor in an ITO/PEDOT:PSS/DDP-DPP-Donor/
PCgBM/ETL/Al architecture.”” The best performance was obtained
for P5 after thermal annealing of the entire device at 140 °C using
LiF as ETL ( Js = 2.11 mA em ™2, V. = 375 mV, FF = 42.6%, PCE =
0.33%). As we will see below, DPP-based PHJ OSCs performed more
poorly than their BHJ OSC analogues.

2.2. DPP-based single molecules in BH]Js

DPP-based single molecules have been widely used in BHJ OSC
devices and applied in a variety of structures. DPPs can form part
of the structure of both donor single molecules and acceptor
single molecules, thereby emphasizing their versatility.

2.2.1. DPP-based single molecules as donors in BHJs. DPP-
based single donor molecules will be classified here as linear
donor molecules with a DPP core, linear donor molecules with a
core flanked by DPPs, star-shaped DPP-based donor molecules
and donor molecules based on porphyrinoids and DPPs.

2.2.1.1. Linear donor molecules with a DPP core. These molecules
have a central DPP core with different substituents attached to the
aromatic rings at positions 3 and 6 of the diketopyrrolopyrrole
bicycle. Due to the electronic nature of their component units,
these systems are usually of the donor-acceptor-donor (D-A-D)
type, with DPP being the acceptor. Since this structure induces
intramolecular charge transfer, these materials absorb over
a greater range of the spectrum and at longer wavelengths.
Furthermore, by changing groups D and A, the photophysical
properties of these systems can be tuned.”® Numerous relevant
studies have been published in this regard. For instance, Patil et al.
published two papers in 2016 in which they describe both
symmetrical (BH1 and BH3) and asymmetric (BH2 and BH4)
narrow band gap molecules, whose flanks were arranged triphenyl-
amines (TPAs) (BH1 and BH2)*® or N-phenyl carbazoles (BH3 and
BH4),%° linked via an ethyne moiety (Fig. 4a). Using PC,,BM (Fig. 4)
as the acceptor material, these authors obtained better results
with those derivatives containing carbazole moieties after surface
treatment with a methanol/acetonitrile (98:2) blend. Thus, BH4
showed a PCE of 5.73% vs. 5.31% for BH2, while BH3 gave a PCE of
4.65% vs. 4.06% for BH1. As such, better results were obtained with
an asymmetrical structure including a carbazole heterocycle.
The same authors reported a symmetrical D-nm-A-n-D dipolar
donor single molecule based on the donor moiety ferrocene also
linked to the DPP core via an ethynyl bridge (BH5, Fig. 4b).
The optimal ITO/PEDOT:PSS/BH5:PC,,BM/PFN/Al device with
DIO additive gave rise to a PCE of up to 6.44% with a high J.. of
10.48 mA cm ™2, a V. of 940 mV and an FF of 64% after thermal

J. Mater. Chem. C, 2021, 9,16078-16109 | 16081
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annealing.®®* These studies show that inclusion of the ethynyl
bridge leads to a lower HOMO, and therefore to a higher V,, as well
as enhanced intermolecular m-m stacking, thus facilitating
intramolecular charge transport (Table 1).

2.2.1.2. Linear donor molecules with a core flanked by DPPs.
These structures include a central core, usually of an aromatic
nature, linked and also more or less conjugated to the DPP
moieties. Most of these systems present an A-D-A molecular
structure in which the acceptor moieties are usually the DPPs.
As these systems of an electronic push-pull nature, their
optoelectronic properties are also customizable as in the
previous group and, of course, there are numerous publications
in this field. For example, Shi et al. developed a DPP-fluorene-
DPP derivative (BH6, Fig. 5a) as the donor and the acceptor
materials in BH]J OSCs together with the counterparts PC,,BM
and P3HT (Fig. 5), respectively, on both devices, thus
demonstrating the ambipolar capacity of the DPP moiety.
In this section we will focus on BH6 as donor. To evaluate the
electron donor potential of BH6, devices with the architecture ITO/
PEDOT:PSS/BH6:PC-,BM/PFN/Al were manufactured. The best PV
performances were obtained with a donor/acceptor ratio of 1:3,
with a PCE of 3.26% measured under AM 1.5G illumination
(100 mW cm ™) (Table 2).** The same year, a DPP-dithienopyran
(DTP)-DPP system was presented by Jung et al. (BH7, Fig. 5b). BH7
was tested as donor with PC,,BM and the n-type NFA conjugated
polymer N2200 (Fig. 5). These authors performed their study with
the inverted architecture ITO/ZnO/active layer/MoO,/Ag, testing
different donor/acceptor ratios. The best efficiencies were obtained
with PC,,BM when a 1:3 donor/acceptor ratio was used (PCE of
6.88%), while the best device performance with N2200 BH7/N2200
(1:2) was 4.82%, mainly because Js. and FF were lower in the latter
case (Table 2).** Similarly, Tang et al. described a single molecule
with a large hole mobility based on DPP-thieno[2,3-flbenzofuran
(TBF)-DPP (BHS, Fig. 5¢). The device architecture ITO/PEDOT:PSS/
BHS8:Acceptor/LiF/Al was used, comparing the photovoltaic
performance of devices fabricated with PCBM and with the NFA
N2200. The devices with N2200 as the acceptor gave better results
than those with FA. The device that worked best contained a donor/
acceptor ratio of 1:3 and 1-chloronaphthalene (CN) as solvent
additive. The PCE for N2200 was 3.74%, and the best PCE for BH8/
PCBM was 3.44% (Table 2).%°

To investigate the new NFAs SdiPBI and SdiPBI-S (Fig. 5) in
BH]J OSCs, Feng et al. coupled them to a narrow bandgap donor
DPP-pentacyclic bislactam-DPP (BH9, Fig. 5d). SdiPBI and SdiPBI-S
derivatives had a complementary absorption (400-600 nm) to BH9.

Table 1 Acceptor, band gap, LUMO, additive, architecture, and PV parameters for linear donor molecules with a DPP-core single molecule

LUMO  Band gap Jse Voe FF PCE
Donor  Acceptor  (eV) (eV) Additive Architecture* (mAcm™)  (mV) (%) (%) Ref.
BH1 PC;o,BM —-3.77 1.72 DIO Standard 11.16 850 56 4.06 59
BH2 PC,yBM —3.69 1.84 DIO Standard 8.88 880 52 5.31 59
BH3 PC,,BM —3.60 1.73 Methanol/acetonitrile (98:2)  Standard 8.19 980 58 4.65 60
BH4 PC,,BM —3.64 1.90 Methanol/acetonitrile (98:2)  Standard 9.58 980 61 5.73 60
BH5 PC,,BM —3.64 1.58 DIO Standard 10.48 940 64 6.44 61 and 62

% No additives were used.

16082 | J. Mater. Chem. C, 2021, 9, 16078-16109
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Fig. 5 Chemical structures and PCEs for the DPP-core-DPP donors BH6-BH13, the donor P3HT and the acceptors N2200, SdiPBI and SdiPBI-S.

After an optimization process using the standard architecture
ITO/PEDOT:PSS/Active layer/LiF/Al, BH9:PC.,BM provided the
best PCE of 4.80%, while the non-fullerene solar cells also
exhibited promising PCEs of 2.40% and 3.50% (Table 2).
The relatively low carrier mobilities of these NFAs and the large
phase separation could be responsible for the lower efficiency
of these solar cells.®® An interesting study in which the
synthesis of two DPP-based single molecules having the structure
D-A-D-n-D-A-D was described was published by Patil et al
The difference was the bridge connecting the two DPP units,
which was either a double or a triple bond (BH10 and BH11,

This journal is © The Royal Society of Chemistry 2021

respectively; Fig. 5e). This work highlights the utility of thermal
and solvent annealing treatments in improving the performance
of organic devices. The authors described how, after these treat-
ments, the efficiencies improved from 1.98% and 1.85% to 5.28%
and 5.52% for BH10 and BH11, respectively (Table 2).°” Lin et al.
compared two donors based on a DPP-benzo[1,2-b:4,5-
b'ldithiophene (BDT)-DPP (BH12 and BH13, Fig. 5f). BH12 had
linear alkylthio substituents in the thiophene units of the BDT
moiety, whereas BH13 presented alkyl chains in these positions.
As a consequence, significant variations in crystallinity, phase
separation, charge transport and photovoltaic properties were

J. Mater. Chem. C, 2021, 9,16078-16109 | 16083
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Table 2 Acceptor, band gap, LUMO, additive, architecture, and PV parameters for DPP-core-DPP donor single molecules

LUMO Band gap Jse Voe FF PCE
Donor Acceptor (eV) (eV) Additive Architecture (mA cm™?) (mVv) (%) (%) Ref.
BH6 PC,,BM —-3.39 1.82 Annealed at 120 °C Standard 8.08 890 45 3.26 63
BH7 PC,,BM —-3.73 1.52 — Inverted 14.12 800 61 6.88 64
BH7 N2200 Inverted 10.14 820 58 4.82
BHS8 PC,,BM —3.50 CN Standard 8.20 740 56 3.44 65
BHS8 N2200 7.60 820 60 3.74
BH9 PCgoBM —-3.73 1.65 CHCI;/DIO Standard 9.70 890 56 4.80 66
BH9 SdiPBI 6.10 920 42 2.40
BH9 SdiPBI-S 6.70 960 53 3.50
BH10 PC,,BM —3.47 1.54 TSA Standard 11.53 790 58 5.28 67
BH11 PC,,BM —3.45 1.62 TSA Standard 10.82 910 56 5.52 67
BH12 IEIC —-3.49 1.79 CHCl;/0-DCB Standard 9.80 930 58 5.29 68
BH12 Inverted 10.87 940 59 6.03
BH13 IEIC —3.46 1.77 CHCl;3/0-DCB Standard 8.24 900 54 4.00 68
BH14 PCgyBM —3.46 1.58 — Standard 10.92 828 61 5.53 69
BH14 IDIC 10.16 811 58 4.80
BH15 PCgoBM —3.43 1.64 — Standard 7.32 830 57 3.48 69
BH15 IDIC 11.30 820 59 5.48
BH16 ITIC —3.67 1.67 CHCI;3/DIO Inverted 13.35 850 63 7.15 70

No additives were used. TSA - two step annealing.

observed, and BH12 showed higher hole mobility (1.1 x
1072 em® V7' 571 than BH13 (3.0 x 107% em® V' s7%). BH12
and BH13 were subsequently applied as a donor semiconductor
together with IEIC (Fig. 5) as NFA in the active layer. The best
results were obtained using a binary solvent (CHCI; and o-dichloro-
benzene [0-DCB]) with the device architecture ITO/PEDOT:PSS/
active layer/Ca/Al. The binary solvent leads to appropriate phase
separation domain sizes, higher domain purity, better charge
transport properties and better photovoltaic performance of the
blended films. BH12-containing devices demonstrated better PV
performance, with a PCE of 5.29%, while BH13-containing devices
achieved a PCE of 4.00%. Finally, when BH12 was included in
inverted architecture devices, all photovoltaic parameters were

R EaHs
S.
~~mczH5:> BH15= PCE = 5.48% CHy

IDIC

CoHs ”—) BH14=> PCE = 5.53%

improved, reaching an efficiency of 6.03% (J. of 10.87 mA cm ™2,
Voo Of 940 mV and FF of 59%).%® In 2018, Huo et al. developed two
DPP-based donor materials compatible with both FA and NFA (2,2-
((22,2' 2)((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b"]dithio-
phene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile) (IDIC, Fig. 6). The structure of
these materials follows the same scheme as we have seen
previously: two DPP units flanking a BDT donor unit. On this
occasion, the intention was to determine the effect of two
aromatic substituents with different degrees of conjugation
extension (BH14, with a bithiophene group and BH15, with
an (E)-1,2-di(thiophen-2-yl)ethane group, Fig. 6a). BH]J devices
had the architecture ITO/PEDOT:PSS/Active layer/PDIN/AI

CoHs_C4Ho
b) \[

S
N

CoHs_C4Hg S

/Ecsz

C4Hg

CeHia ITIC

Fig. 6 Chemical structures and PCEs for the DPP-core-DPP donors BH14—BH16 and the acceptors IDIC and ITC.
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(where PDIN is N,N’-bis(propylenedimethylamine)-3,4,9,10-
perylenediimide, the cathode interfacial layer). The acceptors
with which they were studied were the FA PC¢,BM and the NFA
IDIC (Fig. 6a). The best PV results for BH14 were obtained with
the FA (PCE = 5.53%, Js. = 10.92 mA cm™ >, V,. = 828 mV and
FF = 61%), while for BH15 they were obtained with the NFA
(PCE = 5.48%). The authors attribute these differences mainly
to the higher absorptions of the active layers when mixtures
BH14:PC¢,BM and BH15:IDIC are used versus BH14:IDIC and
BH15:PC4(BM, which led to a higher J,..°° Jung subsequently
studied BH14 against other acceptors such as PC,,BM and 3,9-
bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno|[2,3-d:2’,3’-d']-s-indaceno[1,2-b:

5,6-b’]dithiophene) (ITIC, Fig. 6) with the architecture ITO/ZnO/
BH14: acceptor/MoO;/Ag. In order to extend the conjugation
length in two-dimensions, in 2019 Jung et al attached a
5-alkylthio-thieno[3,2-b]thiophene unit to the central BDT
moiety (BH16, Fig. 6b). BH16 exhibited a strong intermolecular
interaction in the solid state, an intense UV-vis absorption with
a band gap of 1.71 eV, well matched energy levels with those of
the NFA ITIC, and also good crystallinity in the film state. The
best BH16:ITIC devices showed an overall PCE of 7.15% This
result was one of the best for single molecules in non-fullerene
BHJ 0SCs.”®

2.2.1.3. Star-shaped DPP-based donor molecules. Star-shaped
molecules are trimers, tetramers, pentamers, etc., whose
constituent units are linked to a central nucleus and usually
conjugated. This type of system has advantages over its linear
counterparts, such as higher solubility, better film formation
and less optical anisotropy properties.”*

A series of star-shaped acceptor-acceptor-donor (A-A-D)
compounds based on a triazine core, 2,5-thienyl DPP or 1,4-
phenylene DPP as the n-conjugated bridge and tert-butyl-
substituted triphenylamine (¢TPA) and tert-butyl-substituted
carbazole (¢Cz) as end groups and donor units were synthesized
by Shiau et al. in 2015 (Fig. 7a and Table 3). These three donors
were combined with the FAs PC¢,BM and PC,,BM as acceptor
materials. BH17 gave the best performance, exhibiting higher
parameters than the other two systems when PCs,BM was the
acceptor (a PCE of 1.08% for BH17 versus 0.79% for BH18
and 0.24% for BH19). These differences in the photovoltaic
performance were due to the fact that charge transfer between
{TPA and 2,5-thienyl DPP in the compound BH17 is higher than
for BH18 and BH19. Additionally, the lower band-gap and broader
solar-light absorption favor photo-energy conversion. When the
acceptor material was changed to PC,,BM, it was possible to
improve the efficiencies in the devices fabricated with the same
optimized conditions as for PC¢,BM (PCEs of 1.57%, 1.14% and
0.39% for BH17, BH18 and BH19, respectively).”>

Liu et al designed two novel DPP-based 3D molecular
donors (BH20 and BH21, Fig. 7b and Table 3). The FA PC,,BM
and the NFA N2200 were also compared in the inverted
architecture ITO/ZnO/active layer/MoO;/Ag. After optimization
of the active layer composition and adding CN, BH20 gave rise
to PCEs of 3.56% and 4.64% with PC,,BM and N2200,
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Fig. 7 Chemical structures for the star-shaped donors BH17-BH21.

respectively, and BH21 yielded values of 4.02% and 3.22%,
respectively. These differences in BH20/acceptor devices were
due to the fact that the mixtures with N2200 generated higher
quantum efficiencies than those based on PC,,BM, as
evidenced by the incident photon to current efficiency (IPCE).”

2.2.1.4. Donor molecules based on porphyrinoids and DPPs.
One very successful approach has involved the combination of
DPP moieties with porphyrinoid (Por) macrocycles’ to obtain
efficient donors, which is why these systems have been given
their own subsection. Thus, Liang et al. synthesized tetrafuranyl
and a tetraselenyl DPP-Por-DPP systems using triple bonds as
connectors between the units (BH22 and BH23, Fig. 8a). The aim
of this work was to determine how the different chalcogen atoms
influence the PV performance of the devices by comparing these
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Table 3 Acceptor, LUMO, band gap, additive, architecture, and PV parameters for star-shaped DPP and DPP-Por donor single molecules BH17-BH36

LUMO Band gap Jse Voe FF PCE

Donor Acceptor (eV) (eV) Additive Architecture (mA cm™?) (mVv) (%) (%) Ref.
BH17 PCgoBM —3.68 1.58 — Standard 4.81 700 32 1.08 72

PC,oBM — 6.34 730 34 1.57
BH18 PCeoBM —-3.41 2.06 — Standard 4.63 550 31 0.79 72

PC,(BM — 5.85 610 62 1.14
BH19 PCgoBM —3.42 2.09 — Standard 1.80 470 30 0.24 72

PC,oBM — 2.75 500 28 0.39 73
BH20 PC,yBM —3.35 2.01 CF Inverted 7.69 890 50 3.56

N2200 CF 8.59 870 52 4.64
BH21 PC,,BM —-3.4 2.04 DIO Inverted 7.12 860 49 3.22 73

N2200 DIO 8.14 890 54 4.02
BH22 PCeoBM —3.55 1.38 Pyridine Standard 10.52 810 50 4.26 75
BH23 PCgyBM -3.61 1.33 DIO Standard 14.93 710 55 5.81 75
BH24 PCeoBM —3.60 1.36 DIO Standard 16.00 710 64 7.23 76
BH25 PC;,BM —3.74 1.52 — Standard 12.43 880 61 6.67 77
BH26 PC,,BM -3.79 1.44 — Standard 14.32 950 67 8.98 77
BH27 IDIC —3.85 1.37 TA Inverted 15.46 710 56 6.13 78
BH28 IDIC —3.86 1.37 TA Inverted 14.03 710 53 5.21 78
BH29 IDIC —3.87 1.41 TA Inverted 11.46 700 51 4.08 78
BH30 6TIC —3.81 1.37 DIO+

SVA Standard 20.44 800 74 12.08 79-81

BH31 PC,,BM —3.90 1.40 SVA Standard 15.98 890 66 9.24 82
BH32 PC,,BM —-3.72 1.72 SVA Standard 14.31 820 62 7.27 82
BH33 IDT-C8 —-3.51 1.30 SVA Standard 11.15 710 65 5.14 83
BH34 Y6 —3.24 1.82 CN + TA Standard 16.88 780 52 6.86 84
BH35 Y6 —3.33 2.02 DIO + TA Standard 18.26 690 55 6.93 84
BH36 PC,yBM —3.33 1.57 — Inverted 5.00 551 38 1.04 85

No additives were used. TA - thermal annealing treatment. SVA - solvent vapor annealing.

two molecules with a previously described tetrathienyl analogue
(BH24, Fig. 8a) in the standard architecture ITO/PEDOT:PSS/
donor:PCs(BM/PFN/AL”> BH23 gave better PV parameters
than BH22 when 0.6% DIO was added (PCE of 5.81%, Js. of
14.93 mA cm 2, V. of 710 mV and FF of 55%j; Table 3), although
it was possible to significantly improve the performance of BH22
by replacing the DIO with 1 vol% of pyridine (PCE of 4.26%, J;. of
10.52 mA cm 2, V,. of 810 mV and FF of 50%). Nevertheless,
BH24 continued to hold the series record with a PCE of 7.23%.
The active layer containing BH23 presents a more favorable
morphology than for BH22, although BH24 provides a better
morphology than either, with a smaller downhill driving force
for electron transfer and exciton dissociation.”® A further inter-
esting example is the work of Bucher et al., who designed and
synthesized two single molecules comprising a boron-
dipyrromethene (BODIPY) core linked to two Por by phenyl
(BH25) or thienyl units (BH26) and also linked to two DPP units
(Fig. 8b). The BHJ devices were designed using the following
architecture:  ITO/PEDOT:PSS/donor:PC,,BM/PFN/AL.  Upon
optimization of the active layer after solvent vapor annealing,
BH26 reached a PCE of 8.98% (J of 14.32 mA cm 2, V,. of
950 mV and FF of 67%) versus a PCE of 6.67% for BH25 (Table 3).
The higher values for BH26 could be related to better exciton
dissociation, higher charge transport and charge mobility.””
The combination of DPP-Por donors with NFA has led to the
best results in OSCs for single molecules based on DPP. Thus,
Hadmojo et al fabricated devices using three different
NIR-absorbing porphyrin-DPP donors and an IDIC as acceptor
(BH27-BH29, Fig. 8c). The influence of the meso substituents in
the porphyrin (p-octoxyphenyl (BH27), p-(2-ethyl)-hexoxyphenyl

16086 | J Mater. Chem. C, 2021, 9,16078-16109

(BH28) and 5-(2-ethyl)hexylthiophenyl groups (BH29)) was
analyzed. After optimization of the active layer, BH27:IDIC gave
a PCE of 6.13% (Js of 15.46 mA cm ™2, V. of 710 mV and FF of
56%), which was higher than for BH28:IDIC (PCE of 5.21%) and
BH29:IDIC (PCE of 4.08%). The side chains on the porphyrin
donors modified the nanomorphologies of the BH]J devices, thus
giving better PCE values to the BH27-based devices due to the
more face-on preferred donor and acceptor domains.”® In 2019,
Gao et al. presented the DPP-Por-DPP donor BH30 (Fig. 8d),
which was studied in fullerene-free BHJ OSCs in the standard
architecture ITO/PEDOT:PSS/BH30:6TIC”**® (Fig. 9)/Cgo-bissalt/
Ag, where Cgq-bissalt is the ETL. After applying a solvent annealing
treatment and including DIO as additive, a record efficiency was
achieved for non-tandem fullerene-free single molecule devices up
to that date. The best device reached a PCE as high as 12.08%
from a high J,. of 20.44 mA cm™>, a V,. of 800 mV and an also
high FF of 74% (Table 3).5' More recently, Cuesta et al. compared
two Por-DPP-Por systems. In BH31, the DPP core is flanked by
separate selenophene rings, while in BH32 these rings are
replaced by thiophenes (Fig. 8e). The BH]J devices were fabricated
with the conventional architecture glass/ITO/donor:PC,,BM/PFN/
Al.  After solvent vapor annealing, the best performance
was achieved with an overall PCE value of 9.24% (Js. of
15.98 mA cm 2, V,. of 890 mV and FF of 66%) and 7.27%
(Jse of 14.31 mA cm™?, V,. of 820 mV and FF of 62%) for BH31
and BH32, respectively. The authors explained this difference
based on the more planar conformation due to smaller lamellar
stacking and n-n stacking distances, broader absorption spec-
trum and higher hole mobility of BH31 compared to BH32, which
led to a more favorable active layer morphology for exciton
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Fig. 8 Chemical structures and PCEs for the DPP-Por donors BH22—-BH35.

dissociation and charge transport.’” Chen et al presented a
thieno[3,2-b]thiophene-functionalized DPP-Por-DPP  structure
(BH33, Fig. 8f), which formed part of the active layer together
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with the IDT-C8 acceptor. The PCE values for all small molecule
OSCs increased from 0.64% to 5.14% after SVA for the standard
architecture TTO/PEDOT:PSS/BH33:IDT-C8 (Fig. 9)/PDINO/AI,
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Fig. 9 Chemical structures and PCEs for the DPP-Pc donor BH36 and the acceptors 6TIC, IDT-C8 and Y6.

where PDINO is (N,N'-bis(propylenedimethylamine)-3,4:9,10-
perylenediimide).®® Two star-shaped DPP-Por do