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Fullerenes have formed an integral part of high performance organic solar cells over the last 20 years,

however their inherent limitations in terms of synthetic flexibility, cost and stability have acted as a
motivation to develop replacements; the so-called non-fullerene electron acceptors. A rapid evolution
of such materials has taken place over the last few years, yielding a number of promising candidates that

can exceed the device performance of fullerenes and provide opportunities to improve upon the
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stability and processability of organic solar cells. In this review we explore the structure—property
relationships of a library of non-fullerene acceptors, highlighting the important chemical modifications

that have led to progress in the field and provide an outlook for future innovations in electron acceptors

rsc.li/chem-soc-rev for use in organic photovoltaics.

1. Introduction

Fullerene-based acceptors, such as phenyl-Cgo-butyric acid methyl
ester (PCqoBM), its C;, analogue (PC,,BM) and indene-Cg,
bisadduct (ICBA), have long been the dominant electron accepting
materials used in bulk heterojunction solar cells; with promising
results being obtained when these acceptors are used in
combination with low-bandgap electron donating polymers.
Despite their success, however, many problems and limitations
still persist in organic solar cells that cannot be addressed
without replacing this aging class of acceptors. The emergence
of alternatives to fullerene-based electron acceptors has revitalized
the field of organic photovoltaics (OPVs) somewhat over the past
few years.

Fullerenes possess a number of advantageous properties,
allowing them to produce highly efficient solar cells and their
initial success in the field of organic photovoltaics. Many of the
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properties that have allowed fullerene acceptors to excel are
derived from the 3D-conjugated cage structure inherent to
these molecules. For example, the lowest unoccupied molecular
orbitals (LUMOs) of the fullerene acceptors are delocalized
across the entire 3D surface of the Cq or C;, cages, allowing
efficient and isotropic electron transport.’ This delocalisation
of the molecular orbitals across the 3D fullerene cages also
provides the acceptors with the ability to undergo weak m-n
interactions, such that small scale aggregation of the fullerene
acceptors can occur forming nanoscale pure and mixed domains
in the bulk heterojunction.” The formation of domains on the
lengthscale of the exciton diffusion length (5-15 nm for organic
semiconductor blends) is necessary for efficient exciton splitting
and free charge generation in active layer blends.>*

However, the same 3D cage structures are responsible for
some of the most significant drawbacks of fullerene acceptors.
The highly symmetric nature of the wavefunctions render the
optical transitions forbidden, impeding the ability of the fullerenes
to absorb photons in the UV-visible region of the solar spectrum,
thereby limiting the contribution of the acceptor towards the
photogenerated current of the solar cells and condemning them
to rely mainly on p-type (Channell) excitation. PC,,BM was
designed to overcome this issue; the lower symmetry of the C;,
cages leads to a greater number of allowed optical transitions
within the molecule, enhancing the ability of the acceptor to
harvest photons. It must be noted that this is still dramatically
lower in intensity than the absorption of the donor polymer in
the UV-visible region of the solar spectrum, and thus Channel-I

This journal is © The Royal Society of Chemistry 2019
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excitation is still mainly predominant.® The delocalisation of the
LUMO across the 3D cages also presents an issue for the
fullerene acceptors, whereby it is difficult to chemically modify
the LUMO by the inclusion of additional functional groups
on the Cgo cage. There have been some successful attempts to
shift the LUMO level of the acceptors by the addition of func-
tional groups, such as methano- and diphenyl methano-adducts,
or the inclusion of amines or fluorine atoms on the phenyl unit
of the adduct, however only small shifts (<0.2 eV) have been
reported, with poorer synthetic yields.®® The inability to alter
the frontier molecular orbitals (FMOs) results in poor tunability
of the absorption spectrum of these acceptors, and hence limits
the photocurrent that can be produced in the bulk heterojunction.
Additionally, the open circuit voltage (Vo) achieved in organic
solar cells has been shown to display a dependence on the
difference in energy between the highest occupied molecular
orbital (HOMO) of the donor and the LUMO of the acceptor.
Therefore, the ability to tune the LUMO of the acceptor is
critical to maximizing the V¢ that an organic solar cell can
achieve, and this is not straightforward when using fullerene
based acceptors. The strong tendency of fullerenes to aggregate
can cause long-term morphological stability issues in fullerene-
containing solar cells. Whilst the aggregation of the acceptors
can be favourable up to a point, aiding in the formation of the
correct morphology in the bulk heterojunction in the short-
term, this aggregation continues after the active layer has been
cast; leading to microscale aggregates forming over time in the
blend." These large aggregates that form over time are far
larger than the exciton diffusion length leading to significant
exciton relaxation and recombination of free charge carriers in
the blends. In an operational solar cell, fullerene acceptors have
also been shown to migrate to the device’s anode over time, this
eventually leads to delamination of the device, rendering it
inoperational.’ Additionally, the relatively poor solubility of
fullerenes, a result of their strong tendency to aggregate, can
also be problematic in the short-term. Without the use of
high-boiling additives such as 1,8-diiodooctane (DIO) and
1-chloronaphthalene (CN), fullerene acceptors tend to form
microscale domains and aggregates. However the use of these
halogenated additives has been shown to be detrimental to the
long-term photostability of active layers.'> Therefore, eliminating
the need for these additives is necessary to produce photo- and
morphologically stable organic solar cells.

Despite the rather significant shortcomings of the fullerene
based acceptors, they have remained prevalent in the field of
organic solar cells owing to their favourable electron accepting
and transport properties, which have been difficult to replicate,
and practically, their ready availability from a range of chemical
suppliers. In lieu of replacing the fullerene acceptors, there has
been a focus on improving solar cell performance through the
rational design of the donor polymers and strategic device
engineering over the past several years."® As stated above, the
relatively weak absorption of the fullerene acceptors in the
UV-visible region limits most fullerene containing solar cells to
Channel-I excitation, where the donor polymer is largely responsible
for exciton generation, therefore low-bandgap donor polymers
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with broad absorption were developed in order to improve the
photocurrent that could be achieved, since they are able to
absorb light of longer wavelengths. Push-pull copolymers are
able to achieve low bandgaps by making use of molecular
orbital hybridization of electron rich and electron poor units
in the conjugated polymer backbone, which effectively reduces
the bandgap. Polymers such as PTB7-Th and PffBT4T-20D make
use of push-pull hybridization to achieve long wavelength light
absorption, in addition to high hole mobility and favourable
aggregation properties, to produce solar cells that were able to
achieve power conversion efficiencies (PCEs) exceeding 10 and
11% respectively, when used in combination with fullerene
acceptors.'*'®> Another approach to improve the photon harvesting
capabilities of the active layer is by employing a ternary system,
whereby a third organic semiconductor is added to the active layer.
The inclusion of a second donor polymer, which predominantly
absorbs in a different region of the spectrum to the other donor
polymer, allows a greater fraction of photons to be absorbed,
and so the photocurrent can be improved.'®'” The use of
ternary systems can also provide a means of improving the
Voc in fullerene-containing solar cells. If the additional polymer
component has a deeper lying HOMO the V¢ can be raised in
comparison to the corresponding binary device."®"® Unfortunately,
ternary solar cells that contain two polymer components tend to be
quite difficult to fabricate with optimal phase separation; this is a
result of the unfavourable mixing of polymers due to a lack of
entropic driving force. To address the poor morphological stability
of fullerene-containing active layers, crosslinking has been
employed to create a more robust microstructure within the
active layer. Examples where the donor polymer and the fullerene
acceptor have been crosslinked have both been shown success-
fully;*** a key conclusion from these reports is that it is preferable
to crosslink at a site that does not perturb the conjugated system
(ie. on the side chains of the materials).”®> Whilst crosslinking in
the active layer has been shown to improve the morphological
stability of blends, it often results in decreased PCE, an increased
risk of electrode delamination and requires synthetically complex
and expensive derivatives of donor polymers or fullerene
acceptors.”® Overcoming the need for high-boiling halogenated
additives for effective fullerene containing bulk heterojunc-
tions has also been addressed in a recently reported system.>*
The devices were fabricated from an entirely non-halogenated
processing conditions, while still achieving a high PCE (11.7%).
By replacing the high-boiling additive (DIO) with a non-
halogenated equivalent, 2-phenyl naphthalene (PN), the active
layer photostability should be improved.

Although the aforementioned approaches have overcome
many of the issues presented by fullerenes, they bring new
problems of their own into focus. A more elegant approach to
address the drawbacks of fullerene acceptors is to replace them
with strategically designed electron accepting materials.
Non-fullerene acceptors (NFAs), which have been specifically
designed to match the electron accepting and transport properties
possessed by fullerenes, and also to overcome the poor optical
properties and long term morphological instability associated with
fullerene acceptors, provide an attractive alternative to the use of
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fullerenes and employing the other strategies mentioned above.
Most NFAs, similar to donor polymers, make use of push-pull
hybridisation, allowing them to absorb strongly in the visible
and near IR region of the solar spectrum. As such, these
acceptors are able to absorb a greater fraction of photons and
consequently form excitons to be split into free charge carriers;
this is n-type (Channel-II) excitation. If both the donor and the
acceptor are able to absorb photons in different regions of
the spectrum, the total fraction of excitons being utilized is
increased and the photocurrent can be maximized. Chemical
modification of these structures allow a greater degree of
control over the FMOs of the acceptors, leading to a wider
range of possible donor polymers to be used, and the ability to
achieve a much higher V¢ in devices. Another common feature
of NFAs is the use of steric hindrance or the inclusion of
solubilising alkyl chains in order to gain some control over
their aggregation properties; rendering them easier to process
in common organic solvents than their fullerene counterparts.
Beyond these common features, NFAs employ a wide range of
novel approaches in an attempt to improve upon the standard
set by fullerene acceptors. This has yielded a diverse range of
exciting new materials that have already begun to push the field
of organic photovoltaics to new heights (Fig. 1).

Care must be taken when comparing these acceptors across
the reported literature, with a number of factors affecting the
optoelectronic properties of the acceptors and the j-V char-
acteristics of OPV devices. For example, particular caution must
be used when drawing comparison between the reported energy
levels of the acceptors, since there is no universal procedure for
measuring them. Photo-electron spectroscopy in air (PESA)
and cyclic voltammetry (CV) are both commonly employed to
measure the ionization potentials (IP) and electron affinity (EA)
of an organic semiconductor. However, the variety of conditions
and reference values used in CV measurements can lead to quite
different measured values for the same material, particularly the
values used to define the vacuum level, and comparisons must
therefore be made with care. In terms of J-V characteristics,
there are factors that must be accounted for when comparing
the performance of OPV devices, even if the same donor polymer
is being used: (i) the device architecture can play a huge role in

T

Donor Cathode Donox Cathode
Anode Acceptor Anode Acceptor
Channel I Channel II

Fig. 1 Channel | and Il excitation in organic solar cells.
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Fig. 2 Conventional and inverted architectures employed in bulk hetero-
junction organic solar cells, where the electron donor is denoted by red
regions and the electron acceptor by blue regions.

Conventional architecture Inverted architecture

the performance of devices - vertical phase separation in the
active layer can lead to electron donor or acceptor rich layers in
the blend and depending on whether one extracts the electrons
from the top of the device (conventional) or the bottom (inverted),
the electrons may have to travel through a donor or acceptor rich
region before being extracted, affecting charge carrier mobilities
and recombination rates in the bulk heterojunction,>® (ii) the
electron and hole transport layers (ETL and HTL respectively), can
also have a significant influence on device performance - the
choice of these layers can affect the ease of extraction of free
charges at the contacts of the device, along with recombination
and resistive losses (Fig. 2).>>°

In this review, we document the great strides that have been
made by non-fullerene acceptors over the past few years. We
discuss the main classes of NFAs and relate their molecular and
device properties to the key structural characteristics of the
materials. By highlighting these strategic design principles, we
aim to provide a foundation for future innovation in the field
and move closer towards the end goal of commercially viable
large scale organic photovoltaics.

Early frontrunners in the field of non-fullerene acceptors also
included subphthalocyanines (SubPCs), subnaphthalocyanines
(SubNCs) and truxenones (Fig. 3). SubPCs are a subcategory of
phthalocyanines, consisting of three fully conjugated diimino-
isoindole moieties affording an aromatic macrocyclic structure
surrounding a central boron atom. Their initial success in OPVs
was closely tied to their favourable energy levels affording high
Voc, Strong absorption coefficients, in excess of 3.5 x 10° ecm ™,
and excellent thermal and chemical stabilities.** > Subnaphthalo-
cyanines (SubNCs), the higher homologue of SubPCs have also been
developed and share their same advantageous properties. The
highest PCE of binary OPV blends employing either SubPCs or

SubPCs
Fig. 3 General structure of SubPC, SubNC and truxenone NFAs.

Truxenones
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SubNCs as electron acceptor was reported in 2015 and yielded
6.86%. Since then, additional research efforts into this class of
NFAs were unable to eclipse this benchmark. Another drawback
of SubPCs and SubNCs is their more energy and capital expen-
sive vacuum-processing, thus also contributing to their decline.
Similar to SubPCs, truxenones were another type of rotationally
symmetrical vacuum-deposited small molecule NFAs, charac-
terised by their easily tuneable molecular curvature and in turn
their optoelectronic and morphological properties. Truxenones’
inherently low crystallisation tendency often resulted in poor
charge transport properties thus severely limiting the FF of
devices. Consequently, the PCEs of donor:truxenone systems
were never able to exceed 3%.%*°

2. Acceptor—donor—acceptor
calamitic small molecules

Despite being a relatively new class of electron acceptors,
acceptor-donor-acceptor (A-D-A) calamitic-type small mole-
cules appear to be among the most promising replacements
for fullerenes to have been reported, with PCEs now exceeding
11% being achieved regularly. Their classification as A-D-A type
acceptors is derived from their generic structure of an electron
rich donor central core flanked on either side by electron
deficient acceptor units. They have been designed in a modular
fashion, hence tuning the FMOs and absorption spectra can
be easily and readily achieved by substituting one electron
donating (or electron withdrawing) unit with another. The
LUMO of these molecules is mostly located on the electron
withdrawing (acceptor) units on the periphery of the molecule,
and the HOMO is mainly located on the electron rich (donor)
core. As such, any structural changes on the periphery have a
much greater effect on the LUMO than the HOMO, and altera-
tions to the donor core have a greater impact on the HOMO of
the acceptor, allowing independent control over both the
HOMO and LUMO levels. Another advantage of these A-D-A
small molecules, in comparison to the extended rigid fused ring
acceptors, is the relative ease with which they can be synthe-
sized. Also, like all small molecules, these A-D-A type acceptors
do not suffer from the batch-to-batch variations in molecular
weight, polydispersity and purity that is regularly seen in
polymers.

Fluorene, carbazole, indaceno[1,2-b:5,6-b']dithiophene (IDT),
indacenodithieno[3,2-b]thiophene (IDTT), and their derivatives,
are the most commonly used donor units in the core of these
molecules, and established dye based moieties, such as diketo-
pyrrolopyrrole (DPP), indandione and rhodanine derivatives, are
most commonly used on the electron withdrawing periphery of
the molecules. The main differences between many of these
acceptors lies within the m-conjugated spacer unit (if one is
included at all) between the donor unit in the core and acceptor
units, allowing further tuning of the HOMO, LUMO and bandgap.
Chemical modifications to the dye based end groups are also
commonly employed to easily tune the optoelectronic and
structural properties of these acceptors.

This journal is © The Royal Society of Chemistry 2019
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2.1. Fluorene and carbazole based acceptors

The fluorene moiety was among the first to be used as the
donor unit in A-D-A type NFAs, owing to its simple synthesis
and ready availability, in addition to the facile inclusion of
solubilizing chains allowing a degree of control over structural
properties (Fig. 4). One of the first examples of such an NFA was
reported in 2014, where alkylated carbazole and fluorene cores
were flanked by thiophenes and 3-ethylrhodanine end groups
to create Cz-RH and Flu-RH respectively (Table 1).>°® These
acceptors possessed high lying LUMOs (approx. —3.5 eV), to
aid in maximizing the Vo¢, which was achieved with the use of
an electron donating thiophene spacer unit. Another important
feature of the thiophene spacer was to ensure that the acceptor
was planar. Where phenyl-phenyl links are used, the molecular
backbone tends to twist to avoid the steric clash of ortho-
hydrogens. However, in phenyl-thienyl links, this steric strain
is much less as the ortho-hydrogens are much further from one
another, hence the molecular backbone no longer has to twist
to avoid steric strain. When used in combination with P3HT,
Cz-RH and Flu-RH were able to achieve PCEs of 2.56% and
3.08% respectively, where the high V¢ (1.03 V for both acceptors)
played a large role in the success of these NFAs. The main
limitation of the solar cell performance was modest Jsc, which
can be partly attributed to the fact that the NFAs absorb in the
same region of the solar spectrum as P3HT (E, = 2.10 €V), limiting
the fractions of photons that can be harvested in this system.
This design concept was then developed further with the
acceptor, F(DPP),B,.*” Again, this acceptor utilized an alkylated
fluorene as the electron donating core, and contained thiophene
spacer groups, but was flanked by alkylated diketopyrrolopyrrole
(DPP) moieties on the periphery of the molecule. Strongly electron
withdrawing DPP units were employed to narrow the bandgap of
the acceptor (E, = 1.82 eV), such that complimentary absorption
could be achieved. Using P3HT as the donor material, solar cells
were able to achieve an exceptionally high V¢ of 1.18 V, owing to
the high lying LUMO (—3.4 eV), however the Jsc and fill factor (FF)
could not be improved upon, relative to Flu-RH and CzRH
containing devices. This design was also utilized as a basis to
develop FBR.*® Again, it contained the alkylated fluorene donor as
the core, but was this time flanked by electron withdrawing
benzothiadiazole (BT) and 3-ethylrhodanine units on the periphery.
Whilst the increased electron withdrawing character on the
molecule should theoretically serve to narrow the bandgap, this
is mitigated by the phenyl-phenyl link between the fluorene and
BT units. Geometry optimization calculations, using Density
Functional Theory (DFT), estimated a ~35° twist in the back-
bone (using B3LYP/6-31G* level) to avoid the steric clash of
ortho-hydrogen atoms, as discussed above, and thus yielding a
wide bandgap of 2.14 eV. The inclusion of the strongly electron
withdrawing BT spacer served to lower the LUMO level of the
acceptor to —3.6 eV, which would thereby lead to a decrease in
the Vo relative to the aforementioned acceptors. Solar cells
using P3HT as the donor were able to achieve a V¢ of 0.82 V,
but much improved Jsc and FF (7.95 mA cm™? and 0.63
respectively), which can be attributed to the use of an inverted

Chem. Soc. Rev., 2019, 48, 1596-1625 | 1599
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Fig. 4 Fluorene and carbazole based small molecule A-D-A type acceptors.

Tablel Summary of the optoelectronic properties of fluorene and carbazole based small molecule A-D—A type acceptors and their J-V characteristics

in bulk heterojunction solar cells

Optical HOMO LUMO Voc Jsc Electron mobility* Hole mobilityb
Acceptor  E, (eV) (eV) (ev) (V) (mAem™?) FF (em’V 's™h (em*Vv~'s™') PCE°(%)  Donor Additive  Ref.
Cz-RH 2.05 —-3.50 —=5.53 1.03 4.69 0.53 — — 2.56 (—] P3HT — 36
Flu-RH 2.10 -3.53 —=5.58 1.03 5.70 0.52 — — 3.08 (—) P3HT — 36
F(DPP)2B2 1.82 -3.39 —-5.21 1.18 5.35 0.50 2.80 x 107 4.30 x 107° 3.17 (—) P3HT — 37
FBR 2.14 —-3.57 —=5.70 0.82 7.95 0.63 2.60 x 10° — 4.11 (*) P3HT — 38
FBR 2.14 -3.57 —=5.70 1.13 11.70 0.63 3.80 x 10°* — 8.00 [7.80) PffBT4T-2DT — 39
DICTF 1.82 —3.79 —5.67 0.86 16.61 0.56 1.93 x 10°* 3.82 x 1074 7.93 (7.63) PTB7-Th — 40
FDICTF 1.63 —3.71 —5.43 0.95 16.09 0.67 2.40 x 10> 3.37 x 10°° 10.06 (9.81) PBDB-T — 41
CBM 2.02 —4.13 —-6.05 0.88 10.60 0.53 1.90 x 10°° 1.00 x 107* 5.30 (5.00) PTB7-Th 2.0% DIO 42
SF-OR 215  —325 -550 097 7.50 0.65 6.71 x 10°° 849 x 10°°  4.70 (4.46) P3HT — 43
H1 1.67 -3.84 =551 117 7.74 0.60 2.40 x 107 — 5.40 (—) P3HT — 44

“ Determined by space charge limited current (SCLC) measurements using electron only devices. ” Determined by space charge limited current
(SCLC) measurements using hole only devices. © Average PCE values are shown in parentheses.

device architecture rather than a conventional architecture, in
addition to the improved electron accepting abilities of this
molecule. Overall this led to an impressive PCE of 4.1%.
However, it was found that the device was limited by two major
factors: (i) the very similar absorption spectra of FBR and P3HT,
limiting the photocurrent that could be achieved, (ii) the amorphous
nature of the acceptor, owing to its twisted structure, which led to it
becoming molecularly mixed with the P3HT. As a result of the
molecular mixing, the acceptor was unable to aggregate to form the
nanoscale domains and percolating networks needed for efficient
exciton separation and extraction of free charges in the blend, and
thus large nongeminate recombinative losses were observed in the
system. Good morphological stability under extended thermal
annealing was demonstrated, where the acceptor did not form
large aggregates, which is often seen in fullerene containing
devices. When FBR was later combined with the low bandgap
donor polymer PffBT4T-2DT, it was able to achieve a PCE of
8.00%.%° The improved PCE when FBR was used in combination

1600 | Chem. Soc. Rev., 2019, 48, 1596-1625

with the low bandgap polymer can be traced back to a great
improvement in both the Vo and Js¢ in devices (1.13 V and
11.7 mA cm  respectively). The increase in Vo is a result of the
lower lying HOMO level of PffBT4T-2DT, in comparison to
P3HT, and the increase in photocurrent can be attributed to
the complimentary absorption of the donor and acceptor leading
to greater spectral coverage by the active layer blend. DICTF is
another NFA that has built upon the structure of Flu-RH, but
instead of replacing the thiophene spacer, the rhodanine end
group had been replaced with a modified indandione derivative,
2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene) propanedinitrile, often
referred to as a dicyanovinylindanone (DCI) group.*® The logic
behind this strategy was to keep the molecule synthetically
simple and inexpensive, by retaining the fluorene donor unit in
the core, whilst attempting to lower the bandgap, which is usually
relatively wide (>2.0 eV) in fluorene based acceptors. This
strategy was effective in decreasing the bandgap to 1.82 eV,
among the lowest with fluorene core units, by pushing the LUMO

This journal is © The Royal Society of Chemistry 2019
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deeper. From grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements, it was shown that DICTF displayed a
preference to m-stack in a face-on orientation. When combined
with PTB7-Th, a low bandgap polymer that also tends to display
face-on n-stacking, the resultant OPV devices were able to achieve
a substantially larger Jsc than any other fluorene based NFAs
(16.6 mA cm?). Reasonably high and balanced charge carrier
mobilities were observed in the blend (1. =1.93 x 10 *em® VvV~ 's™"
and u, =3.82 x 10" em® V' s "), and along with much stronger
absorption by this medium bandgap acceptor, are likely to be the
cause of this particularly high photocurrent. Because DICTF has a
relatively deep LUMO, a modest V¢ of 0.86 V was achieved, however
the impressive Jsc resulted in a PCE of 7.93%. This acceptor was
later improved upon by using a fluorene-based core that includes
extended conjugation by fusing the thiophene spacers to the
fluorene, affording FDICTF.*! In fusing these units together, greater
planarization and thus a greater degree of conjugation along the
molecular backbone was possible; this led to a narrowing of the
bandgap to 1.62 eV and the extinction coefficient was almost three
times as large as that of DICTF. This increased conjugation also led
to a change in the energy of the FMOs; with the LUMO being raised
slightly (~0.1 eV), and the HOMO being raised more significantly
(~0.3 eV). Due to the red-shift in absorption spectrum, relative
to DICTF, the donor polymer that was chosen to blend with
FDICTF was the medium bandgap PBDB-T, in order to ensure
complimentary absorption profiles between the donor and
acceptor. The OPV devices using this blend are among the
highest that use fluorene-based acceptor molecules, attaining
a PCE of 10.06%. Excellent photon harvesting and good matching
of the energy levels afforded a satisfactory Voc and Jsc to be
achieved, 0.95 V and 16.09 mA cm > respectively. An impressive
FF of 0.67 was achieved; with a greater degree of phase separation
in the active layer. The stronger tendency to aggregate possessed
by the more planar FDICTF is likely to have facilitated the
formation of phase separated donor and acceptor domains,
whereas no clear domains were seen in DICTF blends. Fusing
adjacent conjugated units together has proven effective in lowering
the bandgap of the acceptor and increasing its tendency to
aggregate and phase separate from the donor polymer, resulting
in improved photovoltaic performance in blends. However the
added synthetic complexity associated with this strategy could
be problematic in the potential scale-up of such an acceptor.
The basic design principles of fluorene containing A-D-A
molecules was expanded by synthesizing a series of NFAs using
electron rich central units (fluorene, carbazole and cyclopenta-
dithiophene) flanked by benzothiadiazole units. However, the
3-ethylrhodanine groups were replaced by dicyanovinyl (DCV)
moieties on the periphery; a strategy that has previously been
used in the design of small molecule donor materials.*> The
reasoning for the use of DCV end groups was to promote
planarity, through favourable n-n interactions, with the aim
of improving the charge carrier mobility of the acceptors. CBM,
the carbazole containing acceptor, was able to achieve the best
performance of the series with a PCE of 5.3% with the low
bandgap polymer PTB7-Th. Though the photocurrent was
reasonably high, the devices suffered from a lower Vo, especially
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when considering the low lying HOMO of PTB7-Th, due to the
deeper LUMOs achieved in the acceptors when the DCV units are
included. Additionally, these devices suffered from low FF (0.53),
which also limits their performance; this is likely to be a result of
an unfavourable morphology in the blends.

SF-OR, a spirobifluorene derivative of Flu-RH made use of a 3D
structure and inherent twisting to improve upon the performance
and properties of the early A-D-A type acceptors.** The twisted 3D
structure was adopted to suppress the crystallinity and aggregation
of the acceptor, acting as a method to ensure domains are on the
order of the nanoscale (13.3 and 9.6 nm for donor and acceptor
domains respectively). The optoelectronic properties of this
acceptor are very similar to those of Flu-RH, with comparable
FMOs and bandgap, this is because the 90° twist in the spirobi-
fluorene unit (predicted by geometry optimization based on DFT at
B3LYP/6-31G* level) acts to break the conjugation, forming what is
essentially two Flu-RH molecules attached at the fluorene bridge.
As such, SF-OR devices, employing P3HT as the donor polymer,
exhibited a similar V¢ (0.97 V) to the Flu-RH devices. However, the
Jsc and FF showed significant improvement (7.5 mA cm™? and
0.65 respectively). The 3D structure of SF-OR was shown to inhibit
micrometer-scale aggregation in the blend, leading to an inter-
penetrating donor:acceptor network on the correct length-scale. H1
is another acceptor that makes use of a bifluorene type donor moiety
at its core, this time a bifluorenylidene.** The bifluorenylidene
moiety was attached to four thiophene-flanked diketopyrrolopyrrole
(DPP) units, affording an ‘H shaped’ NFA. The planarity of each
DPP-fluorene-DPP section of the acceptor can be attributed to the
phenyl-thienyl links between the bifluorenylidene and DPP units,
and in combination with the strongly electron-withdrawing char-
acter of the DPP units, H1 was able to achieve a reasonably narrow
bandgap of 1.67 eV and a low lying LUMO. The highly twisted
double bond (calculated to be 40° using DFT at B3LYP/6-311G(d,p))
that links the fluorene units together acts to suppress the excessive
aggregation, often seen in highly planar acceptors, and also improve
the NFA’s ability to accept electrons. Upon accepting an electron, a
radical anion forms, which can be stabilized effectively. The anion is
stabilized by one of the fluorene units, and the radical is stabilized
by the other. When blended with P3HT, H1 was able to achieve an
impressive Voc of 1.17 V, however could only exhibit a modest Jsc
and FF (7.74 mA cm > and 0.60). This led to an overall PCE of
5.42%, which is among the best efficiencies achieved with P3HT as
the donor polymer. Considering the low bandgap of H1, one would
expect that the complimentary absorption of the donor polymer and
NFA would lead to a high photocurrent in devices. However, this was
not achieved in devices and is the parameter that limited the PCE.
The low photocurrent is likely to be a result of a large amount of
non-geminate recombination in the blend, caused by an intimately
mixed donor:acceptor morphology; a result of the twisted
nature of the acceptor.

2.2. Indacenodithiophene and indacenodithienothiophene
based acceptors

Despite the early success of fluorene and carbazole based A-D-A
type NFAs, it became apparent that more strongly absorbing,
narrow bandgap, acceptors were desirable, particularly for
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complementary absorption when using scalable medium band-
gap donor polymers such as P3HT. Many of the fluorene based
acceptors also suffered from sub-optimal morphologies as a result
of intimate mixing in the active layer blends, limiting the FF and
photocurrent that could be achieved. With this is mind, more
electron donating and planar units were identified to be used in
the core of A-D-A type molecules to create narrow bandgap NFAs
with enhanced self-aggregation properties. IDT and its derivatives
emerged as strong candidates and have subsequently been used
extensively in A-D-A type acceptors, owing to the strong electron
donating and planar structures that these units possess, the
relatively straightforward synthesis and good stability of these
units, compared to benzodithiophene (BDT) and other typical
donor moieties employed in push-pull copolymers (Fig. 5).
IEIC, an acceptor containing the IDT core flanked by thio-
phene spacer units and DCI end groups, was among the first
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A-D-A acceptors to incorporate the IDT unit at its core, in
2014.*° This molecule can be considered as analogous to DICTF
with the difference being the replacement of the fluorene unit
at the core with IDT and using phenylhexyl solubilizing chains.
The stronger electron donating character, and added planarity
associated with thiophene-thiophene links, led to IEIC being
able to achieve a bandgap of 1.57 eV. By reducing the twisting in
the molecule, the effective conjugation was increased, thereby
narrowing the bandgap. Also, the greater overlap of HOMO and
LUMO spatial distribution improves the oscillator strength of the
acceptor, increasing the absorption coefficient of IEIC, compared
to the values previously seen in many of the fluorene containing
A-D-A type acceptors. Devices were fabricated using PTB7-Th as
the donor material, despite the similar absorption profiles of the
donor and acceptor. A result of this poor spectral coverage was a
modest Jsc of 13.55 mA cm™ 2. A relatively poor FF of 0.48 was

IEIC R= |CeHyg

R= R=
CzHs

C4Hy

o
R= \eLo,c,H‘,

IT4F R= |-CeHys

Fig. 5 IDT and IDTT based small molecule A-D-A type acceptors.
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Table 2 Summary of the optoelectronic properties of IDT and IDTT based small molecule A-D—-A type acceptors and their J-V characteristics in bulk

heterojunction solar cells

Optical HOMO LUMO Voc Jsc Electron mobility* Hole mobilityb
Acceptor  E,(eV) (eV)  (eV) (V) (mAcm ?) FF (em®’V 's™Y) (em®>Vv's™")  PCE® (%) Donor Additive  Ref.
IEIC 1.57 —-3.82 —5.42 0.97 13.55 0.48 1.00 x 10 * 4.50 x 10°* 6.31 (6.08) PTB7-Th — 45
IEIC 1.57 —3.82 —5.42 1.00 12.70 0.62 2.10 x 107* 1.90 x 107* 7.30 (7.20) PffT2-FTAZ-2DT — 46
IEICO 1.34  —3.95 —532 0.82 17.70 0.58 4.60 x 10~* 1.50 x 10®  8.40 (8.30) PBDTTT-ET  — 47
IDSe-T-IC 1.52 -3.79 —5.45 0.91 15.20 0.62 7.72 x 107° 8.25 x 107" 8.58 (8.21) J51 — 48
O-IDTBR 1.63 —-3.88 —5.51 0.73 14.10 0.62 4.70 x 10°° — 6.38 (6.30) P3HT — 49
O-IDTBR 1.63 —-3.88 —5.51 0.83 14.70 0.65 3.40 x 10°° — 7.80 (—) P3HT — 50
EH-IDTBR 1.68 -3.90 -5.58 0.76 12.10 0.62 6.10 x 10°° 6.80 x 10°* 6.05 (—) P3HT — 49
EH-IDTBR 1.68 —-3.90 —-5.58 1.02 17.20 0.63 — — 11.09 (10.70) PffBTAT-2DT — 51
IDT-2BR 1.68 -3.69 —5.52 0.84 8.91 0.68 2.00 x 10~* 2.60 x 10~* 5.12 (5.04) P3HT 3.0% CN 52
IDT-2BR 1.68 —-3.69 —5.52 1.02 13.90 0.60 1.70 x 107* 6.70 x 107* 7.70 (7.60) PTB7-Th — 53
IDT-2BR1 1.61 —3.67 —5.37 0.95 15.20 0.60 3.90 x 107 1.50 x 107* 8.70 (8.60) PTB7-Th 3.0% CN 54
ATT-1 1.54 —-3.63 —5.50 0.87 16.48 0.70 2.40 x 10* 5.13 x 10 10.07 (9.89) PTB7-Th 1.0% DIO 55
ITIC 1.59 —3.78 —5.51 0.81 14.21 0.59 1.10 x 10~* 4.30 x 107° 6.80 (6.58) PTB7-Th — 56
ITIC 1.59  —3.78 —551 0.95 17.87 0.67 1.00 x 1073 1.00 x 10> 11.34 (11.03) PBQ-4F 5.0% IPA 57
ITIC 1.59 -3.78 —=5.51 0.90 16.81 0.74 — — 11.21 (10.68) PBDB-T 0.5% DIO 64
ITIC-Th 1.60 —-3.93 —-5.66 0.88 16.24 0.67 6.10 x 10™* 3.00 x 1074 9.60 (9.30) PDBT-T1 1.0% CN 58
ITIC-Th 1.60 —3.93 —-5.66 0.93 17.60 0.69 — — 10.88 (10.50) PTFB-O — 60
IC-C6IDT-IC 1.62 -3.91 -5.69 0.89 15.05 0.65 2.90 x 10~* 5.10 X 107> 8.71 (8.57) PBDB-T — 61
IT-M 1.60 —3.98 —5.58 0.94 17.44 0.74 1.10 x 10™* 3.33 x 1074 12.05 (11.48) PBDB-T 1.0% DIO 62
IT-DM 1.63 -3.93 —5.56 0.97 16.48 0.71 4.70 x 107° 2.29 x 107* 11.29 (10.79) PBDB-T 1.0% DIO 62
IT-4F 1.51 —4.14 —-5.66 0.88 20.88 0.71 4.32 x 107* 3.25 x 1074 13.10 (—) PBDBT-SF 0.5% DIO 64
m-ITIC 1.58 —3.82 —5.52 0.91 18.31 0.71 1.30 x 10™* 1.54 x 10 11.77 (11.49) J61 — 66
BT-IC 1.43 —-3.85 —5.43 0.90 17.75 0.66 7.60 x 10~* 3.53 x 10°* 10.46 (10.28) J71 — 67

“ Determined by space charge limited current (SCLC) measurements using electron only devices. ” Determined by space charge limited current
(SCLC) measurements using hole only devices. © Average PCE values are shown in parentheses.

achieved in these devices, likely to be a result of imbalanced hole
and electron mobilities in the blend (u. =1.0 x 10 *em*V s "
and up = 4.5 x 107* cm® V' s7Y), and domains of around
30 nm; somewhat larger than the exciton diffusion length in
organic materials (Table 2). This can be attributed to the highly
planar nature of the acceptor, inducing excessive crystallisation.
A Voc of 0.97 V was reached in these cells, which, when
considering that the difference between the HOMO of the donor
and the LUMO of the acceptor is only ~1.4 eV, is evidence of
surprisingly low losses in this system. Despite the low FF, the
devices were able to achieve a PCE of 6.3%, the highest at the
time for small molecule acceptor devices. Devices using IEIC
were later improved upon when PffT2-FTAZ-2DT was instead
chosen as the donor polymer.*® This polymer possessed a
medium bandgap, allowing the active layer to achieve greater
spectral coverage. Additionally, this polymer was able to form a
more favourable morphology with the IEIC (~20 nm domains)
and more balanced charge transport properties, leading to a
much improved FF of 0.62. Overall, by changing the polymer to
obtain a more favourable morphology and charge transport
properties, an increase in PCE to 7.30% was achieved. This
highlights the importance of pairing the acceptor with a polymer
that is able to form favourable morphologies, as well as the
correct energetics and complimentary absorption profiles. A
small structural change to the structure of IEIC was designed
where alkoxy, rather than alkyl, solubilizing groups on the
thiophene spacers were employed resulting in IEICO."” Using
DFT calculations (geometry optimization based on DFT at
B3LYP/6-31G(d,p) level), it was found that whilst the inclusion
of alkoxy chains had no effect on the HOMO and LUMO
distributions, the stronger electron donating nature of alkoxy
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chains acted to raise the HOMO level by ~0.2 eV, thereby
narrowing the bandgap of the acceptor to 1.34 eV. IEICO was
then blended with PBDTTT-E-T to produce solar cell devices. The
narrower bandgap of the acceptor led to improved spectral
coverage and a broader EQE was reported, this improved photon
harvesting was reflected by an improved Jsc of 17.7 mA ¢cm 2.
A more preferable active layer morphology was also observed in
comparison to their IEIC reference device, and diminished
bimolecular recombination was observed, overall leading to
the achievement of an 8.40% PCE. Another analogue of IEIC
was reported in which the sulfur atoms in the IDT unit had been
replaced by selenium atoms, producing IDSe-T-IC.*® This acceptor
possessed similar energy levels to IEIC; with a small amount of
narrowing of the bandgap (1.52 eV). This is typical upon substituting
thiophene for selenophene type moieties as the larger chalcogen
atoms reduce the chalcogenophene’s aromaticity, thereby increas-
ing the quinoidal character of the unit and narrowing the bandgap.
Possessing a slightly narrower bandgap and being blended with the
donor polymer J51, which has a complimentary absorption to
IDSe-T-IC, devices us