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Abstract

This short mini-review gives a simple and teacherly introduction to the field of materials and their
modelling for the active-layer in organic photovoltaic devices. It gives a perspective on past work
and a summary of the current state-of-the-art. Given the extremely fast changes on-going in this
field, it is hoped that this document will serve both as a timely snap-shot and a pedagogical entry
point to this fascinating subject. Furthermore, an example is given of how modelling can enhance
the understanding of the structures and qualities of materials using a leading low band-gap polymer

donor and non-fullerene acceptor pair (PM6 and Y6).
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This teacherly mini-review gives an overview of the development of the active layer in organic

photovoltaic devices and a snapshot of current activities in this extremely dynamic field.



1. Introduction

With accelerating increases in energy consumption that are often locked to fossil-sourced
pollution, many scientists are looking for ways to collect energy from nature. Harvesting the
radiative energy provided by the sun is an attractive idea since it is the most abundant and
carbon neutral energy source available on Earth.! Since their discovery, solar panels have
consistently improved their efficiencies, both in the lab and in industry, and have considerably
diversified, with many different types appearing over the last few decades. While many are
inorganic, and outside the scope of this mini-review, we will focus on the state of the art of
polymer-based organic photovoltaics (OPVs) which have gone through a startling and recent
growth in efficacy.? When compared to their inorganic counterparts, they possess now only
slightly lower efficiencies but display numerous advantages, such as non-toxicity, exceptional
energy payback times, low weights and flexibility, low-temperature processing, and they are
made from abundant materials. OPV panels can be easily tuned with various shapes and
colors and weights, depending on their encapsulation. Moreover, they are less susceptible than
inorganic devices to the impact of the angle of the incoming light and they support low level
light as their limiting factor is internal resistance rather than the amount of incoming light.*
All these qualities should facilitate their integration into buildings and urban designs.” It is

easy to imagine cities filled with OPV modules.

2. Generalities of OPV

To better understand how to improve OPV efficiencies, it is essential to understand the
photocurrent generation mechanism and the losses behind it. The general concept of
photocurrent generation is that when a photon hits a photovoltaic module, it excites an

electron and this electron moves through the device and the circuit to relax to its initial state.



Behind this simple concept, a much more complex one is involved which has been optimized
by employing various materials and device architectures. While there is a wide range of
device structures, such as ‘normal’ and ‘inverted’, the classic device can be considered as that
shown in Figure 1, composed of six layers. There is an active layer, where the generation
begins, sandwiched by two blocking layers (also called selective layers) themselves
sandwiched by the electrodes, with one of them transparent to let the light pass through. Each
layer plays a specific, important role in the photocurrent generation mechanism. There is also
a substrate layer which is made of transparent glass or plastic, typically poly(ethylene
terephthalate) (PET),> giving the mechanical strength of the module and, importantly,
protecting it from water and air. Often other coatings and layers are used, such as anti-UV

barriers, poly(carbonate) supports for building integration and so on.
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Figure 1. Schematic of an ‘inverted’ organic photovoltaic cell containing an active layer
based on a bulk-heterojunction.

The generation of a photocurrent starts with the process shown in Figure 2. In (a) there

is a photo-excitation of an electron in the ground state of the active layer, creating an electron-



hole pair called an exciton. In (b) the exciton is then split at an interface between a donor and
acceptor in an extremely fast process leading to a carrier transfer state. Finally, (c) the charges

are separated, and the electrons move towards the cathode and the holes towards the anode.®
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Figure 2. Photocurrent generation mechanisms in an OPV. (a) An incoming photon excites an
electron in one of the materials in the active-layer; in this case in the donor. (b) An extremely
fast transfer of the electron to a nearby acceptor, within the radius of the exciton pathway
length, “rescues” the exciton from coalescence. And finally (c) a cascade of steps permits the
electron and hole to find stable states via doing work in the outside circuit.

Current generation can fail at each of these steps. When an incoming photon fails to
create the exciton, it generates photon losses. The ratio of collected electrons over the quantity
of incident photons determines the external quantum efficiency (EQE). It is typically near to
or greater than 80%." When the exciton recombines before the charge transfer state, we have
what is generally termed exciton losses. Deeper details about the charge transfer state and the
physical explanation behind it can be found in the review of Liu et al.® When recombinations
occur before the charge-carriers reach the electrodes, the losses are called, not unsurprisingly,

charge-carrier losses. The charges can be lost by recombinations of electrons with their

respective holes (geminate recombinations) or with holes generated from a different exciton



(non-geminate recombinations). Other losses include those arising from non-radiative
processes, such as energy being lost by the creation of a phonon.

Looking at the process of exciton splitting, we can see that the two charges that make
up an exciton are bound by a binding energy Eg which is defined by:

q2
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in which q is the charge of an electron, g the vacuum permittivity, r the distance between the
hole and the electron and finally &, is the permittivity of the material.

In inorganic modules, the strong interaction of the commonly employed metalloids,
such as silicon, induces a high permittivity (~11) and an important delocalization of the
exciton. This results in a very low Eg (of the order of few meV) which makes it easy to split at
room and working temperatures. However, in the case of OPVs, the low intermolecular
interactions lead to a low value of r and a relatively low &, (about 3-4)° which means a high
Eg, of about 0.3 eV.!% Note that this value can vary widely depending on the nature of the
materials used, and indeed can be reduced.™ The thermal energy that is available at room
temperature (kgT) is 25 meV which is clearly not enough to dissociate the two parts. These

differences can be seen in Figure 3.
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Figure 3. Evolution of the exciton binding energy depending on the electron-hole distance
according to the permittivity of the material. Reprinted with permission from reference 6.
Copyright Elsevier 2020.



To overcome this barrier to charge separation, the solution was found by Tang in
1986.'% The active layer of an OPV device is made of two materials that have different
electrochemical potentials. The one with the lowest ionization potential is called the electron
donor and the other one is the electron acceptor. This difference creates an offset energy
which is, for a well-designed material, high enough to split the exciton. Accordingly, this
potential difference should be at least equivalent to the binding energy of the exciton. The
splitting mechanism can then occur in two ways: (1) the exciton is created in the donor, then
the electron will be transferred to the lowest unoccupied molecular orbital (LUMO) of the
acceptor, as shown in Figure 1; (2) the exciton is created at the acceptor, and the hole is
transferred to the highest occupied molecular orbital (HOMO) of the donor. In both
mechanisms, the exciton is split at the donor-acceptor interface. This implies that not only the
absorption of the donor is important, but also the absorption of the acceptor should be high in
order to maximize the EQE. Of course, only a photon with the same wavelength as the
absorption of the active layer will be able to excite an electron and will potentially induce a
current. That is why it is important to design donor and acceptor materials in a way that they
have complementary absorption ranges, optimizing the coverage of the solar spectra. After
being split at the junction, the electron-hole pair remain close and can still recombine if they
cannot reach the electrodes quickly, leading to charge carrier losses. The study of the
morphology and the carrier mobility in the active layer are important to reduce these losses
and will be discussed latter on.

The power conversion efficiency (PCE) of a cell is given by the following equation:

Vyc.FF
n = Reee )

where Pj, is the input power provided by the sun, FF is the fill factor, determined with the

curve of the current density as a function of the voltage as seen in Figure 4. It represents the



maximum attainable power from an OPV and is the ratio of the actual maximum power out

over the ratio of the maximum theoretical power out as so:

Imaxvmax
FF = _Pmax”Pmax

IscVoc 3)
Jsc IS the short-circuit current density, measured against a circuit with no resistance, and is
proportional to the ability of the active layer to absorb light, the photon flux of the sun, and
the exciton dissociation efficiency. Vo, the open-circuit voltage, represents the maximum
possible voltage attainable from a device, measured against an infinitely, or in reality, an
extremely high value resistor. It is directly related to the difference between the HOMO of the
donor and the LUMO of the acceptor, as this is the theoretical limit for providing a potential
difference.” It is often reduced by interfacial resistances inside the device, and indeed,
measuring the difference between the V. can provide essential clues about defects and ways
to improve a device at its interfaces. Unfortunately, there is a duality in the relationship
between the Jsc and Vo values which hampers advances in device improvements. To increase
Jsc, One can reduce the band-gap of the donor by raising its HOMO. But as the gap between
the HOMO of the donor and the LUMO of the acceptor is directly linked to the value of the
Vo, the larger this gap is, the higher the Vo, will be. This means that less light is able to
promote excitonic states, and therefore there is a reduction in the current. Similarly,
increasing the HOMO of the donor will increases the value of Jg, but will reduce the V..
Another relationship that confuses the matter is that when the LUMO of the acceptor is raised
to reduce the gap between it and the LUMO of the donor, then the offset energy brought by
the junction is reduced and the V. further improved. An illustration of this duality is shown in

Figure 5.
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Figure 4. A typical plot of current density against measured tension for an OPV. The fill
factor is represented by the area of dashed lines. Reprinted with permission from reference 14.
Copyright 2015 American Chemical Society.
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Figure 5. Evolution of the Vo and the electron transfer depending on the band gap of the
donor.

1. The active layer

Each layer has its importance and can massively influence the overall efficiency. To focus this
work, we will concentrate on the central active layer. The reader can find excellent reviews on

electron and hole-transport layers, ™’

and a key transparent material, poly(3,4-ethylene
dioxythiophene)-compl-poly(styrene sulfonate) (PEDOT:PSS)® in the literature. The
transparency of the layers between the light source and the active layer, light diffraction,
plasmonic effects, to identify but a few parameters, all play a role in determining the outgoing
current. Particularly important though, as identified above, are the impact of the energy levels

of the polymers and molecules involved in the electronic transfers within the active layer to
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the electrodes. In order to accelerate new discoveries, computational methods can be
employed to select best targets for syntheses.

Computational steps are very important for efficient researches. It can prevent the
waste of material and time by predicting if the molecule aimed would be worth synthesizing
and studying. It helps understanding phenomena that are difficult to predict and can help
improve them for further research. For example, in their paper, Lopez et al.*® have combined
computational methods with machine learning to design molecules that would be good
acceptor candidates in OPV modules. However, in general, computational methods are not yet
completely reliable as they are unable to take into account complete morphological and
environmental perturbations, but nevertheless methodologies have been developed to give
best approximations with respect to the system studied, applying various basis-sets chosen for
their adaptability to the (macro)molecules under consideration. Most of the references from
here on employ computational chemistry in their research to explain working mechanisms or
predict optimized materials and devices. Near the end of this review we will show an example

of how modeling can be used with a current standard-bearer system.

3.1 Electron donors

In the years following the discovery of a light-stimulated fast electron transfer from a polymer
to a fullerene derivative, namely phenyl Cg; butyric acid methyl ester (PCBM), by Sariciftci et
al. in 1992, the chemistry and modelling of the donor polymers received the greatest
attention as they were the simpler to modify. Fullerene had only been discovered seven years
before,” and as a result its chemistry was not so mature, and it remained expensive thus

limiting its study. Donors can be divided in two categories, polymers and small molecules.
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3.1.1 Conjugated polymers
The first polymers used in an OPV device were electrochemically grown poly(thiophene)s
back in 1984.%2 However, it was the aforementioned discovery of electron transfer between a
thin film of a polymer and a thin film of PCBM sandwiched between two electrodes that gave
real impetuous to the research field. The subsequent discovery of a bulk-heterojunction in
which both donor and acceptor were intimately mixed in the active-layer in 1995, gave rise
to an extraordinary growth of works performed in the area, which has been well reviewed.***
Initially, poly(1,4-phenylene vinylene) (PPV) was the polymer of choice. It is yellow,
highly crystalline, and fluorescent polymer that can be easily synthesized by a variety of
routes.”® The first use of PPV with PCBM gave a low 0.04% efficiency®” due to the bilayer
nature of the device, and developments were hampered by the low solubility of the polymer.
Considerable improvements came about through side-chain engineering of PPV to give
poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) which increased
its solubility and miscibility with PCBM?’ even though it suffered from oxidative stability.”®
Greater control over the morphology of the active-layer by using various casting solvents such
as toluene and chlorobenzene with poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) by Shaheen et al. further raised the efficiency to 2.5%.%%°
To form an exciton in the polymer, the energy of the incoming photon needs to be
greater than or equal to the gap between the HOMO and LUMO of the polymer. As the gap is
reduced, more photons have enough energy to make excitons, thus having a direct and
proportional impact on the produced current. A straightforward way of reducing the gap is to
increase the degree of conjugation in the polymer.®** An increase in the number of
overlapping n-orbitals raises the HOMO and lowers the LUMO. Importantly, the overlap of
n-orbitals is maximized by flattening the polymer backbone, as the orbitals have the highest

possible symmetry. A straighter backbone therefore leads to a higher HOMO and a lower
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gap.*® Various methods have been used to rigidify polymers including the fusion of rings and
the use of bridging atoms. Increasing the quinoidal character of a system can also contribute
to its planarity®® and help reduce the band gap,® as shown in Figure 6. Because of these
reasons, polymers made from thiophenes were found to be highly successful, due to their

tendency towards quinoidal forms.

Figure 6. Illustration of the effect of the quinoidal character on the planarity of the backbone.
Reprinted with permission from reference 34. Copyright 2014 American Chemical Society.

An archetypical polymer, poly(3-hexylthiophene) (P3HT), Figure 7, was for at least a
decade the most common electron donor because of its facile synthesis,®® low cost and
exceptional efficiencies, up to around 5%, when used with PCBM.*’ P3HT has a very straight
chain, and a strong tendency to crystallize which is enhanced by the hexyl chain which inter-
digitates between adjacent chains.®® This characteristic could be further increased by careful
annealing of the active-layer,® or by the addition of small molecules such as diiodooctane.*

The latter, however, can impact heavily on the stability of the device,** unless post-production

treatments are used .42
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Figure 7. The chemical structure of P3HT.

Conjugation is not the only solution when it comes to reducing the band gap. When
two molecules with different molecular orbitals (MO) are fused, the orbitals with the same
symmetries create two new orbital levels, one lower and one higher, as shown in Figure 8.
This can be applied to polymers by generating alternating copolymer structures from two
different compounds, one with a higher HOMO (a donor part) and one with a lower one (an
acceptor) to yield the so-called low band-gap polymers.”* By changing or making
modifications to comonomers, the gap can be tuned and optimized, for example the addition
of electron-donating alkyl side-chains and electron-withdrawing halides at specific positions
can reduce the HOMO to improve the Vo..** Polymers that have been particularly successful
include the benzodithiophene (BDT) comonomer, such as poly(benzodthiophene-1,3-bis(5-
bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c"]dithiophene-4,8-dione)
(PBDTBDD),” as shown in Figure 9. Note that the quinoidal effect mentioned above again

here has a strong influence in straightening the backbone.
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Figure 8 lllustration of HOMOs and LUMOs from donor and acceptor comonomers
combining to deliver a so-called D-A molecule with a reduced band-gap. Reprinted with

permission from reference 14. Copyright 2015 American Chemical Society.

PBDTBDD

Figure 9. Key low-band gap polymers that have enabled high efficiencies.

Recent papers have used derivatives such as PM6 (Figure 9) to record efficiencies, for
example 17.3%, reached by Meng et al.*® in 2018 in a tandem device. An even higher
efficiency of 18.22% was reached by Liu et al.*’ in a single layer device with D18 as a
polymer donor that incorporated a dithieno[3',2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole
heterocyclic fused-ring acceptor. More recently, 18.56% have been reached with this
polymer.*® Excitingly, the 20% barrier has been broken using a 1 cm? cell, although it was for

low-light levels indoors.*°
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3.1.2 Small molecules

The seminal and pioneering work performed by Tang in 1986 demonstrated the photovoltaic
effect for vacuum-deposited bilayers of small molecular donors and acceptors.'? Respectively
they were a copper phthalocyanine and a perylene derivative, and together with an indium
oxide interlayer and silver electrodes gave an efficiency of around 1%. While the difference
of size with respect to polymers is clearly apparent, small molecules have the advantages of
being prepared, generally speaking, with more uniform structures than polymers, and
generally exhibit higher solubilities or can be vacuum treated. However, they do not have the
strength and flexibility that polymers’ structures confer by way of their extensive covalent
bonding, and neither do they have the long-range conjugation that can enhance charge-
mobilities. An early example of a good molecular donor is shown in Figure 10, made by

Roquet et al.”

and one of an exceptional series of 3-dimensional structures which attempted
to move current more easily through the active layer.>* Engineering of diketopyrrolopyrrole to
yield 3-D structures more recently delivered, with a polymer acceptor, efficiencies of about

4%.%
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Figure 10 Molecular structure of triphenylamine derivative combining thienyl and dicyano

groups.*

The use of alternated donor-acceptor (D-A) blocks in small planar molecules is also
possible, but like the 3-dimensional systems, and opposed to the polymer, the alternation is
only over a few units. These are commonly called ladder-type or push-pull molecules. They
show high electron mobilities due to enhanced intramolecular charge transfer and their
aggregation can be controlled by adding side-chains that act as spacers between the stacked
molecules. Nevertheless, fewer examples of these systems exist with respect to those based on
polymers, perhaps due to expectation that they are unable to transfer charges along long
chains, like polymers. Good examples of push-pull donor are the D-A-D-A-D molecule made
by Sun et al.>® and the A-D-A by Zhou et al.** that reached 6.7% and 8.12% efficiencies,
respectively. Both are shown in Figure 11. The area has since been well reviewed by IImi et
al.™® and even more recently, 14% efficiencies have been demonstrated with all-small-
molecule organic solar cells by exploiting a high degree of molecular planarity, thus

enhancing stacking and intermolecular nt-nt charge-tr«’:lnsf(-)r.56
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Figure 11. Molecular structure of DTS(PTTh2)2% and DR3TBDTT,* respectively, left and

right.

To sum, the advantages of these small molecules are that they are easily tuned, with
very specific modifications being feasible, such as changing substituents in the end-groups to
modify the optical and electronic properties, and they possess strong chromophoric properties.
Charge mobilities are reasonably high, typically up to around 10 cm? V* s*. However, they
are extremely sensitive to their molecular packing and impurities, and lack the mechanical
strength and processing ease of polymers. By comparison, polymers currently show similar
charge mobilities, so while their conjugation is segmented,®’ and their charge mobility very
much controlled by intra-chain hopping,® it is expected that better exploitation of through-
chain conjugation will open up mobilities of an order or so higher. An excellent review

dissecting the impact of structure on charge transport is given in reference 58.

3.2 Electron acceptors

Current research imperatives for electron acceptors include controlling the HOMO and
LUMO to increase light absorption, increasing charge mobilities to reduce recombination
losses, and improving interactions with the electron donor. The first, and arguably the most

well-understood acceptor to be introduced was the fullerene derivative, PCBM.*

3.2.1 Fullerene
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After the initial discovery that PCBM could be used as an electron acceptor in OPV devices,”
fullerene derivatives have shown great successes over the years in combination with a range
of donor polymers. Indeed, until the past decade, by far the most studied molecules for OPV
were those based on Cgg and Cyy.

Fullerenes are football-shaped molecules made of hexagonal and pentagonal rings and
are constituted only of carbon atoms; each atom is bound to three others liberating one
electron for conjugative m-bonds. In the case of Cgo, there are 20 hexagons and 12 pentagons.
Initially it was expected that the fullerene would display complete conjugation over the whole
sphere, but due to the gain in stability by the formation of alternating double and single bonds,
and the spherical nature, electrons tend to circulate within each hexagonal ring, avoiding the
five-membered rings. The number of carbon atoms varies from between 22 to more than a
hundred but the most stable, and accessible, are Cgo and Cyo. Generally fullerenes are prepared
by burning benzene in a low-oxygen atmosphere,”® making possible multi-ton scale
productions, however, complete multi-step syntheses have also been devised.®*

The high electron affinity of these molecules coupled with their relatively good semi-
conductivity electron made fullerenes electronically interesting and promising materials.®? A
downside, however, is their high level of symmetry which limits their absorption mostly to
the UV region. PC7BM has been more successful than PCgBM, for example, due to its better
reach into visible light, making it able to participate more effectively in the formation of

excitonic states, even while it has a reduced electron mobility.*®

Figure 12. Structures of Cgo, C79, PCs1BM and ICgBA.
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Several works have tried to overcome the issues of improving the absorption and
varying the position of the LUMO and HOMO of the molecule by changing the number and
type of moieties around the fullerene core. While PCgBM was a “go to” molecule for more
than two decades and remains of interest,®” others such as indene-Cgo-bisadduct (ICBA)
(Figure 12) demonstrated that higher efficiencies could be reached. However, both it and bis-
PCBM, which had proved interesting due to the raised LUMO permitting improved
efficiencies, their use with other polymers was limited due to poor photocurrent generation.®
An excellent review covers the range of fullerenes and its derivatives used in photovoltaics.®
However, even with these modifications, the electronic levels of fullerenes remain relatively
unchangeable, making it difficult to improve the V. This in turn has a proportional impact on
the power output of the device. The impact of the electronic levels on the Vo, was well
described making clear how order, and interfacial order, are also important in raising the
output voltage.®® Increasing order, for example by removing interstitial caused by solvent
molecules, and by increasing crystallinity increases the energetic gap perceived by charges
moving from the device and with it the V. Increasing the size of the delocalized
wavefunction of the molecules can also increase the V. as it reduces the energy binding the
charges to their molecules, leaving greater energy available. A very recent article gives an in-
depth, clear and rigorous appraisal of the relationships between molecular energy levels and
the Voc by comparing non-fullerene and fullerene-based acceptor systems.®’ In any case, these
challenges remain hard to resolve with fullerenes due to their inherent modular nature; as
soon as a bond is made with the sphere in an attempt to extend conjugation, the actual
conjugation of the sphere is lost. This means that more linear systems, that can allow for
greater conjugation and wider, more delocalized wavefunctions, might be of greater interest

for photovoltaic acceptors.
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While fullerenes tend to vertically organize in a device in such a way as to favor
charge transfer, they also undergo excessive aggregation with time and during processing
which can lead to the formation of disruptive micron-scale crystals.®® While the use of
poly(fullerene) additives were found successful in arresting this process (Figure 13) and the
associated ‘burn-in’ there was also a reduction in the initial device efficiency.”® Photo-
oxidation was also a recurrent problem for fullerene-based OPVs, although this was

effectively resolved by using nickel chelate additives.”
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Figure 13. Cartoon representation showing how poly(fullerene)s can prevent excessive
aggregation of fullerenes (in black) during processing. The blue lines are a representation of
polymer donors. Reprinted with permission from reference 69. Copyright 2017 American

Chemical Society.

Overall, the lack in the absorption spectra of fullerenes is a major issue and increasing
the absorption of the donor to match with fullerenes has been challenging. A not
inconsiderable amount of work was done to try and resolve this problem, for example that by
Hudhomme and colleagues, wherein dyads combining fullerene and perylenes were explored,
expanding the absorption profile of the acceptor, and permitting energy and electron transfers

between the moieties.”""?

Quite spectacular dyads combining fullerenes, with for example,
oligo(phenylene vinylene) were prepared and demonstrated electron transfer from the added

chromophore to the Cgo sphere.” Indeed, fullerenes are certainly not out of the running as
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molecules for photovoltaics. They continue to be studied for use in multi-component active-
layers where their electronic levels and absorption profiles complement the properties of other
acceptors, for example, PC;cBM has been useful in improving devices efficiencies and
stabilities when used in a ternary blend,” and has played a key role in tandem devices
delivering 17.3% efficiencies.® Recent work has also shown that their use as low-level
additives with non-fullerene acceptors such as ITIC can improve charge-transfer in the device
by aiding the formation of electron transfer pathways.” In our own work, we have found that
by using fullerene as a comonomer in alternating main-chain polymers, it is possible to raise
the position of the LUMO by around 0.5 eV with respect to PCBM by way of the type of
polyaddition and comonomer used, as shown in Figure 14.7°%° However, these variations still
remain little in comparison to the so-called non-fullerene acceptors. It should be noted, that
even while each measurement made to create Figure 14 was performed using the materials in
the same conditions as PCBM each time, allowing some corrections for experimental set-up,
the values should be treated with caution as the degrees of uncertainty, compounded when
comparing materials, can be considerable when using cyclic voltammetry (CV).*
Furthermore, given that the processes in CV result in addition and abstraction of electrons and
an ensuing variation in the structure of the molecule, the values should not be considered as
indicative of energy levels, but rather in respect of ionization potentials and electron affinities.
The latter, it is thought, changes the fullerene LUMO by through space interactions.

Finally, we should add that fullerene-like materials, such as carbon nano-tubes cannot
be ignored. For example, carbon nano-tubes were added to improve charge transfers to the
electrodes, and one could imagine that they act a bit like super-highways. This inspiring work

found that it was important to orient the fibers to significantly increase efficiencies. %

21



-3.3eV

-3.4 eV

-3.6eV

-3.7 eV

-3.8 eV

Figure 14. Exampled changes of the LUMO by incorporating fullerene into polymer main-
chains. All values normalized with respect to PCBM calibrated with the
ferrocene/ferrocenium (Fc/Fc+) couple, however, please see text for a commentary on the use

of cyclic voltammetry derived values.

3.2.2. Non-fullerene acceptors

Non-fullerene acceptors, or NFAS, have recently exploded in number and types, raining down
spectacular efficiencies. This group of materials should really have a new name that doesn’t
simply place them with respect to fullerene as there are numerous classes, each deserving

recognition. Several reviews have appeared that deal well with these materials and their

11,83,84 | 85

design, not least that of Zhang et al.”™ which gives an in-depth and excellent appraisal
of the various chemical structures that can be encountered and explored, so here we will just
point to some key leading molecules. A point common to them all, however, is their strong

chromophoric capabilities which complement the absorptions of donor molecules and
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polymers. Importantly too for these systems are their ability to reduce the energy required to
split excitons in bulk heterojunctions, making is possible to raise the Vo and the fill factor.?®
One early example of interest is the helical Zn(WS3), shown in Figure 15 and reported

by Mao et al which, when combined with P3HT, gave an efficiency of 4.1%.%’

\"
Figure 15. Chemical and 3-D structures of Zn(WS3),, reprinted with permission from

reference 87. Copyright John Wiley and Sons, 2021.

A successful strategy has come about using push-pull structures, much like those
found for donors. An early example of such a molecule is FEHIDT (Figure 16) derived from
indandione and giving 2.4% with P3HT in 2013.% It is not possible to talk about ladder-type
acceptors without mentioning ITIC (Figure 16), one of the most important molecular
acceptors.” ITIC is composed of two 2-(3-ox0-2,3-dihydroinden-1-ylidene) malononitrile
(INCN) acceptor groups and an indacenodithieno [3,2-b]thiophene (IT) electron-donating
core. A PCE of 6.8% was first obtained when combined with PTB7-Th.%*® Higher efficiencies
were realized with an optimized donor® and up to 14% was reached by adding electron-
deficient fluorine substituents.”> The fluorination of ITIC, has, as mentioned above, in
combination with PC,BM and F-M, with PTB7-Th and PBDB-T as donors in a tandem
device delivered an extraordinary 17.3%.% Such efficiencies have made this molecule
particularly promising, easily overtaking fullerene-based acceptors. Other work has also

shown that these systems are adaptable to non-chlorinated solvents making them more
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accessible for industrial processing. For example, tertiary blends of fluorinated ITIC (ITIC-
4F) and new extended NFAs with acceptor-(n-conjugated)-donor-(n-conjugated)-acceptor

structures with PM6 have delivered 11.1% efficiencies.**

FEHIDT

Figure 16. The chemical structures of three key NFAs.

Another recently advanced molecule is Y6, also shown in Figure 16, which when
associated with PM6 brought about an efficiency greater than 16% in 2019.% This molecule is
constituted of two flat units with a 17.5 degree dihedral angle twist between them and two
pairs of alkyl chains, used to increase the solubility and reduce excessive n-m stacking. It
possesses a wide absorption spectrum and has a good thermal stability, with a high
decomposition temperature of 318 °C, amply enough to fit processing requirements which are
generally never more than around 140 °C.%

A particular class of molecules based on rylene diimides, which include perylene
diimides are also of strong interest due to their great robustness and stability, and have been
widely used in industry as dyes for paints and so on. These materials have again been well
reviewed,®°" however, it is worth pointing out that these large, flat aromatic molecules, are
very interesting for their modularity and modifiability. For example, a recent class of
asymmetric rylene-based benzothioxanthanes has been discovered by Blanchard and

Cabanetos and coll. which are of high interest due to their facile modification.*®*
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3.2.3 Polymer acceptors
Since the first independent discoveries of polymer-polymer based devices based on
poly(phenylene vinylene) (PPV) electron-acceptor and electron donors by Friend and Heeger

and their colleagues back in 1995,

this field has undergone exceptional development.

The benefits of polymers are clear: these materials are more robust, stable and
malleable than their molecular cousins, and can be solution-cast or melted due to their
covalently-linked and entwined structures. However, polymers are generally more
complicated to synthesize than small molecules, and difficulties can arise with respect to
solubility, reproducibility, and purification. Another brake to development is that polymers
tend to transport positive charges, or positively charged polarons,'®® much more easily than
negative charges.*® Furthermore, their inherent complexity has meant that their efficiencies
have lagged slightly behind those of polymer:small molecule systems, but nevertheless, there
has been a steady and consistent increase over the last few years, and recent results are
extremely encouraging.

Initial work centered on using electron withdrawing groups to tune the energy levels
and the intermolecular interactions. A fine example of this is the aforementioned PPV
modified with cyano groups, as shown in Figure 17. Later, more complex subunits were used,
and Figure 17 shows some key comonomers, for benzothiadiazole (BT), bithiophene imide
(BTI), perylene diimides (PDI), naphthalene-diimide (NDI), diketopyrrolopyrrole (DPP), and
indacenodithiophene (IDT).**® From these “components”, various polymers have been
synthesized, characterized and tested, and Figure 18 shows some of the outstanding polymers

195 \which

that have come to the fore, such as poly(benzimidazole benzophenanthroline) (BBL),
showed 4.6% when used in bilayer devices with PPV-based donors,'* and poly[(N,N"-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-5,5'-(2,2'-bithiophene)]

(N2200) which gave a particularly strong impetus to the field. N2200, originally prepared for
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transistors, was found to have an exceptional electron mobility (up to 0.85 cm? V* 51,1 but
was rapidly explored for OPV. For example, it was found that the all-polymer device,
combining N2200 with the polymer donor J51 delivered an efficiency of 8.27%.'% The NDI
core of the N2200 polymer, is very much still considered an important group, and the
exploration of minor structural modifications has led to continued improvements in

efficiencies.'®

Another route that is being explored is the use of N2200 as an additive to a
polymer donor:small molecule acceptor system, making feasible a 13% efficiency by
improving the morphology.™® Another system of interest is that based on the electron-
accepting building block called isoindigo. This easily prepared material has been exploited as
an acceptor both in small molecules and in polymers.**t**?

Other more recently developed polymers which are opening roads to new high
efficiencies include a low band-gap polymer L14 which is based on the combined acceptor-
acceptor units BTI and a large fused-aromatic group based around the BT group has been
particularly successful, with an efficiency of 14.3% recorded when used with the donor
polymer PM6.*® Another recent contribution has shown that polymer-polymer cells can go
through the 15% barrier. A new series of polymers based around the benzotriazole-core fused
system (i.e., like BT but with a nitrogen replacing the sulfur atom) were developed with PZT-
v (Figure 18) leading the pack and giving an efficiency of 15.8%.*

It should be noted that these polymers were particularly well reviewed.'*® Finally it
should also be mentioned that ternary systems, that is combining, for example two donor
polymers and an acceptor, can reduce energy losses. Ma et al. showed that by combining PF2

and J71 donor polymers with the acceptor Y6, they were able to raise the efficiency from,

respectively 10.26% and 9.56% for the binary systems to 12.12% for the ternary device.'*®
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Figure 17. Chemical structures of key comonomers used in polymer-based electron acceptors,

showing their commonly used points of polymerization. Adapted from reference 116.
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Figure 18. Some key polymer acceptors.

3.3  (Macro)molecular modifications
The syntheses of polymers for OPVs is outside the scope of this review, and the reader is

pointed to the works by Marzano et al. on industrially relevant syntheses,**® Yokozawa and
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Ohta for an overview of polymer syntheses for conjugated polymers,*® Okamoto and

Luscombe on controlled polymerizations,*?

and also to the more recent and exciting
development of the more environmentally benign direct arylation polymerizations.'**

Here we look more to the fine modification of single atoms around an acceptor or
donor molecule or polymer which can give rise to less obvious but nevertheless incredible
changes in the properties of the materials. Not only can these small structural changes impact
on the crystallinity, and hence charge-transfer properties of the materials, but also their
chromophoric nature and electronic properties. This high degree of variability, a canvas for
chemists to unleash their creativity on some might say, is the very reason by which organic
photovoltaics can deliver exceptional materials with tailored properties. This exceptional
degree of variability can also be a hindrance in that so many possibilities need to be explored.
In this sense modelling is exceptionally important in being able to pinpoint key variations, as
discussed towards the end of this work, along with methodologies that can quickly identify
efficient pairs of donors and acceptors materials.*?

Here we give some examples of how small variations can impact heavily on material
properties. For example, in their work, Liu et al.”®® explored the molecules shown in Figure
19. With just one minor modification in the position alkyl chains on the core aromatic group,
they found not only a sharp change in n-m-stacking of the molecules but also a change in
electronic quality. BTCN-O, in contrast to BTCN-M, was found to give strong packing, and
this allowed it to behave as a donor with the electron acceptor PC;;BM. However, BTCN-M,

was better placed to act as an acceptor with the donor polymer, PBDB-T. This work clearly

demonstrated how packing impacts on the electronic qualities of the materials.
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BTCN-O BTCN-M

Figure 19. Molecular structure of BTCN-O and BTCN-M in which R = n-octyl, adapted from

reference 123.

Less startling, but certainly important, is the well-understood impact of alkyl side-
chains on behavior. The presence of long alkyl chains attached to rigid backbones, increases
the steric hindrance effects, pushing the molecules further from each other and allowing a
more effective interaction with the solvents. In this sense, the solubility and crystallinity of
the materials can be tuned according to the length of side-chains. Generally, compounds with
longer side-chains exhibit higher solubilities, but poorer crystallinities and ordered
morphologies. Furthermore, hexyl and dodecyl side-chains lend greater crystallinity to
polymers as they tend to allow interdigitation of side-chains. P3HT is a well-known example
of this effect, showing considerably better properties than its butylated or octylated cousins.
Polymer branching can also highly impact on crystallinity. A classic study was that by
Savikhin et al. which demonstrated how side-chains not only affect the assembly and packing
of chains, but also the domain formations between donor polymer and the acceptor.*?* Even
though the side-chains do not play a direct role in the light absorption, they can be used to
tune the energy level of compounds as they can induce a twisting in the molecules.®® In this

context, the steric hindrance induced by cumbersome side-chains can twist the backbone of
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the compounds leading to significant changes on their m-systems to modify the relative
position of the frontier molecular orbitals.
Moreover, some studies have been conducted to investigate how the choice of side

1.1% showed the

groups can affect the performance of branches as effective spacers. Jiang et a
effect of the branching on the solubility, electronic and morphological properties of Y6
(Figure 20). They also proved the effect of the position of the side-chains by swapping them
with the n-alkyl chains placed farther from core of the molecule. This work gained an
exceptional efficiency of more than 16%.

Of increasing interest is using side-chains to modify the solution properties of the
polymers. In a forward looking study, Chen et al. studied the use of oligo(ethylene oxide)
side-chains so as to solubilize the polymers in environmentally friendly solvents, to which end

they arrived at highly respectable efficiencies of more than 7% with the non-fullerene

acceptor IT-M.*?°
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Figure 20. Molecular structure of the different molecules studied by Jiang et al. showing the
effect of the side chain engineering on Y6. Reprinted with permission from reference 125.

Copyright Elsevier 2019.

Another parameter that is crucial for OPVs efficiency is the halogenation of the
system.?”3 The use of halogens (in particular fluorine), can help finely tune the molecular
orbitals to increase the Voc values.® It also enhances intra- and intermolecular interactions
due to their electron withdrawing properties and electrostatic role, increasing the charge
carrier mobilities and improving the PCE. Bai et al.'®* studied the same molecule with
different number of halogenate substitutions and showed that the molecular geometries of the

molecules are not affected by the halogen atoms, but they greatly affect the position of the
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frontier molecular orbitals (HOMO and LUMO levels), which is determining for matching
materials. They also showed different exciton dissociation rates depending on the quantity of
substitutions (with a maximum at 8 fluorine atoms in their molecule) with significantly
reduced charge recombinations. Unexpectedly, the random placing of fluorine atoms along a
p-type polymer made of alternating isoindigo and carbazole moieties made possible their
good solubilization in a non-chlorinated solvent and therefore of relevance to industry, o-

xylene, made possible efficiencies of 7.5%.%

4. Morphology and Block Copolymers

The first OPVs had active-layers made of two stacked films of the donor and acceptor, as
shown in Figure 21a. However, as discussed above, the efficient conversion of an excitonic
state into a pair of charges requires that the exciton is formed close enough to a D-A. Excitons
can diffuse through active-layers to reach an interface,’**'*> however, the typical diffusion
lengths are around 10 nm,**® which means that any exciton created at distances further away
can be lost, resulting in a reduced efficiency.

Unfortunately, for a film to efficiently absorb all the light it needs to be relatively thick,
at least several hundreds of nanometers. Furthermore, industrial roll-to-roll processes require
thick films to reduce the number of pinholes which can lead to short circuits, again meaning
that thick films are, within cost constraints, preferred.

As mentioned earlier, a real jump in efficiency was made when Yu et al.?* discovered
the BHJ shown in Figure 21b. In these devices, the D and A materials are blended, leading to
the formation of numerous interfaces throughout the bulk. Fortuitously, there can be mixed
zones in which donor and acceptor closely mingle which can improve efficiency further by
making available additional sites for charge formation.™*” Treatments such as annealing,™*® the

9

use of additives™ and nucleating agents to facilitate control over phase separation,*
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141 can further improve the morphology by creating, for example,

modulation of growth rates
more crystalline zones which can enhance charge transfer away from interfaces to the
electrodes.'*

Given the limited solubility between the employed compounds, they form an
interpenetrating network with nanometric domains. The number of interfaces is increased and
due to this nanoscale, the number of exciton losses is largely reduced. Moreover, it is possible

to tune the size of the domains during the production process, by to obtain the efficient

structures.

single junction BHJ ideal structure

Figure 21. Different morphologies of an OPV active-layer: a) single junction, b) bulk

heterojunction (BHJ) and c) a postulated ideal morphology.

These characteristics have made the BHJ the most successful morphology for OPVs.
But the BHJ still has issues, as the disorder in the bulk generates some isolated domains that
can trap free charge carriers and prevent them from reaching the electrodes.**® Also, the
longer and disordered (spatially and energetically) paths increase the chances for charge
recombination. Simply put, charge percolation directly to the electrodes is very important, and
some paths can be dead-ends because of the randomness of the morphology. The charge
carrier losses could be reduced in more organized bulk heterojunctions.**

It has often been stated that the ideal morphology should be based on lamellar
structures (Figure 21c) which would transfer the charge directly to the electrodes.?® The use of

block copolymers (BCP) have been proposed as a route to obtain such a morphology,*****’
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and an important step in demonstrating their use was performed by Lindner et al. who showed
that like-for-like block copolymers outperformed a BHJ of their constituent blocks.**

The principles, operation and development of block copolymers has been thoroughly
reviewed,”***™>* so0 we will just give a simple overview here. BCPs are polymeric structures
composed of two blocks with distinctly different chemical structures, as shown in Figure 22.
If the two blocks are cast from solution, and the blocks have different enough interaction
parameters and are long enough, then each block will separate into domains while still
remaining tied to the other block. This effect can be further enhanced by the crystallization of
each block with its own type. Interestingly, various structures can be formed by changing the
lengths of the polymers and their degrees of interaction, such that their phase diagrams can
include the lamellar structures shown in Figure 22, but also cylinders and gyroids, which
would also be interesting as they have high interfacial surfaces and direct percolation routes to
the electrodes for charges. Given this, it would seem straight forward to tie an acceptor block
and a donor block together depending on different parameters and then bring them together by
solid-state self-assembly to give the structures shown in Figure 22. However, BCPs have
lagged far behind most BHJs, and indeed most polymer:polymer systems because of the
complexity of their synthesis and the staggering number of variations that can be incorporated
into their structures, making it harder to find the ideal structures. This does not mean that this
line of research should not be followed... far from it! These materials offer much greater
strength and mechanical robustness by way of their interconnected domains, and are expected
to ease processing as they contain all that is required for the active-layer in one
macromolecule. All this without mentioning that they are also expected to deliver higher
efficiencies, not only because donor and acceptor are aligned together to ensure exciton
transformation to charges, but because the charges can be shuttled directly to the electrodes.

Fundamental studies have also shown that block copolymers should give much higher
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efficiencies than blends of their component blocks alone.**® Furthermore, the variables can be
pinned down to: changing the lengths and dispersities of the different blocks; the type and size
of connecting and chain-end groups; and the multiplicity of the blocks (diblock, triblock or
multiblock). That these materials remain, for many, an ideal to strain for is given empirical
evidence by a track-record which demonstrates their ever-increasing efficiencies. Earlier
works with highly creative studies, using either pendent chromophores on electronically inert
polymers such as the aforementioned paper by Lindner et al., or copolymers that combined
conjugated blocks of PPV*** or P3HT with vinylic polymers carrying pendent perylenes'**>*>
or fullerenes™’ gave great impetus to the field. Belying the complexities of designing and
synthesizing these systems, early works demonstrated quite low efficiencies, less than a per
cent or so. However, by careful control of the morphology, for example by using block
copolymers as templates,**® or by careful synthesis of conjugated P3HT carrying fullerenes,*®
1.7% was achieved in both cases. In our own work, a block copolymer made of a main-chain
poly(fullerene) with P3HT managed 2.8% in a device.’®® A slight increase was made by Guo
et al., reaching 3.1% and an exceptional V.. of 1.23 V for a hero cell using poly(3-
hexylthiophene)-block—poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-
benzothiadiazole]-2',2"-diyl) (P3HT-b-PFTBT).!®" Later, an all conjugated P3HT-PTB7-TF
system was able to deliver 3.6%, this with a low processing temperature of 60 °C.**?> A more
recent, and outstanding result was delivered by Yu et al. who managed to show 6.25% for a
selenophene-based block copolymer carrying pendent perylenes.'®®

Considerable advances have been made by using BCPs as additives to BHJs, most
likely because they enforce and stabilize regular domain formation. Again in our own work,
we found that our P3HT-poly(fullerene) copolymer boosted efficiency from 3.6 to 4.2% and
maintained long-term stability.*®® Considerable advances have been made since then, not least

the work by Su et al. which demonstrated a P3HT analogue, PDCBT when used as a block
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copolymers with polystyrene, they could increase the efficiency for a device from 6.21 to

8.04% for PDCBT blends with the NFA IT-M.%*

©

B
Figure 22. How block copolymers might self-assemble to give rise to an ordered system to
efficiently transfer charges to the electrodes. Reprinted with permission from reference 7.

Copyright John Wiley and Sons.
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Figure 23. Normalized PCE over time for four different cells. In black the PCE of a P3HT-
PCBM normal cell and in green and red same active materials but as a BCP in a normal and
inverted cell, respectively and finally in blue, the same cell as in black but with BCP as an
additive. Reproduced from reference 160 with permission from the Royal Society of

Chemistry.
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5. Molecular modeling of D-A interfaces and interactions

As evidenced in this review, the performance of OPVs is strongly governed by donor-
acceptor (D-A) interfaces. However, at nanoscopic scales it is very difficult to access
experimental data for D-A interactions. In this sense, molecular modeling techniques can be
considered important tools, allowing the identification of specific interactions and the
investigation of basic mechanisms.

Historically, the modeling of OPVs has been conducted at varied levels, focusing
on the distinct processes that take place in these devices, and on the variety of materials
and architectures employed throughout the years.'® In fact, most of these theoretical
studies studied the intrinsic properties of the materials that make up the devices (e.g.
donors, acceptors and electrodes) and/or on their interactions/interfaces, once these two
factors are supposed to modulate, in some degree, the variety of, generally complex,
processes associated with the functioning of OPVs. %0167

For this purpose, different approaches and levels of theory have been employed at
distinct scales, which can be generically divided into those based on: i) quantum mechanics
(QM); 817 i) (semi) classical molecular mechanics (MM) and/or molecular dynamics (MD);
172173 i) microscopic phenomenological approaches (e.g. drift-diffusion equations,
DDE)*"**" kinetic Monte Carlo (KMC),*"®*"® master equations;'”® and iv) others (e.g. based
on equivalent circuits.*®*® Very recently, additional approaches involving machine learning
have also attracted great attention. Most of these methods, however, uses optoelectronic and
morphological data coming from QM and MM/MD to feed training sets in order to establish
significant structure-property relationships. 882184

Indeed, a number of QM and MD based studies have been conducted to evaluate

morphological and optoelectronic/electrical properties of OPVs.**!8:18418 |n QM treatments,
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the electronic structure of the systems are described by considering electron-electron,
electron-nucleus and nucleus-nucleus interactions. In this context, approaches based on the
Hartree-Fock (HF) method and on the density functional theory (DFT) (as well as their latter
developments and approximations) are commonly employed in the study of multi-electronic
systems at reasonable computational costs.’®**"® Once QM approaches allow an appropriate
description of the electronic structure of the systems, they define interesting tools for the
design and proposition of new compounds, mainly focused on gap engineering (modulated by
the choice of distinct side groups and/or building blocks), optical properties, and frontier
levels alignments (e.g. HOMO, LUMO, electrode work functions, and their relative
differences, i.e., AEyp-na, AELD-LA, AELA-HD, @nd injection/collection barriers) which can be
directly predict from isolated structures (or medium size complexes) and are supposed to play
a relevant role in the dynamics of charge carriers and excitons in OPVs.* %% |n addition, QM

197

methods are generally used to describe/tune specific geometrical parameters,™" stability and

198,199

degradation process, predictions for ideal donor: acceptor pairs to improve organic

photovoltaic lifetimes and efficiencies®®**%!

chemical reactivity and electrical charges of force
fields used in MM/MD simulations.?*%%%

In MM and MD simulations, the interactions between molecules and atoms are
described by a set of classic parameters, called force fields (commonly parameterized by QM-
based calculations). Average values of observables, morphological features and
thermodynamic data are then estimated by solving the Newton's equations of motion,
considering an specific ensemble and time of simulation (for MD).*"%!"® In general, once the
electrons are not explicitly considered in these approaches, it is not possible to describe
chemical reactions or charge transfer processes. However relevant details associated with the

formation of interfaces and disposition of hopping centers (conjugated portions of the D and

A materials) that are quite compatible with real systems can be obtained from MD
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simulations, which can improve the description of charge transport via phenomenological

approaches?+%%

and identify relevant intermolecular interactions for QM calculations with
reduced computational costs.?*®?% In addition MD simulations are widely used to investigate
stacking properties, radial pair distribution of atoms/molecules and other morphological
features.

Besides the molecular modeling techniques (QM and MM/MD), different theoretical
approaches have been used to simulate the charge transport in organic devices from the
microscopic point of view.?”#° In these systems, the high degree of spatial and energetic
disorder of the electronic levels leads to the formation of spatially localized states throughout
the material, that limit the dominance of band-like electronic transport; so, the charge
transport is commonly dominated by thermally activated charge hopping processes (from
occupied to unoccupied sites), which are guided by the energetic and spatial configuration of
the system and external stimuli, as electric fields and temperature.?***** For this reason, the
charge transport in these devices is generally simulated by considering a network of three-
dimensional hopping sites (which correspond to conjugated molecules or planar sub-segments
of polymers) in which excitons and free charges are let to evolve.?**?** All these microscopic
approaches, however, are clearly dependent on the spatial and energetic distribution of
electronic states, as well as, intrinsic features of the compounds (charges mobilities, internal
reorganization energies, charge transfer integrals, etc.) and their interactions (e.g. interfaces,
stacking, morphology, polarization, etc.) which can be predicted by molecular modeling
techniques (MD and/or QM), giving place to multi-scale OPV simulations.?*#>%¢

In particular, in the context of OPV simulation, an intermediate and unexplored
approach for conducting MD simulations with some contribution of the electronic features is

the use of the so-called reactive force fields.”*’ Among the available approximations, the

ReaxFF is a very interesting alternative, being successfully used in the description of varied
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220,221

systems: including hydrocarbons,?*® fullerenes,™® graphenes, oxides,??>#** degradation

220,225

of polymers®* and interaction of gases with surfaces and polymers.?®#" These force

fields are defined according to the bond orders of a pair of atoms (estimated via DFT
calculations), allowing to reproduce the bond breakage/formation during the simulations.??#?%
In this sense, very compatible results are generally obtained in relation to QM approaches. In
addition, long range (Coulombic and van der Waals) interactions are also considered,
allowing a good description of unbound states and steric interactions.

Once ReaxFF depends on a correct parameterization of the system under study, one of
the initial issue is the appropriate adjustment of the atomic parameters. Indeed, despite the
vast majority of atoms commonly present in OPVs have already been parameterized (C, H, O,
N, S, CI, F, etc), additional parameterizations can also be conducted via DFT
calculations.?8%%°

Although the computational cost of a ReaxFF/MD approach is relatively higher than
simulations with non-reactive force fields, they are significantly more accessible than QM
approaches, allowing the investigation of relatively large systems.?®#° Due to its
parameterization, it is also possible to distinguish physisorption and chemisorption
phenomena, however, given the absence of electrons it cannot describe charge transfer
processes.

In this sense, to access details on the optoelectronic and morphological features of the
compounds, QM and MD studies have been conducted in conjunction.*®*8718:23L |n narticular
recent studies have suggested that the combination of electronic descriptors obtained via DFT
and trajectory data coming from MD/ReaxFF could allow the identification of relevant

adsorption centers of polymers,2®#*’

which could be relevant in the study of D-D, D-A and
A-A interactions in OPVs. To better illustrate it, here we present a preliminary analysis of the

local reactivity of the PM6:Y6 system and results coming from MD/ReaxFF simulation
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(considering decamers of PM®6). This system has been chosen given its exceptional
development over the last few years.”*
The local reactivities of the compounds are presented in Figure 24. These colored

233 and molecular electrostatic

maps of the Condensed-to-atoms Fukui indexes (CAFI)
potential (MEP)?** describe the tendency of soft-soft and hard-hard interactions, respectively.
In general, soft-soft interactions take place when the molecules interact via their frontier
molecular orbitals, which can lead to charge transfer and chemical reactions, while hard-hard
interactions are associated with electrostatic effects with little deformation of the electronic
orbitals.”®* CAFI are estimated from finite differences of the electronic populations after the

insertion and removal of electrons to/from the systems,**®%

generally, these indexes allow
the identification of which molecular sites are prone to interact with nucleophilic ("),
electrophilic (f ) and radicalar (f °) external agents.?*®*%° MEP is self-explanatory and it is
estimated from atomic charges.?** All the calculations (geometry optimization and properties)
were conducted in the framework of DFT by using the hybrid B3LYP functional®*?** and D3
version of Grimme dispersion with Becke-Johnson damping (GD3BJ),*** 6-31G(d) basis set
was employed on all the atoms. Hirshfeld’s partition charge method was used to estimate the
CAFI to avoid negative values.'®*** In Figure 24, blue and red colors indicate, respectively,
inert (or positively charged) and reactive (or negatively charged) sites from CAFI (MEP)

analysis. The other colors indicate regions with intermediate reactivities (or charge

concentrations) following a RGB scale. Each molecule has its own color scale.
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Reactivity with Reactivity with Reactivity with Molecular
nucleophiles electrophiles free radicals electrostatic potential

Structure

PM6-1

PM6-2

Y6

Low reactivity/ Positive charges ) High reactivity/ Negative charges
Figure 24. Structures, CAFI and MEP maps of two distinct conformations of PM6 monomer

(PM6-1 and PM6-2) and Y6.

In relation to PM®6, these simple descriptors can indicate how the polymer chains could
interact, and what kind of relative molecular alignments could improve the inter-chain charge
transfer and hole transport in the donor domains. In general it is desirable an effective
interaction between nucleophilic and electrophilic sites of the molecule (red regions of f * and
f ~in Fig. 24), which are highlighted in Figure 25. In relation to Y6 it is possible to note that
the charge transfer between PMG6-Y6 (i.e., exciton dissociation) and Y6-Y6 (electron
transport) is mediated by the central sulfur atom and CN side groups, with can explain the
good performance of this NFA, since these sites are more exposed to the environment then the
central core. In particular, the interaction of these groups with the blue region of Figure 25, is

desirable feature for effective exciton dissociation and charge transfer.
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Figure 25. Reactive regions in relation to nucleophiles (bottom) and electrophiles (top). The

most reactive sites are highlighted.

These interactions can be better evaluated via MD/ReaxFF calculations. For this
purpose, a simulation box of 180 x 180 x 180 A® with randomly distributed oligomers of PM6
(decamers) and molecules of Y6 was designed with the aid of Packmol computational
package.?*® Ten decamers of PM6 and 50 molecules of Y6 were used to reproduce typical
experimental D-A weight proportions (i.e., 1:1.2 w/w). The system was then let to evolve at
room temperature in an NVT ensemble for 20 ps to evaluate the most relevant PM6-Y6
interactions. Periodic boundary conditions (PBC) were applied for all the directions. The
calculations were performed using the ReaxFF force field,?*"?* with the aid of LAMMPS
computational package,?*® considering a timestep of 0.05 fs. Figure 26 (Figure 27) shows the
radial distribution of pairs, g(r), obtained by considering the interaction of each atom of PM6
(Y6) in relation to the atoms of Y6 (PM6).

For PM6 (Figure 26) it is noticed that: i) the carbon atoms tend to interact with the H,
F and N atoms of Y6; ii) fluorine interacts with Hye) and Fve); iii) hydrogens with Hye) and
Nvs); 1v) oxygen only with Hys); and v) sulfur only with Oys). Very strong interactions are
noticed for Hewme---N(vs) and Seme---Ove). The higher average distances observed for the

Oewme) (Fig. 26d) in relation to Fewme (Fig. 26b) indicates that Y6 tends to stay around the
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fluorinated thienyl benzodithiophene block (BDT, the blue block of Figure 25), which can be
attributed to the repulsive forces between CN groups of Y6 and the oxygen atoms of PM6
(see MEPs in Figure 24). Interestingly the analysis of CAFI indicates that BDT block tends to
interact with external electrophilic agents (i.e., with electron acceptors), which can explain the

good performance of the PM6:Y6 systems in OPVs.
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Figure 26 Radial pair distribution of the atoms of Y6 in relation to specific atoms of PM6.
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Figure 27. Radial pair distribution of the atoms of PM6 in relation to specific atoms of Y6.

For Y6 it is noticed that: i) the carbon, nitrogen and sulfur atoms tend to interact with

the hydrogen atoms of PM6; ii) fluorines and hydrogens interact with Hewme) and Fewve); and
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i) the oxygen tends to interact with Spmey and Heeme). More effective approximations are
noticed for Nye)---Hpme) and Ocye)---Spme). The following order of average positions Nye)---
Hewme) < Neve)-—-Ceme) < Nive)——-Fems) < Nve)---Opme) suggests that the Y6-PMG6 interactions
are governed by the side chains, especially involving CN groups (Y6) and side carbon chains
of the BDT (PMS6). For this reason the existence of high reactivity in relation to nucleophiles
(f") at CN group of Y6 and intermediary reactivity on the fluorinated thienyl group of PM6
(Figure 24) are supposed to play a relevant role in the charge transfer process of PM6:Y6
based devices.

A number of additional information could be provided from similar DFT/MD based
studies. For instance, the definition of effective percolative pathways for subsequent charge
transport simulations, evaluation of degradation processes and their effects in the charge
transport, the role of the movement of ions on the performance of the devices, the effect of
changes induced on the total density of states of the systems during the charge transport,
charge accumulation effects, etc. highlighting the relevance of such combined studies for the

evaluation and engineering of new compounds to be employed in OPVs.

6. Conclusion

The pure sense of ingenuity and development that has occurred over the last 35 years in
organic photovoltaics is astounding. The pace has sometimes been slow, simply because the
complexities facing this field are cliff-like. However, the fundamentals of the subject, that
semi-conductors do deliver photo-electricity, and that their unlimited variability in structures
mean that, eventually, this field will continue to keep delivering higher efficiencies. Finally,
we might find that OPVs are more widely used than silicon or other types of devices, simply
because of their adaptability to morph to building designs in terms of colours and shapes.

Their non-toxicity makes them politically more acceptable than perovskites. This
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development, though, needs a certain patience and nerve on the part of investors and referees;
the road will always require considerable work, but the inventiveness we have seen in this
short review will we hope be infectious.

One subject that we have not covered but can be mentioned here is the scaling up of
devices to large modules, of several tens of cm? areas and greater. For this field really does
show that OPV means business. For example the work by Brabec and colleagues is inspiring
in making efficient modules, with exceptional geometric fill factors®° and efficiencies greater
than 12.6%.%* Aiding this work will be developments in modelling to select efficient
materials, and also to use machine learning for processing, further accelerating developments
in industry.?*? In industry itself, the reliability, colour fastness and applicability of OPV to
buildings is constantly developing at a surprising pace,?* with large installations being made.
As OPVs go more and more into the market place it is probable that education and working
with communities, to both explain the technology, and to benefit from local and school
initiatives and the feedback from those actions, will start to become more important, much as
occurred in the 1980s with the introduction of computers. In our work,** at this level, the
introduction of very large sites made it clear that not only efficiency, but stability, aesthetics,
legalities, safety, non-toxicity, recyclability and are all important factors. These elements will

all favour the long-term development of OPV.
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