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Abstract

In this work, the synthesis, optoelectronic properties and photovoltaic performance of several new and
simple A-D-A type non-fullerene acceptors with rhodanine as the electron-accepting unit are
investigated. Simple structured non-fullerene acceptors (NFAs) are a means to reduce the synthetic costs
of photovoltaic devices, hereby aiding the commercialization of these devices. Research by the group
of Eunhee Lim has shown that a simple NFA, consisting of a bithiophene core flanked by two octyl N-
functionalized rhodanines, can achieve a promising photovoltaic performance of 9.33%. Therefore this
material is synthesized and used as a reference in this research. The goal of this research is to investigate
the effect of structural changes on the performance of similar simple A-D-A type NFAs.

In chapter 2, the octyl side-chains on the acceptor units of the reference NFA (2T-ORh) are changed to
2’-ethylhexyl side-chains (2T-EHRh). The absorption spectra and energy levels of this new NFA are
compared to that of 2T-ORAh. It is found that changing the side-chain results in a different aggregation
behavior, whereas the energy levels remain equal. For each NFA, different processing conditions are
required to obtain the best device performance. For 2T-ORAh, solvent vapor annealing (SVA) results in
a 4.74% device, whereas the best device for 2T-EHRh (5.19%) is obtained by adding 2 vol% of DPE
in the casting solution.

Chapter 3 describes structural variations in the core of the reference NFA. For this, the core is changed
to either a thienothiophene, a thiophene-furan or a bifuran. Changing the core to a thienothiophene
reduces the solubility to such an extent that the molecule cannot be used in photovoltaic devices. While
the furan-based NFAs and 2T-ORh show virtually identical absorption spectra in solution, their
aggregation behavior in thin film is remarkably different. TF-ORh shows a poor device performance of
0.32%, which worsens by SVA or addition of a co-solvent. The performance of 2F-ORh was maximized
at 1.87%, which is still remarkably lower than the reference material. Atomic force microscopy (AFM)
shows a large phase-segregation for both furan-based NFAs, explaining the low efficiencies.
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Chapter 1: Introduction

Abstract

This chapter shows the importance of the use of renewable energy resources to reduce global warming.
Solar energy is shown as one of the most promising renewable energy resources and organic
photovoltaics is introduced as emerging photovoltaic technology. Next, the operating principle of OPV
devices, the device structure and their characterization are discussed. Furthermore, the importance of
finding new acceptor materials is stressed and an overview of the current acceptor materials in OPV
devices is given. Lastly, the research goal of this project is stated.



1. Photovoltaics as a renewable energy resource to reduce global warming

2020 was the second warmest year on record, with a 0.98 °C average surface temperature anomaly
compared to the 20" century average.!? The increase in surface temperature is related to an increased
concentration of greenhouse gasses such as carbon dioxide in the atmosphere. These gasses absorb heat
that is reflected from the earth’s surface and would otherwise be emitted back into space.® The primary
source of CO» emission is the combustion of fossil fuels for electricity, heat and transportation.* In order
to mitigate the threat of climate change, the European Green Deal has set the objective to become the
first climate-neutral continent by 2050.> To achieve this goal, a gradual change towards the use of
renewable energy resources is needed. These resources replenish themselves naturally, whereas
depletion of fossil fuels is a serious problem.®

Renewable energy resources include for instance: hydropower, wind energy and solar energy. Of these
three, solar energy is the most promising owing to its vast availability.” This availability is illustrated by
the fact that the 120.000 TW of solar radiation that reaches the earth’s surface far exceeds the global
energy demand.® Solar energy can be harvested with several solar technologies, for instance thermal
solar power and photovoltaics. Of these methods, photovoltaics (PV) is the most versatile as it directly
converts sunlight into electricity.’

2. Different generations of photovoltaics

The photovoltaic market consists of a wide range of techniques, which all have certain benefits and
limitations. These techniques can roughly be divided into three generations, classified by the level of
commercial availability.'*!?

First Generation

The oldest and still the most widely used photovoltaic devices are of the first generation; these are the
crystalline silicon photovoltaic devices. These devices still dominate the PV market owing to their high
efficiencies and good stability.'*!'* Originally, the overall costs per watt of this type of photovoltaics
were relatively high, which led to the development of the second generation photovoltaics. Nowadays,
the production costs have decreased and the efficiency of the modules has increased, which has
significantly reduced the costs per watt.!>!

Second Generation

This generation mainly comprises thin film technologies and includes for instance amorphous silicon
(a-Si), copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe).” Another advantage
of thin film photovoltaic devices is their flexibility, which generates the possibility to produce flexible
modules. Although the costs per area in these type of devices are substantially lower than for the first
generation photovoltaics, the low efficiencies and/or toxic or rare materials make these type of
photovoltaic devices less commercially attractive.!”

Third Generation

The last generation of photovoltaic devices is focusing on emerging PV technologies, meaning that they
are still in the research or development stage. These devices are designed to overcome the limitations of
earlier generations.'® Recent research on these devices has been focusing on approaching the Shockley-
Queisser limit for single junction cells, which is 33.7%, or the thermodynamic limit for multi junction
cells.! Some examples of third generation photovoltaic devices are: dye-sensitized photovoltaics,
organic photovoltaics, perovskite photovoltaics and tandem cells.



3. Organic photovoltaics

Although the earliest studies on organic semiconductors date back to the early 20™ century,? these type
of semiconductors only gained attention after the 1970s, when Chiang et al. showed that doped
conjugated polymers can conduct electricity.??> The use of organic semiconductors in electronic
devices has several advantages over the use of their inorganic counterparts. First of all, organic
semiconductors consist of non-toxic and abundant carbon-based materials. Secondly, their high
absorption coefficient allows them to be used in the thin film industry, which lowers material costs.
Lastly, the active layer is completely solution processable, allowing devices to be manufactured via fast
and cheap roll-to-roll or other printing techniques.?*??>* These advantageous properties have led to a
new kind of photovoltaic device, namely organic photovoltaics (OPVs).?’ The first report of organic
systems producing a photovoltaic effect dates back to 1958 when Kearns and Calvin reported a 200 mV
photovoltage for a system consisting of magnesium phthalocyanine and tetramethyl p-
phenylenediamine.” This discovery was quickly followed by others and in 1985 Tang was the first to
produce a working OPV device by using a heterojunction between a donor (p-type) and an acceptor (n-
type) material.?® By using copper phthalocyanine as the p-type material and a perylene tetracarboxylic
derivative as the n-type material, Tang achieved a power conversion efficiency of 1% under simulated
AM2 illumination.

3.1 Operating principle

In contrast to inorganic semiconductors, excitation in organic semiconductors does not directly result in
free charges. Instead, owing to the relatively low dielectric constants in organic materials excitation
leads to a coulombically bound electron-hole pair (exciton),?’ as schematically depicted in Figure 1.1a.
As this exciton is a neutral quasiparticle, it does not contribute to the photocurrent and thus first needs
to dissociate into free charges. This dissociation occurs at the junction between a donor and an acceptor
material, where there is an offset between their energy levels (Figure 1.1¢). When this energy offset is
sufficiently large, i.e. larger than the exciton binding energy, the exciton can dissociate into a free
electron and a free hole. An electric field, caused by the difference in work functions between the two
electrodes, assists the further separation of these charges and their subsequent transport to the correct
electrodes (Figure 1.1d).%® At the electrodes, the charges are collected for use in the external circuit
(Figure 1.1e).
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Figure 1.1: Schematic illustration of the entire charge collection process in an OPV device with: (a) photoexcitation, (b) exciton
diffusion to donor/acceptor interface, (c) charge separation, (d) charge transport and (e) charge collection. LUMO stands for
the lowest unoccupied molecular orbital, HOMO for the highest occupied molecular orbital and the subscripts D and A for
donor and acceptor respectively. This scheme assumes donor excitation. Acceptor excitation is also possible, but then the hole
will transfer to the HOMO of the donor.



3.2 Morphology

Because exciton dissociation can only occur at the junction between the donor and acceptor material,
the exciton first needs to diffuse towards this junction (Figure 1.1b). Knowing that excitons in organic
semiconductors have a limited diffusion length of around 10 nm,?**° layers of donor and acceptor
material can only be 10 nm thick so that all excitons can reach the junction. While a thin bilayer structure
would allow for efficient exciton dissociation, the thin layers can only absorb a limited amount of
sunlight, as demonstrated by the low current obtained in the work of Tang.?® A second limitation in this
bilayer structure is the relatively small junction area, where the dissociation occurs. Both these features
limit the efficiency of a bilayer photovoltaic device.
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Figure 1.2: Schematic representation of a BHJ morphology.!

A major breakthrough in the field of OPVs came in 1991 with the invention of the bulk heterojunction
(BHJ).* In an OPV device with a BHJ the two absorber materials are intimately mixed to create a large
junction area for charge dissociation (Figure 1.2).** Using such a lay-out allows for a much thicker
active layer, ~100 nm,** compared to a bilayer structure. The efficiency of a BHJ OPV strongly depends
on the morphology of the active layer, in which the degree of phase separation is an important factor.*
The ideal BHJ morphology has several crucial characteristics. Firstly, the domain size of the acceptor
or donor material needs to be smaller than the exciton diffusion length in at least one direction. Secondly,
there need to be continuous pathways to transport charge carriers to their respective electrodes. These
pathways need to consist out of pure and crystalline material such that the amount of defects in the
material are kept to a minimum. These defects act as energetic traps favoring bimolecular recombination.
Additionally a high domain purity and crystallinity allow for a higher charge mobility, which increases
the efficiency.’®*” This shows that control over the active layer morphology is a key parameter in
achieving efficient photovoltaic devices. However, practically the morphology is hard to control.

There are several commonly employed strategies to control the active layer morphology. One of them
is the choice of the donor and acceptor components in the casting solution. Both components need to
have a sufficiently high solubility in the primary casting solvent to create a blended film with an
appropriate thickness. However, a certain limit in the solubility is needed in order to promote phase
separation.’® Eventually, upon complete drying of a film it is kinetically “frozen” meaning that the
solvent evaporation rate is a key-factor in determining the film crystallinity.* Due to the limited
selection of casting solvents, effectively controlling the phase separation in a single solvent system has
proven difficult, giving either insufficient or excessive phase separation. Therefore other methods to
control the degree of phase separation have been investigated. One way is the incorporation of co-
solvents or additives in the casting solution. These additives are chosen to selectively solubilize one of
the components in the blend (D or A) during the drying process. Thus, they should have a higher boiling
point than the primary solvent. During the drying of the film the increased solubility difference between
D and A allows them to form more crystalline domains,*’ as well as more favorable domain sizes.*!
Another commonly employed morphology optimization method is varying the donor/acceptor ratio.
Altering this ratio has an effect on the size and the distribution of the domains, which may lead to a
changed interface surface and in its turn a different probability of exciton dissociation.*?
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Besides changing the casting solution and thus the morphology during processing, post-treatment steps
are also commonly employed to change the active layer morphology. These post-treatment steps are
also known as annealing methods and the two most widely employed methods are thermal annealing
(TA) and solvent vapor annealing (SVA). In thermal annealing, heat is supplied to the deposited film
which causes increased molecular mobility. The increased mobility allows the molecules to reorient
themselves, which attributes to an increased domain crystallinity, as well as diminishing defects and
improve phase separation.** Solvent vapor annealing is commonly known as a milder annealing
method, because it is suitable for ambient processing conditions. During annealing, solvent vapor
penetrates the deposited film, which partially solubilizes one or both of the components in the film. This
allows them to reorient in a more ordered packing, thereby increasing the domain crystallinity and
improve phase separation. 68

4. OPV device structure

An OPV device usually comprises multiple thin layers deposited on a substrate. Besides the three main
layers for a working solar cell, the active layer and the two electrodes, transport layers are just as
important for efficiency (Figure 1.3). As mentioned earlier, the active layer is a blend of donor and
acceptor material and is responsible for the absorption of solar radiation and for converting it to free
charges. The transport layers in Figure 1.3, denoted as electron and hole transport layers (ETL and
HTL), have multiple functions. These functions include protection of the active layer, providing ohmic
contacts with the electrode and forming selective contacts for one specific charge carrier.*’ A device can
be built in two different lay-outs, depending on the configuration of the electrodes and transport layers
and thus the direction of the charge flow, as shown in Figure 1.3. In both lay-outs the front electrode,
where sunlight enters the cell, is a transparent conductive oxide (TCO). A commonly employed TCO
is indium tin oxide (ITO) due to its exceptional electrical and optical properties.’® The back electrode is
usually a shiny metal in both lay-outs and thus also acts as a reflective coating, thereby increasing the
probability of solar radiation absorption.

r

Cathode (-)

Anode (+)

Anode (+) Cathode (-)
Substrate Substrate

Figure 1.3: OPV device lay-out in (a) regular and (b) inverted structure.

In the regular lay-out, the HTL is deposited on top of the ITO. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) is often used as HTL. Besides its function
as transport layer it is also known to smoothen the ITO surface, thereby preventing possible pinhole
formation. At the back side a low work-function ETL and cathode complete the device. Often used
combinations are Ca/Al or LiF/Al, of which LiF/Al is more commonly used due to higher reported
efficiencies.’! A drawback of the regular lay-out is its short-term stability. Both interface layers, ETL
and HTL, are known to degrade the device lifetime. The low work-function metals are prone to
oxidation,*? whereas the acidity of PEDOT:PSS causes interface instability.*



These instabilities are decreased in the inverted lay-out, where the low work-function metal is not in
contact with air. In this lay-out the ETL has an extra property, it should lower the work-function of the
ITO in order to be employed as a cathode. N-type metal-oxides, such as zinc oxide and titanium oxide,
are often used owing to their solution processability, transparency and good electron selectivity.>** Of
these metal-oxides, ZnO is most widely used as ETL due to a better synthetic availability.>> However,
the trap and defect states caused by the relatively rough surface of the ZnO aid the recombination of
charge carriers. Therefore, a passivation layer that is able to smoothen the contact between the active
layer and the ZnO is usually employed. Several polymers have shown to effectively modify the ZnO
surface and thereby decrease the charge recombination. One commonly employed passivation layer is
polyethyleneimine ethoxylated (PEIE) which smoothens the surface and further decreases the ITO work-
function, making it a better ETL.*® A high work-function transition metal oxide HTL, often
molybdenum oxide (MoQ3), and stable metal electrode, Ag, complete the device.

In this thesis, only devices with an inverted structure, based on ZnO+PEIE, MoOs; and Ag, will be
shown.

5. Characterization of OPV

Sunlight is a collection of electromagnetic radiation of different energies. The earth’s atmosphere
absorbs part of this radiation, limiting the amount of energy that reaches the surface. This shows that the
energy available for a photovoltaic device depends on the pathlength traveled through the atmosphere
and thus the angle of the sun to the surface. In order to limit deviations by the use of different solar
energy references, a standardized solar spectrum has been defined. This spectrum, AM1.5G or Air Mass
1.5 Global, shows the energy flux of solar radiation which has traveled through 1.5 times the thickness
of the atmosphere on a clear day (Figure 1.4). Integration of the spectrum yields the maximum power
of the incident light and is equal to 1000 W m™.7
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Figure 1.4: The AM1.5G spectrum.®

In the photovoltaic field two measurement techniques are usually performed to estimate the performance
of an OPV device, a current-voltage measurement and an external quantum efficiency measurement. A
current-voltage (/-V) measurement is used to determine several key performance parameters. These
parameters can be determined by connecting the electrodes of the cell and recording the current while
sweeping a voltage over the device, both in the dark and under AM1.5G illumination conditions. While
it might seem odd to measure a photovoltaic device in the dark it provides a lot of information, for
example about possible shorts and diode properties.”® In the dark, the device behaves like a diode.
Under reverse bias in the dark the energy barrier increases, causing drift current to prevail over diffusion
current, allowing only a small leakage current to pass.’*! The energy barrier decreases when a forward
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bias is applied, and when the applied voltage exceeds the built-in voltage set by the contacts a large
diffusion current can be passed. When the cell is illuminated, the photoexcited charge carriers cause the
1I-V curve to shift down. Now the three key performance parameters can be determined, namely the
short-circuit current (/s), the open-circuit voltage (Vo) and the fill-factor (FF). The short-circuit current
is the current that flows through the shorted circuit when zero voltage is applied. This is the maximum
current a solar cell can deliver and depends on the optical and morphological properties of the solar
cell.®? Because the current also depends on the incident photon flux and the cell area, the I-V
measurements are performed under standardized light and the current is described as a current density
making that the short-circuit current becomes the short-circuit current-density (Jic). The open-circuit
voltage is the voltage at which no current flows through the circuit. The V,. depends on the
recombination dependent reverse saturation current and is therefore also a measure for the amount of
recombination in the solar cell.” The last key performance parameter, the fill-factor, contains
information of all the processes involved in charge recombination, transport and collection. Therefore,
it is greatly influenced by the morphology of the active layer, which is sensitive to changes as described
in section 3.2.% The FF is the ratio between the maximum power point of the J-V curve (Pmax = Jmmp
Vmmp) and the product of the V.. and Js. and thus represents the squareness of the J-V curve.®%* A typical
J-V curve is depicted in Figure 1.5a.
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Figure 1.5: (a) A characteristic J-V curve, in the dark (dashed line) and under AM1.5G illumination (solid line) with all
characterization parameters. (b) A typical EQE spectrum under different light intensities.

The power conversion efficiency (PCE) is now determined by the ratio of the maximum attainable power
and the incident power. A typical J-V measurement is performed under AM1.5G conditions and thus
has an incident power of 1000 W m™2,

PCE:PmaX :‘]se'VoL"FF

in in

The second device characterization method is an external quantum efficiency (EQE) measurement.
During this measurement the ratio of collected charge carriers over the number of incident photons is
determined.** In other words, the measurement provides information about the efficiency of all
photoconversion processes in a solar cell. EQE spectra (Figure 1.5b) are always collected under at least
two light intensity conditions. A higher light intensity causes an increased charge creation, but
consequently also an increased bi-molecular recombination. Since a higher light intensity is closer to
the actual solar light intensity this light biased measurement allows for a more accurate determination
of the short circuit current.®*%> The short-circuit current density can be determined using the following
integral:



J,. = [ EQE(A)-4,,(A)dA

where ¢ , (1) is the incident photon flux. With this J, a more exact PCE can be determined.

A crucial factor in limiting the PCE of OPV devices has been attributed to significant energy losses.%
Eloss = Eg _eV:)c

As can be seen in Figure 1.6, the energy losses can be divided into two contributions, one from the
energy offsets necessary for charge generation and the other from fundamental recombination, both
limiting the V,c. The V. is largely determined by the energy offset between the LUMO of the acceptor
and the HOMO of the donor (the charge transfer energy Ecr), as shown in the equation below.®” The
factor 0.3 in this equation is the radiative limit as found in de detailed balance analysis of Shockley and
Queisser. !
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Figure 1.6: (a) Schematic representation of an energy diagram showing the donor and acceptor energies, their respective
bandgaps (Eg) and the charge transfer energy (Ecr). (b) Energy losses in an OPV, separated as losses incurred during charge
generation (Eg-Ect) and during charge recombination (Ect-€Voc).%

6. Transition from fullerene to non-fullerene acceptors

While both donor and acceptor molecules are important for an efficiently working solar cell, past
research has mainly focused on finding a more effective donor. Owing to their attractive optoelectronic
properties, fullerene-based materials such as (6,6)-phenyl-Ce;-butyric acid methyl ester ([60]PCBM)
(Figure 1.7) or (6,6)-phenyl-Csi-butyric acid methyl ester ([70]PCBM) have long been the standard
acceptor in OPV devices. The 3D conjugated structure of the fullerene molecules causes the LUMOs to
be delocalized over the entire surface, allowing for highly isotropic electron mobilities and electron



affinities. This delocalization also allows for weak -7 interactions between the molecules, such that the
BHJ domains are highly dispersed and have a length scale similar to the exciton diffusion length.?*6°"!
Careful optimization of fullerene-based devices has led to efficiencies around 10%.">7* Despite the
aforementioned highly attractive properties of fullerene-based acceptors, there are certain drawbacks
that limit further device optimization. First, the fullerene acceptors exhibit a weak absorption in the
visible and near-infrared region of the solar spectrum. Secondly, there is little opportunity for synthetic
alterations of the molecule, limiting the variation of the energy levels. Lastly, the strong aggregation
tendency of fullerenes causes long-term device stability issues and high synthetic costs limit
commercialization of these type of OPV devices.®7173

Figure 1.7: Chemical structure of [60]PCBM

Over the past years, there has been a rapid and impressive progress in non-fullerene acceptor (NFA)
based devices. These NFAs overcome the limitations of fullerene acceptors, mainly because of their
higher synthetic flexibility. Their tunable bandgaps allow for higher absorption in the NIR region, their
tunable energy levels allow for suitable energy offsets, i.e. a higher Vi, and their tunable planarity and
crystallinity allow for control over the active layer morphology and improved device stability.”’®
During the early stages of the development of NFAs, NFAs based on multiple different structures have
been reported. These structures include: perylene diimide (PDI),”””® naphthalene diimide (NDI)”** and
benzothiadiazole (BT).*¥ Although OPV devices based on these NFAs did not outperform fullerene
based devices, they were a gateway into the potential of non-fullerene acceptors.”

6.1 Molecular design of non-fullerene acceptors

NFAs based on the acceptor-donor-acceptor (A-D-A) structure have shown to be the most promising in
terms of photovoltaic performance. In this design, an electron rich core (D) is flanked by two electron
deficient units (A), which are usually coupled through a vinyl bridge (Figure 1.8). This design makes
use of the so called push-pull hybridization, enabling the NFA to absorb strongly in the visible
range.”""”>%3 Another advantage of the A-D-A structure is that its design is modular, meaning that tuning
of the energy levels and absorption spectra can easily be achieved by varying either the donor or the
acceptor unit. Since the LUMO is mainly situated on the A units and the HOMO is mainly located on
the D unit, the frontier molecular orbital energies can individually be altered.”!

6.1.1 Choice of the acceptor unit

Many different acceptor end-groups have been reported, which are typically coupled to the D unit via a
synthetically simple Knoevenagel condensation.?* By adjusting the nature of the A units and the side-
chains attached to them, proper energy level alignment (mainly due to an adjusted LUMO), molecular
packing and solubility can be achieved.® The molecular packing in NFAs is important for charge
transport as is shown in the work of Han et al., who found that - stacking of the terminal groups is a
key parameter to achieve three-dimensional charge transport.’ This shows that the choice of the
acceptor unit in A-D-A type NFAs is critical for achieving high performance OPV devices. The most
widely reported terminating acceptor groups are depicted in Figure 1.8. In NFAs based on rhodanine
derivates (Rh), the solubility and aggregation behavior can be varied through different alkyl side-chains.
On the other hand, the energy levels and also the aggregation behavior can be altered through
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substitution of the carbonyl group for a malononitrile group, because the malononitrile group lies out-
of-plane and extends the m-conjugation.’*®” The decreased molecular packing caused by the
malononitrile group has shown to counteract the excessive aggregation often found in A-D-A type
NFAs.% Another widely used terminating group is the 1,3-indandione (IN) family and its malononitrile
substituted counterpart 1,1-dicyanomethylene-3-indanone (INCN). Molecular alterations within this
family are easily achieved, which allows for better compatibility with the donor molecule. Examples of
published high performing INCN alterations are the addition of halogen atoms, or the extension of the
n-conjugated system by changing to a naphthyl-fused indanone. The latter alteration has shown to
enhance charge separation efficiency through an increased interaction between the donor and the
acceptor molecule.” Diketopyrrolopyrrole (DPP) is an electron deficient group, commonly known in
the photovoltaic world as a building block in polymer donors. Their strong electron withdrawing
character has made them interesting for use as terminating acceptor group in A-D-A type NFAs.”®

C(CN),
X X O RN s
A= __& T 7 V4 \ I
SE g N
Rh IN or INCN DPP

Figure 1.8: Design motif of A-D-A type non-fullerene acceptors with the chemical structures of different acceptor unit end-
groups

6.1.2 Different non-fullerene acceptor families

One well-known family of NFAs is the ITIC family. This molecule (Figure 1.9a) is composed of a rigid
indacenodithieno[3,2-b]thiophene (IDTT) core, flanked by two INCN groups. In 2015, Lin et al.
reported a record breaking 6.8% fullerene-free device with ITIC blended with poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[ 1,2-b;4,5-b"]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) as the donor polymer.”! More
reports on high performance NFAs based on ITIC blended with other polymer donors quickly followed.
Just two years later, Zhoa et al. reported a blend of IT-4F, ITIC with fluorine atoms on its end groups,
and  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b"]dithiophene))-alt-
(5,5-(1",3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[ 1',2'-c:4',5'-c'|dithiophene-4,8-dione)] (PM©6)
achieving a PCE of 13.3%."

A second family of NFAs based on the A-D-A structure is the IDTBR family (Figure 1.9b). A striking
difference between the ITIC and the IDTBR family is that IDTBR is built up out of 2 different acceptor
units, benzothiadiazole and rhodanine, at either end of the indacenodithiophene core. The two most
widely established NFAs in the IDTBR family are EH-IDTBR and O-IDTBR. These molecules are
branched with 2’-ethylhexyl and n-octyl side-chains respectively. Of these two molecules the O-IDTBR
is more crystalline and shows a slight red-shifted absorption compared to EH-IDTBR.*

One of the more recent and most impressive NFA families is the so-called Y-series. In 2019, Yuan et
al. reported a record-breaking 15.7% efficiency for Y6 (Figure 1.9¢) blended with PM6 as donor
polymer.”® The Y-series has a remarkably different design motif compared to the other high performance
non-fullerene acceptors. It has an electron deficient benzothiadiazole (BT) in the core and thus has the
so-called A-D-A’-D-A design motif. The addition of the BT unit in the core gives the molecule an
angular structure, which causes a steric repulsion between the two alkyl chains on the pyrrole rings. Due
to the repulsion there is a twist in the molecule, which allows the molecule to pack in a unique 3D
network. This 3D network allows for highly efficient charge transport and is therefore a reason for the
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high performance found in OPV devices composed of these type of NFAs.3® In 2020, the highest single-
junction OPYV efficiency to date (18.22%) was reported for a blend of Y6 and poly[(2,6-(4,8-bis(5-(2-
ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b’[dithiophene))-alt-5,5'-(5,8-bis(4-(2-
butyloctyl)thiophen-2-yl)dithieno[3',2":3,4;2",3":5,6]benzo[ 1,2-¢][1,2,5]thiadiazole)] (D18).*

(b) R= n-octyl or 2-ethylhexyl

Figure 1.9: Chemical structures of (a) ITIC, (b) IDTBR and (c) Y6

6.1.3 Simple non-fullerene acceptors

Although the aforementioned A-D-A or A-D-A’-D-A type NFAs show impressive PCEs, the core of
these molecules is composed of highly extended fused-ring networks. These networks require multistep
synthesis reactions which result in high synthesis costs and therefore might limit commercialization. To
reduce synthetic costs, research on unfused ring acceptors has gained attention. In 2017, Li et al. reported
an unfused ring acceptor with a core composed of two cyclopentadithiophene moieties and a 2,5-
difluorobenzene group. For a blend of this NFA with PBDB-T as donor they showed a 10.14% device
effiency.” Although synthesis of this molecule is still reasonably complex, its performance
demonstrates the potential of these non-fused acceptors.

To further reduce the synthetic complexity Li ef al. showed a simple unfused NFA, prepared via three
synthetic steps. Their NFA, an alkyl substituted 2,2’-bithiophene flanked by two INCN groups, adhered
to the A-D-A structure and showed a 2.4% efficiency.”® Not much later Lee et al. published a paper
about a 2,2’-bithiophene flanked by two octyl N-functionalized rhodanine units (2T-ORh), with a
promising efficiency of 9.3%.°” Due to the relatively short n-conjugation in these simple NFAs, a low
bandgap polymer such as PTB7-Th can be used as the complementary donor material.
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6.2 Important non-fullerene specific design and operating principles

Due to the long dominance of fullerene acceptors (FAs) in the OPV world there are certain operating
and design principles which are adopted without question, but are in fact different in non-fullerene based
OPV devices.

The first thing to consider when constructing devices with a new NFA is the choice of an appropriate
donor material. Previously, new donor materials were designed to match with fullerene as acceptor,
which provided a one-to-one point of comparison. With a newly designed NFA there is no universal
donor to blend it with as a point of reference. Besides the obvious optical and electrochemical
requirements for a donor, i.e. complementary absorption and adequate energy level alignment,
crystallinity and morphology also play a major role in determining the device performance. Where it is
often found that a highly crystalline donor works well with rather amorphous FAs, a poorer performance
is usually achieved when the same donor is blended with NFAs, which are usually also quite
crystalline.”®*

One major difference between FAs and low bandgap NFAs is the higher absorption for these NFAs in
the visible range. This absorption allows for hole energy transfer from the acceptor to the donor, also
called channel II photocurrent generation,”" indicating that also a sufficient HOMO-HOMO offset is
important for charge generation. This is the opposite of FA based OPVs, where it is believed that the
HOMO-HOMO offset is relatively unimportant. Another difference is the extend of offset needed for
sufficient charge separation. In FA based OPV devices it is generally believed that a 0.3 eV offset is
necessary for charge separation.” However, in OPV devices employing NFAs efficient charge
separation has repeatedly been found while the energy offsets were extremely small.'® The exact nature
of this is still speculated on. Tu et al. proposed that the separated charges are stabilized through the
larger electronic polarization in the bulk of A-D-A type NFAs. Through these stabilized charges, the
charge separation is aided.'”! Classen et al. found that the exciton lifetime is remarkably larger in NFAs
and that this increased lifetime is a key parameter in maintaining an efficient charge separation.!®
Another possible explanation was reported by Neher and coworkers, who found that a quadrupole is
formed at the interface between donor crystallites and A-D-A type NFA crystallites. This quadrupole
may give rise to an electrostatic field, which can repel charges from the interface and thereby encourages
charge separation.'®

Another major difference between FAs and NFAs is their aggregation behavior and how it relates to
charge transport. In conjugated materials, the charge mobility is affected by the n-m stacking intensity.
The fact that FAs form closely packed domains and have a 3D conjugated nature allows for isotropic
charge transport in all directions.'® In contrast, in NFAs there is no such 3D nature which results in
anisotropic charge transport. The A-D-A type NFAs can aggregate in multiple ways, which are depicted
in Figure 1.10. A distinction between the presence of H- and J-aggregates can be made using absorption
spectroscopy, where the difference in Coulomb coupling causes a red-shifted absorption for the J-
aggregates and a blue-shifted absorption for the H-aggregates relative to the monomer absorption.!'®
The two types of J-aggregates are often found to co-exist, which offers multiple pathways for efficient
exciton and electron transport and leads to higher mobilities.'” This observation and the lower energy
needed to excite the J-aggregates has led to the believe that having NFAs with only J-type aggregation
is the most favorable. However, Li ef al. showed the advantage of a combination between H- and J-
aggregates on the broadness of the absorption spectrum.'”” Furthermore, Lai and co-workers found that
the cooperation between H- and J-aggregates led to a 3D interpenetrating network.'%
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H-aggregation D-to-A type J-aggregation

A-to-A type J-aggregation

Figure 1.10: Schematic representation of the different aggregation types found in A-D-A type non-fullerene acceptors.

7. Project goal

Paragraph 6.1 described the impressive and fast evolution of the power conversion efficiencies found in
BHJ photovoltaic devices incorporating non-fullerene acceptors in the active layer. Unfused NFAs hold
a great promise for commercialization due to their simple synthesis.

This thesis aims to develop deeper insight into how structural changes in simple non-fullerene acceptors
with N-functionalized rhodanine as the acceptor unit affect their optoelectronic properties and
photovoltaic performance. In particular, this work focuses on: 1) the effect of side-chain engineering in
the acceptor unit (Chapter 2) and 2) the effect of engineering of the donor unit (Chapter 3). Based on
the good performance of the 2T-ORh NFA,*" this NFA will be used as the starting point for and as the
reference material in this work. All the synthesized non-fullerene acceptors will be blended with PTB7-
Th as the donor polymer and can therefore be compared one-on-one.
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Chapter 2: Side-chain engineering on bithiophene-rhodanine
based non-fullerene acceptors

Abstract

Two simple bithiophene-rhodanine-based non-fullerene acceptors, carrying either a linear n-octyl (2T-
ORh) or a branched 2’-ethylhexyl (2T-EHRh) alkyl chain on the rhodanine, were synthesized and
compared in terms of optoelectronic properties and photovoltaic performance. While the absorption
spectra of both molecules were virtually identical in solution, remarkable differences were observed in
thin film. In pristine film, 2T-ORh shows predominantly H-type aggregation, which changes to a more
J-type aggregation after solvent vapor annealing. For 2T-EHRh, more J-type aggregation was observed
in pristine film and the aggregation behavior did not change after SVA. As expected both molecules
have equal energetics, ruling out any potential electronic effect on the device performance. For each
NFA different processing conditions were required to obtain the best performance. For 2T-ORh devices
the highest efficiency was obtained via optimized solvent vapor annealing and was 4.74%. The
performance of 2T-EHRh devices was less influenced by solvent vapor annealing, but showed an
efficiency of 5.19% when DPE was added as a co-solvent.
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1. Introduction

In A-D-A type non-fullerene acceptors the interplay between the electron donating core (D) and electron
accepting (A) units play a major role in determining the optoelectronic properties of the molecule.!
Besides the influence of optoelectronic properties, the structural organization within the active layer is
also important for device performance. Changing the type or length of alkyl side-chain on the acceptor
units is an intuitive way of altering the structural organization.

Before non-fullerene acceptors had gained much attention, small molecule donors were a means to
reduce synthetic costs. A way to enhance the photovoltaic efficiency of devices with these small
molecule donors was through changing the structural orientation. In 2014 Jung et al. reported the side-
chain engineering of an A-D-A type small donor, consisting of a dithienosilole core flanked by two
dietopyrrolopyrrole (DPP) units. Changing the side-chains on the DPP units from n-octyl to a 2’-
ethylhexyl did not result in any significant differences in optical or electrochemical properties. However,
they did find high hole mobilities for the molecules bearing linear side-chains. This was attributed to a
more favored molecular packing through octyl-octyl interdigitation.” A few years later A-D-A type small
molecule acceptors made a breakthrough and research on these type of NFAs was thriving. In 2018, Qu
and co-workers found PCEs between 6.96 and 8.18% only by varying the length of alkyl side-chain on
ITBTR type NFAs.? In 2020, Lim found that changing the length of alkyl side-chain from an ethyl to an
octyl causes a three-fold increase in performance from 0.47 to 1.81%, for simple rhodanine flanked
bithiophene NFAs. This was attributed to the poor solubility and strong aggregation of the ethyl-
rhodanine NFA.* Besides changing the length of side-chain, changing the type of side-chain, i.e. linear
or branched, has also been investigated. In their recent work, Lee and co-workers showed that changing
an octyl side-chain to a butyloctyl strongly influences the intermolecular aggregation of a rhodanine
flanked thiophene-benzothiadizaone-thiophene NFA.° It is likely that the performance, attributed to a
change in morphology, of these simple unfused NFAs is more susceptible to relatively small structural
changes relative to the fused-ring NFAs.

S 2T-EHRh 0]

Figure 2.1: Molecular structures of the two non-fullerene acceptors (a) 2T-ORh and (b) 2T-EHRh.

In this chapter, the reference material 2T-ORh (Figure 2.1a) and a new side-chain engineered A-D-A
type non-fullerene acceptor will be synthesized. This new NFA carries 2’-ethylhexyl side-chains on both
rhodanine groups (Figure 2.1b). The effect of this change in the acceptor units on the optoelectronic
properties and photovoltaic performance will be investigated.
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2. Results and Discussion

2.1 Synthesis

The work by Lee et al. shows the two-step synthesis of 2T-ORh.® This protocol has been followed and
adapted to synthesize the two targeted NFAs, 2T-ORh and 2T-EHRh (Scheme 2.1). In the first step,
the N-functionalized rhodanines (3a and 3b) were synthesized by following the Holmberg method,”® in
which bis(carboxymethyl)trithiocarbonate is reacted with the corresponding primary-amine (2a or 2b).
In the second step, the thodanine groups were attached to the bithiophene core via a Knoevenagel
condensation, using piperidine as the catalyst. While the synthesis of the rhodanine groups was
performed in a good yield (= 80%), the Knoevenagel condensations resulted in lower yields (= 40%)
than reported by Lee et al.® This low yield might be related to the use of non-anhydrous chloroform as
solvent. A more detailed description of the performed synthesis and structural characterization is
described in the Experimental section.

o) o) O
J\/S S\)J\ _— 3a/ORh (79%) a: R =n-octyl
Ho i OH + RN s\«NR 3b/EHRh (83%) b: R = 2-ethylhexyl
S
S
1 2ai2b
0 //<s
PN/ \ i s SO/ S \R 2T-ORh (41%)
| _0 >//s |/ N 2T-EHRh (39%)
4 S (6]

Scheme 2.1: Synthesis of the 2T-ORh and 2T-EHRh NFAs. (i) TEA, DME, 90 °C; (ii) 3 eq. 3a/3b, piperidine, CF, 80 °C.
Reaction yields are given between parentheses.

2.2 Optical and electrochemical properties

The optical properties of the two bithiophene based NFAs, 2T-ORh and 2T-EHRh, were investigated
by UV-vis-NIR absorption spectroscopy in chloroform solution and in thin film (Figure 2.2a).

Table 2.1: Optical and electrochemical properties of the two NFAs.

2T-ORh 2T-EHRh
" Egop™ [eV] 2.16 2.16
* Eg ope™ PS¢ V] 1.97 2.00
? Egop™™ VA [eV] 2.00 1.99
Amax’ [nm] 502 502
lmaxﬁlm’ pristine [nm] 457 523
Jmax™™ SVA [nm] 527 496
PEox[V] 0.88 0.88
P Erea [V] -1.25 -1.24
¢ Enomo [eV] -5.68 -5.68
¢ Evumo [eV] -3.55 -3.56
Egswy [eV] 2.13 2.12

@ Egopt = 1240/ Aonset (V). ® vs. Fc/Fc*. © Determined using a work-function of —4.8 eV for Fc/Fc* versus vacuum.

In solution, both molecules show a virtually identical absorption profile, with an absorption maximum
(Amax) at 502 nm and shoulder at 535 nm. The relatively weak absorption around 400 nm can be attributed
to localized m-t* transitions, while the longer wavelength absorption at 420-600 nm can be attributed to
intramolecular charge transfer (ICT) between the bithiophene donor and the rhodanine acceptor units. ">
In film, both acceptors show a broader absorption related to intermolecular aggregation. Similar to the
results in the work of Lee et al.!, the 2T-ORh NFA shows a clear blue-shifted absorption maximum at
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457 nm and a weak red-shifted absorption around 570 nm in pristine film. This suggests that for the as-
cast film the molecule is predominantly in an H-type aggregation.!®!! The large blue-shifted absorption
maximum causes a decreased absorption in the 500-600 nm range, limiting the amount of overlap with
the AM1.5G spectrum, which could impede the attainable Ji. In contrast to 2T-ORh, the absorption
spectrum of 2T-EHRh in pristine thin film does not show a blue-shifted absorption maximum. Instead,
the absorption maximum red-shifts and shows a much more pronounced red-shifted absorption around
570 nm, indicating that the molecule is predominantly in a J-type aggregation in the as-cast film.
Interestingly, after solvent vapor annealing (SVA) a change in aggregation behavior of 2T-ORh can be
observed. After SVA there is more contribution of J-type aggregates, producing a red-shifted absorption
maximum at 527 nm. This effect can also be seen by the color change in the film, as depicted in Figure
2.2b. The optical bandgap, estimated from the onset of absorption, does not change significantly with
SVA as they are 1.97 and 2.00 eV before and after SVA respectively. For the 2T-EHRh film, the
absorption profile after SVA did not show any significant change in aggregation behavior and is nearly
identical to that of the pristine film. The larger blue-shifted absorption in pristine film and the larger red-
shifted absorption after SVA of the 2T-ORh NFA can probably be explained by the better molecular
packing of 2T-ORh compared to 2T-EHRh. This finding is consistent with previously reported
absorption profiles of molecules where branched side-chains are introduced on the rhodanine.>!'? The
2T-EHRh NFA shows an optical bandgap of 2.00 eV, which is virtually identical to that of 2T-ORAh.
From the absorption spectra in Figure 2.2a, it can be seen that after solvent vapor annealing both NFAs
show a complementary absorption relative to PTB7-Th. All optical characteristics are summarized in
Table 2.1.

1.0

(@)

T —2T ORh | (b)
08 | 2T-EHRh

ool * PTB7-Th

04

Film (SVA)

Normalized absorbance

Normalized absorbance

0.6 [ .
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Figure 2.2: (a) Normalized UV-vis-NIR absorption spectra of 2T-ORh and 2T-EHRh in chloroform solution, as pristine thin
film and as solvent vapor annealed film. The absorption spectrum of PTB7-Th in thin film is also included. (b) The color change
caused by the solvent vapor annealing of a PTB7-Th:2T-ORh blend film. Bottom: pristine film, top: solvent vapor annealed
film.
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The frontier molecular orbital energy levels (HOMO and LUMO) of the two rhodanine-based NFAs
were determined using square-wave voltammetry (SWV) in thin film. The recorded voltammograms are
depicted in Figure 2.3a and the determined energy levels and the corresponding bandgaps are listed in
Table 2.1. It should be noted that the thin-film measurements of the NFAs are not reversible, likely
because the small molecules start to dissolve in acetonitrile upon charging. The reversibility was verified
by measuring SWV in solution. It can be seen that both the HOMO and the LUMO are essentially the
same for both molecules, ruling out any potential electronic effect on the device performance. This
similarity in energy levels is expected, because changing the type of the alkyl side-chain does not
contribute to a change in electron-accepting strength of the rhodanine and is consistent with previously
reported energy levels where only the alkyl side-chain on the rhodanine is varied.>!? In Figure 2.3b, the
energy levels of both NFAs are compared with the energy levels of the PTB7-Th polymer, which were
also determined in thin film. The molecules show approximately a 0.25 eV and 0.3 eV LUMO-LUMO
and HOMO-HOMO offset with PTB7-Th respectively. As can be seen in Table 2.1, the electrochemical
bandgaps as determined with SWV are higher than the determined optical bandgaps. This discrepancy
is due to different fundamentals of the measurements themselves.

3.0
(@ (b) { —
. 3.5
3 A o 40+
= 2
g > as —— LUMO
g 2 —— HOMO
S £
_ -5.0 1
5.5
T 2T-EHRh
— 2T-ORh 6.0 | | |
5 1 0 1 2 Y T PTB7-Th 2T-ORh  2T-EHRh
Potential vs Fc/Fc' (V)

Figure 2.3: (a) Square-wave voltammograms of 2T-ORh and 2T-EHRh in thin film. (b) Frontier orbital energy levels of the
two NFAs and PTB7-Th, calculated from the oxidation and reduction onsets relative to the vacuum level.

2.3 Photovoltaic devices

The photovoltaic performance of the two rhodanine-based NFAs was characterized in a bulk-
heterojunction photovoltaic device, using PTB7-Th as the electron donor. All devices were fabricated
in an inverted structure (ITO/ZnO/PEIE/PTB7-Th:NFA (1:2)/MoQOs/Ag). The active layer was spin
coated at 1500 rpm, yielding uniform layers of approximately 100 nm thick. Herefore, solutions in
chloroform with a total solid concentration of 15 mg mL™, i.e. 5 mg mL™' PTB7-Th and 10 mg mL™"
acceptor, were prepared. The influence of two morphology control strategies on the device performance
was investigated. The first strategy was subjecting the devices to solvent vapor annealing (SVA) using
various solvents and annealing times. As a second method, addition of a co-solvent, diphenyl ether
(DPE), in different volume percentages was employed.

2.3.1 Optimization by solvent vapor annealing

Film morphology is a key parameter to OPV device performance and solvent vapor annealing (SVA)
has proven to be effective in enhancing the performance of an OPV device by changing the film
morphology to a more thermodynamically stable state. In this study the effect on the device performance
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of three different solvents, chloroform (CF), chlorobenzene (CB) and ortho-dichlorobenzene (0-DCB),
and the respective annealing times has been investigated.

Table 2.2: Photovoltaic characteristics of 2T-ORh and 2T-EHRh based devices under different solvent vapor annealing
conditions.

*Jse Voe *PCE
Acceptor SVA [mA em™] V] FF [%]
2T-ORh No 9.21 (7.46) 0.84 0.31 2.37 (1.92)
5s, CF 8.53 0.82 0.30 2.08
15s, CF 8.41 0.73 0.29 1.77
30s, CF 9.57 (8.63) 1.05 0.45 4.46 (4.03)
45s, CF 9.29 1.05 0.44 4.25
5s, 0-DCB 8.11 0.75 0.29 1.77
15s, 0-DCB 7.95 0.74 0.29 1.68
30s, 0-DCB 8.18 0.84 0.29 2.01
45s, 0-DCB 10.50 (9.92) 1.04 0.46 5.04 (4.74)
60s, 0o-DCB 9.92 1.04 0.47 4.80
80s, 0-DCB 10.20 1.06 0.47 4.94
30s, CB 9.86 1.02 0.41 4.13
45s, CB 6.14 0.98 0.43 2.62
2T-EHRh No 9.69 (8.42) 0.83 0.33 2.65 (2.30)
15s, CF 9.73 0.73 0.31 2.16
30s, CF 5.91 0.47 0.29 0.80
30s, 0-DCB 10.10 0.77 0.32 2.46
45s, 0-DCB 10.70 (7.44) 0.87 0.36 3.37 (2.34)
60s, 0-DCB 9.75 0.80 0.31 2.46
90s, 0-DCB 7.85 0.26 0.26 0.54

2 Value obtained by integrating the EQE with the AM1.5G spectrum is given between parentheses.

In Figure 2.4a, an S-shape in the J-V curve is observed for the pristine 2T-ORh blend, which causes a
lowered Jsc, Voc and FF. There are multiple reasons for this S-shape to occur, such as unbalanced charge
mobilities, energy barriers, defects and dipoles at the interface or non-ideal contact at the cathode, all of
which cause charge accumulation in the active layer.'*!> In Table 2.2, it can be seen that the devices
show a slight decrease in performance with short SVA times, due to a lowered short-circuit current
density (Js) and open-circuit voltage (Vo). Upon increasing the SVA time, the PCE increases due to an
increase of all three characterization parameters (Js, Voc and FF). For CF and 0-DCB annealed devices,
the efficiency seems to plateau after reaching a maximum efficiency. Whereas for CB annealed devices
the PCE decreases from 4.13% to 2.62% when going from 30 to 45 seconds SVA. For devices based on
2T-ORM, the highest PCE is achieved for films subjected to 45s of solvent vapor annealing with o-DCB.
After SVA, it can be seen that the S-shape in the J-V curve has disappeared which explains the increased
characterization parameters. The increased Ji. after SVA is also visible in the EQE spectrum as depicted
in Figure 2.4b, which shows an increased EQE over the entire range. This suggests better charge
separation or — transport properties, probably due to increased phase separation and crystallinity. The
better overlap with the AM1.5G spectrum after SVA, as indicated in the UV-vis-NIR results, might also
contribute to the higher Ji.. A more increased contribution from the acceptor in the 400-600 nm range
can also be seen in the EQE spectrum, indicating that the channel II photocurrent has become more
dominant.'® Interestingly, upon visual inspection of the films after seven months it was observed that
the color of the pristine film changed from brown to purple. This purple color is also observed for the
SVA treated film immediately after annealing, as shown in Figure 2.2b. The fact that the color of the
pristine film changes to the color of the annealed film suggests that the morphology of the annealed film
is likely more stable.
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The J-V curve of the pristine 2T-EHRh device (Figure 2.4¢) also shows an S-shape, but it is less
pronounced than in the pristine 2T-ORh device. In Table 2.2 it can be seen that the performance of the
2T-EHRh does not increase as drastically with SVA as it does for 2T-ORMh, consistent with the lack of
aggregation change found in UV-vis-NIR. It can also be seen that there is a clear maximum in device
performance over the SVA time range, whereas for the 2T-ORh devices there seemed to be a plateau.
The optimal SVA conditions were also found to be 45s of solvent vapor annealing with 0-DCB. As
opposed to the solvent vapor annealed 2T-ORh device, the S-shape in the J-V curve of the 2T-EHRh
device has not completely disappeared after SVA. It did however decrease, resulting in the slightly
increased device performance, yet there is still a relatively high series resistance and high bias-
dependency. The largest difference between the annealed 2T-ORh and 2T-EHRh devices is in the Ve,
which are 1.04 and 0.87 V respectively. As this difference cannot be due to different energetics it is
attributed to increased charge recombination in the 2T-EHRh device. Another interesting difference
between the 2T-ORh and 2T-EHRh devices is the difference in channel II photocurrent contribution as
determined from the EQE (Figure 2.4d). Where for the 2T-ORh devices an increase of this current
upon SVA was observed, for 2T-EHRAh this difference is not seen and the contributions are roughly
equal to that of the pristine 2T-ORh device.
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Figure 2.4: (a) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic
devices based on 2T-ORh in pristine film and under optimized SVA conditions. (b) Corresponding EQE spectra of (a). (c) J-
V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic devices based on 2T-
EHRM in pristine film and under optimized SVA conditions. (d) Corresponding EQE spectra of (c).

2.3.2 Co-solvent optimization

Another method to enhance the photovoltaic performance by changing the active layer morphology is
the incorporation of co-solvents in the solvent system. Diphenyl ether (DPE) has proven to be widely
beneficial, being one of the most effective co-solvents for polymer:fullerene blends.!” More recently,
enhanced PCEs by incorporation of DPE in the casting solution in NFA based devices were shown, %1819
Therefore, DPE was chosen as co-solvent in this research.
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Figure 2.5: (a) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic
devices based on 2T-ORh in pristine film and under optimized co-solvent conditions. (b) Corresponding EQE spectra of (a).
(c) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic devices based on
2T-EHRh in pristine film and under optimized co-solvent conditions. (d) Corresponding EQE spectra of (c).

Table 2.3 shows the effect of the addition of 1, 2 and 3 volume percent of DPE to the solvent system on
the photovoltaic characteristics of devices based on each NFA. For both molecules, incorporation of 2
vol% of DPE in the solvent system has shown to yield the most efficient devices, mainly due to an
increased Vo and FF. For 2T-ORh devices, incorporation of DPE in the solvent system seems to have
the same effect as SVA, increasing the V5. and FF by eliminating the S-shape in the J-V curve (Figure
2.5a). As opposed to the solvent vapor annealed device there is no significant increase in J (Figure
2.5b) and therefore incorporation of DPE in the solvent system does not outperform the solvent vapor
annealed device. This finding is consistent with that of Lee et al., where they also found that
incorporation of co-solvents does not outperform the solvent vapor annealed device.®

Table 2.3: Photovoltaic characteristics of 2T-ORh and 2T-EHRh based devices cast from different solvent systems.

Jse Voe *PCE
Acceptor Co-solvent [mA cm™| V] FF (%]
2T-ORh No 9.21 (7.46) 0.84 0.31 2.37(1.92)
1 vol% DPE 9.42 0.94 0.44 3.91
2 vol% DPE 8.17 (7.69) 1.02 0.49 4.11 (3.85)
3 vol% DPE 6.05 1.03 0.48 3.03
2T-EHRh No 9.69 (8.42) 0.83 0.33 2.65 (2.30)
1 vol% DPE 9.50 1.00 0.54 5.09
2 vol% DPE 10.10 (9.48) 1.00 0.55 5.51(5.19)
3 vol% DPE 6.00 0.97 0.46 2.68

2 Value obtained by integrating the EQE with the AM1.5G spectrum is given between parentheses.

For 2T-EHRAh, the device performance more than doubles (from 2.30% to 5.19%) by incorporating 2
vol% of DPE in the casting solution. From Figure 2.5¢ it can be seen that this increase can mainly be
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attributed to the complete disappearance of the S-shape in the J-V curve, resulting in a much higher FF
and V. For the device fabricated by including DPE in the casting solvent an increased channel II
photocurrent is visible (Figure 2.5d) as opposed to the solvent vapor annealed device.

In the EQE spectrum of 2T-ORh (Figure 2.5b) it can be seen that addition of DPE in the casting solution
causes a change in the EQE shape, whereas the shape of the EQE of 2T-EHRh (Figure 2.5d) does not
significantly change. Interestingly, incorporating DPE in the solvent system causes a 10 nm blue shift
in onset for both blends (Figure 2.5b and d). This behavior has been further studied via UV-vis-NIR
absorption spectroscopy, which is depicted in Figure 2.6a. From this figure, it can be seen that addition
of DPE does not significantly influence the absorption behavior of a polymer only film, whereas it does
for the blend film. In the blend film the shift in onset, as in the EQE, is visible as well as the changed
shape in the acceptor region. This change in absorption is roughly equal to the change in absorption
when the blend is subjected to solvent vapor annealing. This indicates that addition of DPE does not
only influence the PTB7-Th aggregation, but also the acceptor aggregation and that the behavior is an
interplay between both molecules.

(a) —— Blend 2T-ORh (b) Blend 2T-ORh, old PTB7-Th
1.0 Blend 2T-ORh + DPE 1.0 —— Blend 2T-ORh, new PTB7-Th
—— PTB7-Th

= PTB7-Th + DPE

0.5

Normalized absorbance (a.u.)

0.0 T T T 0.0 T T T
400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm)

Figure 2.6: Thin film UV-vis-NIR absorption spectra: (a) showing the effect of DPE and (b) showing the difference between
the new and old PTB7-Th batch.

2.3.3 New PTB7-Th batch

Near the end of the project, the PTB7-Th batch that had been used in all OPV devices started to run out
and therefore all further characterization had to be done with a new batch. The performance of this batch
in an OPV device has been determined and is compared to a device made with the old batch. For both
these devices the active layer was subjected to 45 seconds of 0-DCB solvent vapor. These results are
depicted in Table 2.4 and Figure 2.7.

Table 2.4: Photovoltaic characteristics of solvent vapor annealed blends of 2T-ORh with the old and new PTB7-Th batch.

JSC VOC PCE

PTB7-Th batch [mA-em?] V] FF (%]
Old 10.92 1.02 0.44 4.94

New 4.36 0.95 0.33 1.35

Unfortunately, it can be seen that the device performance has dropped from 4.94% to 1.35% with the
new polymer batch, mainly attributed to a decreased Jic and FF. From the EQE spectrum (Figure 2.7b)
it can be seen that the polymer contribution at higher wavelengths is reduced and that the proportion of
the peak around 330 nm has increased. This influence of the polymer batch on the device performance
could explain the difference between the efficiencies found in literature and found in this research. In
Figure 2.6b an overlay of a UV-vis-NIR absorption spectrum of a blend made from 2T-ORh and the
new PTB7-Th batch with the spectrum of the same blend with the old batch is made. Here it can also be
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seen that in the blend made with the new PTB7-Th the absorption of the polymer at higher wavelengths
has decreased, consistent with the findings in the EQE.
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Figure 2.7: J-V characteristics (a) in the dark (dashed lines) and under AM1.5G illumination (solid lines) and EQE spectra (b)
of solvent vapor annealed devices made with 2T-ORh and the old or new PTB7-Th batch.

2.4 Morphology

In order to explain some of the observations in photovoltaic performance, the morphology of the pristine
and optimized active layers was studied. For this atomic force microscopy (AFM) images in height and
phase mode were measured, which are shown in Figure 2.8 and Figure 2.9. A remark should be made
that for these measurements the new PTB7-Th batch has been used.

As shown in Figure 2.8a, the pristine 2T-ORh blend film is relatively flat and featureless with a root-
mean-square (RMS) roughness of 1.35 nm. After solvent vapor annealing, the 2T-ORh blend film
(Figure 2.8b) shows more texture with an increased RMS roughness of 2.47 nm, which might be due
to a higher degree of phase segregation and crystallinity. More crystalline features usually lead to higher
charge carrier mobilities, which likely explains the observed increase in Ji and FF. The 2T-EHRh
pristine film (Figure 2.8c¢) shows a slightly larger roughness, 2.17 nm, compared to the 2T-ORh pristine
film (Figure 2.8a). In contrast to the observations for the 2T-ORh blend film, the roughness of the
solvent vapor annealed 2T-EHRAh film (1.75 nm) is decreased relative to the pristine film (Figure 2.8d).
This observation matches well with the only marginal improvement of the shape of the J-V curve and
the lowered EQE current in the solvent vapor annealed device. A large increase in surface roughness
(RMS =4.37 nm) can be seen when 2 vol% of DPE is added to the casting solution (Figure 2.8e). The
phase image now shows a similar structure to that of the solvent vapor annealed 2T-ORh blend, with
small features. Also in this case, the S-shape in the J-V curve of the pristine 2T-EHRh film disappears,
resulting in an improvement of all photovoltaic parameters.
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3. Conclusion and Outlook

In this chapter, two bithiophene-rhodanine-based NFAs, one with n-octyl side-chains (2T-ORh) and
one with 2’-ethylhexyl side-chains (2T-EHRh) were successfully synthesized. By changing the type of
side-chains on the rhodanine, the thin-film aggregation behavior of the molecule is changed. This is
verified by UV-vis-NIR absorption spectrometry where 2T-ORh showed predominantly H-type
aggregation in pristine film, while 2T-EHRh shows more J-type aggregates. After solvent vapor
annealing, the aggregation behavior of 2T-EHRh showed no significant changes, whereas the
aggregation of 2T-ORh showed more J-type contribution after SVA. The optical bandgap for both
molecules was determined via the absorption onset in the UV-vis-NIR spectra, resulting in bandgaps of
+ 2 eV. Square-wave voltammetry measurements confirmed that the energy levels of the acceptors are
not influenced by varying the rhodanine side-chain. These measurements also showed roughly equal
HOMO-HOMO and LUMO-LUMO offsets, as they were 0.3 and 0.25 eV respectively.

Photovoltaic devices were fabricated and optimized via co-solvents and solvent vapor annealing. For
2T-ORM, the best device was obtained by annealing it for 45s in 0-DCB, leading to a 4.74% efficiency.
By examining the morphology it was found that the phase segregation and domain crystallinity is
increased in the annealed film relative to the pristine film, leading to better charge transport properties.
The achieved efficiency is lower than efficiencies found in literature, which is probably due to the large
influence of processing conditions and the polymer batch-to-batch variation. SVA did not significantly
increase the performance of a 2T-EHRh based device, consistent with the lack of aggregation change
after SVA found in the UV-vis-NIR study. The best device was obtained by incorporating 2 volume
percent DPE in the casting solution, yielding a 5.19% efficiency. Morphological studies showed a large
increase in phase segregation, indicating better charge transport properties.

To further improve the device performance, other co-solvents could be examined. These may help to
improve the crystallinity even further and thereby increase the Js. and FF. Furthermore, changing the
donor-acceptor ratio could help to improve the active layer morphology. Moreover, it would be
interesting to study the crystallinity and aggregation behavior of the active layer in more detail, for this
grazing-incidence wide-angle X-ray scattering could be performed. In order to say more about the
influence of the side-chains on the device performance, the set of molecules could be expanded. These
may include a more bulky side-chain or a longer side-chain.

4. Experimental
4.1 Materials and Methods

2,2’-Bithiophene-5,5’-dicarboxaldehyde (>98%) was purchased from TCI Europe N.V. and PTB7-Th
came from 1-Materials. All other chemicals and solvents were purchased from Sigma-Aldrich co or
VWR. All commercially available solvents and reactants were used without further purification. All
synthetic procedures were performed under a nitrogen atmosphere.

'H and "*C NMR spectra were measured on a Bruker Avance III spectrometer at 400 and 100 MHz
respectively. Chemical shifts are reported with respect to tetramethylsilane as internal standard.
Molecular weights of the 2T-ORh and 2T-EHRh NFAs were determined using matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectroscopy on a Bruker Autoflex Speed
spectrometer.

Solution and film UV-vis-NIR spectra were recorded on a Perkin Elmer Lambda 1050
spectrophotometer. Dilute solutions of 2T-ORh and 2T-EHRh were prepared in chloroform and films
were prepared by spin coating a 6 mg mL ™! solution on a glass substrate at 1500 rpm. Solvent vapor
annealed films were prepared from the same solution after which the films were subjected to 45 seconds
of 0-DCB vapor. For the blend films the PTB7-Th donor polymer and rhodanine-based acceptor

31



molecule were mixed in a 1:2 (D:A) weight ratio and dissolved in chloroform at a total solids
concentration of 15 mg mL™!. The films were spin coated on a glass substrate at 1500 rpm in an N filled
glove-box.

Square-wave voltammetry (SWV) was performed in thin film under inert atmosphere using a Biologic
VSP potentiostat. All films were prepared by dip coating a flame-cleaned platinum working electrode
using a stock solution of 2 mg mL ! PTB7-Th in chloroform or a 4 mg mL ! solution of 2T-ORh or 2T-
EHRAh in dichloromethane. A silver rod was used as counter electrode and a silver chloride coated silver
rod (Ag/AgCl) was wused as quasi-reference electrode. A 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) solution in acetonitrile was used as electrolyte. All measurements were
reported against ferrocene/ferrocenium (Fc/Fc*) as reference, with Ercre” set at —4.8 eV vs. vacuum.
Measurements were performed with a 20 mV pulse height, 20 ms pulse width and 5 mV step height.

Photovoltaic devices were fabricated on pre-patterned indium tin oxide (ITO) glass substrates (Naranjo
Substrates). The substrates were cleaned by sonication in acetone, followed by scrubbing with a sodium
dodecyl sulfate solution (99%, Acros). After sonication in the same sodium dodecyl sulfate solution the
substrates were rinsed with deionized water and underwent a final sonication in 2-propanol. To finish
the cleaning, the substrates underwent a 30 minute UV-ozone treatment. A ZnO electron transport layer
(ETL) was deposited onto the cleaned substrates via a sol gel method by spin coating a precursor
solution. The precursor solution was prepared by dissolving 109.72 mg of zinc acetate dehydrate in 1
mL 2-methoxyethanol and 30.2 pL ethanolamine. This solution was stirred for at least 1 hour at room
temperature after which it was spin coated at 4000 rpm in ambient air and immediately annealed for 5
minutes at 150 °C, resulting in a 40 nm ZnO layer. A commercially available PEIE solution of 37 wt%
was further diluted in ethanol until a total mass fraction of 0.1 wt% was reached. This solution was cast
on the ZnO coated substrates by spin-coating at 4000 rpm in air to yield a thin layer. This layer was
annealed for 10 minutes at 100 °C. For the active layer, the PTB7-Th donor polymer and rhodanine-
based acceptor molecule were mixed in a 1:2 (D:A) weight ratio and dissolved in chloroform at a total
solids concentration of 15 mg mL™!. This solution was heated to and kept at 60 °C under continuous
stirring for 1 hour and cooled down to room temperature prior to spin coating. The active layer was spin
coated at 1500 rpm in a N, filled glove-box to obtain an optimal layer thickness of around 100 nm. The
blend films were subsequently subjected to solvent vapor annealing using different solvents and
annealing times as described in the results section. This was carried out by placing 200 pL of the desired
solvent in a petridish and leaving this closed for 1 minute to introduce solvent vapor. The substrate was
then placed on top of an elevated stage in this petridish for the desired amount of time. The back
electrode layers, MoOs (10 nm) followed by Ag (100 nm), were deposited by thermal evaporation in a
vacuum chamber at ~ 6 x 107 mbar. The active area of the photovoltaic devices was determined by the
intersection of the ITO pattern and the back contacts. The intersecting areas resulted in two squares of
9 mm? and two squares of 16 mm?.

J-V and EQE measurements were performed under N, atmosphere. In order to photodope the ZnO and
MoO:; layers, the devices were illuminated for 10 minutes with UV light prior to J-J measurements.
Current density — voltage (J-V) characteristics were recorded with a 4 point probe Keithley 2400 source
meter under illumination with a tungsten-halogen lamp. To provide a 1000 W m > AM1.5G illumination,
the light was filtered through a Schott GG385 UV filter and a Hoya LB120 daylight filter. Accurate
short-circuit current density (Ji) values were obtained by integrating recorded external quantum
efficiency (EQE) spectra with the AM1.5G solar spectrum. The EQE measurements were performed on
a custom-made setup consisting of a SOW tungsten-halogen lamp (Osram 64610), a monochromator
(Oriel, Cornerstone 130), a mechanical chopper (Stanford Research Systems, SR540), a pre-amplifier
(SR570), a lock-in amplifier (SR830) and a Thorlabs high intensity LED operating at 530 and 730 as a
bias light. Although the setup was in ambient air, the substrates were kept encapsulated in a N, filled
box equipped with a quartz window. A calibrated silicon cell was used as a reference prior to both the
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J-V and the EQE measurements. Lastly, the active layer thickness of the substrates were determined on
a Veeco Dektak 150 profilometer.

The morphologies of the films were characterized using atomic force microscopy (AFM). Which was
measured on a Dimension 3100 in tapping mode. For this blend films were prepared in the same way as
in the UV-vis-NIR measurements.

4.2 Synthesis
3-Octyl-2-thioxothiazolidin-4-one (ORh) (3a)

Bis(carboxymethyl)trithiocarbonate (1.00 g, 4.4 mmol) was dissolved in 12.5 mL 1,2-dimethoxyethane
(DME) before adding 0.45 grams (4.4 mmol) of triethylamine (TEA). After stirring for five minutes, a
small excess of n-octylamine (2a) (0.64 g, 5.0 mmol) was added. The solution was stirred at 90 °C
overnight and subsequently extracted with DCM and water. The organic phase was then dried over
magnesium sulfate and concentrated under reduced pressure. The crude product was purified using
column chromatography (silicagel, eluent gradient 100:0 > 50:50 heptane:DCM), resulting in pure ORh
(yellow oil).

861.8 milligrams of product, 79% yield. '"H-NMR (400 MHz, CDCls): 8 (ppm) 4.04-3.89 (m, 4H), 1.62
(p,J=7.3 Hz, 2H), 1.39-1.18 (m, 10H), 0.87 (t, J = 6.6 Hz, 3H). *C-NMR (100 MHz, CDCl;): & (ppm)
201.49, 174.16, 45.10, 35.63, 32.03, 29.39, 29.37, 27.03, 26.98, 22.90, 14.37.

3-(2-ethylhexyl)-2-thioxothiazolidin-4-one (EHRh) (3b)

The same procedure as for ORh was used. Now, a small excess of 2’-ethylhexylamine (2b) (0.64 g, 5.0
mmol) was added to a solution of 1 gram bis(carboxymethyl)trithiocarbonate (4.4 mmol) and 0.45 grams
of TEA (4.4 mmol) in 12.5 mL DME. After purification by column chromatography (silicagel, eluent
gradient 100:0 > 50:50 heptane:DCM), pure EHRh was obtained as a yellow oil.

902.5 milligrams of product, 83% yield. "H-NMR (400 MHz, CDCl;): & (ppm) 3.96 (s, 2H), 3.88 (d, J
= 7.4 Hz, 2H), 1.97 (sept, J = 6.4 Hz, 1H), 1.39-1.11 (m, 8H), 0.87 (t, J = 7.4 Hz, 6H). 3*C-NMR (100
MHz, CDCl;): 6 (ppm) 201.68, 174.31, 48.63, 36.71, 35.22, 30.46, 28.4, 23.87, 22.99, 14.04, 10.51.

(52.,5°7)-5,5°-(]2,2’-bithiophene]-5,5’-diylbis(methaneylylidene))bis(3-octyl-2-thioxothiazolidin-
4-one) (2T-ORh)

2,2’-Bithiophene-5,5’-dicarboxaldehyde (120 mg, 0.54 mmol) and seven drops of piperidine were
dissolved in 3 mL chloroform. Next, ORh (400 mg, 1.63 mmol) was dissolved in 2 mL chloroform and
added to this solution. The solution was allowed to react for four hours at 80 °C and subsequently
extracted with DCM and water. The organic phase was then dried over magnesium sulfate and
concentrated under reduced pressure. Pure 2T-ORh was obtained as a dark red solid after precipitation
from chloroform in methanol.

150 milligrams of product, 41% yield. "H-NMR (400 MHz, CDCls): & (ppm) 7.82 (s, 2H), 7.42-7.31 (m,
4H), 4.11 (t,J=17.6 Hz, 4H), 1.71 (p, J = 7.3 Hz, 4H), 1.45-1.18 (m, 20H), 0.88 (t, J = 6.8 Hz, 6H). *C-
NMR (100 MHz, CDCls): 6 (ppm) 191.72, 167.45, 143.18, 138.43, 135.00, 126.45, 124.21, 122.09,
44.96,31.77,29.13,26.99, 26.78, 22.63, 14.09. (Note: several peaks in the 3*C-NMR spectrum overlap).
MALDI-TOF-MS: [M+] calc: 676.14 found: 676.14

(52.,5°7)-5,5°-(]2,2’-bithiophene]-5,5’-diylbis(methaneylylidene))bis(3-(2-ethylhexyl)-2-
thioxothiazolidin-4-one) (2T-EHRh)

The same procedure as for 2T-ORh was used. Now, EHRh was dissolved in 2 mL chloroform and
added to a solution of 120 mg 2,2’-bithiophene-5,5’-dicarboxaldehyde (0.54 mmol) and seven drops of
piperidine in 3 mL chloroform. After precipitation, pure 2T-EHRh was obtained as a dark red solid.
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153.1 milligrams of product, 39% yield. 'H-NMR (400 MHz, CDCI5): & (ppm) 7.81 (s, 2H), 7.39-7.32
(m, 4H), 4.04 (d, J = 7.5 Hz, 4H), 2.13-2.00 (m, 2H), 1.43-1.13 (m, 22H), 0.972-0.779 (m, 6H). 1*C-
NMR spectrum could not be recorded due to insufficient solubility. MALDI-TOF-MS: [M+] calc:
676.14 found: 676.12
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Chapter 3: Core engineering in simple octyl N-functionalized
rhodanine based non-fullerene acceptors

Abstract

Three new and simple octyl-thodanine based non-fullerene acceptors (NFA) with either a
thienothiophene core (TT-ORh), a thiophene-furan core (TF-ORh), or a bifuran core (2F-ORh) were
synthesized. Because the solubility of the TT-ORh NFA was quite low, its physical properties and
photovoltaic performance were not further investigated. For the TF-ORh and the 2F-ORh NFAs, a
comparison with the 2T-ORh NFA was made in terms of physical properties and photovoltaic
performance. While the absorption spectra of the furan-based NFAs and the 2T-ORh NFA were
virtually equal in solution, remarkable differences were observed in thin film. After solvent vapor
annealing, the absorption behavior of the furan-based NFAs did not change, while the 2T-ORh went
from an H-type to a more J-type aggregation. For TF-ORAh, the highest efficiency was obtained in the
pristine device and was 0.32%. The performance of 2F-ORh was increased through SVA or addition of
a co-solvent and the best device was obtained via optimized SVA and was 1.87%. These efficiencies
are remarkably lower than for the optimized 2T-ORh device. These lower efficiencies are probably due
to a too large phase segregation as shown with atomic force microscopy (AFM).
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1. Introduction

In the previous chapter, two simple bithiophene rhodanine based non-fullerene acceptors were
synthesized and the effect of changing side-chains attached to the rhodanine on the optical,
electrochemical and photovoltaic properties was investigated. It was found that changing the type of
side-chain from an n-octyl to a 2’-ethylhexyl has large effect on the thin film aggregation behavior of
the molecules. The molecules required different processing conditions to obtain the best device
performance. For the 2T-ORh NFA solvent vapor annealing yielded a 4.74% device and for 2T-EHRh
addition of 2 vol% DPE showed a 5.19% device efficiency.

Besides changes in the acceptor unit, it also interesting to investigate how changes in the core relate to
the device performance. An intuitive change in the core is fusing the rings together, so changing from a
bithiophene to a thieno[3,2-b]thiophene. Thienothiophenes are an often used electron rich building block
in the photovoltaic field. In non-fullerene acceptors, thienothiophenes are often used as a m-bridge
between the donor unit and the acceptor units.!”* To a lesser extent they are used in the donor unit of
non-fullerene acceptors.*® The performance of these thienothiophene based non-fullerene acceptors is
consistently good and therefore it is interesting to investigate the performance of a simple non-fullerene
acceptor with a thienothiophene core. Another intuitive change in the core is a heterocycle substitution.
Investigating the effect of heterocycle substitution is a relatively frequently used technique in the
photovoltaic field, but mainly in the donor molecule.” For A-D-A type non-fullerene acceptors there
are papers published discussing the effect of heterocycle substitution, yet all these papers feature large
and often fused-ring acceptors.!®!? These papers also all solely discuss the effect of a thiophene-
selenophene substitution, while introducing furans in the donor molecules has also proven effective.’
Therefore, it is interesting to investigate the effect of thiophene-furan substitution in the core of simple
A-D-A type non-fullerene acceptors.

(a) (b)

(© (d)

TF-ORh 2F-ORh

Figure 3.1: Molecular structures of the four non-fullerene acceptors: (a) 2T-ORh, (b) TT-ORh, (c) TF-ORh and (d) 2F-
ORh.

In this chapter, three new and simple A-D-A type non-fullerene acceptors will be synthesized and
compared to the bithiophene reference (2T-ORh). These new NFAs have either a thienothiophene (TT-
ORh), athiophene-furan (TF-ORh) or a bifuran (2F-ORh) core, and all contain octyl N-functionalized
rhodanines as the acceptor units (Figure 3.1). The effect of changes in the core on the optoelectronic
properties and photovoltaic performance will be investigated.

38



2. Results and Discussion
2.1 Synthesis

While the synthesis of the TT-ORh NFA was straightforward, the synthesis of the TF-ORh and the 2F-
ORh NFAs proved to be more challenging, because for these NFAs the bi-aldehyde starting compounds
are not commercially available. To synthesize these compounds several synthetic routes have been
attempted. The unsuccessful synthetic routes are discussed in Appendix A. The synthesis of ORh is
described in chapter 2. All successfully performed synthetic procedures are discussed in more detail in
the following subsections and in the Experimental section.

2.1.1 TT-ORh synthesis

The synthesis of TT-ORh (Scheme 3.1) was performed in the same manner as for the synthesis of 2T-
ORMh, which is described in chapter 2. For this NFA, the Knoevenagel condensation was performed in
an even lower yield than for 2T-ORh. The strong aggregation tendency of the rigid and planar
thienothiophene lowered the solubility to such an extent that the end product showed a too low solubility
in chloroform for use in OPV devices.!? For this reason, the molecule was not investigated any further.

S
O

i \ 0o i 74 > SJ(NR TT-ORh (35%)
/) 1 = ()
g N\ ! S — > RNYS \ /s\ 4

0O R = n-octyl
S

Scheme 3.1: Synthesis of the TT-ORh NFA. (i) 3 eq. ORMh, piperidine, CF, 80 °C. Reaction yields are given between
parentheses.

2.1.2 TF-ORh synthesis

In the first step of the synthesis route for TF-ORh, the asymmetric bi-aldehyde (4 in Scheme 3.2) was
synthesized via a Suzuki-Miyaura cross-coupling reaction. For this reaction, several reaction conditions
have been screened by performing test reactions, as can be read in Appendix A. A test reaction using
the conditions described in Scheme 3.2 showed a mixture of the desired product, a presumably homo-
coupled product and triphenylphosphine. These components were successfully separated by column
chromatography, resulting in a pure asymmetric bi-aldehyde in a yield of 24%. Because the yield of the
test reaction was quite low but the different components could easily be separated, it was decided to
perform the reaction on a larger scale. Unfortunately, the large scale reaction showed to be less efficient
with a yield of only 12% after recrystallization. Despite several purification attempts, about 3% of
presumably homo-coupled side-product remained.

0 HO 0
Br— O~ _7 B S\ 7 i S N 4(12
@/ " HO’W — L | ) N0 412
2 3

R = n-octyl

TF-ORh (74%)

Scheme 3.2: Synthesis of the TF-ORh NFA. (i) Pd(PPh3)4, K2COs (aq), Tol./Meth. (65:35), 100 °C; (ii) 4 eq. ORh,
piperidine, CF, 80 °C. Reaction yields are given between parentheses.
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Despite the small amount of impurity in de bi-aldehyde product, the second step of the synthetic route,
the Knoevenagel condensation, was performed. This time anhydrous chloroform was used as a solvent
and a larger excess of rhodanine was added to the reaction mixture, this could explain the higher yield
obtained in this reaction. After precipitation and recrystallization, the amount of impurity decreased to
only 1%.

2.1.3 2F-ORh synthesis

The synthesis of 2F-ORh was tried by following the synthetic procedure in Scheme 3.2, but now using
(5-formylfuran-2-yl)boronic acid instead of (5-formylthiophen-2-yl)boronic acid (3) in the Suzuki-
Miyaura cross-coupling reaction. Unfortunately, also for this compound the Suzuki-Miyaura cross-
coupling reaction resulted in very little and impure bi-aldehyde product. Consequently, a new route was
followed for the synthesis of 2F-ORh (Scheme 3.3). In this route, the rhodanine group (ORh) is first
attached to the starting compound, which avoids the presence of aldehydes in the coupling reaction. The
protection of the aldehydes is chosen, because it is believed that the aldehydes impede certain steps in
the catalytic cycle. The Knoevenagel condensation was again performed in a good yield of 76%.

)l\ NR

s
s %O\ o /N
S)kNR O/BM

(0]
Br\é// Br 0 / 0o (46%)

\_/ — > \_/ —» +

i ii o g

2 5 (76%) o s

RN ~ \ / \ NR
R = n-octyl )/S Y 0 F
S (0]

2F-ORh (54%)

Scheme 3.3: Synthesis of the 2F-ORh NFA. (i) 2 eq. ORh, piperidine, CF, 80 °C ; (ii) B2Pin2, Pd(dppf)Cl2, KOAc, Dioxane,
110 °C. Reaction yields are given between parentheses.

In the second step in Scheme 3.3 a Miyaura borylation was attempted.'*!> From the literature it is well
known that weak bases, such as potassium acetate, should give the borylated compound in high
yields.!*!5 Surprisingly, in our case a small scale test reaction showed a 50/50 mixture of the targeted
borylated compound and the homo-coupled product. However, because the homo-coupled product is
also the desired final NFA, no additional Suzuki-Miyaura reaction between compound 5 and the
borylated compound was needed. In the literature, it is also well known that symmetric bi-aryls can
efficiently be synthesized by one-pot-two-step borylation/Suzuki-Miyaura CC reactions that use a
stronger base like potassium carbonate and 0.5 equivalents of bis(pinacolato)diboron instead of 2
equivalents.!®!® Using this approach, attempts have been made to further increase the ratio of formed
homo-coupled product to borylated compound.'®'® However, full completion could not be achieved for
these reactions. Therefore, the decision was made to scale-up the initial test-reaction and to isolate the
homo-coupled product from there. The homo-coupled product was again formed in about 50% yield and
was successfully isolated.

2.2 Optical and electrochemical properties

The optical properties of the TF-ORh and 2F-ORh NFAs were investigated by UV-vis-NIR absorption
spectroscopy in chloroform solution and in thin film (Figure 3.2). The spectra of 2T-ORh were
reproduced from chapter 2 for comparison.
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Figure 3.2: (a) Normalized UV-vis-NIR absorption spectra of 2T-ORh, TF-ORh and 2F-ORh in chloroform solution, as
pristine thin film and as solvent vapor annealed film. The absorption spectrum of PTB7-Th in thin film is also included.

In solution, all three molecules show similar absorption spectra, albeit with two small differences. The
first difference lies in the intensity ratio between the vibronic peaks around 505 and 535 nm. In 2T-
ORMh, the peak around 505 nm has the highest intensity, while in TF-ORh the intensities are roughly
equal and in 2F-ORh the peak around 535 nm has the highest intensity. Besides the difference in
intensity of the peaks in the intramolecular charge transfer (ICT) region (420-600 nm), there is also a
difference in intensity of the peak attributed to localized n-n* transitions around 400 nm. This peak has
the highest intensity for the TF-ORh NFA, the lowest intensity for the 2F-ORh NFA and an
intermediate intensity for the 2T-ORh NFA.

Table 3.1: Optical and electrochemical properties of 2T-ORh, TF-ORh and 2F-ORh.

22T-ORh TF-ORh 2F-ORh

b Egopt’ [€V] 2.16 2.16 2.19

b Eg ope™ Pristine eV 1.97 1.98 2.03
b Ey op™ SVA [eV] 2.00 1.99 2.06
Amax’® [nm] 502 508 540
Amax ™ PrISEn [y m 457 595 481
Amax™™ SVA [nm] 527 596 478
¢Exx[V] 0.88 0.73 0.70

¢Erea[V] -1.25 -1.23 -1.32

4 Enomo [eV] -5.68 -5.53 -5.50

4ELumo [eV] -3.55 -3.57 -3.48
E;swv [eV] 2.13 1.96 2.02

aReproduced from chapter 2. ® Egopt = 1240/Aonset (€V). ¢ vs. Fe/Fc*. ¢ Determined using a work-function of —4.8 eV for Fc/Fc*

VErsus vacuum.
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In pristine film, the 2F-ORh NFA shows similar behavior as 2T-ORh with a broad and clearly blue-
shifted absorption maximum at 481 nm and a weak red-shifted absorption at 570 nm. This suggests that
the molecule is predominantly in an H-type aggregation in the as-cast film. The absorption maximum
of the 2F-ORh spectrum is however less blue-shifted than for the 2T-ORh spectrum and the red-shifted
peak at 570 nm is of a higher intensity. Surprisingly, in pristine film the TF-ORh NFA shows only J-
type aggregation with a red-shifted absorption maximum at 595 nm and an increased absorption around
350 nm. It can be seen that for this molecule there is little absorption in the 400-550 nm range, which
could decrease the attainable currents. Where for 2T-ORh a large red-shift in the absorption maximum
is observed after solvent vapor annealing (SVA), no significant change in absorption is seen for both
furan-based NFAs after SVA. The optical bandgaps in pristine film, estimated from the onset of
absorption, are similar for all three molecules as they are 1.97, 1.98 and 2.03 eV for 2T-ORh, TF-ORh
and 2F-ORh respectively. These bandgaps did not change significantly after SVA. All optical
characteristics are summarized in Table 3.1.
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Figure 3.3: (a) Square-wave voltammograms of the 2T-ORh, TF-ORh and 2F-ORh NFAs in thin film. (b) Frontier orbital
energy levels of the three NFAs and PTB7-Th, calculated from the oxidation and reduction onsets relative to the vacuum level.

The frontier molecular orbital energy levels (HOMO and LUMO) of the TF-ORh and 2F-ORh NFAs
were determined using square-wave voltammetry (SWV) in thin film. The voltammogram of 2T-ORh
was reproduced from chapter 2 for comparison. The recorded voltammograms are depicted in Figure
3.3a and the determined energy levels and the corresponding bandgaps are listed in Table 3.1. It should
be noted that the thin-film measurements of the NFAs are not reversible, likely because the small
molecules start to dissolve in acetonitrile upon charging. The reversibility was verified by measuring
SWYV in solution. It can be seen that the HOMO energy levels of both furan-based NFAs are up-shifted
compared to the bithiophene-based NFA. A shift in the HOMO energy is expected, because in these A-
D-A type molecules the HOMO is mainly situated on the donor unit. The higher lying HOMO levels for
substitution of thiophene with furan are consistent with previously reported papers about
thiophene/furan substitution.'*! For the 2F-ORh an upshifted LUMO level is also visible. In Figure
3.3b, the energy levels of both NFAs are compared with the energy levels of the PTB7-Th polymer,
which were also determined in thin film. For both furan-based molecules the HOMO-HOMO offsets
with the PTB7-Th polymer have decreased compared to the HOMO-HOMO offset for 2T-ORh. Now,
the offsets are 0.17 and 0.14 eV for TF-ORh and 2F-ORAh respectively. For 2F-ORh, also the LUMO-
LUMO offset has decreased to 0.19 eV compared to the offset for 2T-ORh. Whereas the LUMO-LUMO

42



offset for TF-ORh has slightly increased and is now 0.28 eV. This shows that there might be some
differences in charge generation efficiency between the molecules, where the 2T-ORh NFA shows the
largest driving force for charge generation. There might also be a difference in maximum attainable
open circuit voltages (V,.), where 2F-ORh shows the largest LUMOA/HOMOp difference.

2.3 Photovoltaic devices

The photovoltaic performance of the TF-ORh and 2F-ORh NFAs was characterized in a bulk-
heterojunction photovoltaic device, using PTB7-Th as the electron donor. All devices were fabricated
in an inverted structure (ITO/ZnO/PEIE/PTB7-Th:NFA (1:2)/M0QO3/Ag). The active layer was spin
coated at 1500 rpm, yielding uniform layers of approximately 100 nm thick. Herefore, solutions in
chloroform with a total solid concentration of 15 mgmL™', i.e. 5 mg mL™' PTB7-Th and 10 mg mL"!
acceptor, were prepared. Similar to chapter 2, we investigate how the performance of the photovoltaic
devices for the furan-based NFAs is influenced by solvent vapor annealing as post-treatment and by
incorporation of DPE as a co-solvent. All photovoltaic results for TF-ORh and 2F-ORh are compared
to the results of 2T-ORh obtained in chapter 2.

2.3.1 Optimization by solvent vapor annealing

In chapter 2, it was shown that solvent vapor annealing (SVA) is an effective way to enhance the device
performance, probably through an increased domain crystallinity. In that chapter, the solvent vapor
annealing conditions were systematically optimized in function of solvent and time. This optimization
was again performed for the devices in this chapter, but here only the optimized results will be shown.

Table 3.2: Photovoltaic characteristics of 2T-ORh, TF-ORh and 2F-ORh based devices processed with or without solvent
vapor annealing.

b b

Acceptor SVA (m Aflcn‘z] K;i FF F,/S]E
"2T-ORh No 9.21 (7.46) 0.84 031 237 (1.92)

45s,0-DCB  10.50 (9.92) 1.04 0.46 5.04 (4.74)
TF-ORh No 1.66 (1.27) 0.98 0.26 0.43 (0.32)

15s, o-DCB 1.34 (1.14) 0.98 0.25 0.33 (0.28)
2F-ORh No 3.34 (2.56) 1.00 0.29 0.96 (0.74)

45s,0-DCB  5.86 (5.14) 1.07 0.34 2.13 (1.87)

aReproduced from chapter 2. Value obtained by integrating the EQE with the AM1.5G spectrum is given between parentheses.

As discussed in chapter 2 and again shown in Figure 3.4a, the J-V curve of the pristine 2T-ORh device
shows a large S-shape. Interestingly, in the J-V curve of the pristine 2F-ORh device this S-shape is only
visible to a small extent and not visible at all in the pristine TF-ORh device (Figure 3.4¢ and 3.4¢). The
fact that there is little to no S-shape in the J-V curves for the pristine devices with the furan-based NFAs
is probably the reason for the higher Vs in these devices. In Table 3.2 it can be seen that devices based
on TF-ORh have a very poor short-circuit current (Ji), which decreases after 15 seconds of solvent
vapor annealing. With longer SVA times, it is found that the device performance drops even more, due
to decreasing Jsc and V.. The poor complementary absorption as shown in Figure 3.2 could contribute
to the low Js in the TF-ORh based devices. Interestingly, the EQE of the TF-ORh devices (Figure
3.4d) shows the same increased absorption around 350 nm as in the UV-vis-NIR absorption spectra. For
2F-ORMh, the pristine device also shows a poor efficiency owing to a low Js. and a high series resistance,
but opposed to TF-ORh the device performance did increase after SVA. Through an increase in all three
characterization variables, the PCE increased from 0.74 to 1.87%. As shown in the SWV results, the
2F-ORh NFA has the largest LUMOA/HOMOp difference, which could explain the higher open-circuit
voltage found in the solvent vapor annealed device. When comparing the three EQE spectra (Figure
3.4b/d/f), it can be seen that for both the 2T-ORh and the 2F-ORh the channel II photocurrent
contribution has increased after SVA, whereas the EQE of TF-ORh does not show any noticeable
differences after SVA.
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Figure 3.4: (a) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic
devices based on 2T-ORh in pristine film and under optimized SVA conditions. (b) Corresponding EQE spectra of (a). (c) J-
V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic devices based on TF-
ORh in pristine film and under SVA conditions. (d) Corresponding EQE spectra of (c). (e¢) J-V characteristics in the dark
(dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic devices based on 2F-ORh in pristine film and
under optimized SVA conditions. (f) Corresponding EQE spectra of (e). Please note the difference in EQE scale between the

three EQE spectra shown.
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2.3.2 Co-solvent optimization

In chapter 2, it was shown that addition of a co-solvent to the casting mixture leads to an increased
device performance, likely through enhancement of the crystallinity in the domains. The optimal
concentration of diphenyl ether (DPE) was systematically determined, but will not be shown here.

Table 3.3: Photovoltaic characteristics of 2T-ORh, TF-ORh and 2F-ORh based devices processed with or without co-solvent.

b b
Acceptor Co-solvent (m Aflcn‘z] Kg? FF [I:,/S]E
22T-ORh No 9.21 (7.46) 0.84 0.31 2.37 (1.92)
2vol% DPE  8.17 (7.69) 1.02 0.49 4.11 (3.85)
TF-ORh No 1.66 (1.27) 0.98 0.26 0.43 (0.32)
1 vol% DPE 0.23 0.26 0.27 0.02
2F-ORh No 3.34 (2.56) 1.00 0.29 0.96 (0.74)
0.5vol% DPE  3.77 (3.38) 1.03 0.33 1.29 (1.15)

2Reproduced from chapter 2.° Value obtained by integrating the EQE with the AM1.5G spectrum is given between parentheses.

As discussed in chapter 2, addition of DPE in the casting solvent increases the performance of the 27T-
ORh based device, mainly by increasing the V.. and the FF. Because the Ji. in the 2T-ORh device with
2 vol% of DPE is relatively unaffected compared to the pristine 2T-ORh device (Table 3.3), devices
made by addition of 2 vol% of DPE do not outperform the solvent vapor annealed device (Table 3.2).
This same type of behavior is found for the 2F-ORh based devices, where all three characterization
variables increase by the addition of 0.5 vol% of DPE, but the Ji does not reach the same values as it
does for the solvent vapor annealed device. Also in this device it can be seen that the incorporation of
DPE causes the S-shape in the J-V curve to disappear (Figure 3.5e), giving rise to a large decrease in
series resistance. In the EQE spectra of the 2F-ORh devices (Figure 3.5f) there is no shift between the
onsets, in contrast to the EQE spectra of the 2T-ORh devices (Figure 3.5b). Probably this is due to the
lower amount of DPE added to the casting solution. For the TF-ORh based device, incorporation of
DPE in the casting solution is detrimental for the device performance. Both the J,cand the V,. decrease
to a large extent and from Figure 3.5¢ it can be seen that addition of the co-solvent leads to an almost
flat J-V curve. This indicates that charge recombination prevails over charge collection in this device.
For this reason, no EQE spectrum could be recorded for this device.

A possible explanation for the low Ji in the furan-based devices could be a decreased electron-mobility,
as found by Hendsbee et al.?’ In their study they show that the hole mobility of a simple A-D-A type
molecule, consisting of a bithiophene core and phtalimide accepting groups, increases when the
thiophene units are substituted with furan units. On the other hand, they find that this substitution also
results in a complete loss of electron mobility, which they attribute to the loss of degeneracy in the
LUMOs.
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Figure 3.5: (a) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic
devices based on 2T-ORh in pristine film and under optimized co-solvent conditions. (b) Corresponding EQE spectra of (a).
(c) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of photovoltaic devices based on
TF-ORh in pristine film and under co-solvent conditions. (d) Corresponding EQE spectra of (c), the EQE of the co-solvent
could not be recorded. (e) J-V characteristics in the dark (dashed lines) and under AM1.5G illumination (solid lines) of
photovoltaic devices based on 2F-ORh in pristine film and under optimized co-solvent conditions. (f) Corresponding EQE

spectra of (e). Please note the difference in EQE scale between the three EQE spectra shown.

2.4 Morphology

In order to get some insight into why the photovoltaic performance of the furan-based NFAs is much
lower than the performance of their bithiophene counterpart, the morphology of the pristine and solvent
vapor annealed blend films was studied by atomic force microscopy (AFM). The resulting AFM images
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in height and phase mode are shown in Figure 3.6. The studied blends were made with a different PTB7-
Th batch than used in the photovoltaic devices.

(@ (b) (c)
2T-ORh 2T-ORh TF-ORh
pristine SVA pristine

-

RMS=1.35 nm RMS?2.47 nm
" 5.0 nm

2F-ORh
pristine

RMS=1.54 n

Figure 3.6: AFM height, with the roughness given in top-right corner, (top) and phase (bottom) images (1 x 1um) of blends
for: pristine 2T-ORh (a), SVA 2T-ORh (b), pristine TF-ORh (c), SVA TF-ORh (d), pristine 2F-ORh (e) and SVA 2F-ORh
(f). SVA was performed under the optimized conditions that are described in the main text.
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The AFM images of the blends with 2T-ORh are only shown as a comparison (Figure 3.6a&b), since
they were already discussed in chapter 2. The height image of the pristine TF-ORh blend shows plateau
regions and therefore has a relatively large root-mean-square (RMS) roughness of 2.24 nm (Figure
3.6¢). The size of these plateaus indicate a too large phase segregation for efficient charge generation.
After solvent vapor annealing (Figure 3.6d) the images are relatively equal to the pristine film and only
the roughness has slightly increased (2.57 nm). The equality of the films matches well with the equality
of the J-V curves before and after SVA. The slightly larger roughness could indicate an even more
extended phase segregation, which could explain the lower Ji. in the annealed device. For 2F-ORAh,
more defined features are visible in the pristine blend (Figure 3.6e). These features are smaller
compared to the TF-ORh images, yet still too large for efficient charge generation. After SVA (Figure
3.6f), the roughness of the 2F-ORh blend has increased from 1.54 to 1.69 nm and clear elongated
structures have become visible. The clearly visible structures and increased roughness suggest more
crystalline domains. The higher domain crystallinity is probably a reason for the observed increase in
Jsc and FF in the solvent vapor annealed device. When comparing the solvent vapor annealed 2T-ORh
and 2F-ORh blend films, the larger domains in the 2F-ORh blend film are clearly visible. Additionally,
the annealed 2T-ORh blend has a higher surface roughness, which might indicate a higher crystallinity.
The smaller, yet more crystalline domains in the 2T-ORh blend film could explain the superior
performance of the annealed 2T-ORh device.

3. Conclusion and Outlook

In this chapter, three new octyl-rhodanine based NFAs with thienothiophene, thiophene-furan or bifuran
as core units were successfully synthesized. The alkyl side-chains were found to be too short to
sufficiently solubilize the fused core of the TT-ORh NFA and this molecule was therefore not
characterized any further. The synthesis of the furan-based NFAs proved difficult and several synthetic
routes have been attempted. The photophysical and photovoltaic properties of the two furan-based NFAs
were compared to the bithiophene reference (2T-ORh).

The thin film UV-vis-NIR absorption spectra show remarkable differences between the two furan-based
NFAs, while only one atom is changed. The TF-ORh NFA shows a clear J-type aggregation, while the
2F-ORh NFA shows mainly an H-type aggregation. The absorption profile of both furan-based NFAs
does not significantly change after SVA, whereas the absorption profile of 2T-ORh shows a change
from H- to more J-type aggregates. The optical bandgap for TF-ORh and 2F-ORh after solvent vapor
annealing was determined via the absorption onset in the UV-vis-NIR spectra, resulting in bandgaps of
1.99 and 2.06 eV respectively.

Square-wave voltammetry measurements showed that substituting thiophene core units for furan core
units in octyl-rhodanine based NFAs raises the HOMO energy level. For 2F-ORh, the LUMO level also
shifts to a slightly higher energy level compared to the LUMO level of 2T-ORh. These shifts cause a
decreased energy level offset with PTB7-Th, which could lead to a lower tendency for charge
generation. However, the larger LUMOA/HOMOp difference found for 2F-ORh could lead to an
increased Vc.

Photovoltaic devices were fabricated and optimized via the use of DPE as co-solvent or via solvent
vapor annealing. The pristine TF-ORh device showed a poor efficiency of only 0.32%, which worsened
by the use of DPE or by solvent vapor annealing. AFM images showed a large degree of phase
segregation, resulting in too large domains for charge generation. Pristine 2F-ORh based devices
showed a slight S-shape in the J-V curve. By SVA or addition of DPE in the casting solution this S-
shape disappeared, resulting in an increased device efficiency. The best 2F-ORh based device was
obtained by solvent vapor annealing the as-cast device for 45s in 0-DCB, leading to a 1.87% efficiency.
AFM showed large elongated structures in both the pristine and solvent annealed blend, which could
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explain the low Js.. By SVA the crystallinity was probably increased, indicating better charge transport
properties.

To improve the device performance for both TF-ORh and 2F-ORh based devices other co-solvents
could be examined. These co-solvents should be chosen to decrease the domain size and therefore
increase the charge generation within the device. In order to say more about the crystallinity and
aggregation behavior of the active layer, grazing-incidence wide-angle X-ray scattering could be
performed. Charge mobility measurements could help support the finding of Hendsbee er al. that
substituting thiophene for furan is detrimental for the electron mobility.?°

4. Experimental
4.1 Materials and Methods

Thieno[3,2-b]thiophene-2,5-dicarboxaldehyde was purchased from TCI Europe N.V, PTB7-Th came
from 1-Materials and dry toluene was bought from Alpha Aesar. All other chemicals and solvents were
purchased from Sigma-Aldrich co or VWR. 1,4-Dioxane was dried over 4 A molecular sieves prior to
use. All other commercially available solvents and reactants were used without further purification. All
synthetic procedures were performed under a nitrogen atmosphere.

'H and *C NMR spectra were measured on a Bruker Avance III spectrometer at 400 and 100 MHz
respectively. Chemical shifts are reported with respect to tetramethylsilane as internal standard.
Molecular weights of the TF-ORh and 2F-ORh NFAs were determined using matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectroscopy on a Bruker Autoflex Speed
spectrometer.

Solution and film UV-vis-NIR spectra were recorded on a Perkin Elmer Lambda 1050
spectrophotometer. Dilute solutions of TF-ORh and 2F-ORh were prepared in chloroform and films
were prepared by spin coating a 6 mg mL ™! solution on a glass substrate at 1500 rpm. Solvent vapor
annealed films were prepared from the same solution, after which the films were subjected to 15 and 45
seconds of 0-DCB vapor for TF-ORh and 2F-ORh respectively.

Square-wave voltammetry (SWV) was performed in thin film under inert atmosphere using a Biologic
VSP potentiostat. All films were prepared by dip coating a flame-cleaned platinum working electrode
using a stock solution of 2 mg mL™' PTB7-Th in chloroform or a 4 mg mL ™" solution of TF-ORh or 2F-
ORAh in dichloromethane. A silver rod was used as counter electrode and a silver chloride coated silver
rod (Ag/AgCl) was used as quasi-reference electrode. A 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) solution in acetonitrile was used as electrolyte. All measurements were
reported against ferrocene/ferrocenium (Fc/Fc*) as reference, with Ererc” set at —4.8 eV vs. vacuum.
Measurements were performed with a 20 mV pulse height, 20 ms pulse width and 5 mV step height.

Photovoltaic devices were fabricated on pre-patterned indium tin oxide (ITO) glass substrates (Naranjo
Substrates). The substrates were cleaned by sonication in acetone, followed by scrubbing with a sodium
dodecyl sulfate solution (99%, Acros). After sonication in the same sodium dodecyl sulfate solution, the
substrates were rinsed with deionized water and underwent a final sonication in 2-propanol. To finish
the cleaning, the substrates underwent a 30 minute UV-ozone treatment. A ZnO electron transport layer
(ETL) was deposited onto the cleaned substrates via a sol gel method by spin coating a precursor
solution. The precursor solution was prepared by dissolving 109.72 mg of zinc acetate dehydrate in 1
mL 2-methoxyethanol and 30.2 pL ethanolamine. This solution was stirred for at least 1 hour at room
temperature after which it was spin coated at 4000 rpm in ambient air and immediately annealed for 5
minutes at 150 °C, resulting in a 40 nm ZnO layer. A commercially available PEIE solution of 37 wt%
was further diluted in ethanol until a total mass fraction of 0.1 wt% was reached. This solution was cast
on the ZnO coated substrates by spin-coating at 4000 rpm in air to yield a thin layer. This layer was
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annealed for 10 minutes at 100 °C. For the active layer, the PTB7-Th donor polymer and rhodanine-
based acceptor molecule were mixed in a 1:2 (D:A) weight ratio and dissolved in chloroform at a total
solids concentration of 15 mg mL™'. This solution was heated to and kept at 60 °C under continuous
stirring for 1 hour and cooled down to room temperature prior to spin coating. The active layer was spin
coated at 1500 rpm to obtain an optimal layer thickness of around 100 nm. The blend films were
subsequently subjected to solvent vapor annealing using different solvents and annealing times as
described in the results section. This was carried out by placing 200 pL of the desired solvent in a
petridish and leaving this closed for 1 minute to introduce solvent vapor. The substrate was then placed
on top of an elevated stage in this petridish for the desired amount of time. The back electrode layers,
MoOs (10 nm) followed by Ag (100 nm), were deposited by thermal evaporation in a vacuum chamber
at~ 6 x 1077 mbar. The active area of the photovoltaic devices was determined by the intersection of the
ITO pattern and the back contacts. The intersecting areas resulted in two squares of 9 mm? and two
squares of 16 mm?,

J-V and EQE measurements were performed under N, atmosphere. In order to photodope the ZnO and
MoOs layers, the devices were illuminated for 10 minutes with UV light prior to J-V measurements.
Current density — voltage (J-V) characteristics were recorded with a 4 point probe Keithley 2400 source
meter under illumination with a tungsten-halogen lamp. To provide a 1000 W m > AM1.5G illumination,
the light was filtered through a Schott GG385 UV filter and a Hoya LB120 daylight filter. Accurate
short-circuit current density (Ji) values were obtained by integrating recorded external quantum
efficiency (EQE) spectra with the AM1.5G solar spectrum. The EQE measurements were performed on
a custom-made setup consisting of a S0W tungsten-halogen lamp (Osram 64610), a monochromator
(Oriel, Cornerstone 130), a mechanical chopper (Stanford Research Systems, SR540), a pre-amplifier
(SR570), a lock-in amplifier (SR830) and a Thorlabs high intensity LED operating at 530 nm as a bias
light. Although the setup was in ambient air, the substrates were kept encapsulated in a N> filled box
equipped with a quartz window. A calibrated silicon cell was used as a reference prior to both the J-V
and the EQE measurements. Lastly, the active layer thickness of the substrates were determined on a
Veeco Dektak 150 profilometer.

The morphology of the films was characterized by atomic force microscopy (AFM), using a Dimension
3100 in tapping mode. For this, blend films were prepared by mixing the PTB7-Th donor polymer and
the rhodanine-based acceptors in a 1:2 (D:A) weight ratio and dissolving them in chloroform at a total
solids concentration of 15 mg mL™!. The films were spin coated on a glass substrate at 1500 rpm in an
N; filled glove-box.

4.2 Synthesis

The octyl substituted rhodanine (ORh) was synthesized according to the procedure described in chapter
2 and will not be discussed here.

(52.,5°7)-5,5’-(thieno[2,3-b]thiophene-2,5-diylbis(methaneylylidene))bis(3-octyl-2-
thioxothiazolidin-4-one) (TT-ORh)

Thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (106 mg, 0.54 mmol) and seven drops of piperidine were
dissolved in 3 mL chloroform. Next, ORh (400 mg, 1.63 mmol) was dissolved in 2 mL chloroform and
added to this solution. The solution was allowed to react for four hours at 80 °C and subsequently
extracted with DCM and water. The organic phase was then dried over magnesium sulfate and
concentrated under reduced pressure. Pure TT-ORh was obtained as a dark red solid after precipitation
from chloroform in methanol.

124 milligrams of product, 35% yield. 'H-NMR (400 MHz, CDCl5): § (ppm) 7.89 (s, 2H), 7.59 (s, 2H),
4.12 (t,J=17.67 Hz, 4H), 1.71 (p, J= 7.4 Hz, 4H), 1.42-1.21 (m, 20), 0.88 (t, J = 6.8 Hz, 6H). *C-NMR
spectrum could not be recorded due to insufficient solubility.
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5-(5-formylthiophen-2-yl)furan-2-carbaldehyde (4)

A dried Schlenk bomb was charged with 5-bromo-2-furaldehyde (588 mg, 3.36 mmol), (5-
formylthiophen-2-yl)boronic acid (577 mg, 3.69 mmol) and palladium-tetrakis(triphenylphosphine)
(233 mg, 0.2 mmol). 4.7 mL of a degassed 2 M potassium carbonate (K,COs3) solution was added to the
Schlenk as well as 20 mL toluene and 11 mL methanol. This solution was degassed for 10 minutes
before heating up. The mixture was stirred at 100 °C overnight and subsequently extracted with DCM
and water. The organic phase was dried over magnesium sulfate and concentrated under reduced
pressure. The crude product was purified by column chromatography (silicagel, eluent gradient 100:0 >
50:50 heptane:ethyl acetate). The resulting product was further purified by recrystallization from
methanol and chloroform resulting in a brown solid, which still contained 3% of a homo-coupled
impurity.

84 milligrams of product, 12% yield. "H-NMR (400 MHz, CDCl;): & (ppm) 9.94 (s, 1H), 9.70 (s, 1H),
7.75 (d, J = 3.99 Hz, 1H), 7.59 (d, J = 3.99 Hz, 1H), 7.32 (d, J = 3.76 Hz, 1H), 6.88 (d, J = 3.75 Hz,
1H). *C-NMR spectrum was not recorded due to the low amount of product.

(Z)-3-octyl-5-((5-(5-((Z)-(3-octyl-4-ox0-2-thioxothiazolidin-5-ylidene)methyl)furan-2-
yDthiophen-2-yl)methylene)-2-thioxothiazolidin-4-one (TF-ORh)

The same procedure as for TT-ORh was followed. Now, 84 mg (0.41 mmol) of 4 and 403 mg (1.64
mmol) of ORh were dissolved in 3.5 mL anhydrous chloroform. Six drops of piperidine were added and
the mixture was let to react at 80 °C for three hours. After the extraction, the crude product was first
precipitated from chloroform into methanol followed by recrystallization from methanol and
chloroform. This yielded the product as a red solid, which still contained 1% of the bithiophene homo-
coupled impurity.

201 milligrams of product, 74% yield. 'H-NMR (400 MHz, CDCl5): & (ppm) 7.84 (s, 1H), 7.52 (d, J =
4.0 Hz, 1H), 7.44 (s, 1H), 7.40 (d, J=4.08 Hz, 1H), 6.93 (d, /= 3.8 Hz, 1H), 6.84 (d, J=3.7 Hz, 1H),
4.18-4.04 (m, 4H), 1.82-1.63 (m, 4H), 1.47-1.07 (m, 20H), 0.98-0.77 (m, 6H). *C-NMR (100 MHz,
CDCl3): & (ppm) 193.76, 191.66, 167.42, 167.40, 152.17, 150.36, 138.67, 138.14, 134.71, 126.43,
124.15, 122.24, 121.91, 120.82, 116.62, 111.16, 44.96, 44.75, 31.77, 29.14, 27.02, 26.99, 26.79, 22.63,
14.09. (Note: several peaks in the *C-NMR spectrum overlap). MALDI-TOF-MS [M+] calc: 660.16
found: 660.16.

(Z)-5-((5-bromofuran-2-yl)methylene)-3-octyl-2-thioxothiazolidin-4-one (5)

A dried 3-neck flask was loaded with 475 mg (2.71 mmol) 5-bromo-2-furaldehyde, 1.33 g (5.42 mmol)
ORMh, 10 drops of piperidine and 23 mL anhydrous chloroform. The solution was allowed to react for
three hours at 80 °C and subsequently extracted with DCM and water. Next, the organic phase was dried
over magnesium sulfate and concentrated under reduced pressure. The resulting crude product was
purified by column chromatography (silicagel, eluent gradient 100:0 > 60:40 heptane:DCM). This
yielded pure compound 5 as a yellow solid.

825.6 milligrams of product, 76% yield. 'H-NMR (400 MHz, CDCl;): & (ppm) 7.35 (s, 1H), 6.76 (d, J

=2.8 Hz, 1H), 6.52 (d, /J=2.6 Hz, 1H), 4.09 (t, J= 7.5 Hz, 2H), 1.79-1.61 (m, 2H), 1.44-1.16 (m, 10H),
0.96-0.75 (m, 3H). BC-NMR (100 MHz, CDCl;): & (ppm) 194.04, 167.51, 151.94, 128.26, 121.80,
120.05, 116.59, 116.48, 44.70, 31.77, 29.13, 27.00, 26.77, 22.63, 14.09. (Note: several peaks in the *C-
NMR spectrum overlap).

(52.,5'7)-5,5'-(]2,2'-bifuran]-5,5'-diylbis(methaneylylidene))bis(3-octyl-2-thioxothiazolidin-4-one)
(2F-ORh)

A dried Schlenk tube was loaded with 400 mg (0.99 mmol) 5, 303 mg (1.19 mmol)
bis(pinacolato)diboron, 22 mg (0.03 mmol) Pd(dppf)Cl> and 293 mg (2.98 mmol) dried and finely
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crushed potassium acetate. 3.2 mL dry dioxane was added and the mixture was subsequently degassed
for 10 minutes. The mixture was heated to 110 °C and left to react for two hours. The reaction mixture
was extracted with DCM and a saturated sodium bicarbonate solution. The organic layer was dried over
magnesium sulfate and concentrated under reduced pressure. The crude product was purified by column
chromatography (silicagel, eluent gradient 100:0 > 50:50 heptane:DCM). After recrystallization from
methanol and chloroform, pure 2F-ORh was obtained as a red solid.

174.5 milligrams of product, 54% yield. '"H-NMR (400 MHz, CDCls): & (ppm) 7.47 (s, 2H), 7.01 (d, J
= 3.8 Hz, 2H), 6.98 (d, J = 3.8 Hz, 2H), 4.12 (t, J = 7.64 Hz, 4H), 1.89-1.62 (m, 4H), 1.47-1.15 (m,
20H), 0.96-0.78 (m, 6H). *C-NMR (100 MHz, CDCl;): & (ppm) 193.73, 167.39, 150.76, 148.60, 122.22,
120.57,116.67, 111.86, 44.77, 31.78, 29.14, 27.03, 26.80, 22.64, 14.10. (Note: several peaks in the *C-
NMR spectrum overlap). MALDI-TOF-MS [M+] calc: 644.19 found: 644.18.
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Appendix A: Unsuccessful synthetic procedures

As mentioned in chapter 3, several synthetic routes were attempted to synthesize the two furan-based
NFAs. For both NFAs, the bottleneck in these routes was the synthesis of the bi-aldehyde. In the
following sections, the different unsuccessful synthetic routes that were tried to synthesize the
thiophene-furan and the bifuran bi-aldehydes are discussed. All the synthetic procedures were performed
under an N, atmosphere.

1. Stille cross-coupling followed by a single formylation

The first route attempted to synthesize the desired bi-aldehydes is shown in Scheme A.1. The first step
in this route is a Stille cross-coupling (CC) between 5-bromofuran-2-carbaldehyde and 2-
(tributylstannyl)thiophene or 2-(tributylstannyl)furan. After stirring the crude reaction mixture for 1
hour in a 1M sodium hydroxide solution, to make the polar tributyltin hydroxide, and purification by
column-chromatography both products were obtained in a good yield of around 80%. The final step to
form the desired bi-aldehyde was a single formylation. During this reaction, the aldehyde group that was
already on the molecule degraded under the described conditions, as confirmed by the disappearance of
the aldehyde peak in the "H-NMR spectrum.
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Scheme A.1: Synthesis route of the targeted bi-aldehydes, based on a Stille cross-coupling followed by a single formylation.
(i) 1) Pda(dba)s, PPhs, Tol./DMF (90:10), 115 °C 2) Work-up with IM NaOH ; (ii) 1) 1.1 eq. LDA/THF, -78 °C, 2) 2 eq.
DMEF, -78 °C. Reaction yields are given between parentheses.

2. Stille cross-coupling followed by a double formylation

Because the previous route showed degradation of the aldehyde during the final formylation step, a
double formylation route was tried (Scheme A.2). In this route the first step was again a Stille CC, but
this time with 2-bromofuran instead of 5-bromofuran-2-carbaldehyde, giving 2-(thiophen-2-yl)furan in
a good yield. Now, the final step was a double formylation reaction, using n-butyllithium as a base
instead of lithium diisopropylamide. This change was done because the work of Dai et al. showed the
exact same reaction in a moderately good yield (44%).! Unfortunately, in our case the reaction only
resulted in mono-formylated compound.
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Scheme A.2: Synthesis route of one of the targeted bi-aldehydes, based on a Stille cross-coupling followed by a double

formylation. (i) 1) Pd(PPh3)4, Tol./DMF (90:10), 115 °C 2) Work-up with 1M NaOH ; (ii) 1) 2.2 eq nBuLi/THF, -78 °C, 2) 3
eq. DMF, -78 °C. Reaction yields are given between parentheses.
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3. Screening of Suzuki-Miyaura cross-coupling reaction conditions

Since the first attempted synthetic routes showed difficulties in the final formylation step, new routes
were tried to yield the desired bi-aldehyde in only one step. A synthetic route to avoid this is based on
the direct coupling of two aldehyde-moieties through a Suzuki-Miyaura cross-coupling reaction.
0 HO 0
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Scheme A.3: Synthesis route of one of the targeted bi-aldehydes, based on a Suzuki-Miyaura cross-coupling reaction. (i)
Pd(PPhs)s, 2M K2CO3, other conditions are as shown in Table A.1.

For this reaction as shown in Scheme A.3 several conditions have been screened, which are listed in
Table A.1. Firstly, the reaction was performed using tetrahydrofuran (THF) as a solvent, chosen because
it is an often used solvent in Suzuki-Miyaura CC reactions.> A small amount of toluene was added to
the reaction mixture because the catalyst did not dissolve properly in pure THF. Unfortunately, only a
trace amount of the desired product was visible after the reaction and the '"H-NMR showed mainly
starting compounds. The solvent system was then changed to a mixture of toluene and methanol, which
allowed for higher reaction temperatures. This was the reaction that yielded a small amount of the
desired bi-aldehyde, as described in chapter 3. In order to enhance the reaction yield, a phase transfer
agent, Aliquat 336, was added to the reaction mixture. This should help with the activation of the catalyst
by the base. However, this reaction resulted in a black, almost gelatinous reaction mixture, from where
no desired product could be identified. In the last attempted modification, the solvent system was
changed to toluene and dimethylformamide (DMF). Regretfully, this again resulted in a black slurry-
like reaction mixture.

Table A.1: Effect of changing the reaction conditions on the yield of the Suzuki-Miyaura cross-coupling reaction.

Temperature Phase transfer Yield
Entry Solvent °C] agent * [%]
0, 0,
1 2l WBLE =7 L1 80 No Trace
toluene
60% toluene + b
2 40% methanol 100 No 12
60% toluene +
3 40% methanol 100 yes i
80% toluene +
4 20% DMF 115 Yes -

2 One drop of Aliquat 336 was added to the reaction mixture. ® Trace amounts of homocoupling left after purification steps.

Since the reaction described in entry 2 yielded a little amount of furan-thiophene bi-aldehyde, it was
performed again in the exact same manner to synthesize the bifuran bi-aldehyde. However, the reaction
resulted in a very low amount of product, which showed a significant amount of believed
triphenylphosphine-oxide after purification by column-chromatography.

4. Stille-type homo-coupling

Since the aforementioned reactions have not proven successful in synthesizing the bifuran bi-aldehyde
a Stille-type homo-coupling using hexamethyl-ditin was tried (Scheme A.4). Several papers have
reported these type of homo-coupling reactions in relatively high yields.** The crude proton NMR of a
small scale test-reaction showed that the desired product was obtained in relatively high amounts and
that only a little amount of unidentified side-product was formed. Unfortunately, the large scale reaction
showed a more than 10-fold increase in the formed unidentified side-product. A purification by column
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chromatography was attempted in order to separate the desired product. Regretfully, the collected
fractions still contained a large amount of what is believed to be triphenylphosphine-oxide.
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Scheme A.4: Synthesis route of the bifuran bi-aldehyde, based on a Stille-type homo-coupling. (i) Pd(PPhs)4, Tol./DMF
(90:10), 115 °C.

When comparing the performed Stille CC reactions described in sections 1 and 2 and the reactions
described in sections 3 and 4 we find much higher yields in the CC reactions reported in sections 1 and
2. In these reactions there was no aldehyde on the stannylated compound. The higher yields found
combined with reported Suzuki-Miyaura CC reactions using protected aldehydes on the boronic
acid/ester moieties,™ leads us to believe that the aldehyde impedes the transmetalation step in the
catalytic cycle.
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