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Chapter I: Introduction &
Aim of the Thesis

One of the greatest challenges of mankind is the fight against the climate change.[1]
It is destroying the earth's fragile biosphere, threatening animal and plant species,
human habitats, and the global availability of water and food.[?4] While humans are
responsible for the emission of greenhouse gases such as carbon dioxide and
methane that have caused climate change, they too have the ability to counteract
global warming. This can be done by shutting down coal- and gas-fired power plants
that are harmful to the climate and by promoting renewable energies.[>] The largest
available amount of usable energy is provided by sunlight, which covers the world's
annual consumption manifold. However, to produce a sufficient number of solar
cells for covering the electricity consumption of cities or entire countries, very large
material quantities are required. In particular, this involves so-called
semiconductors, which are imprinting today’s world. They are used in electric
circuits for calculations in computers and phones, for generating light in light-
emitting diodes or for producing current in solar cells.[6-81 Nowadays, for all modern
applications customized semiconducting materials are known and commercialized
for the mass production, which results in a massive material consumption
worldwide.[®] Generally, inorganic semiconductors like silicon, III-V compounds (e.g.
GaAs or InP) or transition metal oxides (e.g. TiO:2) are utilized. These
semiconductors own special properties such as their ability to transport charges,
and their absorption as well as luminescence properties, which makes their
application possible. Unfortunately, most of these used inorganic semiconductors
need a huge amount of energy for the fabrication process, are sometimes toxic or

mined under poor conditions.[10-12]

These drawbacks can be overcome with the help of ecofriendly organic
semiconductors, which are often based on organic dyes and therefore accessible by

organic synthetic approaches starting from small molecular precursors.[13]




2 Introduction

However, in order to be able to use an organic dye as an organic semiconductor, it
must have other characteristics (e.g. optical and electronical) that are specifically
brought out by intermolecular interactions in the solid state, which is the main
difference to their inorganic crystalline analogues. For organic dyes, a bottom-up
approach is needed from the molecule to a supramolecular aggregate leading to the
desired solid-state molecular packing, which then can be used as functional material

in devices.

The optical properties of organic dyes in highly diluted solution are governed by the
respective monomer. When increasing the concentration of dye molecules in such
solutions, several systems tend to form supramolecular aggregates by self-assembly
due to attractive intermolecular interactions between the respective dye
molecules.['*] However, this molecular ensemble exhibits altered optical properties
compared to the monomer species. The changed optical features originate from the
coupling interaction between the respective transition dipole moments of the dye
molecules in close proximity.[1>-171 Therefore, the optical properties of organic
semiconductors are governed by intermolecular interaction, which is the main
difference to their inorganic counterparts, where the composition of the

semiconductor and its particle size influences its absorption behavior.[18]

By the transition from the supramolecular aggregate to the solid-state material,
even larger self-assembled particles are formed, which exhibit not only an altered
absorption behavior, but also the ability to transport charges by hopping of
electrons or holes. The probability of this charge-carrier transport is strongly
directed by the distance and by the orientation of the respective chromophores in
the solid-state structure, which is guided by intermolecular interactions.[9] In
comparison to this hopping mechanism from one chromophore to another,
inorganic materials exhibit a band-like transport, which occurs in the large

crystalline lattice leading to high charge-carrier mobilities.[20]

For both classes of materials, organic and inorganic, the optical and electronic
properties in the solid state lead to their application as functional materials in opto-
electronic devices. The special feature of organic materials, however, lies in the

intermolecular interactions through which the material properties are affected. The
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understanding and the control over these interactions is important to develop new

tailored semiconductors for specific applications.

The combination of the above mentioned properties are especially used in solar
cells, which are one of the key technologies to fight against the climate change.[?1]
Nowadays, most of the solar cells produced are based on (poly-)crystalline silicon,
leading to an energy production of about 5.3 GW in Germany in 2021.[22] With
inorganic solar cell high efficiencies can be achieved but, unfortunately, they require
a lot of energy and thus COz2 for production.[21l This disadvantage can be overcome
with the help of organic solar cells (OSCs), where significantly less energy is needed
for the production.[2123] Therefore, OSCs have the opportunity to become the
cheapest way for generating green energy.?ll Compared with heavy-weight
inorganic solar cells, their light-weight and flexible organic analogues reach places
where heavy inorganic solar modules cannot be placed for safety reasons, such as
on light-weight roofs.[21] Also, the installation of an organic module is significantly
easier than for the inorganic ones, because the flexible multilayer film is simply
attached to its destination by double-sided adhesive tape.[21.241 Another promising
field in organic photovoltaics are semitransparent solar cells, where customized
organic semiconductors are used in very thin-layer thicknesses, which exhibit an
optical gap in the visible region.[25] These types of OSCs could be used in smart
windows.[2¢] All in all, there are many opportunities for OSCs as a niche product in
so called building-integrated photovoltaics, which will presumably lead to a

worldwide multibillion € market in the next years.[21]

An OSC generally consists of at least two organic semiconductors, which absorb light
and convert it into electricity. To ensure this process, materials are needed that have
appropriate opticall27], energeticall?8], electricall2], and morphological(28] properties
in the solid state which in turn are governed by the respective intermolecular
interactions. The material properties required for OSCs with regard to the
respective manufacturing methods are discussed in Chapter II. Two different
techniques are used for the fabrication of OSCs namely the solution and the vacuum

processing, which will be discussed in detail.

The simplest OSC architecture consists of two stacked n- and p-type semiconducting

materials, which are sandwiched between two electrodes. These two materials,
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which differ in their role with respect to the transport of the electrons (donor and
acceptor), are contributing to the photocurrent. For most of the donor materials, the
interactions between the respective molecules are well investigated and described
in the literature. However, these interactions are not yet well described for the new
emerging class of non-fullerene acceptors (NFAs). Understanding which
intermolecular interactions are required and how they are controlled could pave the
way for new functional materials that outperform their predecessors based on
fullerene acceptors. Therefore, the aim of this thesis is to investigate the
intermolecular interactions of new molecular NFAs (the workflow of this

dissertation is shown in Figure 1).

To achieve this goal and to ensure a state-of-the-art investigation, first the
reproduction of prominent literature-known OSCs must be conducted within our
own laboratory. Accordingly, Chapter III deals with the new evaporation device
OPTIvap-XL in combination with the glovebox line in the Center for Nanosystems
Chemistry. After initial operation and calibration, literature-known organic thin-
film transistors are processed, due to their rather simple one-component device
architecture. The reproduction of reported OSCs is then conducted in different steps,
which vary in the complexity of the resulting device architectures. First, solution-
processed fullerene-based and fullerene-free OSCs will be demonstrated in
conventional and inverted bulk-heterojunction architectures. The reproduction will
be then completed by the refabrication of literature-known fullerene-based bulk-
heterojunctions OSCs and fullerene-free planar-heterojunction OSCs through

vacuum deposition.

A major part of this work is the subsequent search for suitable n-type
semiconducting acceptor materials for OSCs which will be discussed in Chapter IV.
For this purpose, materials available in the Wirthner group and provided by

collaboration partners will be screened in solution- as well as vacuum-processed

Initial Investigation

Operations Reproduction Screening of new
and Procedure .
. . Materials
Calibration

Figure 1: Workflow diagram of this thesis.
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devices. To efficiently achieve this goal, laboratory intern testing-routines will be
established in accordance with the available equipment for an efficient screening of
manifold materials. Based on this screening, several classes of materials suitable for

the study of intermolecular acceptor-acceptor interactions will be selected.

Via this screening new materials could be identified, which are composed of
quinoidal dicyanomethylene-endcapped cyclopentadithiophenes as they are
presented in ChapterV. These vacuum-sublimable materials combine a high
tinctorial strength with appropriate energetic levels and n-type semiconductance as
required for NFAs. Structure-property relationships will be drawn, which help to
explain the observed performances in organic thin-film transistors and in vacuum-

deposited planar-heterojunction OSCs.

The following Chapter VI deals with a new bowl-shaped naphthalimide-annulated
corannulene derivative as acceptor material for solution-processed OSCs. The focus
in this chapter lies on the intermolecular interactions that already exist in highly
concentrated solutions and subsequently guide the thin-film formation. This
investigation allows conclusions to be drawn about the molecular preorganization

of the acceptor via self-assembly leading to the resulting active layer.

During the screening procedure of more than 90 materials in Chapter IV, a new class
of NFAs could be identified, which consists of sterically shielded polycyclic aromatic
dicarboximides. Therefore, Chapter VII focuses on the application of newly
developed sterically shielded perylene bisimides and nanographene tetraimides as
new solution-processable NFAs. After the discussion of the structural and optical
properties in solution, in polymer matrix and in the solid state, their impact on the
device performance in solution-processed OSCs will be investigated. Again,
intermolecular interactions already present in the solution guide the film formation

process, leading to unexpected exciton and charge transport pathways.

A conclusion that places the results of this dissertation in a larger context is

addressed in Chapter VIII (German version Chapter IX).
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Chapter II: State of the Art

2.1 Organic Solar Cells: Introduction & Characterization

An organic solar cell (OSC) consists of a combination of a donor and an acceptor
material, which are responsible for the photocurrent generation. These materials
are sandwiched between two electrodes like indium tin oxide (ITO) as transparent
and a metal (Al or Ag) as reflective electrode to extract the generated charge
carriers.[30]1 To further increase the performance of the OSC, additional transport
layers (TL) are placed between the active layer (combination of donor and acceptor)
and the respective electrode. These layers can be divided into electron-transport
layers (ETL) and hole-transport layers (HTL).[31] Briefly, the elementary processes
in an OSC (Figure 2a) can be described by the following steps: After the absorption
of light by the donor or the acceptor an exciton is formed. The exciton diffuses to the
interface between donor and acceptor and forms a charge-transfer state. The charge-
transfer state undergoes a charge separation which leads to individual electrons and
holes in the respective donor and acceptor domains. These separated charge
carriers move through the active layer (charge transport) to the respective electrode
(charge extraction).[32] The solar cell efficiency can be determined by measuring the
J-V characteristics under AM1.5 G light irradiation (Figure 2b). The power
conversion efficiency (PCE) is then calculated by the photocurrent density which is
generated by the OSC under short-circuit conditions (Jsc), by the voltage under open-
circuit conditions (Voc), by the fill factor (FF) and the incident light power (PLight)

according to equation (1):

Jsc X Voc X FF

PCE =
PLight

(1)

When searching new materials for the application in organic photovoltaics (OPVs)
like new donors or acceptors, they should combine the following properties. To gain

a high Jsc, high tinctorial strength combined with a broadband absorption up to the
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Figure 2: a) Schematic depiction of the photophysical processes in an organic solar cell at the phase boundary
between a polymeric donor (blue - strands) and a small molecule acceptor (red - beats). b) Example for a J-V
curve of a OSC under light irradiation with marking of Jsc, Voc and the FF.

near infrared (NIR) is needed, to absorb the largest possible amount of photons of
the solar flux for generating excitons.[27] Furthermore, a long exciton diffusion
length (Lp) is needed, to allow excitons to reach the respective donor-acceptor
interface and to avoid recombination.[33] To increase the charge-separation
efficiency and therefore the amount of collected charge carriers, new materials
should exhibit a good interface to the respective counterpart, where donor and
acceptor interplay with each other. To obtain a high Voc value, suitable energetic
levels of the active layer materials as well as for the TL are needed, which decrease
recombination as well as energy losses.[2834] For high FFs, low recombination rates
of excitons and charge carriers combined with high and balanced charge-carrier
mobilities of both bulk materials are needed (donor & acceptor).[29.35] The respective
mobility interfere with a high m-overlap of chromophores in the respective domains
and alow reorganization energy according to Marcus’ theory.[3¢] Experimentally, the
charge-carrier mobility of the neat layer is mainly investigated by organic thin-film
transistors (OTFTs), while the mobility of the solar cell’s active layer is studied by

space-charge limited current (SCLC) devices.[37.38]

2.2 Solution- and Vacuum-Processed Fullerene-Free OSCs

In the early 2000s fullerenes played a major role as acceptor materials in the field
of 0SCs.[391 They combine outstanding morphological properties with high charge-
carrier mobilities in combination with small molecule and polymeric donors.[*0]
Furthermore, fullerenes can be used in vacuum-processed solar cells in their non-
substituted form and in solution-processed solar cells after solubilization as for the
fullerene derivatives PC61BM and PC71BM. The main drawbacks of fullerenes are

their lack or only minor absorption in the visible and in the NIR-region as well as
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non-tunable energetic levels, which often lead to low Voc values.[3940] Therefore,
today’s research focuses on new non-fullerene acceptors (NFAs) which enable
higher efficiencies as for the fullerene analogues, due to their broadband absorption,
their tunable energetic properties and higher charge-carrier mobilities.*1l In
principle, every class of material, which combine the already described properties,
can be used as a NFA in OSCs in combination with an appropriate donor material.
Generally, most of the recently published scientific articles focus on two classes of
materials, namely acceptor-donor-acceptor- (ADA) and rylene imide-based

systems.[42:43]

On a laboratory scale, OSCs are fabricated either by spin-coating (solution
processing) or by thermal evaporation (vacuum processing) as schematically shown
in Figure 3. Both techniques, solution and vacuum processing are also used in
commercially available OSCs. While the mass production for solution-processed
0SCs is performed by a roll-to-roll printing procedure, vacuum processing is
conducted by continuous thermal evaporation under reduced pressure
(p < 10-° mbar). While the Heliatek GmbH (Germany) sells vacuum-processed OSCs,
companies like Armor (France), OPVius (Germany) and Sunew (Brasil) are focusing

on solution-processed devices.[?1]

a) Solution Processing b) Vacuum Processing

Vacuum Chamber

1. Deposition of HTL in e.g. H,0O

= =

2. Deposition of BHJ in e.g. C¢H5Cl or CHCI,

(= -
3. Deposition of ETL in e.g. CH,OH

)
(‘ e e Crucibles with

Sublimation
4. Deposition of Metal by Vacuum Processing Material

Heating Stage

Substrate Holder

[ swte [ st |

Material F

Figure 3: Schematic depiction of solution processing (a) and vacuum processing (b) for the fabrication of
organic solar cells.




10 State of the Art

The most established route in academia is the solution-processing technique
(Figure 3a). Here, a TL is deposited via spin-coating on top of an ITO-substrate.
Afterwards, a blend solution of a donor and an acceptor is prepared and then spin-
coated onto an ITO|TL-substrate. Usually, the first layer is soluble in aqueous
solvents, while the second one is applied by using an orthogonal organic solvent
(cross solubility) to avoid solubilization of the previous layers. Following layers are
then applied either by further spin-coating or by thermal vacuum deposition.
Finally, the OSC is completed by thermal evaporation of a reflective or
semitransparent metal electrode. As for the solution-processed OSC the donor and
the acceptor are deposited simultaneously, an interpenetrating network of
respective donor and acceptor domains is formed, leading to percolation networks

for holes and electrons. This morphology is called bulk heterojunction (BHJ).

When searching for new NFA materials for solution processing, one has to find a
material, which combines the above-mentioned properties with the required
solubility. Solution processing usually takes place in chlorinated solvents like
chloroform or chlorobenzene with concentrations of up to 10 mgmL-1 per
component leading to an active layer thickness of around 100 nm.[#1 Fortunately,
only small amounts of the D-A-blend solution are needed to coat one substrate
(generally <100 pL), which makes the solution processing feasible for the initial
screening of new materials.[f] This initial test can be performed with several donor
polymers, to find a suitable counterpart at least from the energetic point-of-view to
obtain the highest possible Voc value. After finding a pair of a suitable donor and
acceptor combination, the optimization can be performed by varying the general
device architecturel*4], the donor-acceptor ratiol45], the active-layer thickness[4¢], by
adding different spin-coating additives!*’l or by post-treatment steps like thermal
or solvent vapor annealing steps[8l. Due to the rather simple processing and
optimization steps many groups focus on solution-processed OSCs, which currently
lead to efficiencies of up to 19.6% for ADA-typel4°] (Figure 4b) and of over 11% for
rylene imide-based NFAs[50 (Figure 4c). Surprisingly, both record OSCs exhibit the

same device architecture (Figure 4a).

Another way to fabricate OSCs is vacuum processing from thermal sources under

high vacuum. Usually, all layers are sequentially deposited onto an ITO-substrate by

T The given quantities are approximate values that were used in the processing, for example in the screening of
new materials as shown in Chapter IV.
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Figure 4: Schematic architecture of champion solution-processed devices in the literature and the chemical
structures of the hole-transporting layer PEDOT:PSS and the electron transporting layer PNDIT-F3N (a).
Chemical structures of the active layer materials for the best ADA-based (b) and rylene imide-based (c) OSCs.

thermal (co-)evaporation (Figure 3b). The vacuum sublimation allows to
manufacture planar heterojunctions (PHJs)>1 by sequentially deposition of either
donor and acceptor, bulk heterojunctions (BHJs) by co-evaporation of donor and
acceptorl>2] and so called planar-mixed heterojunctions (MH]s)[>3], which combine

planar donor and acceptor layers with a BH] layer in-between.

A new NFA for vacuum-processing should combine the requirements for an OPV
material combined with a low molecular mass as well as high thermal stability to
allow the residual-free sublimation process.5¥ The needed material quantities
depend on the desired thickness of the active layer, which typically range from
40 nm to 100 nm. The material consumption for such layer thicknesses strongly
depends on the used evaporation device (minimum 6 mg for 10 nm).[f] As in the case

of the solution processing, the first step is the search for a suitable donor material.

tThe given quantities are approximate values that were used in the processing, for example in the screening of
new materials as shown in Chapter IV.
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After finding a suitable donor-acceptor pair, this combination can be optimized by
varying the active layer typel>>! (PH], BH], MH]), the general architecturel>¢] (TLs),
the active layer thickness[>7], the donor-acceptor ratiol>3], the substrate
temperaturel>8l and by post treatment like thermal annealing steps[>°l. Due to the
rather complicated processing and optimization steps and due to the price of such
evaporation tools only less groups focus on vacuum-processed OSCs, which
achieved until now efficiencies of up to 10.2%!601 for fullerene-based (Figure 5a) and
of 6.0% for NFA-basedl®ll (Figure 5b) single-junctions OPVs. Accordingly, in
contrast to solution-processed NFAs their vacuum-processable analogues were not

able to surpass the performance of the fullerene-based OPVs, so far.

Both techniques have different requirements for potential NFA-candidates. A simple
comparison between both techniques is listed in Table 1. When designing new
materials for vacuum-processing one is limited to small pigment-like chromophores
with high thermal stability for the sublimation process, which is not needed for a
solution-processable NFA. Here, in turn long solubilizing chains are required, which
also induce large photo-inactive volumes. This is not necessary for vacuum-
processable NFAs. Nevertheless, small side groups are implemented also for
vacuum-processable NFAs as well to not only ensure the synthetic access and

purification but also to induce a favored packing motif in the solid state. When

a)
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ITO DTDCPB Cro BPhen
Glass
b)
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Figure 5: Device architectures and chemical structures of the active layer materials for the best fullerene-based
(a) and fullerene-free (b) vacuum-processed OSCs.
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searching a suitable combination of donor and acceptor for solution-processable
NFAs, nowadays, a large library of donor polymers is commercially available, which
can be easily and material-savingly screened by preparing the respective blend
solution. As for the spin-coating process most of the solution is washed away from
the substrate, this NFA-containing residual can be collected, purified by separation
from the polymer, and used again for further experiments.[(2] For vacuum-
processable NFAs, less high potential donor molecules are commercially available,
which already limits the search for a suitable NFA counterpart. Unfortunately, every
donor-acceptor pair needs to be screened separately, which increase the material
consumption significantly compared to the solution processing. Furthermore, no

simple recycling process can be performed for both materials.

During the vacuum deposition an exact thickness increase can be constantly
monitored, which significantly simplifies the reproduction of the respective solar
cells. For solution processing, the resulting thickness, and the homogeneity of the

BH] layer changes for every deposition process slightly. Generally, every solution-

Table 1: Comparison between solution processing and vacuum processing for NFA screening.

Solution processing

Vacuum processing

Material design
Quantities
Recycling
Uniformity of layers

Optimization steps

Complexity

PH] for NFAs

BH] for NFAs

PCE records for NFAs

Solubilizing chains
1 mg / Substrate
Yes

Low

Architecture
Donor

D-A ratio
Thickness
Additives

Thermal annealing
Vapor annealing
Low

Irrelevant

Standard
19.6%

Thermal stability

> 10 mg / Substrate

No

High

Architecture
Heterojunction (PH]J etc.)
Donor

D-A tatio

Thickness

Substrate temperature

High
Standard

Not realized
6.0%
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processed OSCs is unique, and the spin-coating process also strongly depends on the

operator.[t]

As for every application of semiconducting materials, small impurities have a large
impact on the respective device performance for vacuum- as well as solution-
processed OSCs. Additionally to the impurities, the composition of the donor
polymers as they are needed for solution-processed OSCs plays a crucial role as
different molar weights and polydispersity indexes significantly influence the

performance.[63]

From the morphological point-of-view, the processing in vacuum is able to control
crystallinity as well as the morphology for example by changing the substrate
temperature during the depositing process.[28] Structure-property relationships can
be more easily drawn for example by using the respective crystal structure of a
material in combination with grazing incident X-ray diffraction pattern (GIXRD).[5¢]
For solution-processed devices, the structure-property relationships are even
harder to determine, as many polymorphs are formed during the rapid spin-coating
process. For further analysis, grazing incident wide angle X-ray scattering (GIWAXS)

is needed, which usually requires synchrotron irradiation.[64]

From the complexity of the respective techniques, the film-formation process by
vacuum deposition is rather complicated as it is connected to several growing
mechanisms, which strongly depend on the interactions of the gas phase and the
substratel®5], while the spin-coating process is just a quick precipitation method on

a rotating substrate, which can be easily trained and optimized.

All in all, both techniques are well established in the scientific field of the organic
electronics, especially in the field of OSCs. As already described, the solution-
processed non-fullerene-based OSCs exhibit significant higher efficiencies than their
vacuum-deposited analogues (Figure 4 and Figure 5). The historical development of
the efficiencies for both techniques for fabricating NFA-based OSCs is shown in
Figure 6. Interestingly, both deposition techniques show a similar increase in their
efficiencies until 2014. In 2015, the discovery of large NIR-absorbing ADAs in
combination with new donor polymers was a milestone for solution-processed 0SCs

leading to significant higher efficiencies than for their vacuum-deposited analogues.

T This observation was made during the extensive screening work as shown in Chapter IV.
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Figure 6: Development of solution- and vacuum-processed OSC based on non-fullerene acceptors from 2007 to
2022.

Every year, new record performances are obtained, all for ADA acceptors, while for
vacuum-deposited OSCs a peak performance in 2014 was achieved that has not yet
been surpassed. Such a milestone, as the ADAs were for the solution processing, is
now also required for the vacuum processing in order to significantly increase the
efficiencies and thereby allow the commercial use on equal performance level.

However, in order to achieve better efficiencies, new materials have to be found first

that meet the respective requirements.
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Chapter III: OPTIvap-XL -
Reproducing Literature-Known
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3.1 Introduction

All optimized OTFTs and OSCs of new materials presented in this doctoral thesis
were fabricated and characterized under inert conditions using the evaporation
device OPTIvap-XL combined with a glovebox line (CreaPhys/MBraun) as depicted
in Figure 7. This system consists of two interconnected nitrogen-filled gloveboxes,
where one of them is linked to the evaporation system OPTIvap-XL. The first
glovebox is equipped with a balance, heaters and stirrers, a bottle storage, a spin-
coater and an UV/ozone cleaner. Therefore, this glovebox is used, whenever
operating with solvents due to its installed solvent absorber, which is the difference
to glovebox 2. Here, a non-solvent atmosphere is needed to avoid damage of the
measurement set-ups, as glovebox 2 is only for characterization and for the access
to the evaporation device OPTIvap-XL. The glovebox is equipped with a precision
heat plate, an I-V measurement set-up in combination with a solar simulator, a
measurement kit for determining the external quantum efficiency and a
micromanipulator for characterizing e.g. OTFTs. The heart of the fabrication line is
the evaporation system OPTIvap-XL, which is needed for the manufacture of organic

electronic devices.

The evaporation device OPTIvap-XL of the Creaphys® (Dresden) is a customized
system for fabricating various types of organic electronic devices. The system
consists of three interconnected vacuum chambers assigned as metal, transfer and

organic chamber (Figure 8, Figure 9a). The transfer chamber serves as load lock and

Glovebox 1: Glovebox 2: Evaporation System
Solution Processing Characterization

Figure 7: Technical drawing of the fabrication line for organic electronic devices in the Center for Nanosystems
Chemistry consisting of two gloveboxes and one evaporation system. Glovebox 1 for solution processing owns
a balance (B), heating and stirring stages (AT, ST), a bottle storage for solvents (BS), a spin-coater (SC) and an
UV/ozone cleaner (UVO). Glovebox 2 for characterization exhibits an additional heating stage, an I-V
measurement system under solar irradiation (I-V), an EQE measurement kit (EQE) and a micromanipulator for
additional I-V measurements (TFT). Reprinted with permission from CreaPhys.
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links the two other chambers. It is equipped with a semiautomatic transfer system,
which allows the transfer and the change of samples and masks without breaking
the vacuum. The metal and organic chambers are equipped with several thermal
sources, quartz crystal monitors (QCM) and a substrate tower, which controls the
deposition height and thus the distance between the evaporation source and
substrate. Furthermore, several storage places for substrates are installed as well in

the substrate tower.

The individual thermal sources can be divided into three types. The first type are
low temperature thermal evaporators (LT; Figure 9b), which allow temperatures up
to 600 °C (for organic materials). The second type are high temperature evaporators
(HT) for temperatures up to 1100 °C (e. g. Ca; M003). Even higher temperatures

allow metal evaporators (ME; Figure 9c), consisting of ceramic (Al) or molybdenum
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Figure 8: Technical drawing of the evaporation device OPTIvap-XL under clarification of the metal, transfer and
organic chambers. All values are displayed in mm. Reprinted with permission from CreaPhys.
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Figure 9: Photos of the organic chamber (a), a triple evaporator (b) and the metal evaporator with its two
crucibles (c). For Al (left) and for Ag or Au (right).

(Ag and Au) crucibles. The metal chamber is equipped with two metal evaporators
(ceramic and molybdenum crucible) and two high temperature evaporators with
4 cm3 volume. The resulting layer thickness for each source is measured by
individual QCMs. The organic chamber is constructed like the metal chamber, but it
exhibits several additional features. While also two metal evaporators were
installed at the center baseplate, only one high temperature evaporator (4 cm3) is
mounted. However, seven low temperature evaporators (1x4 cm3, 3x2 cm3 and
3x0.5 cm3) are placed in this chamber to allow fully vacuum-processed devices as
well as co- and even triple-evaporation by simultaneously using multiple QCMs and
sources. Additionally, to the increased number of LT and HT evaporators other
features are implemented at the substrate tower of the organic chamber. First, a
wedge-tool is installed right under the substrate position, which allows thickness
variations of the deposited layers allowing three different layer thicknesses in a
single evaporation step. Second, substrates can be heated up to approximately
170 °C using a heating stage, which is in thermal contact to the substrates. Third, the
whole tower is able to rotate during the sublimation process to enable higher

homogeneity with a rotation velocity (@rot) of up to 30 rpm.
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Since this system was newly set up in the Center for Nanosystems Chemistry in 2018
(University of Wiirzburg), the system first had to be brought into continuous
operation and the reproducibility of the manufactured devices had to be checked.
This was done within three steps by increasing the complexity of the respective
fabrication method. First, OTFTs were fabricated based on literature-known
materials. Here, in a simple OTFT architecture, two different layers, namely the
organic active layer and the metal electrodes were evaporated onto the individual
substrates. To double-check the reproducibility of the OTFT fabrication two
different high-performance semiconducting materials were used. These
experiments focused on the fine-tuning of the right semiconductor thickness as well
as of the morphology control, which strongly depends on the substrate temperature.
The second step targeted on solution-processed OSCs combining several solution-
and vacuum-processed layers. The aim of this step was the access of new interlayers
and active layer materials towards highly efficient literature-known solar cells. The
last step of reproduction was fully vacuum-processed fullerene-based and fullerene-
free OSCs, which were so far not processed in the group. Here, every layer of the
0SCs was deposited by thermal evaporation, where single- and co-evaporation steps
(e.g. for bulk-heterojunction architectures) are needed. Each of these steps is

necessary to ensure a state-of-the-art investigation of new materials.

3.2 Initial Operations with the OPTIvap-XL

After first initial sublimation tests, tooling factors (TFs) were measured for all used
sources. This empirical factor corrects the measured thickness difference between
the substrates and the QCM as these do not have the same distance and orientation
to the thermal evaporators.[¢¢] Additional to the TFs, the density of the sublimated
material and its z-factor is needed, to determine the actual layer thickness. The
density of organic materials was fixed at 1.33 g cm~3, while the z-factor, which
describes the acoustic properties of the material with regard to the QCM is fixed at
1. When QCMs are frequently changed (lifetimes over 90%), the impact of the
z-factors are neglectable. For all other commercially available materials (e.g. MoOs3,
Al), the exact densities as well as the z-factor are used. Furthermore, every
evaporator exhibits a different distance and angle to the substrate stage, through

which the TF need to be determined for every thermal source individually.
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Additionally, for several evaporators a second TF was defined for an increased
distance of 130 mm instead of 30 mm. The given values do not refer to the distance
to the sources but to the covered lift of the substrate tower from its own zero
position. A technical drawing of the organic evaporation chamber at both positions
is shown in Figure 10. An increased distance from the crucible to the substrates
leads to a better homogeneity of the resulting layer especially when co-deposition
is conducted. The main drawback of the increased distance is the higher material
consumption up to 1 mg nm-! compared to 0.72 mg nm-! for the 30 mm position.[>]
So the larger distance is suitable for literature-known commercially available
materials, while the shorter distance is needed for sublimation tests and research
materials, where only small amounts (< 20 mg) are available. For the measurement
of the TF thin layers of tris(8-hydroxyquinolinato)aluminum (Alqs) were sublimated
on top of n-octadecyltriethoxysilane (OTES)-modified Si|SiO2-substrates. After the
sublimation, the total layer thickness was determined by scratching the layer using
the micromanipulator followed by atomic-force microscopy (AFM). The resulting
TFs are listed in Table 2. The tooling factors for every organic source Q1-Q8 are in
the range of 20% indicating a high symmetry of the source’s positions towards the

substrate tower. Only the metal evaporators showed higher TFs, which can be

b) P=130 mm

Figure 10: Schematic depiction of the sublimation process conducted at a position of 30 mm (a) and of 130 mm
(b) in the metal chamber. All values are displayed in mm. Reprinted with permission from CreaPhys.
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Table 2: Experimentally determined tooling factors (TFs) for every thermal evaporation source. The TFs are
given for a substrate position of 30 mm, while the data in the parentheses represents the TFs for a distance of
130 mm.

Source Type TF (%) Source Type TF (%)
Organic Chamber
Q1 2cm3-LT 18 (13) Q5-Q7 0.5cm3-LT 20 (16)
Q2 4 cm3 - LT 24 (16) Q8 2cm3-LT 17 (14)
Q3 4 cm3 - HT 19 (16) Cer. ME 52
Q4 2cm3-LT 16 (12) Mo ME 72
Metal Chamber
Q5 4 cm3 - HT -(18)  Cer. ME 64
- - - Mo ME 71

Mo- Molybdenum crucible; Cer. - Ceramic crucible.

traced back to their location perpendicular under the substrate leading to a more
focused material flux towards the substrate. By changing from the lower (30 mm)
substrate position to the higher one (130 mm) a decreased TF was obtained, which

is in line with the higher material consumption.

As many material properties for organic electronics are mainly connected to their
crystallinity or specific intermixed morphology, the substrate temperature plays a
crucial role as well. When increasing the substrate temperature, different growth
mechanisms can lead to larger domain sizes of the semiconducting layer.[67] These
larger domains often facilitate more efficient charge transport.[8] The main problem
is to determine the exact temperature on the substrate surface. Generally, a
temperature is applied at the heating stage (Figure 11a), while the temperature is
directly measured at a thermocouple. Unfortunately, this temperature (Trarget) does
not reveal the temperature, which is realized at the substrates surface (Tsubstrate)
transferred by the substrate holder (also called heat spread). This leads to many
difficulties for reproducing literature-known data, because Trarget varies for different
evaporation devices. Tsubstrate in comparison to Trarget was measured by a second
thermocouple, which was fixed via a conductive silver varnish directly on the
substrate. In Figure 11b individual temperature curves for four different substrate
holders are depicted, which can be explained with a different heat conductivity as

well and a changed connectivity to the heating stage for each holder. Therefore, a
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Figure 11: a) Schematic depiction of the set-up for measuring the exact substrate temperature during the
evaporation processes. Trarget represents the temperature measured by a thermocouple at the heating stage.
This temperature does not reveal the temperature, which is directly on the substrate (Tsubstrate). b) Temperature
curves for different substrate holders, which are used for processing OTFTs and OPVs.

characteristic heat curve was recorded for each of them, to relate Trarget to a specific
Tsubstrate. With the tooling factors and the substrate temperatures the OPTIvap-XL is

now ready for reproducing efficient literature-known OTFTs and OPVs.

3.3 Reproduction of Organic Thin-Film Transistors

When reproducing OTFTs, the respective morphology as well as the layer thickness
are crucial parameters. As the thicknesses are well reported for literature-known
devices, the adjustment of the layer’s morphology is critical. To allow a large domain
growth, a low deposition rate below 0.06 A s-1 without rotation was used. To adjust
Tsubstrate, the substrates were preheated followed by an equilibration step for approx.

30 min.

For the reproduction of literature-known OTFTs based on a material, which
originates of our own group, a dichlorinated naphthalene diimide derivative with
fluorinated imide substituents (NDI 1 also known as OFET1 or Cl2-NDI) was used
to elucidate the performance of the evaporation device. The OTFTs based on NDI 1
were fabricated utilizing Si|Si02|AlOx|n-tetradecylphosphonic acid (TPA) substrates
to obtain a high mobility at a substrate temperature 50 °C analogue to Stolte et al.[6°]
The chemical structure and the schematic device architecture are shown in
Figure 12a,b, while the respective transfer curve and an AFM-image of the neat
NDI 1 layer is shown in Figure 12c¢,d. The characteristic OTFT parameters are listed
in Table 3. The transfer curve clearly shows a threshold voltage (Vru) of around 0V,

indicating good turning-on behavior. Furthermore, only a small hysteresis between
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Table 3: OTFT parameters of Si|Si02|AlOx|TPA|NDI 1|Au based devices. In both cases the same architecture of
the resulting OTFTs were used.

L (cm?2 V-1s-1) Vru (V) Ion Lof1 (1)
Reproduction 1.3 0 107
Literaturel69] 1.3 5 107

the forward and the backwards sweep was observed, which indicates low trap state
density in the resulting device. The respective mobility (x) was calculated in the

saturation regime using equation (2):

DS = w (Vas = Vrn)?. (2)

Ips is the drain-source current, Ci the specific capacity of the substrate, W and L the
width and length of the charge-transport channel respectively and Ves is the gate-
source voltage. Due to the high currents an extraordinary high n-type charge-carrier
mobility of 1.3 cm?2 V-1 s-1 was observed, which is in accordance with the literature

value. Vru was shifted from 5V to 0V, which probably originates from the inert

measurement conditions. Therefore, no oxidation processes of the neat organic
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Figure 12: a) Chemical structure of the used n-type NDI 1 and the SAM TPA. b) Schematic depiction of OTFTs
in Si|SiO2 (100 nm)|AlOx (3.6 nm)|TPA|NDI 1 (30 nm)|Au (30 nm) architecture. c) Transfer characteristics of
NDI 1-based OTFTs measured at Vps = 50 V with OTFT dimensions of L = 100 um and W = 200 um. The output
characteristics are shown in Figure 21. d) 10 um x10 um AFM-image of the NDI 1 layer.




26 Reproducing OTFTs and OSCs

layer take place between the organic layer and the respective metal deposition,
which could change their energetics. Even the on-off-ratio (lon lofr1) showed the
same value of 107. Both, the reproduced and the original data exhibit the same AFM
morphology of large crystalline domains. This leads to the conclusion, that the OTFT

was successfully reproduced.

To double-check the reproducibility of the new evaporation system OPTIvap-XL, a
literature-known diketopyrrolopyrole derivative (DPP 1) was resynthesized and
tested in an OTFT according to Qiao et all’0 The literature-reported OTFT was
processed on a Si|SiO2 (300 nm)|OTES wafer at a Tsubstrate of 100 °C with a channel
length and width of 8 um and 8800 um, respectively. In the reproduction, a Tsubstrate
of 40 °C and an OTES-modified Si|SiO2 substrate with a thinner dielectric layer of
100 nm combined with a changed channel length and width of 100 um and 200 um
was chosen. The chemical structure of the semiconducting material, the device
architecture, the transfer characteristics and the AFM morphology are shown in
Figure 13 and the OTFT parameters are listed in Table 4. High currents were
obtained, indicating good charge-transport properties. A n-type mobility of up to

0.41cm?V-1s-1 a low Vru of 1V and high on-off-ratios of 10® were observed.
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Figure 13: a) Chemical structure of the used n-type DPP 1 and the SAM OTES. b) Schematic depiction of OTFTs
in Si|Si02 (100 nm)|OTES|DPP 1 (30 nm)|Au (30 nm) architecture. c) Transfer characteristics of DPP 1-based
OTFTs measured at Vps = 50 V with OTFT dimensions of L = 100 pm and W =200 pm. The output characteristics
are shown in Figure 21. d) 10 um x10 pm AFM-image of the DPP 1 layer.
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Table 4: OTFT parameters of Si|SiO2|OTES|DPP|Au based devices.

T'substrate (OC) An (sz V-1 S_l) Vrh (V) Ton Loff1 (1)
Reproduction 40 °C 0.41 1 106
Literaturel70] 100 °C 0.45 10 106

Compared with the literature values, the mobility and the on-off-ratio are in same
range, even if different architectures and dimensions of the transistor channel were
used. Only lower threshold voltages were observed in comparison to the literature,
like in the case of the NDI 1-based OTFTs. This is probably due to the completely
inert conditions. More interesting is the situation for the substrate temperature.
While in our laboratory a substrate temperature of 40 °C were sufficient, the
literature reported a temperature of 100 °C. By comparing the respective AFM

image with the literature one, similar morphological properties were obtained.

3.4 Reproduction of Organic Solar Cells

3.4.1 Solution-Processed Organic Solar Cells

When reproducing literature-known OSCs a look in the experimental part of the
respective publication is needed. Unfortunately, the experimental details are often
described very scarce. Generally, only the architecture, the total blend concentration
and the donor-acceptor ratio as well as the spin-coating duration and velocity are
defined. Crucial parameters like the condition of the glovebox atmosphere (c(02) /
c(H20)) are often missing for whole experimental parts. For solution-processed
solar cells, even the application of the first interlayer, is only reported scarce. Often
the total concentration, the spin-coating parameter (acceleration, velocity,
duration), and spin-coating technique (static or dynamic dispense - first drop then
spin or vice versa) or the thermal annealing parameter are not fully described. Also,

the size of the respective substrate has an impact on the spin-coating result.

For the donor-acceptor blend even more details are sometimes missing. As this
solution consists of two different materials, the way this solution was produced
might be relevant. Here, two different ways are possible: First, one material is
dissolved and then mixed with the second one. This technique provides a good
control of the respective concentration of donor and acceptor, but it also requires

more material, due to the pipetting. Second, both solid materials are combined in
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their solid state and solved together. This technique is more prone to weighing
errors, but fewer material quantities are needed. As donor and acceptor are
interacting already in solution, also the stirring time as well as possible heating
periods can be important for the reproduction. Especially when operating with
polymers, the respective chain length and the polydispersity are influencing the
total efficiency of the device. To really reproduce literature values, the exact batches
of the respective materials would be needed. Analogue to the first interlayer, also
the already mentioned spin-coating parameters play a crucial role for the deposition

of the active layer.

For the reproduction of the second interlayer the analogue parameters as for the
first interlayer are needed. Therefore, it is necessary to deal with the reproduction
of already known systems before investigating new materials. For each of the
interlayers, laboratory routines were determined by trial-and-error methods to
ensure their operability. For the active layer a standard spin-coating routine with a
velocity of 1000 rpm with an acceleration of 3 s from 0 rpm to 1000 rpm and a
duration of 60 s was chosen, while the static dispense technique was used. Here, first
the spin-coating solution was deposited onto the substrate which is followed by

starting the rotation.

When reproducing literature-known OSCs, the critical step is the spin-coating
process, which needs to be optimized. Solution-processed OSCs were initially
manufactured in the conventional architecture based on two high-performance
commercially available donor polymers: PBDB-TI[’1] and PCE-10 (also known as
PTB7-Th)[72l. The thin-film absorption spectra as well as their chemical structures
are shown in Figure 14a,b. While PBDB-T absorbs light up to a wavelength of
690 nm, PCE-10 shows a more bathochromically shifted absorption up to 780 nm.
Due to their energetics, both materials are suitable donors in conventional OSCs in
ITO|PEDOT:PSS|BH]J|Al architecture in combination with fullerene derivatives like
PC61BM and PC71BM (Figure 14c,d). Photovoltaic parameters of these types of 0SCs
are already literature-reported by several groups, as these are robust and
reproducible systems. The corresponding J-V curves and parameters as well as the
thin-film UV-Vis absorption and EQE spectra are shown in Figure 15 and Table 5.

For all key parameters, at least five independent operating devices with an active
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Figure 14: a) Normalized thin-film UV-Vis absorption spectra of spin-coated layers of PBDB-T and PCE-10
(7.5 mgmL-1; 1000 rpm, 60s) on quartz substrates. b) Chemical structures of PBDB-T and PCE-10. c)

Schematic architectures of conventional OSCs with and without PDINO as ETL. d) Energetics of used materials
for conventional OSCs.

area (A) of 7.1 mm? were characterized for statistics. Both OSCs showed a diode-like
behavior with Jsc values of -12.60 and -15.60 mA cm~2 for the PBDB-T:PC¢1BM and
PCE-10:PC71BM BH] layer, respectively. This finding can be explained with the help
of the UV-Vis absorption and EQE spectra. The higher Jsc for the PCE-10:PC71BM
device can be traced back to the larger and therefore stronger absorbing fullerene,
which absorbs more light in the visible range as the PC¢1BM analogue and to the
polymer PCE-10 itself, which exhibits a red-shifted absorption compared to
PBDB-T. The Voc value of around 0.82 V instead of 0.61 V is higher for the PBDB-T-
based devices, which originates from a larger HOMOpo-LUMOac. gap for the
PBDB-T:PCs1BM material combination. The FF of the here shown devices are in the
range from 50% to 60%, which indicates high and balanced charge-carrier
mobilities in the respective OSC. Finally, the PCE is calculated by Jsc, Voc, FF and the
incident light power according to equation (1). The PBDB-T:PC61BM devices show
a maximum efficiency of 6.7%, while the PCE-10:PC71BM heterojunctions exhibit a

maximum PCE of 5.2%.
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Figure 15: J-V curves of OSCs in ITO|PEDOT:PSS|BHJ|Al architecture based on PBDB-T:PCs1BM and
PCE-10:PC71BM BH] layers under AM1.5 G irradiation compared with the literature data (a) as well as the
corrosponding thin-film UV-Vis absorption (solid) and EQE spectra (symbols; b). Literature data adoped with
permission from [71] and [72].

For the PBDB-T:PC6¢1BM heterojunction it was possible to reproduce the literature
value of 6.7%. While Voc and FF were slightly decreased, a higher Jsc was observed,
which leads in total to the same PCE. In comparison with the respective literature,
several experimental details needed to be optimized to achieve this PCE values,
because a simple transfer of the details failed. In the literature, the blend solution
with a total concentration of 25mgmL-1 was stirred at 30°C in ortho-
dichlorobenzene with addition of 3% diiodoctane as additive. Unfortunately, no
spin-coating parameters were given. For the reproduction, the PBDB-T:PCsé1BM
blend solution was stirred overnight at 90 °C with a total concentration of only
20 mg mL-1in chlorobenzene without any additive. To achieve the high PCE values,
it was necessary to thermally anneal the OSCs for 5 min at 150 °C, which was not
reported for the literature device. Additionally, our device architecture consist of an

active area of 7.1 mm?, which is larger than the one of the reported literature device

with 4.0 mm?Z.

In the case of the PCE-10:PC71BM OSCs the efficiency was increased compared to
the literature value, which originates from an increase of both Jsc and Voc. Again, in
the respective literature no spin-coating parameters for the active layer was given.
The main differences between the literature and the reproduction were a solvent
change from ortho-dichlorobenzene to chlorobenzene and an increased active layer

area of 7.1 mm? instead of 4.4 mm?2.

In both systems a decreased FF by approximately 10% was obtained. Small changes

like for Jsc and Voc could be induced by small discrepancies in the donor-acceptor




Chapter Il 31

Table 5: J-V parameters of conventional PBDB-T:PC¢1BM and PCE-10:PC71:BM based OSCs in
ITO|PEDOT:PSS|BH]J|Al architecture compared with literature values. For the statistics at least five individual
operating devices were used.

Jsc Voc FF PCE PCEMax  Area

Donor Acceptor mAcm?) (V) (%) (%) (%) (mm?) Ref.
PBDB-T PC¢1BM -12.60 082 63 63 6.7 7.1 )
+0.25 +0.01 1 0.2
PBDB-T PC¢1BM -10.68 086 72 - 6.7 4.0 [71]
PCE-10 PC71BM -15.60 0.61 51 438 5.2 7.1
+0.28 +0.01 3 04
PCE-10 PC71BM -14.51 052 59 4.2 4.4 44  [72]

ratio, while the larger discrepancy of the FF, which is connected to several diode
properties, would need a more in-depth investigation. The main problems could be
inhomogeneous layers, increased active layer areas as well as changed layer
thicknesses leading to decreased charge-carrier mobilities and therefore to a
decreased FF. Furthermore, contacting issues during the J-V measurement as well
as different ITO substrates might also affect FF, which was not further investigated

after several attempts.

Nevertheless, higher FF can be obtained when introducing additional electron-
transporting layers. This can be done by spin-coating as in the case of the high-
performance interlayer material PDINO, which is deposited on top the respective
BHJ layer like PCE-10:PC71BM. PDINO is soluble in methanol and insoluble in
chlorobenzene, which is desired for multilayer fabrication with an orthogonal
solvent.[72] A solution of PDINO in anhydrous methanol (1 mg mL-1) was prepared
and spin-coated on top of the BH] layer at 3000 rpm via the dynamic dispense (first
spin, then drop) method. Here, the solution is deposited on the rotating substrate.
The J-V curves in Figure 16a show again diode-like behaviors with an increase in Jsc
and Voc compared to the sample without the PDINO interlayer. The J-V parameter in
Table 6 show a small increase in Jsc from -15.60 to -16.26 mA cm~2and a significant
increase in FF from 51% up to 62%, which originates from a reduced recombination
at the interlayers. Voc was boosted from 0.61 V to 0.83 V, due to the better alignment
of the energy levels. Compared with the literature, Jsc and Voc were increased from

-15.00 to -16.26 mA cm~2 and from 0.75 V to 0.83 V, while the FF is still lower by
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Figure 16: JV curves of OPVs in ITO|PEDOT:PSS|PCE-10:PC71:BM|Al (red) and
ITO|PEDOT:PSS|PCE-10:PC71:BM|PDINO|Al (blue) architecture under AM1.5 G irradiation compared with the
literature data (a) as well as the corrosponding thin-film UV-Vis absorption (solid) and EQE spectra (symbols;
b). Literature data adoped with permission from [72].

circa 10% similar to the samples without PDINO.[72] Due to the better Voc and Jsc
than in the reported literature, an overall higher efficiency of up to 8.7% compared
with the literature value of 8.2% was obtained. The differences in the experimental
procedure are the same as of the PCE-10:PC71BM-based OSCs without the PDINO
layer. For conventional OSCs it can be concluded that Voc and Jsc are increased, while

the FFs are decreased leading to overall similar PCEs in our laboratory.

Beyond the conventional device architecture an inversion can be realized as well,
which is characterized by a changed position of the hole- and electron-transporting
layer in the respective architecture. As a result of this change, ITO becomes the
cathode, while the top electrode (Al) becomes the anode. In our laboratory, the
inverted architecture was realized for the first time by applying a thin layer of ZnO
on top the ITO|glass substrate according to procedures described by Sun et al. in
2011.1731 Onto this layer, the BH] blend was spin-coated, followed by 10 nm MoOs as
HTL, which was topped by Al as electrode material. The MoOs3 layer was applied by

Table 6: J-V parameters of conventional PCE-10:PC71BM based OSCs in ITO|PEDOT:PSS|BHJ|Al or
ITO|PEDOT:PSS|BHJ|PDINO|AI architecture compared with literature value. For the statistics at least five
individual operating devices were used.

Jsc Voc FF PCE PCEMax Area
ETL Ref.
(mA cm=?) V) (%) (%) (%) (mm?)

-15.60 0.61 51 4.8

w/o 5.2 7.1 -
+0.28 +0.01 +3 +0.4

PDINO -16.26 0.83 62 8.46 8.7 71 )
+0.26 +0.01 +1 +0.14

PDINO -15.00 0.75 73 8.15 8.2 4.4 [72]
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thermal evaporation, while the ZnO layer was deposited by spin-coating. As active
layer, PCE-10:PC71BM was chosen to allow a comparison to the conventional device
architecture. The schematic device architecture as well as the energetics are shown
in Figure 17b and c. Analogue to the PCE-10:PC71BM active layer, also a non-
fullerene acceptor (NFA)-based blend was reproduced, which consists of the donor

polymer PM6 (also known as PBDB-T-2F) and ITIC-4F as NFA (Figure 17a).

Based on the energetics, a higher Voc was expected for PM6:ITIC-4F than for
PCE-10:PC71BM, which is affected by the higher energetic gap between the donor’s
HOMO and the acceptor’s LUMO levels. Accordingly, a Voc of 0.84 V was obtained for
the PM6:ITIC-4F-based OSC compared to 0.80V for the PCE-10:PC71BM-based
devices. Both OSCs showed high FF in the range from 60 to 70%, which indicates
good and balanced charge-transport properties (Figure 18, Table 7). The main
difference of these types of OSCs is the resulting photocurrent. The PM6:ITIC-4F-
based OSC showed a higher Jsc value of up to -17.33 mA cm~2 with respect to the
PCE-10:PC71BM device with -16.72 mA cm~2 which originates from the extended
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Figure 17: Chemical structures of PM6 (also known as PBDB-T-2F) and ITIC-4F (a), schematic architecture of
inverted OSC devices (b) and energetics of used materials (c).
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Figure 18: J-V curves of OPVs in ITO|ZnO|BHJ|MoOs|Al architecture based on PCE-10:PC71BM (black) and
PM6:ITIC-4F (red) under AM1.5G irradiation compared with the literature data (a) as well as the
corrosponding thin-film UV-Vis absorption (solid) and EQE spectra (symbols; b). Literature data adoped with
permission from [74] and [75].

absorption in the NIR region of the NFA ITIC-4F. The overall higher OSC parameters
for the PM6:ITIC-4F device lead to an increased efficiency of up to 10.5% instead of
8.6% for the PCE-10:PC71BM blend. Compared with the corresponding literature
values, both OSCs were successfully reproduced. For the PM6:ITIC-4F device, the
parameter are perfectly fitting to the literature data. Here, it was possible to directly
overtake the experimental data for reproduction, except of the spin-coating
parameter, which had to be adjusted. The PCE-10:PC71BM-based device showed a
slightly lower Jsc and FF which still leads to a lower PCE of up to 8.6% instead of up
to 8.9% for the reported literature.l’4#75] Here, a blend solution with a total
concentration of 25 mg mL-1 was used analogue to the conventional architecture,
while the literature device was made from a total concentration of 20 mg mL-1. For
both inverted devices, the respective active areas are comparable to our

architecture with 6.0 mm2 and 6.5 mm?2. PCE-10:PC71BM devices were successfully

Table 7: J-V parameters of inverted OSCs in ITO|ZnO|BHJ|MoOs|Al architecture based on PCE-10:PC71BM and
PM6:ITIC-4F compared with the corrosponding literature values. For the statistics at least five individual
operating devices were used.

Jsc Voc FF PCE PCEMax  Area
Donor  Acceptor Ref.
(mAcm=2) (V) (%) (%) (%) (mm?)
PCE-10 PC71BM -16.72 080 61 82 8.6 7.1 -
+0.56 +0.01 +1 0.2
PCE-10 PC71BM -17.23 0.79 63 88 8.9 6.5 [74]
PM6 ITIC-4F -17.33 084 68 98 10.5 7.1 -

+(0.84 +0.01 +1 0.4
PM6 ITIC-4F -17.6 083 68 99 10.4 6.0 [75]
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reproduced in conventional as well inverted architecture, which allows a
comparison between both. For these devices, only slightly higher efficiencies were
observed for the inverted OSCs. Therefore, the used architecture has only a small
impact on the performance but can be used to further characterize new materials

synthesized in our own laboratory.

3.4.2 Vacuum-Processed Organic Solar Cells

Instead of applying the active layer and several interlayers like ZnO or PEDOT:PSS
via spin-coating, it is also possible to fabricate (mixed) multilayered structures by
thermal evaporation. Here, freshly cleaned ITO-substrates, are placed in the
evaporation chamber and every layer is deposited by thermal evaporation without
breaking the vacuum. Similar as for the solution-processed OSCs, where spin-
coating parameters were not reported well, also for vacuum-processed OSCs not all
information are given in many publications for the sublimation process. As already
mentioned before, the QCM is responsible for the thickness determination needing
at least the respective material density. Often this value is not given, while a value of
around 1.33 g cm~3 is used. While the failure of this simplification can be neglected
for planar heterojunctions, discrepancies in the density have a large impact on the
donor-acceptor ratio of co-evaporated bulk heterojunctions complicating their
reproduction. Analogue to the OTFTs, also the right setting for Tsubstrate plays a role
for material combinations, which are deposited on heated substrates. Other
parameters, like the distance from the thermal source and rotation (@rot) while the

sublimation are often not reported.

Still, fullerene-based planar heterojunctions (PHJs) on the basis of copper-(II)-
phthalocyanine (CuPc) were already reproduced in our laboratory by Fabian Grote
during his master thesis in 2019.15% Therefore, it was still necessary to reproduce
fullerene-based BH] and non-fullerene-based PH] OSCs. The BH] architectures were
reproduced by using two high-performance donor molecules, which were supplied
by Prof. Dr. Peter Bauerle (University of Ulm) and by Prof. Dr. Ken-Tsung Wong
(University of Taiwan). The material from Prof. Dr. Peter Bauerle is a dicyanovinyl-
endcapped quinquethiophene (DCV5T-Me) with an ADA-type structure.[>¢] The
material from Prof. Dr. Ken-Tsung Wong is a DAA-type chromophore (DTDCPB;
Figure 19b).[551 Both materials show different HOMO levels of -5.3 eV (DTDCPB)
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Figure 19: Schematic devices architecture of fullerene-based vacuum-processed BH] OSCs (a), chemical
structures of donor materials DCV5T-Me and DTDCPB (b), energetics of used materials (c), J-V curves of OSCs
in ITO|MoO3 (6 nm)|BH]J|BCP (10 nm)|Al architecture based on DCV5T-Me:Ceo (40 nm; black) and DTDCPB:C7o
(80 nm; red) under AM1.5 G irradiation compared with the literature data (d) as well as the corrosponding thin-
film UV-Vis absorption (solid) and EQE spectra (symbol; ). Literature data adoped with permission from [55]
and [56].

and -5.6eV (DCV5T-Me), respectively. This leads to the presumption, that
DCV5T-Me should show a higher Voc in the resulting device in combination with
fullerene as DTDCPB. For comparison, both materials were tested in the same
conventional device architecture ITO|MoOs3|BHJ|BCP|Al, knowing that the
literature-reported best-performing devices consist of a different one. The
DTDCPB-based literature-reported device consists of the same architecture but
with an increased MoOs layer thickness of 10 nm instead of 6 nm. For the
DCV5T-Me based device, the literature-reported OSC exhibit an inverted
architecture with several additional layers. However, since the reproduction is
performed with regard to the testing of new materials, a simpler architecture was
used for both materials for a more general screening routine (Figure 19, Table 8).
While DCV5T-Me was blended with Ceo at a substrate temperature of 90 °C,
DTDCPB was co-sublimated with C7oas acceptor at a substrate temperature of only
20 °C. The resulting devices showed both diode-like behavior as well as excellent

photocurrents. Jsc values of up to =10.09 mA cm~2 for the DCV5T-Me:Cso OSC and
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-13.26 mA cm~2 for the DTDCPB:C7o0-based device were obtained. The higher Jsc for
the DTDCPB:C70 can be traced back to the bathochromically shifted absorption of
C70 compared to Ceo. Both OSCs showed high Voc values of around 0.9 V. This seems
to contract the presumption of the Voc dependence from the energetics but one have
to note, that both solar cells consists of different mass ratios between donor and
acceptor material, which have a strong influence to the resulting Voc. While for the
DCV5T-Me:Coo layer a 2:1 ratio was chosen, the DTDCPB:C7o solar cell consist of
1:2 ratio. The mass ratio is connected to the respective exciton diffusion length (Lp)
and to the charge-carrier mobility of the donor. When a lower Lp was observable for
example in PHJ] experiments, it can be recommended to use a higher ratio of
fullerene to decrease the domain size of the donor in the BHJ. This should allow
excitons to reach the respective interface for charge separation.[>5] Both solar cells
showed similar FF of about 50% which led to high PCE values of 5.0% for
DCV5T-Me:Ceo and 6.3% for DTDCPB:C70 OSCs, respectively.

Both solar cells showed in the EQE as well as in the respective UV-Vis absorption
spectra similar structureless band shapes, which emphasizes that both compounds
are equally contributing to the respective photocurrent. A closer look to the
corresponding EQE and UV-Vis absorption spectra resemble a strange behavior.
While the DTDCPB-based OPV shows a significantly higher Jsc in the J-V
measurement under AM1.5 G conditions, the area under the EQE spectra, which

corresponds to the Jscis lower as for the DCV5T-Me-based OPV. This finding was

Table 8: J-V parameters of experimentally observed conventional OSCs in ITO|MoOs3|BH]J|BCP|Al architecture
based on DCV5T-Me:Ceo (2:1 - 40 nm) and DTDCPB:C7o (1:2 - 80 nm) compared with literature-known 0SCs
based on the same active layer compounds. For the statistics atleast five individual operating devices were used.

Donor Acceptor Jsc Voc FF PCE PCEMax  Area Ref
(mAcm=2) (V) (%) (%) (%) (mm?)

DCV5T-Me Ceo -10.09 092 51 4.7 5.0 7.1 -
+0.12 +0.01 +1 0.3

DCV5T-Mea Ce0 -11.50 096 63 - 6.1 n.a. [56]

DTDCPB C7o -13.26 093 48 59 6.3 7.1 -
+0.21 +0.02 1 0.2

DTDCPB C7o -13.90 089 62 75 - n.a. [55]

a) DCV5T-Me in ITO|Ceo (15 nm)|DCV5T-Me:Coo (2:1, 30 nm, 90 °C)|BPAPF (5 nm)|BPAPF:NDP9 (9:1, 50 nm)|Au (50 nm)

and under 115 mW cm-2 intensity.
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traced back to a reduced stability of the DTDCPB-based OPV in our laboratory.
Accordingly, the device is degrading even under inert conditions during the EQE

measurement, which takes up to 20 min.

In the case of the DCV5T-Me:Cso-based OSC the literature-reported device was
processed in the inverted architecture with several doped and undoped transport
layers to optimize this system, which resulted in an efficiency of 6.1% at an
increased light intensity of 115 mW cm~2. In this context, the obtained efficiency of
5.0% is even more surprising, as only a simple conventional device architecture with
a light intensity of 100 mW cm-2 was chosen. For the DTDCPB-based OPV also a
higher PCE value of 7.5% was shown in the literature, which mainly originates again
from an increased FF. In the respective literature significant higher deposition rates
of up to 2 A s-1 were used to achieve 70 nm layers. In the reproduction, the best

results were obtained using a 80 nm active layer at a deposition rate of 0.2 A s-1.

For both solar cells, a decreased FF was observed with respect to the literature. As
this failure is present for both, solution- and vacuum-processed OSCs, contacting
issues or the ITO-substrate are the most likely sources of errors. The often observed
slightly increased Jsc values cannot be related to discrepancies of the incident light
power as this is checked before every measurement using a calibrated silicon solar

cell.

As fullerene-based OSCs can be manufactured reproducibly, the last step is now to
manufacture an efficient vacuum-processed non-fullerene OSC with the
OPTIvap-XL. Therefore, a system based on commercially available a-sexithiophene
(a-6T) and subphthalocyanine (SubPc) was chosen, which was first described by
Cnops etal.in 2014 (Figure 20a,b).l611 As SubPc is usually used as donor in vacuum-
processed OPVs it shows high-lying HOMO- and LUMO-levels of -3.6 eV and -5.6 €V,
respectively. In this case, SubPc was used as acceptor by mixing with a-6T as
electron donor, which exhibits even higher energetic levels of -3.1 eV and -5.3 eV.
Therefore, a high Voc and due to the complementary absorption of both materials, a
high Jsc was expected. The J-V curve and the photovoltaic parameters of a PH] OSC
with a SubPc thickness of 20 nm is shown in Figure 20c,d and Table 9, respectively.
A remarkably high Jsc for a PHJ of up to —=7.09 mA cm~2 was obtained. Due to the high

HOMOpo.-LUMOacc. gap and the well-balanced charge-carrier mobilities in each neat
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Figure 20: Schematic devices architecture of fullerene-free vacuum-processed PH]J OSCs (a), chemical
structures of a-6T and SubPc (b), energetics of used materials (c), J-V curves of OSCs in
ITO|PEDOT:PSS|a-6T (60 nm)|SubPc (20 nm)|BCP (5 nm)|Al (100 nm) architecture under AM1.5 G irradiation
compared with the literature-reported data (d) as well as the corrosponding thin-film UV-Vis absorption (solid)
and EQE spectra (symbol; e). Literature data adoped with permission from [61].

layer a high Voc of 1.12 V and a high FF of 57% was observed, respectively, which
leads to an overall performance of up to 4.5%. The respective EQE- and UV-Vis
absorption spectra showed almost the same shape, which indicated that again both
materials are equally contributing to the photocurrent. In this special case, it is also
simple to distinguish between each compound. While a-6T shows its absorption
maximum in the range under 450nm the absorption of the SubPc is
bathochromically shifted at 500 nm to 650 nm. Compared with the literature data, a

smaller Jsc was obtained while Voc was increased. A similar FF of around 57% was

Table 9: J-V parameters of experimentally observed conventional OSCs in ITO|PEDOT:PSS|PH]|BCP|Al
architecture based on a-6T (60 nm) and SubPc (20 nm) compared with literature-known OSCs based on the
same active layer compounds. For the statistics at least five individual operating devices were used.

Jsc Voc FF  PCE PCEMax  Area
Donor Acceptor Ref.
(mAcem=2) (V) (%) (%) (%) (mm?)
o-6T  SubPc -6.88 1.12 57 44 4.5 7.1 -
0.1 #0.01 *1 0.2
o-6T  SubPc -7.49 1.09 58 - 4.7 134 [61]
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observed, which leads to a similar efficiency of up to 4.5% compared to the literature
value of 4.7%.[61]1 The main experimental differences, which were applied, was a
reduced deposition rate of 0.2 A s-! instead of 1 A s-1and decreased active area of

7.1 mm? instead of 13.4 mm?Z.

3.5 Conclusion

In this chapter the glovebox line in combination with the evaporation device
OPTIvap-XL was introduced and tested towards its capability for manufacturing
organic thin-film transistors (OTFTs) and organic solar cells (OSCs). Before the
fabrication of those complex device structures, tooling factors were determined to
allow the control over the respective layer thicknesses, which are monitored during
the deposition process. Furthermore, specific temperature curves for each substrate
holder were measured to carefully adjust the substrate temperature. This is needed
for reproducing especially OTFTs, where the crystallinity of the active layer has a
large impact on the respective device performance. This crystallinity can be guided
with the respective substrate temperature. The first OTFTs, which were processed
with the OPTIvap-XL were based on dichlorinated naphthalene diimide (NDI 1) and
on diketopyrrolopyrole (DPP 1) derivatives. It could be shown, that both devices
can be reproduced, when applying the right substrate temperature. While the
mobility as well as the Ion Iofr! ratios matches the respective literature values,
significant reduced threshold voltages were obtained for these OTFTs, due to the
complete handling under inert or vacuum conditions. This avoids oxidation

processes of the active layers and at the interfaces.

Afterwards, OSCs were carefully reproduced beginning from polymer-based
solution-processed devices based on fullerenes in conventional architectures. The
impact of interlayers was demonstrated, which were not used in this laboratory so
far. Fullerene and non-fullerene-based OSCs were studied in combination with the
inverted device architecture and afforded state-of-the-art PCE values of up to 10.5%
as for the PM6:ITIC-4F-based device. The last step of reproduction focused on
vacuum-processed fullerene-based bulk-heterojunction (BHJ) and fullerene-free
planar-heterojunction (PH]J) devices, where single- and co-evaporation techniques
were used to successfully achieve values of up to 6.3% for DTDCPB:C70 (2:1) or up

to 4.5% for the a-6T|SubPc literature-reported OSCs. In the reproduction work, the
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respective PCEs could be obtained, but decreased FFs and slightly increased Jsc and
Voc values were frequently observed. The reason for this discrepancy could not be
conclusively elucidated. The most likely sources of error are contacting problems

during the measurement or a different nature of the ITO-substrate.

After these studies the OPTIvap-XL in combination with the glovebox line was fully
operational for fabricating OTFTs and OSCs. Due to these findings, it can be
concluded that also complex architectures for organic light-emitting diodes,
photodiodes and phototransistors can be processed, too. Therefore, utilization of
this fabrication line for new and innovative materials synthesized at the University

of Wiirzburg became possible and first results will be presented in Chapter IV.

3.6 Supporting Information for Chapter III

3.6.1 Experimental Part

Materials: NDI1 (Laboratory intern synthesis)), DPP 1 (Laboratory intern
resynthesis), PEDOT:PSS (Heraeus, Clevios O VO Ak 4083), PDINO (Laboratory
intern resynthesis), PBDB-T (1-Material Inc; Mw = 50000-100000 kg mol-1),
PCE-10 (1-Material Inc; Mw = 125000 kg mol-1), PM6 (Brilliant Matters,
Mw = 70000 kg mol-1), PCé1BM (Solenne), PC71BM (Solenne), ITIC-4F (Ossila), Zinc-
acetate dihydrate (Sigma Aldrich), Ethanolamine (TCI), Methylglycole (Sigma
Aldrich), MoOs3 (Abcr), BCP (Sigma Aldrich), DTDCPB (received from Prof. Dr. Ken-
Tsung Wong), DCV5T-Me (received from Prof. Dr. Peter Bauerle), Ceo (CreaPhys),
C70 (CreaPhys).

Organic Thin-Film Transistors were fabricated by cleaning the substrates with
toluene, acetone and isopropanol followed by an UV/ozone treatment for 5 min.
OTES-wafers were obtained using thermally grown SiOz (100nm) on Si
(SIEGERT WAFER), which were treated with an OTES-monolayer according to Ito et
all’¢] TPA-wafers were received from Hagen Klauk (MPI Stuttgart) in the
architecture Si|SiOz (100 nm)|AlOx (3.6 nm)|TPA with a specific capacitance of
Ci=32.4 nF cm2. Afterwards, the substrates were placed with in vacuum chamber
and the organic layer (d = 30 nm, r = 0.06 A s=1, @rot = 0 rpm, p < 10-6 mbar) and gold
(d=30nm, r = 0.3 A s, @rot = 0 rpm, p < 10-6 mbar) were sequentially evaporated

on top of the substrates. The organic and the gold layer were deposited through
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different shadow masks, which lead to desired electrode configuration with a
channel length (L) of 100 um and a channel width (W) of 200 pm. The transfer

characteristics were measured with a drain-source voltage (Vps) of +50 V.

Organic Solar Cells were prepared by cleaning ITO-glass substrates (Soluxx GmbH)
by sonication in acetone (1x15 min), detergent solution (mucasol®; 1x15 min),
deionized water (3x10 min) and isopropanol (1x15 min). After an UV/ozone
cleaning treatment for 30 min the ITO-glass substrates were covered with polymer
(First Contact™ Polymer) to avoid contamination by particles. After applying the

polymer coating, the substrates were dried overnight under ambient conditions.
Conventional solution-processed OSCs:

PEDOT:PSS layers were fabricated by allowing the PEDOT:PSS suspension (Heraeus
Clevios™) warm up to room temperature followed by ultrasonication for at least
20 min at 30 °C. The PEDOT:PSS suspension is drawn up with a syringe and then
added directly to the substrate through a syringe filter (0.45 um). The spin-coating
is performed using 6-7 drops (until the whole substrate is covered with PEDOT:PSS)
followed by starting the spin-coating process (2500 rpm, 60s, 4000 rpm s-1).
Afterwards, the substrates were annealed at 150 °C on a precision heat stage in the
flow box for 15 min. The substrates were transferred into a nitrogen-filled glovebox

(MBraun Inertgas-Systeme GmbH, UNIlad Pro, ¢(02) < 1 ppm, c¢(H20) < 1 ppm).

Active Layer: After weighing the respective donor and acceptor quantities under
ambient conditions, the respective vials were transferred into the glovebox in which
also the polymer:fullerene blend solutions were prepared. PBDB-T-based BH]
layers were fabricated by solubilizing PCé1BM in anhydrous chlorobenzene
(10 mg mL-1; Sigma Aldrich) while stirring at 30 °C for 3 h. This fullerene solution
was added to the PBDB-T in 1:1 ratio (total concentration 20 mg mL-1) and stirred
overnight at 90 °C. The blend solution was spin-coated (80 pL, 1000 rpm, 60s, 3 s
from 0 to 1000 rpm) on top of the PEDOT:PSS layer via static dispense technique. In
the case of PCE-10:PC71BM layer, the blend solution was prepared analogue to
PBDB-T:PC61BM except of a 1:1.5 (D:A) ratio with a total concentration of
25 mg mL-1, which was stirred at 30 °C overnight. For the PCE-10:PC71BM blend, it
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is necessary to add 3 % diiodoctane as spin-coating additive approx. 30 min before

the spin-coating process to the respective solution.

For a PDINO ETL, PDINO was synthesized as shown in the literaturel’2] and
dissolved in anhydrous methanol (1 mg mL-1; Sigma Aldrich) by stirring for 10 min.
The filtered PDINO solution (0.22 pm) was spin-coated on top of the
PCE-10:PC71BM layer via dynamic dispense technique (3-4 drops, 3000 rpm, 30 s)
under inert conditions. In all cases, Al was used as top electrode, which was
deposited in the OPTIvap-XL (d = 100 nm, r = 1-2 A s-1, p < 10-6 mbar) via a shadow-
mask to obtain seven individual operating solar cells with an area of 7.1 mm?2.[5%.77]
In the case of the PBDB-T:PC6¢1BM based OSCs, an additional thermal annealing step

for 5 min at 150 °C was performed.
Inverted solution-processed OSCs:

ZnO-layers were fabricated on top of precleaned ITO-glass substrates by spin-
coating a colloidal ZnO solution. This solution is prepared by dissolving zinc acetate
dihydrate (400 mg, Sigma-Aldrich) in anhydrous methoxy glycol (4 mL, Sigma-
Aldrich) under addition of ethanolamine (115 pL, Carl-Roth) followed by stirred
(1000 rpm) overnight at room temperature.l’3] The filtered colloidal ZnO
suspension (0.45 pm) was spin-coated (2500 rpm, 30 s, 3000 rpm s-1) on top of the
ITO-glass substrates and annealed for 1 h at 200 °C in air on a precision heat plate

in a flow box. Notably, better layver qualities are obtained by using syringes with a

lower total volume like 3 or 5 mL.

The PCE-10:PC71BM layer was prepared as for the conventional BH] device
architecture. For the non-fullerene PM6:ITIC-4F combination the acceptor was
dissolved in chlorobenzene (10 mg mL-1) by stirring 3 h at 60 °C. This solution was
added to the polymer in 1:1 ratio to obtain a blend solution with an overall
concentration of 20 mg mL-1, which was stirred overnight at 60 °C. 30 min before
the spin-coating 1% diiodoctane was added. Both blend solutions were spin-coated
via static dispense technique (80 pL, 1000 rpm, 60 s, 3 s from 0 to 1000 rpm) and
transferred into the OPTIvap-XL.

The HTL MoOs was deposited (Q3, d = 10nm, r = 0.1AS"1, wrot = 10 rpm,
p < 10-6 mbar) followed by Al (d = 100 nm, r = 1-2 As-1, p < 10-6 mbar) without
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breaking the vacuum to obtain seven individual operating OSCs with an area of

7.1 mm?2.
Conventional vacuum-processed bulk-heterojunction OSCs:

These OSCs were fabricated by placing precleaned ITO substrates into the
OPTIvap-XL. Afterwards MoOs is sublimated on top as hole-transporting layer
(d=6nm, r = 0.1As1, @t = 10 rpm, p < 10-6mbar) followed by a bulk-
heterojunction layer, which is deposited by co-sublimation of the respective donor
material and the fullerene derivative (DCV5T-Me:Ceo: d =40 nm,r=
0.2A51:0.1As1, wrot = 10 rpm, p < 10-6 mbar, Tsubstrate = 90 °C; DTDCPB:C70 =
d=80nm,r=0.14s1:02AsL wroe=10 rpm, p < 10-¢ mbar, Tsubstrate = 20 °C). After
an additional cool down step (for DCV5T-Me-based OPVs), bathocuprione (BCP; d
= 10nm, r = 01As1 @o = 10 rpm, p < 10°mbar) was used as
electron-transporting layer followed by Al (d = 100 nm, r = 1-2 A s-1, p < 10-6 mbar)

as electrode material.
Conventional vacuum-processed planar-heterojunction OSCs:

Fullerene-free PHJ devices were fabricated by applying a PEDOT:PSS layer on top of
the ITO-substrate analogue to the fabrication of conventional solution-processed
0SCs. Afterwards, the substrates were placed in the evaporation device OPTIvap-XL,
where o-6T (d = 60 nm, r = 0.2 A 571, @rot = 10 rpm, p < 10-6 mbar, Tsubstrate = 20 °C)
and SubPc (d = 60 nm, r = 0.2 A 571, @rot = 10 rpm, p < 10-6 mbar, Tsubstrate = 20 °C)
were deposited on top of the PEDOT:PSS layer. Afterwards, the OSCs were
completed by thermal evaporation of BCP (d = 10 nm, r = 0.1 A s-1, @rot = 10 rpm, p
<10-6 mbar) and Al (d = 100 nm, r = 1-2 A s-1, p < 10-6 mbar).

Measurements and Characterization: I-V characteristics of OTFTs were measured on
a Cascade EPS150 probe station using an Agilent 4055C parameter analyzer. All
thin-film UV-Vis absorption spectra were recorded either on a Jasco V770 or on a
Perkin-Elmer Lambda 950 spectrometer equipped with an integration sphere. OPV
J-V characteristics were measured using a parameter analyzer (Botest Systems
GmbH) combined with a AM1.5G Oriel Sol3ATM class AAA solar simulator
(Newport®) which was calibrated with a standard silicon solar cell with a KG filter

(ISE Freiburg). The respective EQE spectra were recorded using a Quantum
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Efficiency/IPCE Measurement Kit (Newport®) by using a 300 W Xe lamp combined
with a Cornerstone monochromator. The measurement was recorded either using a
SR810 Lock-In Amplifier or a Merlin Lock-In amplifier. AFM morphologies were
investigated with a NT-MDT Next Solver System combined with SCOUT 350 RAI
silicon cantilever (Nu Nano Ltd; spring constant = 42 N m~1, resonance frequency =

350 kHz) in semi-contact mode.

3.6.2 OTFT Output Characteristics
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Figure 21: Output characteristics of OTFTs based on NDI 1 (a) and on DPP 1 (b).
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Chapter IV: Screening of New

Materials

The following chapter describes the search of new acceptor materials for vacuum-
as well as solution-processed 0SCs. Due to the vast number of investigated
compounds, only the respective PCE values as well as the key parameter leading to
the observed performances are discussed. For vacuum-processed OSCs, the
characteristic data are shown in Table 12, while the data for solution-processed

OSCs are listed in Table 13 at the end of this chapter.

4.1 Screening of Vacuum-Processable Materials

The screening procedure for new NFAs for vacuum sublimation was performed in
two steps, which are visualized in Figure 22. The first step is an initial sublimation
test in a Boc Edwards AUT0306 evaporation device. In this device only small
material amounts of approximately 3 mg for 30 nm thick layers are needed for initial
tests. Out of these 3 mg, five different OTFT devices can be generated by using a set
of partially modified wafer substrates like Si|SiO2, Si|SiO2|OTES, Si|SiO2|HMDS,
Si|SiO2|AlOx|FOPA and Si|SiO2|AlOx| TPA. Furthermore, a quartz substrate is used for
a thin-film solid-state UV-Vis absorption spectra (and additional spectroscopic
measurements) as well as an ITO|ZnO or an ITO|MoOs substrate for potential

acceptor or donor molecules, respectively. These ITO|TL-substrates can be further

completed to obtain fully operating OSCs to gain a first insight for the potential of a

Step 1: AUTO306

Step 2: OPTlvap-XL

» Sublimation Behavior? ,
Charge-Transport in OTFTs? » Donor Screening
Suitable Absorption Properties? * Optimization

* Large Quantities Available?

Figure 22: Schematic diagram of the two steps for screening of vacuum-processable materials.
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new candidate. With this first step, a new compound can be material-savingly
characterized towards its spectroscopic (UV-Vis measurement), morphologic (AFM
measurement), energetic (I-V measurement: n- or p-type) and charge-transport
properties (I-V measurement: ze/n). After identifying a potential NFA candidate for
OSCs, itis necessary to find a suitable counterpart using the new evaporation device
OPTIvap-XL, which allow for inert processing and characterization. Here, donor
materials are separately used in PH] architecture to identify a suitable donor-
acceptor combination for optimization. For this screening procedure the
architecture was fixed (ITO|MoO3|Donor|Acceptor|Bathocuproine (BCP)|Al). The
search of a suitable donor is the most material and time consuming step towards the
identification and optimization of a new vacuum-processed NFA material. In our
laboratory, several donor materials are available, which differ in their optical and
their energeticsi.e. a-6T, CuPc, DCV5T-Me, DTDCPB and several merocyanine dyes
(Figure 23). These materials must match the acceptor not only in terms of electronic
and optical properties, but also in terms of morphological properties. In addition, it

is known that the respective previous vacuum-deposited layer (e.g. donor)

a-6T
Donor

DTDCPB NC

Donor Donor

BCP
Acceptor Acceptor Electron Tranport

Figure 23: Chemical structures of donor materials and interlayer materials, which were used for the screening
procedure of vacuum-sublimable compounds.
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influences the growth of the subsequent layer (e.g. acceptor). Therefore, several

donors must be tried for the most promising acceptor candidates.

In order to better classify the results from the material screening, the most
important literature on vacuum-processable NFAs will be summarized beforehand
(Figure 24 and Table 10). In the respective reports, only few examples for vacuum-
processable NFAs are known until now. The first reported OSC made by Tang et al.
is based on copper-(II)-phthalocyanine and a perylenetetracarboxylic
bisbenzimidazole (PTCBI), which led to an efficiency of about 1%.[3% Since then,
several material classes were investigated towards their use in vacuum-processed
0OSCs. As already mentioned before, the highest efficiency for a vacuum-processed
single-junction NFA-based OSC was obtained by Cnops et al. by using a
subnaphthalocyanine (SubNc) derivative in a single-junction OSC, which afforded
an impressive efficiency of 6.0%.[61] In a cascade OSC in combination with SubPc,
they were additionally able to achieve efficiencies up to 8.4%. Other promising

routes led to efficiencies of up to 2.4% for ADA-based acceptors (DCV3T and EBB)

o) N
Q-1 &G
N N S \/ S
QNO NC ICN NC\ CN

PTCBI DCV3T

3 0
(=0 Mo N
OQQCQGO /’NO s "ok ,,\L“O
DIP EBB K

SubPc SubNc ZCl

Figure 24: Molecular structures of the mentioned literature-known materials for vacuum-processed fullerene-
free OSCs.
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Table 10: Photovoltaic properties reported in literature for devices based on NFAs shown in Figure 24.

Donor Acceptor Jsc Voc k¥ PCE Ref.
(mA cm™?) V) (%) (%)
CuPc PTCBI -2.3 0.45 65 1.0 [30]
a-6T DIP -1.4 1.22 57 1.8 [28]
4P-TPD DCV3T -5.1 0.71 40 1.6 [78]
SubPc EBB -3.8 1.24 50 2.4 [79]
a-6T SubPc -7.5 1.09 58 4.7 [61]
a-6T SubNc -12.0 0.94 54 6.0 [61]
DBP ZCl -2.4 1.33 42 1.4 [81]

[78-80], 1.8% for PAH-based molecules (DIP)[28 and of up to 1.4% for metal complexes

(ZC1)[811in combination with the respective donor molecules.

4.1.1 ADA-type Chromophores

The first set of ADA-type molecules were designed by using a cyclopentadithiophene
(CPDT) central donor core combined with dicyanomethylene (1), indandione (2)
and dicyanomethyleneindanone (3) moieties as acceptor units, which are depicted
in Figure 25. Various derivatives of these materials were synthesized by introducing
different groups like n-octyl (a), 2-ethyl-hexyl (b), n-propyl (c), phenyl (d) and
methyl (e) at the central CPDT carbon atom. The molecules 2b and 3b were already

reported before by our group.[82]

The initial vacuum sublimation for 1a-el83] could be performed successfully, which
led to OTFTs with an n-type mobility in the range of 10->to 10-2 cm?2 V-1s-1, To get
insights into the photovoltaic behavior of these materials, a donor screening for the
octyl-substituted 1a was performed, due to its best n-type semiconductance, using
MD376, 35 and 2a (Figure 23 and Figure 30). The decision for these donors were
made, due to their low-lying HOMO levels, which should enable high Voc values. High
FFs of up to 50% and efficiencies of up to 0.64% were obtained in PHJ architectures,
in combination with merocyanine MD376 as donor material. The other derivatives
showed significant lower efficiencies in OSC devices of 0.11% (1b), 0.05% (1c) and

0.10% (1d), while for 1e it was not possible to obtain an operating device.
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Figure 25: Chemical structures for ADA-type materials based on a cyclopentadithiophene or a dithienopyrrole
core as donor unit combined with dicyanomethylene (1, 4), indandione (2, 5) or dicyanomethyleneindanone (3,
6) moieties as acceptor units. Chiral centers are marked with *. In all cases racemic starting materials were used.

Approaches towards a BH]J failed. A detailed investigation of these materials can be

found in Chapter V.

All materials based on the indandione-containing chromophore 2 showed p-type
semiconductance in OTFT experiments. Vacuum-processed OTFTs of derivatives of
2 were already described in the literature.[84l Therefore, they were investigated as
new donor molecules in OSCs in combination with C7o0. Due to the relatively high Voc
values ranging from 0.90 V up to 1.12 V, good PCEs of 1.18% (2a), 1.26% (2d) and
1.80% (2e) could be realized in PHJ architectures. Additionally, to fullerene-based
OPVs 2b and 2c¢ were used as donor materials for NFA-based OPVs in combination
with 3b and 3d, respectively. Here, only marginal PCEs of 0.02% (2b|3b) and 0.17%
(2c|3d) were obtained, which can be traced back to a poor FF and to a low Jsc.

Besides the use as donor molecule, the methyl-substituted 2e was used as NFA in

Literature-unknown materials were synthesized by Dr. Pengzhong Chen (2,3) and Dr. Kevin Bold (4,6).
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combination with the electron-rich donor molecule a-6T as well, where an PCE of
1.08% was observed. This originates from a good Jsc value of -2.71 mA cm~2 in
combination with a FF of 53%. The low Voc value of 0.64V seems to limit the

efficiency.

The largest CPDT-based materials 3a-e with their dicyanomethyleneindanone
endgroups exhibited appreciable high n-type semiconductance from 10-3 to
10-2 cm?2 V-1 s-1in OTFTs. Derivatives of 3 in solution-processed OPV studies were
already reported in the respective literature.l84851 However, in our OPV
experiments, only PCEs of 0.02% (3a and 3b), 0.10% (3c), 0.21% (3d) and 0.79%
(3e) were obtained in the PHJ architecture in combination with a donor molecule.
These low PCEs originate from low Voc values and therefore from too low LUMO
levels of these materials. Therefore, for the 3e-based device the high-performance
donor molecule DCV5T-Me with its significant lower HOMO level was used as well,
leading to higher efficiencies of up to 0.79% compared with the other 3-based

devices.

Additionally to the vacuum-processed devices, 1a, 3a and 3b were implemented as
acceptor molecules in solution-processed inverted BH] OSCs in combination with
the high-performance donor polymer PM6 due to their higher solubility in organic
solvent compared to other derivatives. These devices exhibit PCEs of 0.86%, 0.22%

and 0.91% for 1a, 3a and 3b in BHJ architecture, respectively.

Analogue to the ADAs based on the cyclopentadithiophene core, similar molecules
based on the dithienopyrrole (DTP) core (4-6) were synthesized. While
chromophore 4 was already described by Pappenfuss et al. in 2008,[86] 5 and 6d
were reported by our group in 2016.[82] For derivatives of 4 n-propyl (4a), phenyl
(4b), iso-pentyl (4c) or tert.-butyl (4d) were introduced at the central nitrogen
atom, while 6 was decorated with n-propyl (6a), phenyl (6b), iso-pentyl (6c) or 2-
hexyl-decyl (6d) substituents. In the case of 5 only a 2-ethyl-hexyl derivative was

available in our laboratory.

Analogue to 1a-e, the quinoidal materials 4a-d exhibited n-type charge-transport
behavior with mobilities of about 10-3 cm2V-1s-1 in OTFTs. Due to insufficient

material amounts only the iso-pentyl substituted 4c was tested in OPV devices in
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combination with merocyanine 35 as donor, where an efficiency of 0.27% was
obtained, similar to the derivatives based on 1. Again, a low Jsc value of

-1.32 mA cm~2 and low FF of 36% seem to limit the device’s performance.

Due to its p-type semiconductance 5 was used as a donor material in fully vacuum-
processed devices in combination with C7o, which afforded an efficiency of 2.43% in
the PHJ architecture. In an initial test for BH] architectures (1:1) an increased
efficiency of up to 3.65% was obtained. Further optimization could not be

performed due to low material quantities.

The dicyanomethyleneindanone-endcapped dithienopyrroles 6a-d exhibited
appreciable high n-type charge-transport mobilities of up to 10-2cm2V-1s-1 in
OTFTs. In vacuum-processed OSCs efficiencies of 0.41% (35|6a), 0.19% (CuPc|6b)
and 0.32% (a-6T|6¢) with good FFs up to 55% were obtained. The low efficiencies
originate either from a reduced Voc or from an insufficient Jsc values. Due to its
solubilizing chains, 6d was tested as NFA in solution-processed OPVs in
combination with the donor polymer PCE-10, as well. Here, a PCE of 1.50% was

observed.

Based on the dicyanomethyleneindanone moiety, molecules 7-13 (Figure 26) were
synthesized by combining the acceptor unit with several known bis-aldehyde donor
units like phenyl (7), dimethoxyphenyl (8), furan (9), thiophene (10), bithiophene
(11), benzodithiophene (12) and a thiophene-functionalized DPP (13). Due to their
poor solubility, these materials were initially tested in vacuum-processed OSCs after

thermal gradient sublimation in combination with a-6T as donor material

O/
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Figure 26: Chemical structures of additional dicyanomethyleneindanone-functionalized ADA-type materials.

Literature-unknown materials were synthesized by Julius Albert (7-12) and Dr. Rodger Rausch (13). For 7-12,
the crude material was directly used for device experiments without further characterization.
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Chromophore 13 was already described in the literature as an OTFT material.[87]
While 7 and 9 could not be sufficiently purified via thermal gradient sublimation, 13
was not sublimable at all and decomposed. In contrast to these materials, 8, 10, 11
and 12 are well sublimable. However only 8 and 11 showed a n-type
semiconductance of 10->cm? V-1s-1 in OTFT devices. All OPV devices based on 8,
10, and 12 in combination with a-6T as donor material in PH] architecture were

non-operational.

Chromophores 14-17 (Figure 27) exhibit different donor core units like
cyclopentadithiophene (14), dithienopyrrole (15), dithienyl thienothiadiazole (16)
or boron dipyrromethene (17) in combination with accepting dicyanovinyl groups.
14 and 15b, which are based on the CPDT and DTP core were already described by
Yassin et al. as potential donor materials in vacuum-deposited PHJ OSCs.[88]1 14 bears
a n-octyl chain, 15a exhibits a 2-ethyl-hexyl group while 15b owns a n-propyl chain.
All three materials are sublimable. 14 showed n-type semiconductance of
10-5cm? V-1s-1 in OTFTs, while no OPVs could be fabricated due to low available
amounts. 15a and 15b, which were provided by Prof. Dr. Peter Bauerle, led
appreciable PH] OSC efficiencies of 0.99% and 0.56% in combination a-6T as donor
molecule. The relatively high PCE of the 15a|a-6T heterojunction originates from a
good Jsc value of -3.40 mA cm~2. Analogue to these molecules, 16 and 17 also show

an ADA-type structure with dicya novinyl groups. 16, which was also provided by
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Figure 27: Chemical structures of addtional dicyanovinyl-functionalized ADA-type materials. Chiral centers are
marked with *. In all cases racemic starting materials were used.

Literature-unknown materials were synthesized by the laboratory of Prof. Dr. Peter Bauerle, (15, 16) and
Dr. Santosh Panchal (17).
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Prof. Dr. Peter Bauerle, showed an OPV performance of 0.32% in combination with

a-6T. For 17 the sublimation was possible, but no OTFT performance was observed.

To summarize, these strong absorbing ADAs exhibit good sublimation properties in
combination with promising n-type semiconductance in OTFTs, but they tend to
afford very low Voc values in PHJ OSCs, which limit their efficiency. This could be
improved with suitable donors. Furthermore, although acceptable FF could be
observed for some derivatives, these OSCs are then limited by low photocurrents.
The best-performing NFA-based device was based on a combination of a-6T and 2e

in PHJ architecture, leading to an efficiency of up to 1.08%.

4.1.2 Boron-doped Polycyclic Aromatic Hydrocarbons

All boron-doped PAHs 18-23 were synthesized by Carina Miitzel and coworkers
(Figure 28).189.90.91,92] With the exception of the hydroxy-containing material 18[°°I
all molecules are well sublimable, while 18 is probably prone to condensation upon
heating. Out of these materials, only the larger molecules 21 and 23 exhibited
charge-transport behavior. While the mesitylene-substituted material 21 showed n-
type charge transport in OTFTs with mobilities up to 10-3 cm?2 V-1 s-1, the annulated
230921 exhibited an ambipolar behavior with mobilities of 10-1 (p) and
103 cm2V-1s-1 (n) on TPA-modified substrates. Unfortunately, only for 21 the
material quantities were high enough for OSC experiments. In proof-of-principle
solution-processed OSCs a PCE of 3.10% in combination with the donor polymer
PCE-10 was obtained.[°ll For vacuum-processed OPV, a donor screening was
performed using CuPc (0.02%), DCV5T-Me (non-operational), DTDCPB (0.22%)

and a-6T (0.77%) in PH]J architecture. The good efficiency in combination with a-6T

I(E.?—| Ig O
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Figure 28: Chemical structures of boron-doped PAHs.

Literature-unknown materials were synthesized by Carina Miitzel (19, 22).
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originated from a good FF of 50% in combination with a Jsc¢ value of
-2.10 mA cm~2and a Voc of 0.72V. Inspired by the PHJ], a BH] device of 21 in
combination with a-6T was fabricated. Unfortunately, a decreased efficiency of only
0.11% compared with the 0.77% of the PH]J device, was obtained. Additionally, to
the use of 21 as acceptor material, its performance as a donor material in
combination with fullerene C70 was tested, too. In a PHJ architecture an efficiency of

0.69% was obtained, while again only 0.37% for the BH] device could be realized.

4.1.3 PBI-based Chromophores

Bay-substituted perylene bisimide (PBI) dyes, which were used for vacuum
sublimation are shown in Figure 29. All displayed materials were vacuum
sublimable. The phenyl-bearing tetraarylated PBIs (24[93.941) except of 24d showed
a n-type semiconductance of up to 10-3 cm2 V-1s-1in OTFTs. In initial OSC studies,
which were fabricated using a-6T as donor material in PH] architecture, these
materials showed efficiencies below 0.5%, which originated from low Voc and low
Jscvalues. The most potent candidate was 24c with its H-atom in imide-position, due
to its FF of 54%, which indicated good charge-transport properties in its thin film.
Therefore, 24c was used as an electron-transport layer for vacuum-processed
a-6T:C7o-based BH] solar cells, which yielded PCEs of 3.34%. This efficiency was
surprisingly good compared to the literature value of 2.4% for a conventional BH]J
0SCs.[%3] Unfortunately, these 24c-based OSCs show heavy light-soaking effects
limiting their use.l?¢l The naphthyl substitution in bay position as for 25 and 26 led
only to lower mobilities and due to insufficient material quantities the photovoltaic
performance could not be further tested. The most electron-poor chlorinated PBIs
271971 and 28[°8] did not show any solar cells performance in a-6T-based PHJ OSCs.
Like the tetraarylated PBIs, the tetraphenoxy PBI 29al°° afforded only a low
efficiency of 0.27%, which originates from a low Js¢ value of -0.92 mA cm-2.
Surprisingly, it was possible for 29a to turn a monomeric vacuum-sublimated film
into its J-aggregate by washing with a mixture of chlorobenzene and diiodoctane
(97:3).1100] This J-aggregate showed in the same device architecture a significantly
increased Voc from 0.68 V to 0.92 V but a slight reduction in Jsc yielding a PCE of
0.29%. The diphenylmethylene-bridged PBI 30 was used as an electron-
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Figure 29: Chemical structures of PBI-based materials for vacuum processing. For molecules 24-26 racemic
starting materials were used.

transporting layer in a-6T:C70-based OSCs, which showed an efficiency of 1.98%.

Like for 24 heavy light-soaking effects were observed.

4.1.4 DA- and DAD-type materials

All following materials 31-37 are well sublimable (Figure 30). For 31-34 either the
mobility in OTFT experiments (33[1011 and 34) or the material quantity (31 and 32)
were too low for further OSC investigations. The merocyanines 35 and 36[102] were
directly tested in vacuum-processed OSCs. In PH]J architecture in combination with
a-6T an efficiency of 0.04% for 35 and a significant higher efficiency of 0.56% for
36 were obtained. The squaraine-based DAD materials 37a and 37b were provided

by Prof. Dr. Takeshi Maeda.[193] These materials are characterized by a rigidification

Literature-unknown materials were synthesized by Dr. Rebecca Renner (24c) and by Oliver Nagler (30).



58 Reproducing OTFTs and OSCs

Figure 30: Chemical structures of addtional DA- and DAD-type materials. Chiral centers are marked with *. In
all cases racemic starting materials were used.

of the m-system due to intramolecular hydrogen bonds. Due to their energetic levels,
they were used as donor materials in PHJ and BH]J solar cells in combination with
the fullerene C7o. In combination with 37a an efficiency of 2.10% (PHJ) and 2.39%
(BHJ) was achieved, while for the fluorinated analogue 37b only 1.80% (BH]) was
obtained. The increased efficiency for 37a can be traced back to an increased FF of

549%, instead of 38% for 37b.

4.2 Screening for Solution-Processable Materials

For the screening of solution-processable materials three commercially available
high-performance donor polymers were used, namely PCE-10, PBDB-T and PM6
(Figure 31a). Combined with the inverted device architecture a new laboratory-
intern screening method for new potential NFA candidates was established. With
the three polymers the Voc can be varied in about 0.1 V steps, which originates from
these respective different HOMO levels for each polymer. This trend from PCE-10
over PBDB-T up to PM6 in Voc should be observed in every NFA screening, which
also serves as indicator for the functionality of a NFA candidate. Discrepancies from
this trend could indicate morphological problems, due to phase separation, that
would be indicative of poor reproducibility. An exemplary NFA screening-procedure
of the well-established fullerene acceptor PC71iBM with the energetic diagram of all

components and the respective J-V curve is shown Figure 31b and c. For the

Literature-unknown materials were synthesized by Dr. Magnus Mahl (31, 32) and Dr. Xiaoqi Tian (34).
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Figure 31: Chemical structures of donor polymer PBDB-T, PM6 and PCE-10 (a), Energetics of used materials
(b) and J-V curves of OPVs in ITO|ZnO|BH]|MoOs]|Al architecture based on PCE-10 (black), PBDB-T (red) and
PM6 (blue) in combination with PC71BM under AM1.5 G irradiation (c).

upcoming screening section of this thesis for new solution-processable NFA
candidates exemplary the best material combination is shown in Table 13. To
ensure that also materials with a lower solubility (<10 mg mL-1) could be
investigated, a total concentration of 15 mg mL-1 for a 1:1 mixture of donor and
acceptor was used for the initial spin-coating process, which occurs at 1000 rpm for

60s. For the initial screening, no additives or post treatment steps like thermal or

solvent vapour annealing were performed.

This subchapter mainly focusses on the use of polycyclic aromatic dicarboximides
(PADIs) for solution-processed OSCs. The most reported PADI for solution-
processed OPVs in the literature are based on PBIs (Figure 32 and Table 11). Single
PBIs without any chemical modification in ortho or bay position (PBI-iPent) exhibit
PCEs up to 3.7% in combination with a high-performance donor polymer.[104]
Hernett et al. further investigated the substitution in ortho position (PBI-3,7-DMO),
which lead to an similar efficiency of 3.6%.[105] Cai et al. and Mahlmeister et al.

synthesized bay-substituted single PBIs (TP-PBI), which enabled efficiencies of up
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S-Fuller-PMI

Figure 32: Molecular structures of the literature-known materials for solution-processed OSCs based on PADIs.

to 4.4% and 4.3%, respectively.[°4106] To further improve the efficiency, the next step
was the extension of the m-surface by bridging or by fusing two PBI units (0o-2PBI).
With this approach, it was possible to improve the OSCs efficiencies up to 8.3%, as
it was demonstrated by Wang et al. in 2017.11071 Recent research focusses on the
fusion of several PBI units and/or the combination with different chromophores as

it was shown by e.g. Meng et al. with their corannurylene pentapetalae (CRP-1),

Table 11: Photovoltaic properties reported in literature for devices based on NFAs shown in Figure 32.

Jsc Voc FF PCE
Donor Acceptor Ref.
(mAcm=2) (V) (%) (%)
PBDTTT-CT PBI-iPent -8.1 0.80 52 3.6 [104]
PBDTT-FTTE PBI-3,7-DMO -9.2 0.81 48 3.6 [105]
PCE-10 TP-PBI -9.7 087 46 41  [106]
PCE-10 00-2PBI -18.6 0.80 55 8.1 [107]
PBDB-T S-Fuller-PMI -12.6 091 68 7.8  [109]

P3TEA CRP-1 -15.5 1.06 67 11.0 [50]
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which led to efficiencies of up to 11.1% or with their fullerylene derivative affording

7.8% (S-Fuller-PMI).[50,108,109]
4.2.1 Tetraphenoxy-substituted PBIs

Bay-substituted PBIs (29a-g) with an H-atom at imide position were substituted
with different groups at the bay tetraphenoxy moiety (29al?1,29g[110l) and tested in
BHJ architecture combined with the donor polymer PBDB-T (Figure 33). All of these
solar cells exhibit modest FF in range of 30-40% and low Jsc and Voc values, which
led to low efficiencies of below 0.5%. Additional to these dyes, the commercially
available 2,6-di-iso-propylphenyl imide substituted tetraphenoxy PBI (38) was
tested in BH] OSCs in combination with the donor polymer PBDB-T, too. This OSC
showed a similar poor efficiency of only 0.24%, which can be traced back mainly to

the low Voc value of 0.26 V.
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Figure 33: Chemical structures of tetraphenoxy-substituted PBIs for solution-processed OSCs.

4.2.2 Shielded Polycyclic Aromatic Dicarboximides

Shielded electron-poor polycyclic aromatic dicarboximides (PADIs) based on PBIs,
terrylene diimides (TDI) and the nanographene tetraimides (NGTI) with different
imide substituents, which were combined with the donor polymer PM6 are shown
in Figure 34. The shielding of the respective chromophore’s m-core from the imide
substituted should prevent over-aggregation and therefore too strong phase

separation of these materials during spin-coating. Chemically, the shielding was
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Figure 34: Chemical structures of imide-substituted PADIs.

performed by introducing bulky imide substituents like 2,6-di-iso-propylphenyl
(DIPP) or a diphenylphenyl which was further decorated with tert. butyl or n-hexyl
substituents. The various imide substitution should affect the solubility and enable
the control of the shielding as well as the aggregation behavior. The PBIs
39b-d[111112] exhibit an efficiency of about 2.4%, which is close to the best literature
values for single PBIs of around 3.7% as mentioned above. The efficiency of 2.4%
can be traced back to an impressive Voc over 1 V combined with medium FF of 30-
40%. Only 39a and showed a lower efficiency of 2.13%, due to decreased Voc and
Jsc, respectively. The OSCs based on TDIs 40a and 40b were not operating, due to
insufficient film-formation properties. The at para-position substituted 40c and 40d
showed better film-formation and efficiencies of 2.09% and 2.34% were obtained,
respectively.[112113] Compared with the PBIs, higher FFs of 40-45% but lower Voc of
about 0.95 V were observed. The NGTI 41al114] yielded non-operational devices to
the same reasons as for the TDIs, while 41b, 41cl115] and 41d led to operating OSCs.
The highest efficiency was obtained for the hexyl-functionalized NGTI 41d with a
peak performance of 7.10%, followed by tert. butyl-containing derivatives 41c and

41b with efficiencies of 6.42% and 4.20%, respectively. The increased efficiency of

Literature-unknown materials were synthesized by Dr. Magnus Mahl (41b) and Julius Albert (41d).
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41d compared with the other derivatives originated from an increased FF of up to
56% and from an increased Jsc of up to =10.79 mA cm-2. The impressive efficiencies
of over 7%, which were obtained even when shielding the respective m-surface
through bulky imide substituents cannot be explained with the help of the classical
doctrine in organic electronics, where m-1t stacked aggregates are responsible for
exciton- and charge transport. This result will be further elaborated and discussed

in Chapter VIIL

4.2.3 PBI- and Benzo[ghi]perylene trisimide-based Materials

As the bridging of PBIs often leads to higher PCEs as shown in der literature, in
following, Bis-PBls and their monomeric analogues as well as benzo[ghi]perylenes
trisimides (BPTIs) are investigated (Figure 35). Single and Bis-PBIs 42 and
43(R)[116] ]led in combination with PBDB-T to efficiencies of 0.67% and 2.91%,
respectively. The main difference between these two devices was the remarkable
higher Jsc value of -7.86 mA cm~2 for 43(R) in comparison to the single PBI 42 with
only -1.88 mA cm~2. Similar BPTIs 44[117] and 45[117] feature analogue substitution
as for 43(R). 44- and 45-based 0SCs yielded efficiencies of 0.87% and 1.62% in
combination with PM6, respectively. Both BPTIs exhibit similar FFs of about 35%,
but significantly changed Voc and Jsc values, which had the most impact on the
respective performance. 46 and 47 are both pyridine-bridged Bis-PBIs.[118] While
the single-pyridine bridge containing 46 led to an efficiency of 2.52%, the double-
pyridine bridged 47 did not show any photovoltaic performance, due to insufficient
film-formation properties. The relatively high PCE for 46 originates from a high Voc
of 1.04 V in combination with a medium Jsc of -6.71 mA cm-2. Only the low FF of
35% seems to limit the device’s efficiency. The “exotic” NFA candidates 48 and 49
are based on a dihydroxy PBI, which are either connected to one silicon endgroup
or interconnected by a boron bridge towards a PBI, respectively. In the case of 49
tetrabutylammonium was used as anion. The silicon-containing PBI 48 afforded a
PCE of 1.23%, while a Bis-boron-containing PBI 49 afforded a PCE of only 0.68%.
Both materials exhibited the same Voc of about 0.7 V and FF of about 35% but
significantly different Jsc values of -4.57 mA cm2 for 48 and of -2.14 mA cm~2 for
49. The here presented single and Bis-PBIs and Bis-BPTIs show good Voc values in
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Figure 35: Chemical structures of single and bridged PBI- and BPTI-based materials. Chiral centers are marked
with *. In case of 46 the R enantiomer was used.

solution processed OSCs. Unfortunately, low Jsc values and FFs limiting their

efficiencies.

4.2.4 Miscellaneous Polycyclic Aromatic Dicarboximides

All remaining PADIs are shown in Figure 36. The fullerylene-based polycyclic

aromatic dicarboximide 50 afforded an efficiency of 1.31% in combination with

Literature-unknown materials were synthesized by Oliver Nagler (48, 49).
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PCE-10. The mixture with PM6 led to a lower efficiency of only 1.14%. Both OSCs
exhibited good Voc values of 0.87 V and 1.08 V, respectively, but unfortunately, low
FFs below 30%, which limit the overall device efficiencies. A OSC based on a PADI
with a central corannulene unit (51) achieved a PCE of 2.0% in combination with
PM6 and an efficiency of 2.1% with PCE-10.[1191 The good efficiencies can be traced
back to good Jsc value of up -6.71 mA cm~2 (+PCE-10) in combination with good Voc

-

R1 = "C6H13
R? = --CgHy7
R%=--

Figure 36: Chemical structures of additional PADIs.

Literature-unknown materials were synthesized by Bernhard Mahlmeister (50) and Dr. Magnus Mahl (53-55).
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values of up to 1.02V (+PM6). 55 is today the second best corannulene based
molecular system as NFA in solution-processed OSCs. This acceptor was therefore
further investigated as it is shown in Chapter VI. Analogue molecular structures
based on PADIs, but with changed central donor units, led to lower efficiencies. The
azulene-containing material 52[1201 was not operational in BH] OSCs, while the DTP-
based 53 containing devices afforded an efficiency of only 0.02%, which can be
traced back to poor Voc and FF. The DPP-based polycyclic aromatic dicarboximide
(PADI) 54 and the indacenodithienothiophene containing 55 afforded low PCEs of
0.22% and 0.28%, respectively, in combination with PCE-10. In both cases the low
PCEs originate from a low FF of about 30% and from low Jsc values. The triangle
shaped naphthalimide-annulated coronene 56[121] afforded an efficiency of 0.51% in
combination with PM6. Like in the most cases of this class of dyes, low Jsc and FF are

again limiting the PCE.
4.4 Conclusion

Within this chapter, new material screening testing routines were established for
the search for new non-fullerene acceptors (NFAs) for solution- and vacuum-
processed organic solar cells (OSCs). New candidates for vacuum-processing are
first tested towards their sublimation behavior and their charge-transport
properties in organic thin-film transistors (OTFTs), before initial trials in OSCs in
combination with small molecule donors are conducted. For solution-processable
materials, the screening was directly performed via the fabrication of inverted BH]

0SCs in combination with three donor polymers e.g. PCE-10, PBDB-T and PM6.

This chapter gave an overview on more than 90 molecules, which were tested in
organic electronic devices with the aim to find suitable NFA candidates for OSCs. The
achieved PCE values in dependence on the observed Jsc values, which is in most of
the cases the bottleneck towards efficient devices, is illustrated in Figure 37. For
vacuum-processed NFAs six material yielded efficiencies above 0.5%, while 18
materials exhibit an OTFT mobility of 10-3 cm? V-1 s-1 or higher. It is noticeable that
among the vacuum-processed OSCs, most of the functional devices were each made
in combination with a-6T. Therefore, it can be assumed that a-6T forms a good
interface to many different acceptors. Nevertheless, its use is limited by its relatively

high HOMO and LUMO levels. For solution-processed NFAs 14 materials achieved
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Figure 37: PCE-/sc plot for vacuum-deposited (a) and solution-deposited (b) NFA based 0SCs.
efficiencies above 2.0%. For many of the here presented NFA-based OSCs it was
possible to achieve decent Voc values and FFs reaching maximum values of 1.12'V
and 57%, respectively. The main bottleneck towards efficient OSCs is the limitation
of the Jsc, which originates presumably from large recombination rates. Generally,
the vacuum-processed NFAs yielded efficiencies of up to 1.08%, while for solution-
processed NFAs it was possible to achieve PCEs of up to 7.10%. However, four
material classes stood out from the others due to morphological and opto-electronic

factors and were therefore investigated in more detail.

Thus, the well-sublimable and strong absorbing small quinoidal
cyclopentadithiophenes 1a-d showed a high charge-carrier mobility of up to
10-2cm2V-1s-1 in OTFTs and an efficiency of up to 0.64% in OSCs for 1a in
combination with the small molecular donor MD376. These new materials were
investigated towards their optoelectronic properties, which finally led to the results

discussed in Chapter V.

Furthermore, the boron-doped polycyclic aromatic hydrocarbon 21 showed one of
the highest charge-carrier mobilities for a boron-doped PAHs so far and was
therefore tested in solution-processed OSCs, which yielded in an efficiency of up to
3.10% in combination with the donor polymer PCE-10. This proof-of-principle
showed that boron-doped PAHs are suitable candidates for non-fullerene acceptors.
This result was published by Farell et. al in 2020.[°1] Unfortunately, it was not
possible to exceed the efficiencies of this initial solution-processed OSCs by

additional vacuum-processed devices.
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The shielded perylene bisimides (PBIs) 39a-d and nanographene tetraimides
(NGTIs) 41a-d showed OSC efficiencies of up to 2.5% for the PBIs and up to 7.1%
for NGTIs, respectively. These remarkable high efficiencies are even more surprising
when considering that the large imide substituents of these dyes should prevent
intimate acceptor-acceptor interactions, which are deemed necessary for charge
transport. To clarify this observation a systematic study of the optical, structural,
and photovoltaic properties was conducted, which led to the results discussed in

Chapter VII.

Furthermore, PADI 51 showed an efficiency of up to 2.1% in solution-processed BH]
solar cells. At this time, this was the highest reported efficiency of a corannulene-
based NFA. Therefore 51 was further studied by self-assembly experiments and

device optimization, which led to the results shown in Chapter VI.

All in all, new laboratory intern screening methods were established, yielding in a
fast and material-savingly screening procedure of several different molecular
structures. While various new and interesting material systems were found, it

remains elusive to predict the OSC performance based on molecular properties.
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4.5 Overview of Photovoltaic Properties
451 Materials studied in Vacuum-Processed Devices

Table 12: Overview of materials which were applied in vacuum-processed organic solar cells (* racemic starting materials, 2 purification not possible, b not sublimable, ¢ deposited as
monomer, 4 deposited as J-aggregate). Donors are marked in blue while acceptors are marked in red.

Material Ref. OTFT OPV
(Initial Name) Substrate H Process Usage Architecture Jsc Voo FF — PCEM
(cm2V-1s-1) (mAcm-2) (V) (%) (%)
1a (PC-1-0Oc) [83] TPA 10-2 (n) \% A PH] ITO|MoO3|MD376|1a|BCP|Al -1.54 086 47 0.62
\% A PH] ITO|Mo0s|35|1a|BCP|Al -1.10 0.64 52 0.36
\% A PH] ITO|MoOs|2a|1a|BCP|Al -0.88 0.88 36 0.28
S A BH] ITO|ZnO|PM6:1a|MoOs3|Al -3.31 0.56 44 0.86
1b (PC-1-Ethex)* [83] TPA 10-*(n) % A PH] ITO|Mo0O3|MD376|1b|BCP|Al -0.46 0.88 27 0.11
1c (PC-1-Pr) [83] TPA 10-5(n) \% A PH] ITO|MoO3|MD376|1c|BCP|Al -0.40 074 17 0.05
1d (PC-1-Ph) [83] TPA 10-5(n) \% A PH] ITO|MoOs|2-Oc|1d|BCP|Al -0.49 091 22 0.10
le (PC-1-Me) TPA 10-*(n) \Y A PH] ITO|ZnO|1e|CuPc|Mo03|Al Non-operational
2a (PC-2-0c¢) [82] Bare 10-3(p) \% D PH] ITO|Mo0s|2a|C70|BCP|Al -2.18 112 46 1.18
2b [82] - - \% D PH] ITO|MoOs|2b|3b|BCP|Al -0.13 0.50 25 0.02
S D BH] ITO|ZnO|2b:1a| MoOs]|Al -0.75 0.70 33 0.18
2¢ (PC-2-Pr) [82] Bare 10-5 (p) \% D PH] ITO|MoOs|2¢|3d|BCP|Al -0.72 0.74 27 0.17
2d (PC-2-Ph) [82] Bare 10-5 (p) \% D PH] ITO[MoOs|2d|C70|BCP|Al -2.98 090 44 1.26
2e (PC-2-Me) [82] Non-operational \Y D PH] ITO|MoOs|2e|C70|BCP|Al -3.94 092 45 1.80
\% A PH] ITO|MoOs|a-6T|2e|BCP|Al -2.71 0.64 53 1.08
3a (PC-3-0c¢) [82] TPA 10-3 (n) \% A PH] ITO|ZnO|3a|2a|Mo0s3|Al -0.11 056 31 0.02
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Material Ref. OTFT OPV
(Initial Name) Substrate H Process Usage Architecture Jsc Voo FF — PCEM™
(cm2zV-1s-1) (mAcm-2) (V) (%) (%)
S A BH] ITO|ZnO|PM6:3a|Mo0s|Al -1.43 037 41 0.22
3b [82] - - \ A PH] ITO|MoOs|2b|3b|BCP|Al -0.13 0.50 25 0.02
S A BH] ITO|ZnO|PM6:3b|Mo0s]|Al -2.27 0.79 45 0.91
3c (PC-3-Pr) [82] TPA 10-3 (n) \ A PH] ITO|ZnO|3c|CuPc|Mo0s|Al -1.24 024 34 0.10
3d (PC-3-Ph) [82] TPA 10-2 (n) \ A PH] ITO|ZnO|3d|CuPc|MoOs|Al -1.19 023 51 0.21
3e (PC-3-Me) [82] TPA 10-3 (n) \Y% A PH] ITO|MoO3|DCV5T-Me|3e|BCP|Al -2.26 0.76 45 0.79
4a (KB-1-Pr) [86] TPA 10-3(n) - - - - - - - -
4b (KB-1-Ph) [86] TPA 10-3(n) - - - - - - - -
4c (KB-1-iPent) [86] TPA 10-3(n) \ A PH] ITO|MoOs|35|4c|BCP|Al -1.32 0.56 36 0.27
4d (KB-1-Bu) [86] TPA 10-3(n) - - - - - - - -
5 (FK03) [82] - - \ D PH] ITO|MoOs|5|C70|BCP|Al -5.26 0.77 58 2.43
\Y% D BH] ITO|Mo0s3|5:C70|BCP|Al -7.04 1.08 45 3.65
6a (KB-3-Pr) [82] TPA 10-3 (n) \Y% A PH] ITO|MoOs3|35]|6a|BCP|Al -1.39 0.80 34 0.41
6b (KB-3-Ph) [82] TPA 10-* (n) \Y% A PH] ITO|ZnO|6b|CuPc|Mo0s|Al -1.03 034 50 0.19
6c (KB-3-Pent) [82] TPA 10-2 (n) \Y% A PH] ITO|MoOs3|a-6T|6¢|BCP|Al -191 032 50 0.32
6d* [82] - - S A BH] ITO|ZnO|PCE-10:6d|Mo0s]Al -4.20 0.65 54 1.50
71l - - - - - - - - -
8 TPA 10-3 (n) \' A PH] ITO|MoOs|a-6T|8|BCP|Al Non-operational
9lal - - - - - - - - -
10 Non-operational \ A PH] ITO|MoOs|a-6T|9|BCP|Al Non-operational
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Material Ref. OTFT OPV

(Initial Name) Substrate H Process Usage Architecture Jsc Voo FF — PCEM™

(cm2zV-1s-1) (mAcm-2) (V) (%) (%)

11 TPA 10-5 (n) - - - - - - - -

12 - - \ A PH] ITO|MoOs|a-6T|12|BCP|Al Non-operational

13 (RR242)[b] [87] - - - - - - - - -

14 (PC-19) [88] TPA 10-5 (n) - - - - - - - -

15a (DCV-DTP-Ethex)* [88] - - \ A PH] ITO|MoOs|a-6T|15a|BCP|Al -3.40 0.60 44 0.99

15b (DCV-DTP-Pr) [88] - - \Y% A PH] ITO[|MoOs|a-6T|15b|BCP|Al -2.70 049 38 0.56

16 (TDA2T(Et)-DCV) - - \Y% A PH] ITO|MoOs|a-6T|16|BCP|Al -2.05 032 47 0.32

17 (SP-B-4) Non-operational - - - - - - - -

18 (CM218)[l [90] - - - - - - - - - -

19 (CM236) Non-operational - - - - -

20 (CM255) [91] Non-operational - - - - - - -

21 (CM064) [91] TPA 10-3 (n) S A BH] ITO|ZnO|PCE-10:21|Mo0s]|Al -8.44 0.87 40 3.10
\ A PH] ITO|MoOs3|CuPc|21|BCP|Al -0.07 0.60 31 0.02
\ A PH] ITO|MoO3|DCV5T-Me|21|BCP|Al Non-operational
\Y% A PH] ITO|MoO3|DTDCPB|21|BCP|Al -0.74 1.04 22 0.22
\Y% A PH] ITO|MoOs|a-6T|21|BCP|Al -2.10 0.72 50 0.77
\Y% A BH] ITO|MoOs|a-6T:21|BCP|Al -0.51 0.64 32 0.11
\Y% D PH] ITO[Mo03|21|C70|BCP|Al -2.64 0.72 36 0.69
\Y% D BH] ITO|Mo003|21:C70|BCP|Al -1.42 1.04 23 0.37

22 Non-operational S A BH] ITO|ZnO|PCE-10:22| MoO3|Al Non-operational
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Material Ref. OTFT OPV
(Initial Name) Substrate H Process Usage Architecture Jsc Voo FF — PCEM™
(cm2zV-1s-1) (mAcm-2) (V) (%) (%)
23 (CM200) [92] TPA 10-3 (n) - - - - - - - -
TPA 10-1(p) - - - - - - - -
24a (ReRe255)* [93,94] TPA 10-* (n) \Y% A PH] ITO|ZnO|24a|a-6T|Mo0Os|Al -1.39 0.76 42 0.44
24b (ReRe173)* [93,94] TPA 10-3 (n) \Y% A PH] ITO|ZnO|24b|a-6T|MoOs|Al -0.78 0.61 34 0.18
24c (ReRe246)* TPA 10-3 (n) \Y% A PH] ITO|ZnO|24c|a-6T|MoOs|Al -0.75 0.52 54 0.21
\% A PH] ITO|MoOs|a-6T|24c|BCP|Al -1.56 0.56 52 0.47
\% ETLEl  BH] ITO|MoOs|a-6T:C70|24c|Al -10.32 0.80 41 3.34
24d (JA175)* [93,94] Non-operational \ A PH] ITO|ZnO|24d|a-6T|MoOs|Al -1.11 0.67 42 0.35
24e (ReRe307)* [93,94] TPA 104 (n) \ A PH] ITO|ZnO|24e|a-6T|Mo0Os3]Al -1.04 0.68 47 0.34
25 (ReRel74)* [93,94] Non-operational - - - - - -
26 (ReRe175)* [93,94] TPA 10-5 (n) - - - - - - - -
27 (BERPSE-60) [97] - - \ A PH] ITO|MoOs|a-6T|27|BCP|Al Non-operational
28 (CI8-PTCDI) [98] - - \ A PH] ITO|MoOs|a-6T|28|BCP|Al Non-operational
29ald (JT03) [99] - - \Y% A PH] ITO|Zn0]|29-M|a-6T|Mo0s3]Al -0.92 0.68 44 0.27
29aldl (JTO3) [99] - - \Y% A PH] ITO|Zn0O|29-J|a-6T|MoOs|Al -0.72 092 44 0.29
30 (ON126) TPA 10-5 (n) \Y% ETLEl  BHJ ITO|MoOs|a-6T:C70|30|Al -8.52 0.61 32 1.98
31 (MM482)* FOPA 10-3 (p) - - - - - - - -
32 (MM430) FOPA 10-* (p) - - - - - - - -
33 (C32-Bu) [101] TPA 10-* (n) - - - - - - - -

34 (XT-4c)

Non-operational
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Material Ref. OTFT OPV
(Initial Name) Substrate H Process Usage Architecture Jsc Voo FF — PCEM™
(cm2zV-1s-1) (mAcm-2) (V) (%) (%)
35 (AAE060) - - \Y% A PH] ITO|MoOs|a-6T|35|BCP|Al -0.29 0.25 28 0.04
36 (AAE031) [102] - - \Y% A PH] ITO|MoOs|a-6T|36|BCP|Al -1.65 0.75 43 0.56
37a (HA077) [103] - - \Y% D PH] ITO|MoOs3|37a|C70|BCP|Al -6.71 0.55 54 2.10
\Y% D BH] ITO|MoOs|37a:C70|BCP|Al -7.74 072 41 2.39
37b (TS10701) [103] - - \Y% D BH] ITO|Mo003|37b:C70|BCP|Al -6.69 0.71 38 1.80
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4.5.2 Materials studied in Solution-Processed Devices

Table 13: Overview of materials for the application in solution-processed organic solar cells (* racemic starting materials). Donors are marked in blue while acceptors are marked in
red. For those materials (39a-d, 41a-d and 51) which are further described in the upcoming chapters the optimized parameters are given and the screening PCEM2x is given in brackets.

Material Ref. Process Usage Architecture Jsc Voc FF PCEMax
(Initial Name) (mA cm-2) ) (%) (%)
29a [99] S A BH] ITO|ZnO|PBDB-T:29a|Mo0s|Al -1.28 0.60 37 0.28
29b [110] S A BH] ITO|ZnO|PBDB-T:29b|Mo03|Al -1.13 0.64 38 0.27
29c [110] S A BH] ITO|ZnO|PBDB-T:29¢c|Mo0s|Al -0.99 0.76 40 0.30
29d [110] S A BH] ITO|ZnO|PBDB-T:29d|Mo0s3|Al -1.46 0.68 38 0.38
29e [110] S A BH] ITO|ZnO|PBDB-T:29e|Mo0s]|Al -1.59 0.52 39 0.32
29f [110] S A BH] ITO|ZnO|PBDB-T:29f|Mo0s|Al -1.67 0.32 30 0.16
29g [110] S A BH] ITO|ZnO|PBDB-T:29g|Mo0s|Al -1.80 0.52 35 0.33
38 S A BH] ITO|ZnO|PBDB-T:38|Mo03|Al -2.71 0.26 28 0.24
39a S A BH] ITO|ZnO|PM6:39a|Mo0s|Al -5.04 0.95 40 2.13(1.68)
39b (SiSo-1c) [111] S A BH] ITO|ZnO|PM6:39b|Mo0s]Al -5.71 1.09 38 2.53(1.71)
39c¢ (SiSo-1b) [111] S A BH] ITO|ZnO|PM6:39¢c|Mo0s]Al -5.48 1.02 37 2.46(1.55)
39d (SiSo-1d) [112] S A BH] ITO|ZnO|PM6:39d|Mo0s3|Al -5.70 1.03 37 241
40a (SiSo-2a) [113] S A BH] ITO|ZnO|PM6:40a|Mo0Os3|Al Non-operational

40b (SiSo-2c) [112] S A BH] ITO|ZnO|PM6:40b|Mo03|Al Non-operational

40c (SiSo-2b) [112] S A BH] ITO|ZnO|PM6:40c|Mo0s|Al -5.20 0.95 41 2.09
40d (SiSo-2d) [112] S A BH] ITO|ZnO|PM6:40d|Mo0s3]Al -5.26 0.96 44 2.34
41a (SS197) [114] S A BH] ITO|ZnO|PM6:41a|Mo0Os3]|Al Non-operational

41b (MM420) S A BH] ITO|ZnO|PM6:41b|Mo0s]Al -8.59 1.08 44 4.20(3.44)
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Material Ref. Process Usage Architecture Jsc Voc FF PCEMax
(Initial Name) (mA cm-2) 2] (%) (%)
41c (MM421) [115] S A BH] ITO|ZnO|PM6:41c|Mo0s]Al -10.75 1.02 54 642 (3.74)
41d (JA343) S A BH] ITO|ZnO|PM6:41d|Mo0s3|Al -10.79 1.04 56 7.10(6.99)
42 [116] S A BH]  ITO|ZnO|PBDB-T:42|Mo0s|Al -1.88 0.96 32 0.67
43(R) [116] S A BH] ITO|ZnO|PBDB-T:43|Mo0s|Al -7.86 0.84 42 291
44 (BT-127b) [117] S A BH] ITO|ZnO|PM6:44|Mo0s]Al -2.90 0.87 34 0.87
45 (BT_MJL_30H) [117] S A BH] ITO|ZnO|PM6:45|Mo0s|Al -6.12 0.70 36 1.62
46 (MS69) [118] S A BH] ITO|ZnO|PM6:46|Mo00s|Al -6.76 1.04 35 2.52
47 (MS70) [118] S A BH] ITO|ZnO|PM6:47|Mo003]Al Non-operational
48 (ON99) S A BH] ITO|ZnO|PCE-10:48|Mo0s]|Al -4.57 0.72 35 1.23
49 (ON57) S A BH] ITO|ZnO|PM6:49|Mo0s|Al -2.14 0.73 36 0.68
50 (BM65) S A BH] ITO|ZnO|PCE-10:50|Mo0s]|Al -5.17 0.87 29 1.31
ITO|ZnO|PM6:50|M0o0Os3|Al -3.91 1.08 27 1.14
51 (C44-Ce6) [119] S A BH] ITO|ZnO|PM6:51|Mo0s]Al -4.52 1.02 40 2.0
ITO|ZnO|PCE-10:51|Mo03|Al -6.71 0.82 36 2.1(1.5)
52 (BPW-199) [120] S A BH] ITO|ZnO|PBDB-T:52|Mo0s3]|Al Non-operational
53 (MM419) S A BH] ITO|ZnO|PCE-10:53|Mo0s]|Al -0.41 0.17 32 0.02
54 (MM287) S A BH] ITO|ZnO|PCE-10:54|Mo0s]|Al -0.87 0.74 30 0.22
55 (MM327) S A BH] ITO|ZnO|PCE-10:55|Mo0s]|Al -1.09 0.75 32 0.28
56 (BPW286) [121] S A BH] ITO|ZnO|PM6:56|Mo0s3|Al -1.85 0.8 34 0.51
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5.1 Abstract

Current research in the field of organic photovoltaics (OPVs) is mainly focusing on
the application of non-fullerene acceptors (NFAs) in solution-processed materials.
Another promising area for their commercial application is all-vacuum-processed
organic solar cells (OSCs) enabling not only the formation of homogenous thin films
but also the construction of very complex multi-layered architectures. In this field
fullerenes Ceéo and Czo still play the major role as acceptor materials, while
alternatives with better optical features still remain rarely reported. One fascinating
class of materials is quinoids, due to their interesting energetic properties, which
enable not only n-type charge transport but also strong absorption in the visible
spectral region even for low molecular weight molecules. Here, we report the
synthesis of a series of new vacuum-processable organic pigments based on
dicyanomethylene-endcapped cyclopentadithiophenes. This new class of materials
is characterized by a high tinctorial strength and a low-lying LUMO level enabling
n-type charge transport with mobilities of up to 10-2 cm?2 V-1s-1. Crystal engineering
was performed by introducing different residues at the cyclopentadithiophene,
which tunes the solid-state molecular packing and thin-film formation.
Supramolecular interactions are the dominating structural forces, which help in
explaining the organic thin-film transistor (OTFT) performance along with the film
morphologies. As a proof of principle, a power conversion efficiency (PCE) of up to
0.62% was observed in a fully vacuum-processed planar-heterojunction (PH]J)
device architecture combining our new quinoidal non-fullerene acceptors with a

merocyanine dye as the donor material.

5.2 Introduction

After the initial demonstration of organic light-emitting diodes (OLEDs) in the
middle of the last centuryl122], this first offspring of the field of organic electronics
has recently manifested itself in the mass market as a multi-billion dollar business
worldwide. Its sister technology, the organic photovoltaics, is today at the brink to
the market due to its appealing light-weight and flexible configuration in times with
strong interest in energy preservation and environment-friendly energy generation.
Since the first all-vacuum-processed organic solar cells reported by Tang et al. in

1986,1301 designing new and more efficient organic semiconducting absorber
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materials moved rapidly in the focus of this promising research.l4ll Nowadays
literature-known best but only solution-processable non-fullerene acceptors
(NFAs) achieve efficiencies of up to 18% in combination with high-molecular weight
donor polymers.[123.1] This clearly shows the beneficial impact of new NFAs to the
device performance compared to previously preferred fullerenes. In comparison to
fullerene-based systems, more light is accumulated by the device due to the
complementary absorption of both materials, which leads to higher
photocurrents.[124] NFAs allow tailor-made OPVs by energetic and optical fine tuning
with respect to optimized donor materials as well as interfaces.[125126] While many
NFAs are reported for solution-processed systems, which nowadays outperform the
fullerene-based predecessors, NFAs are still rather the exception for vacuum-
processed systems, which lag behind in power conversion efficiency (PCE). Contrary
to the polymer|NFA devices, sublimation in vacuum enables not only the formation
of solvent-free sustainable thin films of high homogeneity but also the construction
of sophisticated multi-layered architectures, which is already well established for
commercial OLEDs. However, NFAs have not yet met the performance level to
replace fullerenes in vacuum-processed OSCs. Thus, the reported most efficient
single-junction vacuum-processed OSC exhibits a PCE of 9.8% using fullerene C7o as
the acceptor and a small-molecule donor-acceptor-acceptor-type (D-A-A") donor
material.[127# Even higher efficiencies were observed for vacuum-processed
tandem cells, similar to those based on fullerene acceptors.l128129] The ideal
molecular properties for an efficient sublimable NFA should combine a high
absorbance with low molecular weight for generating high amounts of excitons in
thin layers(123] as well as suitable low-lying HOMO and LUMO levels, to enable not
only n-type charge transport but also high open-circuit voltages (Voc)[130l. On the
nanoscopic scale high exciton and electron mobilities are desired to avoid
recombination effects and to obtain a high fill-factor,[131.132] which is as important as
an appropriate morphology, that interplays with the donor to lower the energy loss
factor.[133] However, this morphology as well as the suitable interface to the donor
need to be formed instantly during the rapid deposition process (0.1-1.0 A s-1)
already at alow substrate temperature. Therefore, a preferential face-on orientation
of chromophores on the substrate with a high tinctorial strength is desired to allow

strong absorption in the already thin layers as well as high exciton generation.[134]

TIn 2022 the most efficiency NFA-based OSCs yielded 19.6%.[4]
* Higher efficiency were already reported yielding 10.2%.[60]



80 Quinoidal ADAs

Best performing non-fullerene planar-heterojunction (PH]J) solar cells based on two
active layer materials were fabricated by Cnops et al. using a subphthalocyanine as
the NFA and a sexithiophene (a-6T) as the donor with an efficiency up to 6.0%.[61]
Vacuum-processable oligothiophene systems like a barbituric acid-endcapped
bithiophene and a dicyanovinyl-endcapped oligothiophene achieve efficiencies of
up to 2.4% and 1.6% in a PH]J, respectively.[’8791 Therefore, the idea of using rigid
n-scaffolds instead of a flexible oligothiophene bridge is reasonable.[135] Also the
fusion between the donor (D) and the acceptor (A) moieties seems to be a way to
further tune the energetics as demonstrated for a library of efficient p-type ADA
small-molecule donors by the Marks’ group.[1361371 and several other
groups(>6.88138,139] nspired by the work of Pappenfuss et al., describing both the
synthesis and the molecular properties of a low-molecular weight quinoidal
dicyanomethylene-endcapped dithienopyrrole (DTPQ), suitable candidates based
on this structural motif can be imagined for application in organic electronics.[8¢]
Pappenfuss et al. well demonstrated through the conversion of the aromatic
dithienopyrrole to the quinoidal DTPQ along with decoration with the electron-rich
dicyanomethylene groups by an unexpected reaction pathway, that the absorption
is strongly bathochromically shifted as well as intensified. MARDER and coworkers
reported firstly on the synthesis, characterization and charge-carrier properties of
similar diselenopheno-[3,2-b:2’,3’-d]pyrrole derivatives. However, only an n-type
field effect mobility (zm) of 8.7x10-% cm?2 V-1 s-1 was observed in spin-cast layers.[140]
Along this line, Li and coworkers synthesized a dicyano-substituted quinoidal
oligothiophene bearing a cyclopentadithiophene core unit, which shows ambipolar
behavior with almost balanced electron (2x102cm2V-1s-1) and hole
(3x10-3 cm2V-1s-1) mobilities.[141] The quinoidal ADA motif was used by serval
groups in organic transistors[142-144] but its application as a NFA in OSCs is still rare.
e and coworkers synthesized a dicyanomethylene-endcapped oligothiophene and
due to the low-lying HOMO and LUMO levels it was used as the electron acceptor in
solution-processed OPVs.[143] [n the inverted architecture combined with the high-
performance donor polymer PBDB-T an efficiency of 1.39% was achieved. All these
compounds have in common that either large alkyl chains were implemented to
allow the necessary solubility or the chromophore’s m-system was significantly

extended. Both measures are rather undesired for vacuum-processed applications
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due to their detrimental impact on the sublimation behavior. Thus, we have decided
to design a new vacuum-sublimable pigment, which should crystallize in a layer-like
structure with slipped-stacked packing and a face-on orientation on the substrate.
Accordingly, we synthesized pigment-like chromophores based on quinoidal
dicyanomethylene-endcapped cyclopentadithiophenes (CPTQ), which should
likewise enable high absorbance and n-type charge-transport behavior. Theoretical
studies from Shen et al. regarding the chromophore unit show low-lying HOMO
(-6.5 eV) and LUMO levels (4.2 eV) as well as a diradical character of 0.286.[146] To
induce a face-on orientation on the substrate and a slipped-stacked packing in the
solid state we chose different substituents with varying flexibility and steric demand
at the central CPDT carbon atom like n-octyl (CPTQ-Oc), 2-ethylhexyl (CPTQ-EH),
n-propyl (CPTQ-Pr) or phenyl (CPTQ-Ph) to tune the molecular arrangement.
Herein, we report on the synthesis and molecular characterization of this so far not
reported series of quinoidal pigments along with their implementation as vacuum-

processable n-type semiconductors in OTFTs and NFAs in OSCs.

5.3 Results and Discussion

5.3.1 Synthesis and Molecular Properties

The synthesis of the here reported series of CPTQs was performed according to
literature-known procedures. First, cyclopentadithiophene derivatives (CPDT-R)
bearing either n-octyl, 2-ethylhexyl, n-propyl or phenyl substituents were
synthesized. To gain access to the desired quinoidal structure CPTQ-R, a
condensation step was performed by adding tetracyanoethene to the respective
cyclopentadithiophene derivative in dimethylformamide (DMF) as described by
Pappenfuss et al. (Scheme 1).[8¢]

All target molecules were obtained in decent yields from 18 to 31% and could be

purified not only using column chromatography but also using thermal gradient

NG CN
2 NC —N— n-Octyl = 8.'318'3.‘.’.
: NC ~_CN 2-Ethylhexyl= -
/S\ /S\ DMF, He§t|ng S S n-Propyl = CPTQ-Pr
(18-31%)  NC CN  Phenyi  =CPTQ-Ph
CPDT-R CPTQ-R

Scheme 1: Synthetic route for CPTQ-Oc, CPTQ-EH, CPTQ-Pr and CPTQ-Ph.
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sublimation in vacuum. These new materials were characterized via 'H and 13C
NMR, UV-Vis and fluorescence spectroscopy as well as high-resolution mass
spectrometry, cyclic voltammetry (CV), differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA) (for details see Chapter 5.5). All dyes are
decently soluble in dichloromethane, wherein the UV-Vis, fluorescence and CV
measurements could be performed (Figure 38 and Table 14). As expected for these
dyes bearing the same m-scaffold, similar absorption spectra are observed with a
pronounced vibronic structure and maxima (Amax) at about 530 nm, corresponding
to optical band gaps of approximately 2.34 eV. Fluorescence studies reveal almost
mirror image-like emission profiles with maxima at about 550 nm and very low
quantum yields (@n<1%) as well as short fluorescence lifetimes (< 0.5 ns)
(Figure 57 and Table 17). The molar extinction coefficients (&max) for all derivatives
are in the range of 80000-90000 M-1cm-1, which is very promising for application
in organic photovoltaics. Indeed, their absorption densities (eg? M~1) defined by the
square of the transition dipole-moment (ueg) per molar mass (Mw) are in the range
of 0.19-0.28 D2mol g-1, which is comparable to other strong absorbers that are

applied as donor components in OSCs.[147]
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Figure 38: a) UV-Vis absorption spectra of CPTQ-R derivatives in dichloromethane (top, photo of a 0.5 mg mL-!
CPTQ-EH solution) and of vacuum-deposited thin films (30 nm, photo CPTQ-EH) on quartz (bottom) at room
temperature. b) Cyclic voltammograms (relative to Fc/Fc*) measured in dichloromethane (2.5x10-4 M) at room
temperature with addition of BusNPFs. c) Calculated frontier molecular orbitals and their energies of the CPTQ
chromophore.
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The thin-film UV-Vis spectra were obtained by thermal evaporation of the materials
as a 30 nm thick layer on top of a quartz substrate at 20 °C, like for later the OPV
fabrication. The rather low sublimation temperature is increasing in the order
CPTQ-EH (80 °C), CPTQ-Pr (90 °C), CPTQ-0Oc (95 °C) and CPTQ-Ph (115 °C), which
might be governed by the amount of intramolecular interactions (vide infra) and
increasing Mw. All materials show excellent thermal stability up to 320 °C, which
was proven using DSC and, for CTPQ-Oc, using TGA experiments (Figure 58,
Figure 59). The absorption profiles of these thin films are broader with respect to
the observed spectra in solution and their optical densities (OD) are observed to be
up to 0.6, which is appreciably high. The absorption band exhibits a small
bathochromic shift in the solid state of 30 nm (CPTQ-Oc), 36 nm (CPTQ-EH), 39 nm
(CPTQ-Pr) and 42 nm (CPTQ-Ph). The molecular HOMO and LUMO levels were
experimentally obtained via CV in CH2Cl2 with the addition of BusNPF¢ (Figure 38b,
Table 14). Two reversible reduction potentials were observed at almost the same
voltage for all derivatives. The first reduction potential (EwRed1) was found to be in
the range from -0.64 to -0.70 V versus Fc/Fc*. The second reduction potential

(EwRed2) was observed from —0.94 to —-1.01 V. Considering the energetic level for the

Table 14: Results of UV-Vis and CV experiments in CH2Clz as well as DSC and thermal evaporation experiments
for CPTQ-R.

AMax®0! AMaxF EMax Meg? M1 Eg
(nm) (nm) (M-1cm™1) (DZmol g1) (eV)
CPTQ-Oc 531 561 88200 0.20 2.32
CPTQ-EH 534 570 81400 0.19 2.33
CPTQ-Pr 531 570 89100 0.28 2.32
CPTQ-Ph 534 576 83200 0.23 2.33
EyRed2z  EyRedl  EygmoCV  Enomo®V Twp Tsp
(V) (V) (eV) (eV) (°C) (°C)
CPTQ-Oc -1.01 -0.70 -4.45 -6.77 142 95
CPTQ-EH -0.99 -0.64 -4.51 -6.84 202 80
CPTQ-Pr -0.98 -0.69 -4.46 -6.78 271 95
CPTQ-Ph -0.94 -0.64 -4.51 -6.84 331 115

UV-Vis data were measured in CHzClz solution and at room temperature. CV data were measured in CHzClz
(2.5 x 10-*M) with the addition of BusNPFs. The energy levels are according to Fc/Fc+ (-5.15 eV).[82] Melting
(Tmp) and sublimation (Tsp) points were obtained using DSC and an evaporation device (10-6 mbar),
respectively.
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Fc/Fc* oxidation at -5.15 eV the LUMO levels of the dyes were estimated. [82] All
materials show low-lying LUMO levels at about —4.5 eV. Using the optical band gap
of around 2.3 eV a HOMO level of about -6.8 eV was determined. DFT-calculations
yielded the HOMO and LUMO levels around -6.4 eV and -4.1 eV (Figure 13c),
respectively, which is in good accordance with the experimental CV data and to the
literature values.l1#6l Compared to the commonly used fullerene Ceo, which is still
the state-of-the-art material in highly-efficient vacuum-processed OSCs, the LUMO
levels here reported for our CPTQs are even 0.3 eV lower in energy, which should
be beneficial for charge separation at the donor-acceptor interface and will have an

impact on the open-circuit voltage of the device (vide infra).

5.3.2 Crystal Structure

Solvent-free single crystals of all compounds were successfully grown either by the
diffusion method of methanol into a chloroform solution (10-* M) followed by slow
solvent evaporation (CPTQ-Oc) or by sublimation (10-®mbar) on top of Si|SiO2
wafers in vacuum (CPTQ-EH, CPTQ-Pr and CPTQ-Ph). In the case of CPTQ-EH, the
alkyl-chains could be refined as disordered conformations of RR, SS and RS

ethylhexyl stereoisomers (see Chapter 5.5).

The chromophores are displayed in side view in Figure 39 (for additional
information see Table 18) and well depict the expected rigid m-scaffold as well as
the increasing steric demand at the central cyclopentyl moiety. While CPTQ-Oc and
CPTQ-EH with long and flexible alkyl chains show an almost planar m-system,
CPTQ-Pr and CPTQ-Ph are slightly distorted from planarity. The shielding
character of the long alkyl chains in the case of CPTQ-Oc and CPTQ-EH prevents a
part of the chromophore from additional in-plane interactions. The resulting space
in those derivatives is filled by alkyl chains. Derivatives with less flexible
substituents (CPTQ-Pr and CPTQ-Ph) exhibit a shorter distance between the
chromophores, which leads to more interactions and to a distortion of the n-scaffold.
For all derivatives, the molecular packing within the crystal structures is governed
by specific molecular interactions (Figure 40). Different types of non-covalent

interactions include directional dipole-dipole interactions, the coordination of the
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Figure 39: Solid-state molecular structures of CPTQ-Oc (a), CPTQ-EH (b), CPTQ-Pr (c) and CPTQ-Ph (d) within
their single-crystal structures in side (left) and top (right) view determined by single-crystal X-ray analysis.
Disorder of the CPDT residues are omitted and thermal ellipsoids are set at 50% probability.

electron poor nitrile groups to hydrogen or sulfur (CN--S/H), i.e. chalcogen
bonding,[148] and the antiparallel orientation of the partial dipole moments between
CN--CN along with n-m stacking. Dipole-dipole interactions become obvious from
the antiparallel alignment of neighboring molecules within one layer but also of
n-stacked chromophores, which originates from the ground state dipole moment
(1) of about 5.5 D (obtained from DFT). Additionally, the directional force of the
nitrile units by coordination to the sulfur atoms of the CPDT cores directs the layer-
like arrangement of molecules within the crystal structures. Those interactions are
similar to previously reported CN--Se interactions of squaraine dyes.[149] The two-
dimensional structures (CPTQ-Oc, CPTQ-EH and CPTQ-Pr) are additionally
characterized by CN--H interactions (2.4-2.7 A) between the nitrile groups as well
as the CPDT core. In the case of CPTQ-Ph these interactions are missing and the
CN--S (2.9-3.0 A) interactions combined with the steric cumbersome phenyl
residues lead to a tilted arrangement of multiple neighboring molecules. For all
derivatives CN--CN interactions (3.1-3.2 A) were observed, which originate from the
cancelation of the partial dipole moments. Especially for CPTQ-EH and CPTQ-Ph
those nitrile groups get in close contact to each other whereby polarization
interactions can be suspected. Within a layer of CPTQ-Oc, CPTQ-EH and CPTQ-Pr,
high hole-transfer integrals (for details see Chapter 5.5) were calculated to the CN---S
bonded neighbors, achieving values of up to 133 meV (t:) for CPTQ-EH. For
CPTQ-Ph the charge-transfer integrals are much lower. Therefore, we assume that

the tilted arrangement is unfavorable for charge transport. To the next layer, similar
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Figure 40: Solid-state molecular packing of neighboring molecules of CPTQ-Oc (a), CPTQ-EH (b), CPTQ-Pr (c)
and CPTQ-Ph (d) within their single-crystal structures indicating the most relevant supramolecular interactions
(left) like dipole-dipole interactions (arrows), hydrogen or chalcogen bonding involving nitrile groups (dotted
lines) as well as n-m interaction (middle and right, solid lines). Selected transfer integrals are given (middle) and
further data to all next neighboring molecules are listed in Table 20 (grey-carbon, blue-nitrogen, yellow-sulfur,
white-hydrogen).

interactions based on CN-S forces can be observed. While CPTQ-Oc, CPTQ-Pr and
CPTQ-Ph show a slipped arrangement of chromophores, CPTQ-EH crystallizes in a
columnar stacking. The highest electron-transfer integral to the closest molecule of
the next layer was observed for CPTQ-Oc with values of -120 and -128 meV (t-).
For CPTQ-Pr and CPTQ-Ph the charge-transfer integrals are much lower, while for
CPTQ-EH it is almost 0 meV. This suggests that CPTQ-Oc shows good electron-
transport properties within one layer and to the next layer, while CPTQ-EH shows

almost no charge transport to the next layer.

In the side view of the packing of the chromophores of CPTQ-Oc, two different -
distances were observed: firstly, two neighboring molecules with a close T-1t contact

of 3.5 A and secondly, a neighboring layer of molecules with a distance of about
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8.7 A, which originate from the spatial orientation of the space-demanding octyl-
chains. Hence, a double-layered structure is formed in which excellent percolation
pathways for electrons should exist according to the high transfer integrals. In
CPTQ-EH, all layers are separated by a m-m distance of 7.4 A, which is detrimental
for charge transport. In contrast to CPTQ-Oc, monolayers of CPTQ-EH are formed.
In CPTQ-Pr, all monolayers stack at an equal m-m distance of only 3.4 A4,
unfortunately with only a minor n-n overlap leading to small transfer integrals (¢-).
Unlike CPTQ-0Oc, CPTQ-EH and CPTQ-Pr, CPTQ-Ph exhibits a continuous three-
dimensional packing motif. Two ribbons of chromophores were observed with a
- distance of 3.3 A and tilted to each other at 43.5°. Comparing the different crystal
structures and the calculated values for the charge-transfer integral with regards to
possible charge-transport properties in the thin film, the mobility should decrease

in the order of CPTQ-Oc, CPTQ-Pr, CPTQ-Ph, and CPTQ-EH.

5.3.3 Charge Transport and Thin-Film Morphology

Subsequently, organic thin-film transistors (OTFTs) were fabricated in a bottom-
gate-top-contact architecture by sublimation of a 30 nm thick layer of CPTQ-R on
top of (heated) n-tetradecylphosphonic acid (TPA)-modified Si|SiO2|AlOx
substrates. All rapidly grown layers deposited at a substrate temperature of 20 °C,
similar to the later OSC production, showed n-type charge-transport behavior under
inert conditions in accordance with their low-lying LUMO levels (Figure 41,
Figure 60, Figure 61, Table 15). All devices unfortunately exhibit a rather significant
hysteresis between the bidirectional sweeps, which is probably caused by trapped
states at the surface or between the many grain boundaries. Only subtle differences
with the exception of CPTQ-Oc can be observed in their respective morphologies
visualized using atomic force microscopy (AFM), showing smooth layers composed
of small domains and accordingly the minor impact of the side chains on the thin-
film formation at a substrate temperature of 20 °C (Figure 42, Figure 62). Thin films
of CPTQ-EH exhibit the highest charge-carrier mobility (xn) of 10~ cm2V-1s-1, a
threshold voltage (Vru) of 5V and an on/off-current ratio (lon/lof1) of about 103
within this series. All other derivatives showed a slightly smaller n-type mobility of
about 10-5cm?2V-1s-1 and an lon lofr'! value around 102. While all materials behave

very similarly when deposited onto the substrates at 20 °C, their respective thin-
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Figure 41: Transfer characteristics of vacuum-processed OTFTs of CPTQ-Oc (black), CPTQ-EH (red), CPTQ-Pr
(blue) and CPTQ-Ph (pink) on TPA-modified Si|SiO2|AlOx substrates (L =100 um, W =200 um, Ves=50V,
forward (symbols) and backward (dotted) sweep). Transfer characteristics for optimized OTFTs based on
CPTQ-Oc were obtained by increasing substrate temperature up to 40 °C (green) and 50 °C (dark blue) while
decreasing semiconductor layer thickness to 15 nm.

film growth changed significantly at elevated substrate temperatures. Already at
substrate temperatures of 40 °C thin films of CPTQ-EH, CPTQ-Pr and CPTQ-Ph
became discontinuous although larger domains were formed (Figure 62) and no
charge transport was detected. Only in the case of CPTQ-Oc, it was possible to
further increase the OTFT performance up to 10-2 cm?2 V-1s-1 by elevating substrate
temperature, by varying of the layer thickness and by optimizing the architecture
(L=1000 um, W= 20 pm, Vps =70 V). This value is one order of magnitude higher
than that for the previously reported diselenophenodithiophene in spin-coated thin

films by Getmanenko et all'%0] and in good accordance with other quinoidal

Table 15: Characteristic values for OTFTs of CPTQ-Oc, CPTQ-EH, CPTQ-Pr and CPTQ-Ph in
Si|SiO2|AlOx|TPA|CPTQ-R|Au architecture (L =100 um, W =200 pm) deposited onto heated substrates
(Tsubstrate) with varying layer thickness (dac). The field-effect mobility was calculated in the saturation regime
(Ves=50V).

Tsubstrate dAc. Lin Vrh Lon Lof!
(°C) (nm) (cm? V-1s71) (V) (1)
CPTQ-EH 20 30 1x10-4 5 103
CPTQ-Pr 20 30 2x10-5 8 102
CPTQ-Ph 20 30 1x10-5 14 102
CPTQ-Oc 20 30 1x10-5 7 102
40 15 5x10-3 5 10°

50 15 1x10-3 -2 105
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semiconductors.[150151] The observed mobility values seem at first glance to
contradict the assumptions that resulted from the crystal-structure analysis, where
the expected mobility should decrease in the order of CPTQ-Oc, CPTQ-Pr, CPTQ-Ph,
and CPTQ-EH. This discrepancy can be explained with the help of AFM images,
revealing the morphologies of the sublimated thin films, which provide insights into
their inherent tendency for crystallization guided by their CPTQ residues
(Figure 42a-d). At a substrate temperature of 20 °C, CPTQ-Ph forms a smooth
homogeneous layer on the substrate. Individual domains cannot be observed as
these are estimated to be in the lower nanometer scale. The low root mean square
(Rq) value of 2.6 nm indicates low crystallinity. CPTQ-Pr exhibits already at 20 °C
de-wetting character. Spherical domains are visible, which form a closed layer on
top of the substrate with a Rq value of 3.1 nm. The domains have an average size of
145 nm. In contrast, CPTQ-EH displays already domains with a needle-like shape
with an average size of up to 180 nm. The defined shape of the particles might
indicate higher crystallinity in contrast to the other derivatives, which would
support the highest charge-carrier mobility obtained for deposition at 20 °C. In
comparison to CPTQ-Ph and CPTQ-Pr the Rq value for CPTQ-EH has increased to
6.5 nm. The thin-film morphology of CPTQ-Oc shows a closed layer, which is
covered by larger domains with an ill-defined shape. These undefined domains
show an average size of 650 nm which leads to a high Rq value of 20.8 nm. Except

CPTQ-EH, all other derivatives showed undefined surface morphologies, which are

Figure 42: AFM images of vacuum-processed layers of CPTQ-EH (a), CPTQ-Pr (b), CPTQ-Ph (c) and CPTQ-Oc
(d-f) on TPA-modified Si|SiO2|AlOx substrates deposited at a substrate temperature of 20 °C and at elevated
substrate temperatures of 40 °C (e) and 50 °C (f) for CPTQ-Oc. 10x10 pm?2.
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probably unfavorable for charge transport. This explains the slightly lower
mobilities of these derivatives of about 10-> cm? V-1s-1 in contrast to CPTQ-EH. By
heating the substrate, the molecular motion on the substrate surface is increased
and less nucleation sites are formed, facilitating more homogeneous layers.
Accordingly, for CPTQ-Oc an increased number of particles (Figure 42e,f) and
decreased Rq values to 2.3 nm to 2.8 nm for the substrate temperatures of 40 °C and
50 °C, respectively, were obtained. This coincides with the highest mobility of
10-2 cm?2 V-1s-1, which is just one order of magnitude lower than that of Ceéo in
OTFTs.[152153] Unfortunately, this is not the case for all the other derivatives which
in contrast de-wet from the TPA-modified surface giving rise to discontinuous films
without any OTFT performance. For these CPTQ derivatives the formation of
extended crystalline domains, which is needed for high-performance OTFTs, might
be hindered due to the disorder caused by stereoisomers (CPTQ-EH) or the bulky
(CPTQ-Ph) or rigid (CPTQ-Pr) residues. In contrast, the aliphatic chains of
CPTQ-Oc interdigitate well (Figure 40a) which leads to extended layer-like growth.
Comparing the experimental X-ray diffraction (XRD) pattern of the thin film of
CPTQ-Oc on a TPA-modified Si|SiO2|AlOx substrate (40 °C) with the simulated XRD-
pattern of the single crystal, the orientation of the chromophores on the substrate
can be derived (Figure 43). The experimental XRD pattern shows diffraction peaks
(20)at 4.8,6.4,7.0,14.4,19.3,21.2, 24.2, 28.4 and 29.2°, where most of the them can
be assigned to the simulated XRD pattern of the single crystal along the {h00} (one
peak), {hk0} (one peak) and the {00/} (four peaks) net plane shear (Table 19). Three
diffraction peaks could not be indexed, probably due to nanocrystalline phases, and
might relate to a polymorph of CPTQ-Oc. We assume that CPTQ-Oc is growing in a
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Figure 43: a) Powder X-ray diffraction pattern of vacuum-deposited thin film of CPTQ-Oc on TPA-modified
Si|Si02|AlOx substrate at temperature of 40 °C (black solid) compared with simulated XRD reflexes of the {00/}
net plane shear of CPTQ-Oc single crystals (red dashed). b) Spatial orientation of CPTQ-Oc on a substrate with
view along the b-axis.
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layer-like fashion along the 00/-direction on top of a TPA-modified Si|SiO2]|AlOx
substrate. The alkyl chains are pointing towards the substrate and due to the
orientation of the chromophore, the n-surfaces are lying almost parallel to the
substrate, resulting in the desired face-on orientation. This also explains the high

tinctorial strength of up to 0.6 in the thin film on a quartz substrate.

5.3.4 Organic Photovoltaics

As for these new quinoidal molecules CPTQ-R all prerequisites for vacuum-
sublimable NFAs like strong thin-film absorption as well as n-type semiconductance
are met, we attempted their initial application in OSCs in comparison with the
standard acceptor Ceo. Schematics of the planar-heterojunction (PHJ) device
architecture and the chemical structure of a previously reported donor material
MD376[54 102154] are shown in Figure 44a,b, respectively. The merocyanine MD376
was chosen as it should not only enable applicable open-circuit voltages (Voc) but
also inherit complementary thin-film absorption at a higher wavelength (Figure 63).
Voc should however be lower than that of the corresponding Ceo-based OSC, due to
the lower LUMO level of the compounds reported here. The fully vacuum-processed
0SCs in an ITO|Mo0O3|MD376|acceptor|BCP|Al architecture were optimized by
varying the thickness of the active layer materials as well as the substrate
temperature. The representative J-V curves of comparable OSCs based on CPTQ-Oc
or Ceo as the acceptor as well as their UV-Vis and EQE spectra are shown in
Figure 44c,d and the photovoltaic parameters are listed in Table 16 (for other
derivatives see Figure 64 and Table 21). Devices processed at 20 °C based on
CPTQ-Oc showed the highest performance yielding a power conversion efficiency
(PCE) of up to 0.64%. In contrast, the optimized Ceo containing OSC exhibits a PCE
of up to 1.25%. CPTQ-EH, CPTQ-Pr and CPTQ-Ph afforded devices with lower
efficiencies of 0.11%, 0.05% and 0.004%, respectively (see chapter 5.5), which are
presumably caused by the inferior film formation as well as the corresponding poor
interface and low charge carrier mobility (vide supra). These OSCs mainly suffer
from low electron mobility, which leads to a high series resistance. Appreciable fill-
factors (FF) of 47% and Voc of up to 0.86 V could be realized for CPTQ-Oc with an
energy loss factor of about 0.5 eV, which is in good accordance with the analogue

Ceo0-based OSCs. The highest short-circuit current density (Jsc) of -1.54 mA cm~2 was
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Figure 44: a) Schematic representation of the architecture of the vacuum-processed planar-heterojunction
(PHJ) organic solar cells. b) Chemical structure of merocyanine MD376 used as donor material. ¢) J-V curves of
vacuum-processed PHJ organic solar cells based on MD376 as donor and CPTQ-Oc (black) or Ceo (green) as
acceptor materials, which were measured under AM 1.5G conditions. d) EQE and normalized UV-Vis spectra of
MD376|CPTQ-Oc or Ceo-based PH] solar cells.

also obtained for CPTQ-Oc, while all other derivates show only less than a third of
Jsc. The short-circuit current density determined by the integration of the EQE
(JscEQE) of -1.54 mA cm~2 equals the one calculated using J-V curves. Comparing the
shapes of the UV-Vis and EQE-spectra of the CPTQ-Oc based OSCs, it becomes
obvious that their profiles are not equal, especially in the spectral region of the NFA
(Figure 44d). The EQE spectra of the NFA based OSC exhibit almost the same shape
as the UV-Vis spectra of the neat MD376 solid-state film with a maximum EQE value
of 16% at about 620 nm. Due to the missing EQE signature of the NFA, we conclude
that almost all excitons generated by CPTQ-Oc do not reach the interface with the
donor MD376. While excitons can presumably move freely in each conducting
double-layer of CPTQ-Oc, their transport from one double-layer to another is
hindered due to the large layer spacing (8.7 A, Figure 40a) and recombination takes
place. Accordingly, the EQE signals originate almost solely from excitons, which
were generated by MD367 and can reach the donor-acceptor interface of CPTQ-Oc

resulting in efficient charge separation with a low loss-factor. Only the EQE of OSCs

based on CPTQ-Pr with a continuous packing arrangement (Figure 40c) shows a

Table 16: Photovoltaic parameters of optimized planar-heterojunction 0SCs in
ITO|M0o0O3|MD376|acceptor|BCP|Al architecture measured under inert conditions and under AM 1.5G
irradiation. Layer thicknesses of donor MD376 (dp..) and acceptor (dac.) are given as well.

Acceptor dac. dpo. Jsc Voc FF PCE PCEMax
(m) (nm) (mAcm=?) (V) (%) (%) (%)
-1.54 0.86 47 0.62 0.64
CPTQ-Oc? 20 20
+0.04 +0.02 +1  +0.01
-2.90 1.02 43 1.25 1.39

CeoP 10 10
+0.10 +0.03 +2 +0.08
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similar shape as the UV-Vis spectrum of the active layer and both materials
contribute to the generated photocurrent (Figure 64c). However, the bad film-
forming ability results in a poor interface with the donor as well as mediocre
electron transport and the overall device performance is strongly diminished.
Comparing the CPTQ-Oc based OSC with the fullerene-based one (Figure 65,
Table 22), Voc and Jsc were decreased due to a smaller Enomo(D)-ELumo(A) gap and
due to the discussed recombination losses. The FF was slightly increased due to a
more balanced charge transport in CPTQ-Oc (47%) compared with Ceo (43%) with
respect to MD376.

5.4 Conclusion

Here, we have reported the synthesis and characterization of a series of four new
n-type semiconductors based on quinoidal dicyanomethylene-endcapped
cyclopentadithiophene core units with different residues at the center of the
m-scaffold. We investigated their opto-electronic properties in both solution and the
solid state. Our new materials exhibit high molar extinction coefficients and low
molar weights, which make these pigments feasible for vacuum-sublimation at low
temperatures. Through cyclic voltammetry and DFT-calculations, we were able to
determine the low-lying LUMO levels of about —4.5 eV, which enable n-type charge
transport in vacuum-processed OTFTs with mobilities of up to 10-2 cm? V-1s-1, The
XRD pattern of thin films in combination with the individual single-crystal
structures proved a preferential face-on orientation of the small molecules on
substrates. However, the charge transport ability of each derivative depends not
only on the molecular packing but also strongly on the individual tendency for thin-
film formation. Finally, we fabricated vacuum-processed planar-heterojunction
solar cells with all new non-fullerene acceptors in combination with a previously
reported merocyanine dye MD376 as the donor material yielding moderate power
conversion efficiencies of up to 0.62% for CPTQ-Oc. All devices suffer mainly from
low short-circuit current densities, which stem from poor exciton migration within
the new layered acceptor material, as was proven using UV-Vis and EQE
measurements. Further careful fine-tuning of the packing arrangement in the solid
state may enable more efficient exciton transport in this new class of thermally

stable and colorful pigments to fully meet their potential as efficient NFA in all-
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vacuum-processed OSC. The manufacture of bulk-heterojunction OSCs might be

promising as well.




Chapter V 95

5.5 Supporting Information for CHAPTER V

5.5.1 Materials and Methods

UV-vis spectroscopy in CH2Cl2 were measured at room temperature on a Jasco V770
spectrophotometer in 10 mm cuvettes (SUPRASIL®, Hellma® Analytics). For the
thin-film spectra on quartz substrates (SUPRASIL®, Hellma® Analytics) as well as of
the active layer of the OSC, the same spectrometer with an integration sphere was
used. Thin films of investigated compounds were fabricated by thermal sublimation
of 30 nm thick layer on quartz substrates analogue to the OTFTs fabrication, while

the substrate was not heated.

Fluorescence spectroscopy in CHz2Clz solution (10-7 M, AMax < 0.05, spectroscopic
grade, Uvasol®, Merck) were measured at room temperature on an Edinburgh
Instruments FLS980-D2D2-ST spectrometer and were corrected against the
photomultiplier sensitivity and the lamp intensity. Fluorescence lifetimes were
determined with an EPL picosecond pulsed diode laser (Aex = 505.8 nm) for time
correlated single photon counting (TCSPC) with the same spectrometer.
Fluorescence quantum yields were measured in CH2Cl2 on a Hamamatsu Absolute

PL Quantum Yield Measurement System CC9920-02.

Cyclic voltammetry was performed with an electrochemical analyser (EC epsilon;
BAS Instruments) with a three-electrode single component cell. CV data was
measured in CH2Clz (2.5x10-# M) with addition of BusNPF¢ versus Fc/Fc* standard.
The working and the auxiliary electrodes consist of Pt and the reference electrode

of Ag/AgCl.

NMR spectroscopy was performed on a Bruker Avance I[II HD 400 MHz NMR
spectrometer relative to residue undeuterated solvent signals. The chemical shifts
(0) are listed in parts per million (ppm). Multiplicities for proton signals are

abbreviated as s, d, t and m for singlet, doublet, triplet and multiplet, respectively.

Mass spectrometry was performed in the negative mode via MALDI-TOF on a Bruker
Daltonics Autoflex [II with 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile) (DCBT) as matrix.[t]

T Instead of a Bruker Daltonics Autoflex Il a Bruker Daltonics UltrafleXtreme was used.
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Thermogravimetric analysis was performed using a Perkin Elmer STA 6000
Simultaneous Thermal Analyzer under nitrogen atmosphere at a heating rate of

5 °C min~! up to a maximum temperature of 500 °C.

Differential scanning calorimetry thermograms were recorded using a DSC 8000
(Perkin Elmer) equipped with an Intracooler 2 refrigerated cooling system at a scan

rate of 10 °C min™1.

DFT calculations for HOMO and LUMO energies as well as for the ground state dipole
moments were performed with GAUSSIAN 09.0155] Start structures were energy

minimized by using B3LYP[156-158] functional and 6-31G**[159-161] basis set.

ADF (Amsterdam Density Functional) calculation[162-164] for the transfer integral was

performed employing the TZP[165] basis set and the PW91[1661 functional.

Single crystal X-ray diffraction for compounds CPTQ-Oc, CPTQ-EH, CPTQ-Pr and
CTPQ-Ph was measured at 100 + 1 K on a Bruker D8 Quest Kappa diffractometer
with a Photon II CMOS detector and multi-layered mirror monochromated Cuko
radiation. The solved structure was obtained with Fourier techniques and the Shelx
software package.[1¢7] Crystallographic data are deposited with the Cambride
Crystallographic Data Centre as supplementary publication no. CCDC 2011168
(CPTQ-Oc), CCDC 2011165 (CPTQ-EH), CCDC 2011167 (CPTQ-Pr) and CCDC
2011166 (CPTQ-Ph).

Thin-film X-ray diffraction data were collected on a Bruker D8 Discover

diffractometer with a LynxEye-1D-Detecter and Cuk« radiation.

Organic thin-film transistors were fabricated on Si|SiO2z (100 nm)|AlOx (8 nm)|n-
tetradecylphosphonic acid (TPA, 1.7nm) substrates with a capacitance
Ci= 32.4 nF cm2. The precleaned wafers were placed in the vacuum chamber. For
OTFTs fabricated at room temperature, the wafer was placed into the thermal
evaporation system Auto306 (BocEdwards) followed by depositing 30 nm of the
respective compound (r = 0.02 - 0.05 A s-1) at a pressure of about 10-6 mbar from a
quartz crucible enclosed by a ceramic boat. On top of the organic material 30 nm
gold as electrode material was deposited through a shadow mask (r = 0.2 A s-1) to

obtain the device geometry (L =100 um, W =200 um). Each resulting film growth
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was monitored by a quartz crystal microbalance. OTFTs, which were fabricated with
higher substrate temperature were processed in the OPVIvap-XL (Creaphys GmbH).
The semiconductor layer was deposited (15nm, r = 0.04 A s-1) from a quartz
crucible enclosed by a ceramic boat at a pressure below 10-¢ mbar followed by the
evaporation of gold electrodes (30 nm, r = 0.2 A s-1). The resulting transfer and
output characteristics were measured under inert conditions (M. Braun Inertgas
Systeme GmbH; c¢(0z) < 0.1 ppm, c(H20) < 0.1 ppm) with an Agilent 4055C

parameter analyzer and a Cascade EPS150 probe station.

AFM morphologies of thin films were investigated with NT-MDT Next Solver System
in semi-contact mode by using a SCOUT 350 RAI (Nu Nano Ltd) silicon cantilever

(spring constant = 42 N m~1; resonance frequency = 350 kHz).

Organic Photovoltaics were processed on ITO-glass substrates (Soluxx GmbH),
which were cleaned by sonication with acetone, detergent solution (mucasol®),
deionized water and isopropanol followed by an UV/ozone treatment for 30 min.
The substrates are placed into the evaporation system OPTIvap-XL and MoOs
(d=6nm,r=0.14s"1, orot =10 rpm, p < 10-6 mbar) were sublimated on top of the
ITO as hole-transporting layer followed by a thickness variation of merocyanine dye
MD376 (r=0.1A5"1, @t =10 rpm, p <10-6mbar) and the acceptor molecules
CPTQ-R|Cé0 (r=0.1A5s"1, @t =10rpm, p<10-6mbar). Bathocuproine (BCP,
d=10nm, r=0.1 A5, @rot =10 rpm, p < 10-6 mbar) and aluminum (d = 100 nm,
r=1-2 As-1, p < 10-6 mbar) was used as electron transport layer and top electrode.
J-V-characteristics were measured after calibration with a standard silicon solar cell
with a KG filter (ISE Freiburg) under an AM1.5G Oriel Sol3ATM Class AAA solar
simulator (Newport®) by a parameter analyzer (Botest Systems GmbH). EQE
measurements were carried out with a Quantum Efficiency/IPCE Measurement Kit
(Newport®) by using a 300 W Xe lamp and a Cornerstone monochromator with a

Merlin Lock-In Amplifier for detection.




98 Quinoidal ADAs

5.5.2 Synthesis

Synthesis of precursor compounds CPDT-R

R/ R R =
g n-Octyl = CPDT-Oc
]\ ]\ 2-Ethylhexyl = CPDT-EH
S s n-Propyl = CPDT-Pr
Phenyl = CPDT-Ph
CPDT-R

The precursors were synthesized analogue to literature-known procedure.
CPDT-Oc and CPDT-Pr were reported by Zotti et al.,[1681 CPDT-EH by Zhu et al.,[169]
and CPDT-Ph by Hanamura et al.[170] The structure of the synthesized precursors

were confirmed by 1H NMR spectroscopy.

Synthesis of target compounds CPTQ-R:

R=

n-Octyl = CPTQ-Oc
2-Ethylhexyl = CPTQ-EH
n-Propyl = CPTQ-Pr
Phenyl = CPTQ-Ph

CPTQR

Synthesis of CPTQ-Oc (as general procedure): Compound CPDT-Oc (200 mg,
0.49 mmol) was dissolved in anhydrous DMF (3 mL), and tetracyanoethylene
(TCNE, 145 mg ,1.99 mmol) was added to the reaction solution. The color of the
reaction solution changed into dark red immediately after addition of TCNE. The
reaction mixture was heated at 100 °C for 30 min. TLC analysis showed that the
complete consumption of starting materials and the formation of
monotricyanovinyl product (upper fraction) and quinoidal target compound
CPTQ-Oc (second fraction) as major product. After cooling down to room
temperature, water was added to the mixture. The aqueous phase was extracted
with diethyl ether four times. The combined organic phase was washed with brine
to remove residual DMF, dried over Na2SO4, and evaporated under reduced
pressure. The crude product was purified via column chromatography by using
hexane/chloroform (2/1 to 1/4, V/V) as eluent to afford the final product CPTQ-Oc
as a dark solid with the yield of 31% (83 mg, 0.16 mmol).
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2,2'-(4,4-Dioctyl-ZH-cyclopenta[2,1-b:3,4-b']dithiophene-2,6(4H)-
diylidene)dimalono-nitrile (CPTQ-Oc):

Yield = 31%

1H NMR (CDCls, 400 MHz): § 6.88 (s, 2H), 1.82 (m, 4H), 1.3-1.2 (m, 20H), 1.02 (m,
4H), 0.87 (t,] = 7.2 Hz, 6H).

13C NMR (CDCIs, 100 MHz): § 177.5, 175.6, 145.6, 119.1, 112.6, 112.3, 73.2, 53.0,
38.8,31.7,29.6, 29.2, 24.8, 22.6, 14.1.

HRMS (MALDI-TOF, neg. mode, DCTB:CHCls (3:1)): m/z calculated for C31H36N4S2-
[M-] = 528.24, found: = 528.23.

UV-Vis absorption (CH2Clz2): Amax = 531 nm; émax = 88200 M-1 cm-1
MP =142 °C (DSC)

Sublimation temperature =95 °C (p < 10-¢ mbar)

2,2'-(4,4-Bis(2-ethylhexyl)-ZH-cyclopenta[2,1-b:3,4-b']|dithiophene-2,6(4H)-
diylidene)dimalononitrile (CPTQ-EH):

Yield: 25%

1H NMR (CDCls, 400 MHz): § 6.88 (s, 2H), 1.90 (m, 4H), 1.1 (m, 16H), 0.92 (m, 2H),
0.85 (t, ] = 7.2 Hz, 6H), 0.74 (t, 6H).

13C NMR (CDCI3, 100 MHz): 6 176.8, 175.7, 145.9, 119.5, 112.5, 112.1, 73.2, 52.5,
44.1, 35.9, 33.8, 28.2, 27.2, 22.9, 14.0, 10.4.

HRMS (MALDI-TOF, neg. mode, DCTB:CHCl3 (3:1)): m/z calculated for C31H36N4S2-
[M-] = 528.24, found: = 528.23.

UV-Vis absorption (CH2Clz2): AMax = 534 nm; émax = 81400 M-1 cm-1
MP =202 °C (DSC)

Sublimation temperature = 80 °C (p < 10-¢ mbar)




100 Quinoidal ADAs

2,2'-(4,4-Dipropyl-2H-cyclopenta[2,1-b:3,4-b'|dithiophene-2,6(4H)-
diylidene)-dimalononitrile (CPTQ-Pr):

Yield = 18%

1H NMR (CDCls, 400 MHz): & 6.89 (s, 2H), 1.9 (m, 4H), 1.15 - 1.05 (m, 4H), 0.9 (t, ] =
7.2 Hz, 6H),

13C NMR (CDCl3, 100 MHz): 6 177.5,175.6, 145.7,119.2, 112.6, 73.2, 53.1, 40.8, 18.2,
14.1.

HRMS (MALDI-TOF, neg. mode, DCTB:CHCls (3:1)): m/z calculated for C21H16N4S2-
[M-] = 388.08, found: = 388.08.

UV-Vis absorption (CH2Cl2): AMax = 531 nm; émax = 89100 M-1 cm-1
MP =271 °C (DSC)

Sublimation temperature =90 °C (p < 10-¢ mbar)

2,2'-(4,4-Diphenyl-2H-cyclopenta[2,1-b:3,4-b'|dithiophene-2,6(4H)-
diylidene)-dimalononitrile) (CPTQ-Ph)

Yield = 29%
1H NMR (400 MHz, CD2Cl2): § 7.4 (m, 6H), 7.15 (m, 4H), 6.94 (s, 2H).

13C NMR (100 MHz, CDCl3): 6 175.7,173.1, 143.8, 138.6, 128.6, 126.4, 120.6, 111.4,
111.0,73.1, 59.9.

HRMS (MALDI-TOF, neg. mode, DCTB:CHCl3 (3:1)): m/z calculated for C27H12N4S2-
[M-] = 456.05, found: = 456.05.

UV-Vis absorption (CH2Clz2): Amax = 534 nm; émax = 83200 M-1 cm-1
MP =331 °C (DSC)

Sublimation temperature = 115 °C (p < 10-¢ mbar)
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5.5.3 1H NMR Spectra
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Figure 45: 1H NMR spectrum (400 MHz) of CPTQ-Oc measured in CDCl3 at room temperature. * CHCl3, # H20.
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Figure 46: H NMR spectrum (400 MHz) of CPTQ-EH measured in CDCl3 at room temperature. * CHCI3, # H20.
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Figure 47: 1H NMR spectrum (400 MHz) of CPTQ-Pr measured in CDCI3 at room temperature. * CHCl3, # H20.
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Figure 48: 1H NMR spectrum (400 MHz) of CPTQ-Ph measured in CDCl3 at room temperature. * CHCI3, # H20.
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5.5.4 1I3C NMR Spectra
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Figure 49: 13C NMR spectrum (100 MHz) of CPTQ-Oc measured in CDCI3 at room temperature. * CHCls.
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Figure 50: 13C NMR spectrum (100 MHz) of CPTQ-EH measured in CDCI3 at room temperature. * CHCls.
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Figure 51: 13C NMR spectrum (100 MHz) of CPTQ-Pr measured in CDCl3 at room temperature. * CHCls.
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Figure 52: 13C NMR spectrum (100 MHz) of CPTQ-Ph measured in CDCI3 at room temperature. * CHCls.
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5.5.5 High-Resolution Mass Spectra
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Figure 53: Mass spectrum of CPTQ-Oc measured by MALDI-TOF in DCTB:CHCls (3:1).
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Figure 54: Mass spectrum of CPTQ-EH measured by MALDI-TOF in DCTB:CHCI3 (3:1).
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Figure 55: Mass spectrum of CPTQ-Pr measured by MALDI-TOF in DCTB:CHCls (3:1).
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Figure 56: Mass spectrum of CPTQ-Ph measured by MALDI-TOF in DCTB:CHCl3 (3:1).
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5.5.6 Fluorescence
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Figure 57: UV-Vis (solid line) and fluorescence (dashed line) spectra of CPTQ-Oc measured in CHzClz.

Table 17: Results from fluorescence measurements for CPTQ-R derivatives in CH2Clz giving rise to emission
maxima (Aem), Stokes shifts, fluorescence quantum yields (@) as well as fluorescence lifetimes (7).

AEm Stokes Shift Dnl 7

(nm) (cm-1) (%) (ns)
CPTQ-Oc 551 680 <1 <0.5
CPTQ-EH 549 510 <1 <0.5
CPTQ-Pr 549 620 <1 <0.5
CPTQ-Ph 549 510 <1 <0.5

aThe fluorescence lifetimes are below the instrument response time of the TCSPC setup.
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5.5.7 X-Ray

Table 18: X-ray structure characteristics for CPTQ-R derivatives.

CPTQ-Oc CPTQ-EH CPTQ-Pr CPTQ-Ph
Empirical formula C31H36N4S; C31H36N4S; C21H16N4S; C27H12N4S;
Mempirical (g mol-1) 528.76 528.76 388.50 456.53
Wavelength (A) 1.54178 1.54178 1.54178 1.54178
T (K) 100 100 100 100
Description of the crystal
Color Red Red Red Red
Habit Needle Block Block block
Crystal System Monoclinic Triclinic Triclinic Monoclinic
Space group C2/c P-1 P-1 P21/c
Unit cell dimension
a(h) 36.1243 11.2766 8.0883 15.1209
b (A) 13.4326 14.5164 9.7191 10.3600
c(A) 26.6643 19.2705 12.9959 16.1591
a () 90 81.129 95.349 90
B(°) 115.541 78.6665 103.060 117.608
7 () 90 88.437 96.387 90
Volume (A3) 11674.3 3056.0 981.6 22431
Z 16 2 2 4
Peale. (g cm™3) 1.203 1.149 1.314 1.352
F(000) 4512 1128 404 936
Range of 6(°) 2.71-7191 236-6845 3.51-7252 3.29-72.16
Goodness of Fit 1.051 1.109 1.063 1.062
CCDC 2011168 2011165 2011167 2011166
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Table 19: Indexed thin-film diffraction reflexes for sublimated thin film of CPTQ-Oc on TPA-modified
Si|SiO2|AlOx substrates with a substrate temperature of 40 °C.

205 204 h k !
) )

4.8 5.4 2 0 0
6.4 7.1 1 1 0
7.0 7.3 0 0 2
14.4 14.7 0 0 4
19.3 - - - -
21.2 22.1 0 0 6
24.2 - - - -
28.4 29.6 0 0 8
29.2 - - - -

Table 20: Calculated transfer integrals for holes (t:) and electrons (t-) between closest neighbors in CPTQ-R
single-crystal structures via ADF. For the indexed neighbors see Figure 40.

CPTQ-R  Neighbor ¢t.(meV) ¢t (meV) CPTQ-R Neighbor ¢t.(meV) ¢t (meV)

CPTQ-Oc (1) -27 24  CPTQ-Pr (1) 38 32
(2) -26 23 (2) 8 5
(3) -106 1 3) 105 -1
(4) -3 1 (4) 27 35
(5) -17 -120 (5) 37 -3
(6) 198 ~128 - - -

CPTQ-EH (1) -22 19  CPTQ-Ph (1) 5 o
(2) 4 1 (2) -34 1
(3) 133 1 (3) -34 1
(4) -1 -4 (4) 24 -28

(5) 5 0 (5) 22 -29
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5.5.8 DSC & TGA
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Figure 58: Differential scanning calorimetry traces of CPTQ-Oc (black), CPTQ-EH (red), CPTQ-Pr (blue) and
CPTQ-Ph (pink) in second heating process. The heating and cooling rates were 10 °C min~1. CP'TQ-Ph shows a
decomposition directly after its melting point at 331 °C.
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Figure 59: Representative TGA trace of CPTQ-Oc. The measurement was performed with ceramic pans under a

flow of N2 with a heating rate of 5 °C min-1. Due to the sublimation process, which also occurs at 1 atm, the
informative value of TGA experiments is limited.




Chapter V 111

5.5.9 OTFT
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Figure 60: Output characteristics for Si|SiOz|AlOx|TPA|CPTQ-R|Au based OTFTs processed at different
substrate temperatures. For OTFTs at elevated substrate temperature, the semiconductor layer thickness was
decreased from 30 nm to 15 nm.
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Figure 61: Square-root plot for Si|SiO2|AlOx|TPA|CPTQ-R|Au based OTFTs processed at different substrate
temperatures and layer thicknesses (left: 30 nm, right: 15 nm).
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5.5.10 AFM
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Figure 62: AFM images of vacuum-processed layers of CPTQ-R on TPA-modified Si|SiO2|AlOx substrates
deposited at different substrate temperatures of 20 °C (top), 40 °C (middle) or 50 °C (bottom, 10x10 um?2). The
negative images (40 °C) clearly show the substrate stage as white background for all thin films. However, while
the domains of CPTQ-Oc increase in size and are in contact with each other to maintain charge percolation
pathways, the domains of the other derivatives at elevated substrate temperatures are not connected and
accordingly this discontinuous thin films only show minor or no charge transport.
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5.5.11 OPV
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Figure 63: Thin-film absorption spectra of a 30 nm layer obtained by sublimation of CPTQ-Oc (black line)

compared with MD376 (green line).

T MD37e

/*»--\_

TRemeptTa L, a-AeAs,
A A A,
AA Naea,

e-0-0. -\
,A"'._‘._._._._._._._H_‘_’_',o o h’\.s

b) c)
0.0 p— —— 5 1.0 4+—CPTQ-Oc
’ & g —CPTQEH
g V91T —cpra-pr
£ 0.64——cpTa-Ph
051 S 041
S 0.
e L] é’ 0.2
3
S 101 0.0 4
< 15
S <
=
15] —CPTQ-Oc| & 107
L—1 —CPTQ-EH| &
——cPTQ-Pr &g 54 A
— ! ot t
20 . . . CPTQ-Ph o Facteee
0.0 02 0.4 06 0.8 1.0 400 450
V(V)

500 550 600
Wavelength (nm)

650 700

Figure 64: a) Schematic representation of the architecture of the vacuum-processed planar-heterojunction
(PHJ) organic solar cells. b) J-V curves of vacuum-processed PH] organic solar cells based on MD376 as donor
and CPTQ-Oc (black), CPTQ-EH (red), CPTQ-Pr (blue) and CPTQ-Ph (pink) as acceptor materials, which were
measured under AM 1.5G conditions. c) EQE (bottom) and UV-Vis (top) spectra of CPTQ-R based OSC combined
with merocyanine dye MD376 as donor and its thin-film absorption (green). EQE spectra could not be obtained

for CPTQ-Ph due to insufficient Jsc.

Table 21: Photovoltaic parameters? for ITO|Mo0O3|MD376|CPTQ-R|BCP|Al based OPVs measured under inert

conditions and under AM 1.5G irradiation.

Acceptor dpo. dak. Jsc Voc FF PCE PCEMax

(nm)  (nm)  (mAcm?) V) (%) (%) (%)

CPTQ-EH- 15 15 -0.46 0.88 27 0.11 0.11
+0.01 +0.01 1 +0.01

CPTQ-Pr2 20 20 -0.40 0.74 17 0.05 0.08
+0.1 +0.04 1 +0.02

CPTQ-Php 10 10 -0.02 0.48 28 0.004 0.06
+0.001 +0.01 1 +0.001

Average of at least fivea or threeb independent working devices.
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Figure 65: J-V curves (a) and EQE and UV-Vis spectra (b) of vacuum-processed planar-heterojunction organic
solar cells based on different layer thicknesses of MD376 as donor and of Ceo as acceptor (20 nm, 30 nm, 40 nm),

which were measured under AM 1.5G conditions.

Table 22: Photovoltaic parameters2 for ITO|MoO3|MD376|Ceéo|BCP|Al based OPV measured under inert
conditions and under AM 1.5G irradiation.

dpo. dak. Jsc Voc FF PCE PCEMax

(nm) (nm) (mA cm-?) W) (%) (%) (%)
-2.9 1.02 43 1.25

10 10 1.39
+0.1 +0.03 +2 +0.08
-2.8 1.04 26 0.79

15 15 1.05
+0.1 +0.01 +2 +0.17

20 20 -3.1 1.04 26 0.82 1.20
+0.1 +0.01 +2 +0.22

aAverage of at least five independent working devices.
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6.1 Abstract

An electron-poor bowl-shaped naphthalimide-annulated corannulene with
branched alkyl residues in the imide position was synthesized by a palladium-
catalyzed cross-coupling annulation sequence. This dipolar compound exhibits
strong absorption in the visible range along with a low-lying LUMO level at-3.85 eV,
enabling n-type charge transport in organic thin-film transistors (OTFTs).
Furthermore, we processed inverted bulk-heterojunction (BH]) solar cells in
combination with the two donor polymers PCE-10 and PM6 to achieve open-circuit
voltages (Voc) up to 1.04 V. By using a blend of the self-assembled naphthalimide-
annulated corannulene and PCE-10, we were able to obtain a power conversion
efficiency (PCE) of up to 2.1%, which is to the best of our knowledge the highest

reported value for a corannulene-based organic solar cell to date.

6.2 Introduction

Nonplanar polycyclic aromatic hydrocarbons (PAHs) have started to gain more
attention as alternative electron acceptor materials in organic electronics to replace
fullerenes and their soluble derivatives.[171-175] Due to their improved solubility
compared to their planar PAH counterparts along with the possibility to tune the
electronic properties by substitution, these molecules are promising candidates for
application in organic photovoltaics (OPVs).[176.177] These nonplanar molecules are
commonly implemented in bulk-heterojunction organic solar cells (OSCs) by
derivatives of three dimensional perylene bisimide (PBI) architectures(178-180] or the

bowl-shaped subphthalocyanine family.[176.181,182]

Corannulene, which is another example of bowl-shaped PAHs and a subunit of
fullerene Ceo, has been used in organic electronics after the first synthesis in 1966
by Lawton and Barth, repeatedly.[183.184] [ts derivatives have been applied in organic
field-effect transistors (OFETs),[185-187] organic light-emitting diodes (OLEDs)[188,189]
and in nonlinear optics.[1?% Due to its structural similarity to fullerenes, which are
still the state-of-the-art acceptor materials in OPVs,[1911 OSCs using corannulene and
its derivatives have been fabricated by different groups.[192] By substituting the
phenyl group in the widely used phenyl-Ceé1-butyric acid methyl ester (PCeé1BM)

with corannulene, a new fullerene-corannulene dyad has been successfully

TIn 2022 the most efficiency corannulene-based OSCs yielded 11.1%.[51]
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synthesized. This new molecule was implemented in the device using the donor
polymer P3HT, resulting in a power conversion efficiency (PCE) of 1.05%.[193]
Furthermore, a series of decakis(arylthiol)corannulenes was used as electron-
accepting materials achieving the highest reported PCE for corannulene-based BH]
OSCs to date of 1.23%.[1941 The first reported example of a corannulene-based solar
cell, however, utilizes a derivative, in which the electron accepting abilities are
enhanced by coupling the bowl-shaped PAH to either a phthalimide or a
naphthalimide, respectively. By this means, Lu et al. were able to show a significant
lowering of the LUMO level to -3.24 eV and better miscibility with P3HT compared

to pristine corannulene, leading to a PCE of up to 1.03%.[195]

Recently, we reported the synthesis[19] and self-assembly(197] of new dipolar
naphthalimide-annulated corannulene (NAC) derivatives. Both, mono- and
disubstituted NAC derivatives exhibit beneficial optoelectronic properties for use as
non-fullerene acceptors (NFA) in OSCs, such as the broad absorption between 400
and 600 nm and a low lying LUMO level of -3.88 eV. The so-far introduced residues
in the imide position, 2,6-2,6-di-iso-propylphenyl (Dipp) and 3,4,5-
tris(dodecyl)phenyl (TDP) proved to be less suitable to the use in OSCs due to the
extensive inactive alkyl content of the latter and the prevention of intimate m-m
interactions and thus suboptimal charge transport of the former. Thus, we decided
to synthesize a new derivative, which combines the optoelectronic advantages of the
double NAC motif with high solubility and proper aggregation properties. By
introduction of a branched alkyl chain, the desired solubility could be maintained

and the new material was successfully implemented as a NFA in inverted BH] OSCs.

6.3 Results and Discussion

Corannulene derivative 4 was synthesized according to Scheme 2 by a palladium-
catalyzed Suzuki cross-coupling using tri(m-tolyl)phosphine as a ligand followed by
a Heck-type annulation reaction using tri(1-adamantyl)phosphine as a ligand and at
a significantly higher temperature of 170 °C, as reported previously, to enable the
annulation reaction.[195196] By applying this sequential two-step synthesis,[198] it was
possible to obtain 4 in an adequate yield of 41% to get a sufficient amount of highly-

soluble material for the use in OSCs. In toluene, up to 51 mg mL-1 could be dissolved.
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Scheme 2: Synthetic scheme for corannulene derivative 4: (i) [Pdz(dba)s]-CHCI3,P(m-tolyl)s, Cs2CO3, 1-
chloronaphthalene, 110 °C, 2d; (ii) [Pdz(dba)3]-CHCI3, PAds, Cs2C03, BusNCl, 1-chloronaphthalene, 170 °C, 16 h.
Detailed synthetic procedures are reported in Chapter 6.5.

The new derivative was characterized using nuclear magnetic resonance
spectroscopy (NMR) and high-resolution mass spectrometry (HRMS). The optical
properties were measured by using UV-Vis and fluorescence spectroscopy in
dichloromethane solution, to avoid any possible aggregation, similar to a previously
reported derivativell96] (Figure 66, for details see chapter 6.5.3). The absorption
maximum (AMax) is observed at 503 nm with an extinction coefficient of
44600 L mol-t cm-1 (Table 24). Due to the electron-poor naphthalimide annulation
of the electron-rich corannulene core, which leads to an extension of the m-system,
the absorption is significantly red-shifted compared to the parent corannulene and
Suzuki-coupled derivatives,[194 as well as the monoannulated derivative.l1?51 Even
more important is the huge increase in absorptivity with respect to the benchmark
acceptor Ceo, which should augment the light-harvesting ability in an OSC
(Figure 66). The optical band gap has been estimated to be 2.17 eV from the onset
of the absorption band in solution. The emission maximum (Aex) at 572 nm as well
as the fluorescence quantum yield (@) of 46% and fluorescence lifetime (7) of
5.19 ns are also in good accordance with previously reported values for the Dipp
derivative, given the fact that the imide substituent has only minor impact on
optoelectronic properties but influences the solubility, self-assembly as well as the

solid state packing (Table 24).

Further studies of the self-assembly of the new derivative 4 by UV-Vis spectroscopy
in toluene revealed the ability to form defined aggregates in this aromatic solvent at

high concentrations (Figure 70). The process could be ascribed to an anti-
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Figure 66: UV-Vis absorption spectra of Ceo (orange), corannulene (black), and the new corannulene derivative
4 (red) at 10-> M in CH2Clz in comparison to solar photon flux under AM 1.5G conditions (grey).

cooperative nucleation-elongation mechanism of 4, where the formation of dimers
is highly favored over the formation of extended structures. In toluene, the
application of the K2-K aggregation modell199] using a nucleus size of two gave
K=6.5x102M"1, K2 =5.2x103M-1 and a cooperativity factor o= 8, indicating only
slightly lower tendency to aggregate compared to the previously reported TDP
system.[197] This preorganization into well-defined small aggregate entities with
high tinctorial strength and electron affinity in solution will affect the morphology

of thin films and the efficiency as a NFA in OPV (vide infra).

The optical signature of the spin-cast thin film of 4 on quartz (Figure 67b) resembles
the hypsochromically-shifted features of aggregated NAC chromophores with an
absorption maximum at about 465 nm of the previously investigated NAC dimer
species in solution (Figure 71).1971 However, this hypsochromically shifted
absorption of 4 in the thin film enables excellent complementary absorption of solar
light with the most common donor polymers in the visible up to the near-infrared
spectral region (Figure 67a,b). The donor polymer PM6 absorbs light in the range
from 570 to 700 nm. PCE-10 shows an even more bathochromically-shifted
absorption in comparison to PM6 up to 800 nm. The electrochemical properties
were characterized by cyclic and square wave voltammetry in dichloromethane
(Figure 78). The molecule showed three reversible reduction processes, of which
the first two could not be observed completely separated at approximately -1.25V,
-1.37 Vand -1.74 V, and two irreversible oxidation processes at 1.00 V and 1.24 V.
The HOMO and LUMO energy levels were calculated to be at -6.10 eV and -3.85 eV,
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respectively according to the assumption that the energy level of the Fc/Fc* redox
couple is -5.1 eV relative to vacuum.[2001 With this the prerequisites for the use of
the new compound as a NFA in OSC are given. Additionally, the LUMO-level of 4 is
also comparable to that of commonly used PC6é1BM. Due to a slightly higher LUMO-
level for 4 compared with PCe1BM higher open-circuit voltages (Voc) are expected.
Solution-processed solar cells based on PCE-10 and PM6 (Figure 2c) demonstrate
the influence of the HOMO of the donor polymer to the Voc, due to their difference in
Enomo and the resultant gap to the LUMO level of the acceptor of 1.4 eV (PCE-10)
and 1.6 eV (PM6) respectively. The photovoltaic properties were investigated under
optimized conditions in an inverted device architecture
(ITO|ZnO|Polymer:4|MoOs]|Al). The architecture of the OSC, the representative J-V
curves as well as the UV-Vis and external quantum efficiency (EQE) spectra for the
best-performing devices are depicted in Figure 67. The photovoltaic parameters are
listed in detail in Table 23. We optimized the processing parameters of the total
concentration, donor-acceptor ratio and additives for the PCE-10:4 based OPV

(Figure 79-87) to achieve the highest so far reported PCE of a corannulene-based
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Figure 67: (a) Chemical structures of donor polymers PCE-10 and PM6. (b) Normalized UV-Vis spectra of spin-
coated thin films of donor polymers PCE-10 (black), PM6 (blue) and corannulene derivative 4 (pink) on quartz
(chlorobenzene, 7.5 mg mL-1). (c) Schematic diagram of the electrical band gaps for all materials used in OPV
experiments. The Evumo of fullerene Ceo is given as reference (-4.1 eV).
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NFA of up to 2.1%. The best performing blend for processing the active layer with a
thickness of about 60 nm was prepared by dissolving the polymers (7.5 mg mL-1) in
chlorobenzene followed by mixing with 4 in a 1:1 ratio. All steps were performed
under inert conditions. This blend solution was spin-cast without additives at
1000 rpm for 60 s on a freshly prepared ITO|ZnO substrate, without any further
treatment by thermal or solvent-vapor annealing. The devices were completed by
thermal evaporation of 10 nm MoOs as hole-transporting layer as well as a 100 nm
aluminum electrode and measured under AM 1.5G irradiation. The OSCs showed
maximum PCEs of 2.1% (PCE-10) and 2.0% (PM6), respectively. While OSCs of
PCE-10 exhibit a 33% higher short-circuit current density (Jsc) of -6.71 mA cm~2,
devices based on PM6 compensate this deficiency by a 25% increase in the Voc value
up to 1.04 eV. In comparison to devices processed under identical conditions with
the unsubstituted corannulene, the OPV performance was significantly enhanced for
our new annulated derivative (Figure 82, Figure 83 and Table 25). This is caused by
a tenfold higher Jsc value due to the significantly shifted strong absorption of 4 in
the visible region. Additionally, a higher Voc due to better energetic alignment of 4
with the donor polymer could be realized. However, for all 0SCs using PCE-10 only
moderate FF could be achieved. The PCE-10:4 based OSC generates a higher Jsc of
-6.71 mAcm=Z2 compared to the PM6:4 based OSC, which exhibits a Jsc of
-4.52 mA cm~2. This is attributed to the more bathochromically shifted absorption
of PCE-10 in comparison to PM6, enabling more light accumulation (Figure 67b).
The contribution of PCE-10 and 4 to the photocurrent of the solar cell could be
determined by comparing both EQE and UV-Vis spectra of the PCE-10:4 based OSC
(Figure 68c). The highest photocurrent in the range from 400 to 550 nm is mainly
generated by 4, while above 550 nm it originates solely from PCE-10. The OPV
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Figure 68: Device architecture of inverted BH] OSC (a). J-V curves of ITO|ZnO(30 nm)|BHJ|Mo003(10 nm)|Al
(100 nm) of NAC 4 in 1:1 ratio with donor polymers PCE-10 (black) and PM6 (blue) measured under inert
conditions and under AM 1.5G irradiation (b). EQE (symbols) UV-Vis (solid lines) spectra of polymer:4 based
0SC (c).




122 Bowl-shaped Acceptor

Table 23: Photovoltaic parameters of OSCs based on 4 in combination with donor polymers PCE-10 and PM6
in 1:1 ratio in the architecture ITO|ZnO|BH]J|MoOs|Al.

Donor Jsc Voc FF PCE PCEMax
(mA cm~2) (V) (%) (%) (%)
PCE-10 -6.71 0.82 36 2.0 2.1
+0.1 +0.02 +1 +0.1
PM6 -4.52 1.02 40 1.9 2.0
+0.2 +0.02 12 +0.1

aAverage of at least seven independent devices.

shows a continuous high EQE over 30% in a broad spectral range from 400 nm to
720 nm. The highest EQE was observed in the range of the PCE-10 of 35%. Due to
the stronger overlap of the absorption of PM6 and 4, the generated short-circuit
current density and the EQE are lower. The calculated JscEQE values, which were
obtained by the integration of the EQE, are —-4.28 mA cm~2 and -7.35 mA cm~2 for
the PM6:4 and the PCE-10:4 cells, respectively, and are in accordance with the J-V
measurements. Furthermore, both OSCs exhibit a continuous high EQE due to the
absorption of 4, which perfectly fits in the absorption window between the two
absorption peaks of both polymers. The similar efficiency of the PM6:4 0SCs
originates from an increased open-circuit voltage of up to 1.04 V, which is caused by
the larger HOMO(Donor)-LUMO(Acceptor) gap of about 1.6eV. In contrast,
PCE-10:4 based OSC exhibits an Voc 0of 0.84 Vand a HOMO(Donor)-LUMO(Acceptor)
gap of about 1.4 eV. Both OSCs showed the same energy loss factors (Eioss) of about
0.6 V, which is in good accordance with other corannulene-based 0SCs.[193.194] The
moderate FFs, which are an indicator for an unbalanced charge-transport (36% for
PCE-10:4 and 40% for PM6:4) for both OSCs are the limiting OPV parameter. This
seems to be mainly caused by the poor electron mobility of 4, which was further
characterized in organic thin-film transistors (OTFTs). Annealed solution-processed
thin-films (5 min at 100 °C) of 4 on OTES-treated Si|SiO2 substrates only exhibit a
modest n-type field-effect mobility of 10-> cm?2 V-1 s-1, a threshold voltage of 14V
and an Ion lofr1 ratio of 102 in bottom-gate-top-contact OTFTs (transfer- and output-
characteristics in Figure 84, Figure 85). Accordingly, we deduce from AFM images
of the thin-film of 4 on OTES-treated Si|SiO2 substrates (Figure 86) that also

compound 4 tends to aggregate in an anti-cooperative fashion without the
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formation of an extended aggregate domain under the investigated conditions, due
to cancellation of the molecular dipole moments upon dimer formation.[201] As this
low-crystalline thin-film is composed of randomly arranged dimers of 4 this might
explain the rather poor performance in OTFTs. This assumption is corroborated by
the AFM images of blend films of PCE-10:4 and PM6:4 (Figure 69) which exhibit
spherical particles, that form a homogenous surface. The PCE-10:4 active layer
morphology showed a root mean square (Rq) of 0.8 nm and for the PM6:4 based OSC
the Rq value was increased to 1.4 nm. As we could prove that prior to the spin-
coating already a preorganization of 4 into dimers takes place in chlorobenzene
solution (Figure 71), we assume that these dimer agglomerates were spin-coated on
the substrate from the donor-acceptor blend. Due to the absence of higher
aggregates, homogenous thin-films with low Rq values are formed. This leads to a
good blending into small domains of donor and acceptor, which can explain the high
open-circuit voltage and the low energy loss factor. However, due to the low electron
mobility of the NAC dimer in contrast to the used donor polymers, the FF decreases
and probably recombination takes place. In accordance with the earlier examples,
also the preorganized dimers of 4 give rise to only moderate FF, presumably due to
unbalanced charge transport. However, Voc could be significantly increased up to
1.04 V (PM6:4) for our new NFA, due to a larger HOMO(Donor)-LUMO(Acceptor)-
gap and Jsc was increased up to —-6.71 mA cm~2 (PCE-10:4) due to the better

interplay of the absorption properties between the donor and our new NFA 4.

6.4 Conclusions

In conclusion, a new electron-poor NAC derivative 4 was synthesized which inherits
good solubility due to the curved m-system along with the two branched imide

substituents. The molecule exhibits a low-lying LUMO level of —-3.85 eV similar to
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Figure 69: AFM height images of active layers of 4 in 1:1 ratio with PCE-10 (a) and PM6 (b) of inverted BH] OSC
on ITO|ZnO (5 x 5 pm?2).
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fullerene Ceo but a much broader and more intense absorption in the visible range
than the fullerene. This new NFA 4 self-assembles in an anti-cooperative fashion
into dimer aggregates in the blend solutions with two different donor polymers and
was successfully implemented in inverted BHJ OSCs. The best performing blend was
identified as a 1:1 mixture of 4 and PCE-10, which showed a maximum power
conversion efficiency of 2.1%, while with PM6 a PCE of 2.0% with Voc up to 1.04 V
could be achieved. This is to the best of our knowledge the highest reported value

for a corannulene-based NFA in OSCs. [f]

TIn 2022 the most efficiency corannulene-based OSCs yielded 11.1%.[51]
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6.5 Supporting Information for CHAPTER VI

6.5.1 Synthesis

General Methods: Reagents were purchased from commercial suppliers and used as
received without further purification. Dichloromethane and ethylacetate were
distilled prior to use. All reactions were carried out under nitrogen atmosphere.
Column chromatography was performed with commercial glass columns using silica
gel 60 M (particle size 0.04 - 0.063 mm; Merck KGaA) as stationary phase. Size-
exclusion chromatography was performed on BioBeads S-X1 using HPLC grade
solvents. NMR spectra were recorded on a Bruker Avance IIl HD 400MHz NMR
spectrometer and are calibrated to the residual proton signal of the used deuterated
solvent. The chemical shifts () are reported in parts per million (ppm) and coupling
constants J in Hertz (Hz). Multiplicities for proton signals are abbreviated as s, d, t
and m for singlet, doublet, triplet and multiplet, respectively. MALDI-TOF mass
spectra were recorded with an Autoflex Il mass spectrometer (Bruker Daltonics
GmbH) using DCBT (2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile) as matrix.[tl High resolution mass spectra (ESI) were
recorded with an ESI microTOF Focus mass spectrometer (Bruker Daltonics GmbH).
UV/Vis absorption spectra were recorded in cuvettes (SUPRASIL®, Hellma®
Analytics) on a Perkin-Elmer Lambda 950 or Jasco V-770 spectrometer and
fluorescence spectra on aFLS980 fluorescence spectrometer (Edinburgh
Instruments) and were corrected against the photomultiplier sensitivity and the

lamp intensity.

Synthetic Procedures: 4-Bromo-5-chloronaphthalene-1,8-dicarboxylic
anhydridel19¢l and 2-hexyloctylaminel202] were synthesized according to procedures

reported in literature.

Synthesis of 2: A solution from 2-hexyloctylamine (500 mg, 2.34 mmol) and 4-
bromo-5-chloronaphthalene-1,8-dicarboxylic anhydride (663 mg, 2.13 mmol) in
degassed n-propanol (20 mL) and H20 (1 mL) was stirred under nitrogen for 2 d at
100 °C. The solid was removed by filtration and washed with n-propanol. After
evaporation of the solvent the crude product was purified by column
chromatography (Hex: CH2Cl2 1:2) and reprecipitated from CH2Clzand MeOH to give
573 mg (1.13 mmol, 53%) of yellow crystalline needles.

T Instead of a Bruker Daltonics Autoflex Il a Bruker Daltonics UltrafleXtreme was used.
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1H-NMR (400 MHz, CDCls): 5 [ppm] = 8.51 (d, ] = 8.0 Hz, 1H), 8.39 (d, ] = 8.0 Hz, 1H),
8.17 (d, ] = 8.0 Hz, 1H), 7.90 (d, ] = 8.0 Hz, 1H), 4.07 (d, ] = 7.3 Hz, 6H),1.96 (m, 1H),
1.38-1.23 (m, 20 H), 0.84 (t, ] = 7 Hz, 6H).

13C-NMR (100 MHz, CDCls): & [ppm] = 163.7, 163.5, 139.0, 136.2, 131.8, 131.71,
131.70, 131.49, 127.0, 126.7, 123.0, 122.6, 44.8, 36.6, 31.9, 31.7, 29.8, 26.5, 22.7,
14.2.

HRMS (ESI-MS, pos. mode, MeCN/CHCI3): m/z calculated for C26H33BrCINNaO2*
[M+H]*: 528.1275, found: 528.1291.

Melting point: 104 °C.

Synthesis of 3: Corannulenediboronicacidbis(pinacol)ester 1 (100 mg, 200 pmol), 4-
bromo-5-chloronaphthalene-1,8-dicarboximide derivative 2a (223 mg, 440 umol),
tris(dibenzylideneacetone) dipalladium(0)-chloroform  adduct (10.4 mg,
10.0 pmol), tri(m-tolyl)phosphine (12.2 mg, 40.0 umol), cesium carbonate (391 mg,
1.20 mmol) and 6 mL 1-chloronaphthalene were charged in a Schlenk tube. The
reaction mixture was stirred at 110 °C for 2 d. After cooling to room temperature,
cyclohexane was added and the mixture was purified by column chromatography
with cyclohexane and followed by a mixture of 10% acetone in CH2Clz as eluent and
size-exclusion chromatography on BioBeads S-X1 (CH2Cl2/MeOH 9:1) to give 3 as a

red solid (164.7 mg, 78%). The product was isolated as a mixture of atropisomers.

MS (MALDI-TOF, neg. mode, DCTB in CHCI3): m/z calculated for C72H73CIN204- [M]-:
1064.526, found: 1064.526.

Synthesis of 4: A Schlenk tube was charged with 3 (22.0 mg, 20.0 umol),
tris(dibenzylideneacetone) dipalladium(0)-chloroform  adduct (2.07 mg,
2.00 umol), tri(1-adamantyl)phosphine (2.49 mg, 6.00 pmol), cesium carbonate
(39.1 mg, 120 pmol), tetrabutylammonium chloride (2.78 mg, 10.0 pumol) and 1 mL
1-chloronaphthalene. The reaction mixture was stirred at 170 °C for 16 h. After
cooling to room temperature, 3 mL cyclohexane were added and the mixture was
purified successively by column chromatography
(cyclohexane:dichloromethane:ethylacetate gradient = 1:0:0 to 0:1:0 then 0:98:2) to
yield 4 as a dark red powder (25.1 mg, 41%).
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1H-NMR (400 MHz, TCE-dz, 390 K): & [ppm]= 8.52 (d, ] = 7.9 Hz, 2H), 8.43 (d,] = 7.9
Hz, 2H), 8.28 (d, ] = 7.9 Hz, 2H), 7.20 (d, ] = 7.9 Hz, 2H), 8.04 (s, 2H), 8.01 (s, 2H), 7.65
(s, 2H), 4.10 (d, ] = 7.4 Hz, 4H), 2.02 (bs, 2H), 1.37 - 1.23 (m, 40H), 0.83 (t, ] = 6.8 Hz,
12H).

13C-NMR (100 MHz, TCE-dz, 390 K): & [ppm]= 163.8, 163.6, 137.2, 136.32, 135.2,
136.29, 133.7, 133.6, 133.0, 132.8, 132.6, 131.1, 131.0, 129.8, 129.0, 128.5, 128.4,
127.1,123.2,123.0,122.8, 121.8, 120.6, 45.2, 37.2, 32.5, 31.9, 29.9, 26.8, 22.7, 14.0.

MS (MALDI-TOF, neg. mode, DCTB in CHCI3): m/z calculated for C72H72N204~ [M]-:
1028.549, found: 1028.544.

HRMS (ESI-TOF, pos. Mode, acetonitrile/chloroform 1/1) m/z: calculated for
C72H73N204*: 1029.5565 [M+H]*, found: 1029.5539.

Melting point: 267 °C.
UV-Vis (c = 2x10-¢ M, CH2Clz, 293 K): é&max(AMax) = 44600 M-1 cm-1 (503 nm).

Fluorescence (CH2Cl2): Amax (Aex) =573 nm (501 nm); @=0.46+0.03.

6.5.2 Device Fabrication

Organic solar cells were prepared by cleaning ITO substrates (Soluxx GmbH) with
acetone (VWR, semiconductor grade), detergent, deionized water, and isopropanol
(VWR, semiconductor grade) for 15 min each, followed by an UV/ozone treatment
for 30 min. The ZnO layer was deposited by spin-coating ZnO nanoparticles on top
of the substrates (3000 rpm, 30 s) followed by an annealing step (200 °C, 1 h). The
donor-acceptor blends were prepared by stirring a 1:1 mixture with a total
concentration of 15 mg mL-1 of donor (PCE-10 obtained from 1-Material Inc.; PM6
obtained from Brilliant Matters Inc.) and 4 in chlorobenzene for 3h at room
temperature under inert conditions followed by spin-coating at 1000 rpm for 60 s
(M.Braun Inertgas-Systeme GmbH, UNIlab Pro, c¢(0z2) < 1 ppm, c(H20) < 1 ppm). The
substrates were placed in the evaporation system (OPTIvap-XL, Creaphys GmbH)
and MoOs3 (d =10 nm, r = 0.1 A s-1, p < 10-6mbar, @rot = 10 rpm) and aluminum (d =
100 nm, r = 1-2 A s1, p < 10-6mbar) were deposited on top of the active layer to

obtain the inverted BH] organic solar cells. The device area was 7.1 mm?2. J-V
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characteristics were measured after calibration with a standard silicon solar cell
with a KG filter (ISE Freiburg) under an AM1.5G OrielSol3ATM Class AAA solar
simulator (Newport®) by a parameter analyzer (Botest Systems GmbH). EQE
measurements were carried out with a quantum efficiency/IPCE measurement
kit(Newport®) by using a 300 W Xe lamp and a Cornerstone monochromator with a
Merlin lock-in amplifier for detection. Thin-film UV-Vis spectra were measured on a
Jasco V770 spectrometer using an integration sphere. AFM images were obtained by
a NT-MDT Next Solver system in semi-contactmode by using a SCOUT 350 RAI (Nu
Nano Ltd) silicon cantilever (spring constant = 42 N m~1; resonance frequency =
350 kHz). The high-resolution AFM image was measured at a AXS Multimode
Nanoscope IV instrument in the tapping mode using a silicon cantilever from
Olympus (OMCL-AC160TS) with a spring constant of 42 N m-! and a resonance
frequency of 300 kHz.

Organic thin film transistors were fabricated on wafer substrates based on
Si|Si02(100 nm)|octadecyltriethoxysilane(OTES)  with a  capacitance  of
32.4 nF cm~2, which were rinsed prior to use with toluene (p.a. grade, VWR
chemicals), acetone, and isopropanol (semiconductor grade, VLSI PURANALTM,
Aldrich® Chemistry), successively. After drying under nitrogen flow, the substrates
were placed into a nitrogen-filled glovebox (M. Braun Inertgas-Systeme GmbH,
UNIlab Pro, c(02) < 1 ppm, c(H20) < 1 ppm) and a freshly prepared solution of 4
(5 mg mL-1in chloroform) was spin-coated on top of the substrate (1000 rpm, 60 s)
followed by an annealing step (100 °C, 5 min). The substrates were placed into an
evaporation system (OPTIvap-XL, Creaphys GmbH) and gold was deposited on top
of the organic layer through a shadow mask (d = 30 nm, r = 0.2 A s-1, p < 10-6 mbar).
The resulting transfer and output characteristics were measured under inert
conditions with an Agilent 4055C parameter analyzer and a Cascade EPS150 probe
station (W= 1000 pm, L = 20 pm).
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6.5.3 Optical Properties

- CeH1z
R= 4
CeH1a
Ci2Hzs
4 - Ci2Hos
CiaHzs
&

Table 24: Optical properties of 4 and the previously reported double annulated corannulene derivatives 4’ and
4” in dichloromethane at 25 °C.

R= AAbs EMax AEm  @plal T Stokes shift
(nm) (M-1cm-1) (nm) (%) (ns) (cm-1)
4 536,503,476 36900,44600,41800 572 46 5.19 1140

4’11971 536,503,477 52500,56200,44900 572 43 4.92 1140
4“0196] 538,504,478 45900,51300,42500 573 48 5.00 1140

[a] Fluorescence quantum yields were determined relative to (N,N’-bis(2,6-di-iso-propylphenyl)-3,4:9,10-
perylenetetracarboxylic diimide).[203]
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s(10* M cm™)
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Figure 70: Concentration-dependent UV-Vis spectra at 25 °C of 4 (black, ¢ = 2.2x10-2- 1.6x10-6 M) in toluene,
the global fit analysis according to the monomer-dimer model for 4 (red, dashed lines) and the ideal monomer
and dimer spectra (red solid lines). Inset: Molar fraction of aggregated molecules oag as a function of
concentration of 4 fitted with the dimer model.
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Figure 71: (a) UV-Vis spectra of 4 in solution as monomer (2.0x10-5M in CH:Clz; black - solid), as
dimer (2.2x10-2 M in toluene; black - dashed) compared with the previously reported dimer spectra of 4’ (green
- dotted).[197] (b) UV-Vis spectra of 4 as dimer (2x10-2 M in toluene; black - dashed), preorganized dimer for OPV
processing (7.5 mg mL-1in chlorobenzene; black - dashed and dotted) and thin-film absorption of a spin-coated
film on quartz (pink - 7.5 mg mL-1in chlorobenzene spin-coated at 1000 rpm for 60 s).
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Figure 72: UV-Vis absorption (solid line) and emission spectra (dashed line) of 4 in dichloromethane.
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Figure 74: 100 MHz 13C NMR spectrum of 2 in CDCl3 recorded at 295 K.
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Figure 77: 100 MHz 13C NMR spectrum of 4 in TCE-dz recorded at 390 K.

6.5.5 CV Data

I (A)
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Figure 78: Cyclic voltammetry (solid line) and square wave voltammetry (dashed line) traces of 4.
Measurement was performed wusing dichloromethane solutions at room temperature using
tetrabutylammonium hexafluorophosphate (0.1 M) as electrolyte.
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6.5.6 OPV Optimization
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Figure 79: PCEMax (black) and Voc (red) of PCE-10:4 based OPV in ITO|ZnO|BH]J|MoOs3|Al architecture. The mass
ratio of donor and acceptor was kept at 1:1 ratio, while the total concentration was changed between 10 -
20 mg mL-1 in chlorobenzene as solvent. The OSCs were measured under inert conditions and under AM 1.5G
irradiation.
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Figure 80: PCEMax (black) and Voc (red) of PCE-10:4 based OPV in ITO|ZnO|BH]J|MoOs3|Al architecture. The
polymer concentration was kept at 7.5 mg mL-1in chlorobenzene as solvent, while the mass ratio of the acceptor
was changed. The OSCs were measured under inert conditions and under AM 1.5G irradiation.
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Figure 81: PCEMax (black) and Voc (red) of PCE-10:4 based OPV in ITO/Zn0O/BH]/Mo03/Al architecture. The
total concentration was kept at 15 mg mL-1in 1:1 ratio in chlorobenzene as solvent, while 1-chloronaphthalene
was added prior to the spin-coating process. The OSCs were measured under inert conditions and under
AM 1.5G irradiation.
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Figure 82: J-V curves of ITO|Zn0(30 nm)|BH]|Mo03(10 nm)|Al(100 nm) of 4 (solid) and corannulene (dashed)
in 1:1 ratio with donor PCE-10 measured under inert conditions and under AM 1.5G irradiation.
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Figure 83: EQE (symbol) and UV-Vis (solid line)-spectra of PCE-10:4 (a) and PCE-10:corannulene (b) based
OSC in ITO|ZnO|BHJ|Mo0Os3|Al architecture, which were measured under inter conditions under AM 1.5G

irradiation.

Table 25: Photovoltaic parameters of OSCs based on PCE-10:4 and PCE-10:corannulene in 1:1 ratio in the

architecture ITO|ZnO|BHJ|MoOs3|AL

Donor Acceptor Jsc Voc FF PCE PCEMax
(mA cm~?) M ) (%) (%)
PCE-10 4 -6.71 0.82 36 2.0 2.1
+0.1 +0.02 =1 +0.1
PCE-10 Corannulene -0.63 0.37 33 0.07 0.1
+0.1 +004 2 £0.01
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6.5.7 OTFT Data
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Figure 84: Transfer curves (filled circle) and square root plot (open square) of Si|SiOz|OTES|4|Au based OTFT
(L =20 pm, W=1 mm, Vps = 50 V) before (black) and after (red) an annealing step at 100 °C for 5 min.
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Figure 85: Output curves of Si|SiO2|OTES|4|Au based OTFT (L = 20 um, W =1 mm, Vps = 50 V) before (a) and
after (b) an annealing step at 100 °C for 5 min.
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6.5.8 AFM Morphology
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Figure 86: AFM-height image of a spin-coated thin film of 4 on top of an OTES-treated Si|SiOz substrate.




Chapter VII 139

Chapter VII: Sterically Shielded
Polycyclic Aromatic Dicarboximides

as new Non-Fullerene Acceptors

Donor Matrix

PCE =2.1%

A new class of non-fullerene acceptors for organic solar cells namely sterically
shielded polycyclic aromatic dicarboximides was studied by increasing the size of
the m-surface from perylene bisimide to larger nanographene tetraimide. The latter
afforded higher efficiencies of up to 7.1% in donor polymer-based organic solar

cells, even without the formation of extended m-stacked domains.

The following people contributed to this chapter:

Kaan Menekse: Design of research, calculations, characterization in
solution and polymer matrixes, organic solar cells and
their characterization, writing.

Simon Soldner: Synthesis and molecular characterization, crystal growth.
Magnus Mahl: Synthesis and molecular characterization, crystal growth.
Tim Schembri: Calculations.

Julius Albert: Synthesis and molecular characterization.

Kazutaka Shoyama:  Crystallography.
Matthias Stolte: Correction and coordination.

Frank Wiirthner: Correction and coordination.
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7.1 Abstract

Polycyclic aromatic dicarboximides based on perylene bisimides and on
nanographene tetraimides were synthetically decorated with sterical demanding
imide substituents to tune their self-assembly behavior in solution as well as their
molecular packing in solid-state. These highly soluble materials combine high
extinction coefficients of 90000 and 300000 L mol-1 cm-1 with low reduction
potentials at around -1V, which render them as candidates for non-fullerene
acceptors in bulk-heterojunction organic solar cells. By single-crystal X-ray
diffraction we investigated the structure dependence of the imide substituents,
which helps us to explain the optical changes, which were observed in polymer
blended thin films. These findings were in line with the obtained solar cell
efficiencies of these sterically shielded acceptors combined with the donor polymer
PM6. Our investigations shed light onto the acceptor-acceptor interactions and their
impact on the solar cell performance. Most interestingly, we could observe that
extended m-stacked domains of individual acceptor molecules are not mandatory to

obtain power conversion efficiencies over 7%.

7.2 Introduction

In the field of organic electronics, the tuning and control of intermolecular
interactions between independent molecules to form functional materials is the key
construction principle towards tailor-made efficient devices.[17.204-208] These
interactions can be demonstrated in organic solar cells (OSCs), where the balance
between donor-donor (D-D)[209210] donor-acceptor (D-A)[211212] and acceptor-
acceptor interactions (A-A)[83213] correlates strongly with the resulting device
performance. By a closer view on the elementary processes in OSCs, it became clear
that every step is connected to intermolecular interactions, which direct the
structural, morphologic, and energetic properties in the OSCs device. The D-D
interactions in blends with fullerenes are well elucidated by various aggregation
studies for small molecules as well as polymeric donors in solution and thin films,
which showed that intermolecular interactions guide the formation of the extended
m-stacked donor domains.[209214] These donor domains in combination with an
respective acceptor are then responsible for the photovoltaic performance.

Generally, these domains consist of molecules, where the respective n-surfaces are
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in direct m-contact to those of neighboring molecules, which leads to pronounced
exciton- as well as charge-transport properties. At the interface, the most important
D-A interaction can be described with the help of the respective charge-transfer (CT)
state. Several groups verified the photocurrent contribution of the CT state with the
external quantum efficiency (EQE) spectrum on the one hand and by its
electroluminescence properties on the other hand, which allows conclusions to be
drawn about the energy loss factors.[215216] Unlike the D-D and D-A interactions so
far, the A-A interactions are not studied yet so much in detail for the various classes
of new non-fullerene acceptors (NFAs). Still, several intermolecular interactions are
present as for the variety of the most efficient ADA dyes, where a slip-stacked
J-aggregation leads to the formation of a grid-like structure with two- or even three-
dimensional percolation pathways for exciton and charges.[17.75217] State-of-the-art
ADA NFAs show minimal m-surface overlap with neighboring donor polymers or
acceptors in the solid state due to the bulky donor group in the center unit of the
typical ADA scaffold guiding the slip-stack packing arrangement. In contrast to these
NFAs, several groups focus on polycyclic aromatic dicarboximides (PADIs) due to
their low lying lowest unoccupied molecular orbital (LUMO) levels, high tinctorial
strengths as well as large m-surfaces, which show excellent interactions with the
respective donor materials combined with outstanding tunable morphologic as well
as energetic properties.[50.180.218] The main drawback of these large and often highly
symmetric m-systems is their tendency for the formation of too large m-stacked
crystalline domains (over-aggregation), which significantly reduce their solubility
and lead to the formation an inferior interface to the donor counterpart. This
drawback can be overcome by introducing sterically demanding substituents to
fine-tune the material’s morphological aspects.[105219-221] For the newest generation
of PADI molecules, photovoltaic performances were observed even without the
formation of an extended m-stacked arrangements.[50.94176] Generally, these
molecules are based on the perylene bisimide (PBI) structural motif and are then
further functionalized via the extension of the m-surface to finally obtain a three
dimensional structures.[222-225] Due to the lack of m-1t contacts, which either results
from the distorted large m-surfacel50176] or from the introduction of sterically
shielding substituents,[226.227] different exciton- and charge-transport pathways

have to be present in the bulk heterojunction (BHJ). So far, in literature these
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pathways are not elucidated in detail yet. To gain a deeper understanding into the
photophysical processes that take place for this class of NFAs, we designed a series
of sterically shielded PADIs. Just recently, we demonstrated a PADI, which we
decorated with bulky sterically demanding imide substituents[115l and could show a
variety of structures of the PADI acceptor and small molecule donors, which
revealed the well-pronounced D-A interactions. We could also demonstrate that
these dyes are able to interact with themselves via dimerization (Az) which
encouraged us to launch a systematic study of the use of these sterically shielded

PADIs in BH] OSCs.

Here, we focus on two series of two chromophore classes with different sizes namely
the parent perylene bisimides (PBIs; 1a-d) with a m-surface area of about 55 nm?
and the almost square-shaped nanographene tetraimides (NGTIs; 2a-d) with
m-surface area of about 148 nm?, respectively, which we decorate with different
bulky imide substituents (Figure 87). To further control the interaction between the
respective acceptor and donor molecules and to overcome the strong tendency for
over-aggregation of the NFA, we decided to implement multiple tert-butyl or iso-
propyl groups at different positions of the imide substituents.[228229], Hence, we tune

the access of the donor polymer and of neighboring acceptor molecules.

After the successful synthesis and purification of these dyes, we investigate the
solid-state structures of these dyes and compare the packing motifs with the optical
properties of the NFAs in thin films using a poly(methyl methacrylate) matrix

(PMMA).[2301 The different molecular arrangements in the solid state have a direct

PBI NGTI

A 149 A
0

Figure 87: Chemical structures of sterically shielded PBIs 1a-d and NGTIs 2a-d combined with the direction of
the respective transition dipole moments.




Chapter VII 143

impact on the resulting OSC performance, which we analyze by a closer view on the
characteristic photovoltaic parameters. Finally, we could show that domains of
extended m-stacked molecules are not necessarily required, when the respective
m-surface is big enough to enable efficient exciton and electron transport. With this
new knowledge, we were able to obtain a high power conversion efficiency (PCE) of
up to 7.1% even from as-cast thin films with donor polymer PM6, without the need

of additives or post-treatment steps.

7.3 Results and Discussion

7.3.1 Synthesis and Molecular Properties

Detailed synthetic procedures for the investigated NFAs are described in Chapter
6.5.1 (for 1d, 2b and 2d, Scheme 3) or in the corresponding literature (for 1b[111],
1cl111], 2al114], 2¢[115]), For our studies, we used 2,6-di-iso-propylphenyl (1a/2a) or
2,6-bisphenylphenyl moieties, which were further functionalized with two tert.-
butyl groups in meta position (2,6-bis(3,5-di tert-butylphenyl)phenyl; 1b/2b), one
tert.-butyl group in para position (2,6(4-tert-butylphenyl)phenyl; 1c/2c), or alinear
hexyl chain in para position (2,6-bis(4-n-hexylphenyl)phenyl; 1d/2d) as imide
substituents. While the PBIs are synthesized by the respective ortho-substituted
amine with perylene tetracarboxylic acid tetramethylester, the synthesis of the
NGTIs was performed via the formation of the respective dibromo naphthalimide
precursor, which was then coupled with the tetraboronated pyrene core by a Suzuki
cross-coupling reaction and subsequent oxidative dehydrogenation. For the hexyl-
substituted molecules 1d[112] and 2d, literature-unknown amines and dibromo

naphthalimides were employed.

The sterical demand of the respective imide substituents is shown in Figure 88 for

the PBIs (Figure 107 for all materials). The DFT-calculated structures show, that PBI

o= £3

Figure 88: Sterical demand of the imide substituents a, b and c of the chromophores and the comparison
between the respective demand.

Comparison
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1c is forming a void on top of the m-surface, while the m-surface of the heavily
shielded PBI 1b is almost covered, due to the multiple tert.-butyl groups in the meta-
position. These tert.-butyl groups are in shorter distance to the m-surface in
comparison with 1c¢, which prevents the formation of voids. Also, the apparently
least shielded molecule 1a shows a slight coverage of the m-surface due to the

remaining H-atom at the iso-propyl group.

The PBIs show the same optical features in CH2Clz solution with high molar
extinction coefficients (émax) of around 90000 L mol-1 cm-1 of their So-S1 transition
located at 527 nm (Amax) with a well-resolved vibronic structure with an ratio of the
respective intensities of the Aoo and Ao1 transition of 1.60, while the NGTIs exhibit
significantly higher evax of around 300000 L mol-1 cm-! with a more complex band
shape resulting from their two perpendicularly polarized transition dipole moments
(teg) with maxima at 584 and 489 nm, respectively (Figure 89, Table 26). The
AooAo1~1 ratio for the absorption band at around 498 nm ranges from 3.57-3.70,
while the other absorption band about 584 nm exhibit ratios of about 2.00-2.17. The
stronger (emax) and broader absorption (Amax) characteristics of NGTIs already
implies that they might be more suitable acceptors in BH] OSCs compared to the
PBIs. While the PBIs inherit a zeg of 8.5D for the short-wavelength transition
polarized along the long N,N" axis, the NGTIs exhibits two orthogonal polarized teg
along the short and the long molecular axis of the -system, respectively (Figure 87).
While eg along the long axis corresponds to the absorption at 490 nm (11.6 D) the
short axis can be related to the absorption at 590 nm (8.8 D).[114] A closer look at the

rise of the absorption spectra of the NGTIs in CH2Cl2 (Figure 89b) reveals a small

100 350

a) 1a b) —2b 5
—1b 300{—2c ~a
~ 801 —c | ~ —2d g
P ——1d | g 250+ 53
5} G E
T 60 - T S
E g 200 4 2,
s ~ 1504
=) 401 F:Q Oeoo 650 700
% < 1004 Aom
20 4
50 A
0 T 3 0

400 450 500 550 600 650 700 400 450 500 550 600 650 700
A (nm) 2 (nm)

Figure 89: UV-Vis absorption spectra of 1a-d (a; 1x10-* mol L-1)[112] and 2a-d (b; 4x10-¢ mol L-1) in CH2Clz
solution with zoom in to the UV-Vis absorption spectra in solution for the NGTIs from 600-750 nm.
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additional absorption band at around 680 nm only for 2c and 2d, which indicates
aggregation even in highly diluted solutions (4x10-¢ mol L-1) at room temperature.
It can be assumed, that aggregation also takes place at higher concentrations of the
NGTIs, while it was already presented for the PBIs by our group before.[112]
Especially for the PBIs, the aggregation can be also traced with the help of 1H-NMR
spectra of the PBI 1b and 1c, which were reported by us before.[111] While the most
shielded derivative 1b displays well-resolved NMR spectra already at room
temperature, the less shielded derivative 1c exhibits broad signals indicating
aggregation at room temperature, which required us to record the 1H-NMR spectra

at elevated temperature of 80 °C in C2D2Cls (Figure 114).

The steady state fluorescence spectra in CHz2Clz solution are shown in Figure 100. As
expected from our previous studies(!11], the imide substituents have only a minor
impact and all PBIs show a mirror-like emission spectrum with Stokes shifts

(AVstokes) of around 200-300 cm-1, fluorescence quantum yields (@r) between

Table 26: Optical properties of 1a-d and 2a-d in CH2Clz solution, which were obtained via UV-Vis absorption
and fluorescence studies. Data for 1bl111], 1¢l111], 1d[112], 2al114] and 2c[115] were taken from the respective
literature.

yYE] EMaxl?] AooAor 1B AVsiores®!  ApmlP! 71lel ol Dy ld]
(nm) (L mol-!cm-1) (1) (cm-1) (nm) (ns) (ns) (%)

la 526 93000 1.66 320 535 3.8 - 100

1biiil 528 87000 1.66 250 533 3.7 - 96

1cli11] 527 91000 1.66 250 534 3.8 - 97

1dit12l - 528 90000 1.66 250 535 3.9 - 97

2all14 489 278000 3.70 670 608 134 67
(584) (141000) (2.00)

2b 489 307000 3.70 700 608 13.5 ] 73
(583) (150000) (2.00)

2cl1151 - 490 320000 3.57 540 604 12.0 ] 68
(585) (163000) (2.17)

2d 490 274000 3.57 670 608 124 5.0 62
(584) (138000) (2.00)

[a] Aabs, emax and the Aoo Aoi~! ratio were obtained for UV-Vis experiments in CH2Cl2 solution (PBls:
1x10-4 mol L-1; NGTIs: 4x10-6 mol L-1); [b] AVstokes, Akm were obtained from fluorescence experiments in the
same solution while the PBIs and NGTIs were excited at 480 nm and at 550 nm, respectively; [c] The respective
excited state lifetimes were collected by a TCSPC set up while exciting the PBIs and NGTIs at 505.8 nm and
measuring the emission at Aem. The lifetimes were calculated by fitting a monoexponential decay and a
biexponential decay for 2d; [d] Fluorescence quantum yields were measured absolute in an integration sphere.
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96-100% and fluorescence lifetimes (7) of 3.7-3.9 ns (Table 26). In comparison to
the PBIs, the NGTIs exhibit slightly larger A¥stokes of 540-700 cm~1, lower @i in the
range of 62-73% but longer 7 between 12.0-13.4 ns. Energetically, both classes of
materials show almost identical first reduction potentials of -1.02 V (PBIs[231]) and
-0.99V (NTGIs[114) as determined by cyclic voltammetry, which render them
suitable NFA candidates in combination with typical p-type semiconducting

materials.

7.3.2 Solid-State Structures

To get insights into the possible packing arrangements which are formed during the
rapid spin-coating process while the solar cells fabrication we analyzed single
crystals by X-ray diffraction. Either the crystal structures were already literature-
known like for 1al232], 1b[111], 2al114] and 2¢[115] or we analyzed single crystals, which
we have grown using the diffusion method followed by slowly evaporation of the
residual solvent for 1c¢, 2b (Table 33). For 1d and 2d, it was not possible to grow
suitable crystals for the X-ray analysis, presumably due to the flexible hexyl chains
which induce significant structural disorder. As weak interactions to the packing
neighbor prevail for most of these dyes, we like to emphasize that different
structures may be present in thin films and that other polymorphic crystals might
be formed under different conditions of crystallization. For instance, solvent or
other additives like small molecule donors (e.g. coronene for 2¢) may occupy the
cavity and thereby direct the resulting structure. To qualitatively assess the impact
of the residual solvent to the respective aggregate structure, we performed DFT
calculation of monomers and m-stacked dimers using B3LYP as functional and

6-31g-d,p as basis set.

The respective monomer and dimer structures of molecules in the crystal structure
compared with calculated monomers and dimer of the PBIs (1a-c) are shown in
Figure 90. From the calculational point-of-view 1a with the di-iso-propyl-phenyl
imide substituents could not form crossed-stacked dimers, due to large m-distances
for about 6 A, which indicates only weak attractive m-m interactions. According to
this the crystal structure of PBI 1al232] (Figure 90a, Figure 91a) exhibits rather
isolated molecules, whose closest contact originates from edge-to-edge contacts to

four neighboring ones, which are aligned in the same layer, but are tilted by 22° with
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respect to its N,N’axis. The next layer shows a distance towards the first one of 7.3 4,
without any close m-1 interactions, as predicted from the DFT-calculation. The even
higher m-mt distance, which was obtained by the single crystal in comparison to the
calculation can be traced back to embedded solvent molecules (CH2Clz2) between
two chromophores. This structure can be described with the formation of layers by

individual edge-to-edge connected monomers.

Monomer Dimer Monomer Dimer
DFT DFT X-Ray X-Ray

Figure 90: Calculated monomer and dimer structures based on PBI 1a (a), 1b (b) and 1c (c) compared with
their respective crystal structure under addition of solvent molecules. Color code: grey - carbon, light grey -
hydrogen, red - oxygen, blue - nitrogen. For dimeric structures, the respective PBIs were uniformly colored in
orange and light blue. Respective solvent molecules are depicted in spacefill model.
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Figure 91: Solid-state molecular packing determined by X-ray crystal structure analysis for PBIs 1a (a), 1b (b)
and 1c (c). [llustration of the central molecule and the next neighbors which differ in their planarity (orange,
blue) in space-filling, while the imide substituents are displayed in wireframe. The packing motif of the two-
dimensional layers and the packing orthogonal to the two-dimensional layers are additionally depicted.
Hydrogen atoms are omitted and solvent molecules as well as molecular disorder of the imide substituents are
neglected.

The most shielded 1b['11] does not show any m-stack in the DFT dimer geometry
(Figure 90b). Large voids are observable too, due to the most cumbersome imide
substituents. In the respective crystal structure of 1b (Figure 90b, Figure 91b), two
individual molecules are present while one molecule shows a planar m-surface
(blue) in comparison to the second one which is highly distorted from planarity. Due
to the voids, solvent molecules are located either on top of the chromophore
(CH2CI2) or next to one carbonyl group per side (MeOH). This leads to discrete edge-
to-edge contact of individual chromophores, while the neighbor is tilted towards the
central molecule by 123°. Therefore, ribbons are formed as it can be seen in
Figure 91b with a molecular distance of 7.7 A (center-to-center). The next ribbon in
the plane shows a distance of even 18.0 A towards the first one, through which a

two-dimensional layer is formed. These layers exhibit a distance between each other

of about 12.8 A.
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In contrast to 1a and 1b, the geometry optimization yield a cross-stacked dimer
structure of 1c¢ by DFT calculation, which reveal a m-r distance of only 4.0 A and a
tilt angle of 79° towards the N,N’ axis (Figure 90c). As proposed from the DFT
calculations we could observe distinct cross-stacked dimers for 1c in the crystal
structure (Figure 91c) with a rotational twist of 88° with respect to their N,N” axes.
While one molecule (blue) shows a planar m-system, the other one shows heavy
distortion (as for 1b). The distortion can be traced back to the bulky tert.-butyl
groups, which seem to hamper the dimerization process. Nevertheless, the two
molecules exhibit a -1 distance of 3.5 A and thereby form a defined dimer. Even
after the dimer formation, large voids are observable in the crystal structure, which
are filled with solvent molecules (toluene). Each crossed-stacked dimer is further
coordinated with two toluene molecules. The next neighboring dimer shows either
the same orientation with a short distance between these dimers of 13.14 or a
twisted orientation with a slightly increased distance of 15.1 A. As a result, a two-
dimensional layer of dimers is formed with a layer distance of 19.3 A. As 1d with
more flexible hexyl-chains shows similar substitution pattern like 1c, we assume,

that 1d is forming a similar packing arrangement in the solid state.

When comparing the respective X-ray structures of these sterically shielded PBIs,
1b seems to be the most shielded one, which efficiently prevent any - interactions
to itself. On the first glance, one could think, that 1a should show the highest
tendency for the formation of crossed-stacked dimers due to the smaller di-iso-
propylphenyl substituents. In reality, it shows a lower tendency towards dimer
formation than 1c, which presumably can be traced back to stabilizing phenyl--H
interactions originating from the additional phenyl groups of the imide-substituent
of 1c. This attractive interaction does not lead to dimerization in the case of 1b due

to the tert.-butyl groups in meta position, which reduce the size of the void.

The respective calculated monomers and dimers of NGTIs 2a-c compared with their
crystal structures are shown in Figure 92, while their packing arrangements are
displayed in Figure 93. They show similarities (2a-b) as well as well as differences
(2c) to their PBI-based counterparts 1a-c. From the calculational point-of-view 2a
(Figure 92a) should form not form a crossed-stacked dimers. Indeed, like in the case

of 1a, the apparently least-shielded NTGI 2all14l (Figure 93a) shows isolated
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individual molecules, which form a two-dimensional layer with the two neighboring
edge-to-edge connected molecules. The larger m-m distance of 6.8 A in comparison
to the calculated dimer originate from solvent molecules (CH3Cl), which are located
in close proximity next to the chromophores. The formation of edge-to-edge
connected chromophores instead of dimers can be traced back to the already
mentioned missing phenyl---H interactions. In z-direction two individual layers are
formed, leading to alternating A-B packing motif. As in the case of 1a, the structure
can be described by the formation of layers, which consist of individual monomers

with edge-to-edge contacts to two neighboring molecules.

For the most sterically shielded NTGI 2b (Figure 92b and Figure 93b), it was not
possible to calculate a discrete m-stacked dimer, due to the large imide substituents.
In the respective crystal structure, the resulting large voids between the molecules
are filled with several molecules like toluene, methanol and chloroform. The packing
of 2b is characterized by isolated monomers that are surrounded by four edge-to-
edge connected neighbors, which lie parallel to each other. Interestingly, because
less residual solvent is present in-plane, the distances between the molecules are
even smaller compared with 2a. Towards the next two-dimensional layer, a distance
of 12.8 A can be observed, which is significantly larger than for 2a due to the bigger

imide substituents and the already mentioned solvent inclusion.

Like in the case of 1¢, 2¢ (Figure 92c, Figure 93c,d) shows in accordance to the X-ray
structures crossed-stacked dimer from the DFT optimization with a m-mt distance of
4.1 A and a tilt angle of 47°. From the crystallographic point-of-view, it was able the
obtain two different polymorphs for 2¢.[115] One, where several solvent molecules
are present, leading to an monomeric growth and the other one, where coronene
was added as a small donor, leading to a dimeric growth. The monomer-like
structure exhibits several solvent molecules like toluene and chloroform
surrounding the chromophore. Additionally, two other individual chromophores
are connected to a central chromophore via edge-to-edge contacts
(blue/orange/green). The complicated three-dimensional (3D) network can be
understood as ribbons, where alternating molecular orientations are present. These
ribbons exhibit a distance of 12.5 A. To the over and underlying plane, these ribbons

are connected via the green marked molecule leading to a non m-stacked 3D
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network. The dimeric structure shows a -t distance of 4.1 A, which is the exact
calculated value from the DFT experiments. Only a different tilt angle of 34° was
obtained, which is lower than the calculated value of 47°. Similar as observed
dimeric structure for 1c, interdigitated dimers of 2c are formed. The main difference
between these structures is that the 2c¢ dimers an edge-to-edge contact to
neighboring dimers leading to a ribbon-like structure, which is missing for 1c. To
the next ribbon, a distance of 12.2 A was observed, which leads to a layered-like

structure consisting of individual dimeric strands.

Monomer Dimer Monomer Dimer
DFT DFT X-Ray X-Ray

a)

2a

b)

2b

2c

Figure 92: Calculated monomer and dimer structures based on NGTI 2a (a), 2b (b) and 2c (c) compared with
their respective crystal structure under addition of solvent molecules. Color code: grey - carbon, light grey -
hydrogen, red - oxygen, blue - nitrogen. For dimeric structures, the respective NGTIs were uniformly colored in
orange and light blue. Respective solvent molecules are depicted in spacefill model. For 2c the monomeric and
the dimeric structure are shown.
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Figure 93: Solid-state molecular packing determined by X-ray crystal structures of the NGTIs 2a (a), 2b (b) and
2c (c,d). lllustration of the central molecule and the next neighboring which differ in their planarity (orange,
blue, green) in space-filling, while the imide substituents are displayed in wireframe. The packing motives of the
two-dimensional layers and the packing orthogonal to the two-dimensional layers are additionally depicted.
Hydrogen atoms are omitted and solvent or additional donor molecules as well as molecular disorder of the
imide substituents are neglected. For d) a co-crystal structure was used, where the small molecular donor
(coronene) was neglected to demonstrate the variety of structures. As these dyes do not shows long ranging
supramolecular forces, short ranging forces direct the resulting structures and solvent as well as small donors
have a major impact on the structure.

When having a closer view on the molecule-molecule contacts in the crystal
structures, mainly two different intermolecular interactions appear to be of
relevance for which direct the variety of the solid-state packing motif, namely the -
T interactions towards the dimeric structures and the CH---O interactions leading to
an edge-to-edge interaction as shown in Figure 108. Considering, that only weak
interactions direct the resulting structure, several polymorphic structures can be
possibly formed during the rapid spin-coating process. Nevertheless, it can be

concluded that the heavily shielded molecules 1b and 2b and the non-shielded
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chromophores 1a and 2a rather stay in a monomeric species, while the void-

forming molecules 1c¢, 1d, 2c¢ and 2d should also form dimers in the thin film.

7.3.3 Optical Signatures in Polymer-based Thin Films

The optical changes, which are induced by the presented molecular packing
arrangements, were investigated in polymer-based thin films. In line with studies by
Zhang et al., we used mixed thin films of the respective acceptor and PMMAIZ30] for
our optical studies instead of PM6 (OSCs donor polymer) to avoid during the
spectroscopic studies parasitic PM6 absorption on the one hand and to simulate the
BH] morphology of the real device on the other hand. In all shown thin-film samples
we used a polymer:acceptor blend solution (1:0.6) with a total concentration of
12 mg mL-1in chlorobenzene without the addition of any additives, which was spin-
cast at 750 rpm for 60 s onto quartz substrates. The thin films (Figure 101) were
investigated without any post-treatment in accordance with the later OSC
fabrication. This allows us to transfer the finding of the PMMA-based layers to the
respective active layers of the OSCs. The replacement of PM6 by PMMA had almost
no impact on the UV-Vis absorption properties of the acceptors, as it was checked

by additional UV-Vis studies (Figure 103).

As mentioned before, the impact of the aggregation can be observed already in
solution, like for 1c. Therefore, the different thin-film absorption spectra on quartz
substrates of the PBIs 1la-d exhibit several changes in comparison with the
respective solution spectra (Figure 94, Table 27), which originate from the coupling
of ueg of the respective molecules in close proximity. As reg of the PBI’s So-S1
transition is polarized along the N,N” axis, these materials serve as a tool kit to
understand the more complicated changes in absorption band shapes for the NGTIs,

which originate from their two orthogonally polarized .

When discussing the respective UV-Vis absorption as well as fluorescence spectra
(for additional information see Figure 102, Figure 104 and Figure 105), one must
notice, that UV-Vis experiments resemble quantitative information about the
respective absorbing species, while the emission spectra only give qualitative
information due to different quantum yields of the respective emitting species and

due to possible electron/energy transfer processes between them. All here shown
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dyes are mainly present as monomers in the solid state, leading to an Forster
resonance energy transfer (FRET) from the monomer to the aggregate as it was

described by Zhang et al. for similar dyes.[230]

The absorption spectrum of the most heavily shielded PBI 1b (Figure 94b) with 2,6-
di-tert-butylphenyl substituents suggests that isolated individual PBI
chromophores prevail in the polymer matrices which do not or only slightly interact
with each other. Therefore, only a small solid-state blue shift of 1 nm (70 cm~1) was
observed. However, weak H-type interaction between the chromophores(233.234] can
be deduced from the ratio between the absorption intensities of the first and the
second vibronic bands of the So-S1 transition (Aoo Ao171) of 1.56, which is reduced
compared to the solution value of 1.69. While the absorption spectrum
predominantly shows monomeric absorption features, the fluorescence spectrum of
this dye in the PMMA matrix showed two clearly distinguishable emission bands -
one narrow-band emission at 536 nm and a second broadband emission at about
588 nm (A¥stokes = 2000 cm~1). Therefore, predominantly two species within the

respective acceptor domain in the PMMA matrix are formed. The narrow emission

L1 0 Monomer vs.:
s CER)
T
k1.0

k0.5

Absorption (a.u.)

Emission (au@

0.0- N e,
400 500 600 700 800

A (nm)

Solution: PMMA Matrix:
= Absorption —— Absorption
® e e Emission e e e Emission

Figure 94: Normalized UV-Vis absorption (solid) and fluorescence (dotted) spectra in CH2Clz solution (black)
and in PMMA matrix spin-casted on quartz substrates (red) of PBIs 1a-d. For the respective emission spectrum,
the acceptors were excited at 550 nm.
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bands at 536 nm presumably originates from a rather monomer-like species with
short lifetimes (71 = 1.1 ns; Figure 102), while the other emission band can be
attributed to individual molecules in close proximity which are connected in an
edge-to-edge manner like it was shown in the respective crystal structure

(72 = 4.5 ns; Figure 102b).

A similar behavior is observed for the least soluble dye 1a with the 2,6 di-iso-
propylphenyl substituents, which shows only a minor solid-state red shift of -4 nm
(=140 cm™1) as well as a broadening of the spectra, which we trace back to the
formation of a dense edge-to-edge packing under the rapid deposition conditions. In
the fluorescence traces of monomer emission is still present, while the main broad
and structureless emission at 625 nm (A¥stokes = 2800 cm~1) originates from an

aggregate species with highly increased lifetime (72 = 12.7 ns; Figure 102a).

In stark contrast, the absorption properties for the less shielded derivatives 1c and
1d with para tert.-butyl and n-hexyl groups at the imide phenyl moiety are
drastically altered displaying clear H-type aggregate characteristics.[233.234] In both
cases, solid-state red shifts of -3 nm (=110 cm~1) and -5 nm (-140 cm~1) and a large
tailing into the long wavelength region compared to 1a and 1b were observed. A
similar tailing was described by Zhang et al. for sterically shielded PBIs, which form
crossed-stack packing arrangements.[230.235] Combined with the strongly reduced

Aoo Ao1~1 ratio (1c: 1.31; 1d: 1.26) vs. 1.66 (solution)) and the already mentioned

Table 27. Characteristic values for UV-Vis and fluorescence experiments of thin-film samples of the respective
acceptor embedded in a PMMA matrix (1:0.6).

Aabslal  AooAo11[al Al Al AVstokesPl  AgmlP]  7lcl gl
(nm) (D (nm/cm™1) (HorB) (cm™1) (nm) (ns) (ns)
la 530 1.42 -4 / -140 B 2800 625 35 127
1b 526 1.56 2/70 H 2000 588 1.1 45
1c 530 1.31 -3 /-110 B 2760 621 0.3 6.6
1d 532 1.26 -4 / -140 B 2400 610 4.6 11.1

[a] The maximum absorption wavelength (Aabs), the ratio of the intensities for the Ao1 and Aoo transition and its
shift (A1) by the transition from CH2Clz solution to the solid state in the PMMA matrix (H - hypsochromic /
positive values; B - bathochromic / negative values) were collected from UV-Vis absorption spectroscopy. [b]
The Stokes shift (A¥stokes) and the emission maximum (Aem) were collected by excitation of the thin-film samples
at 480 nm and at 550 nm, respectively. [c] The respective excited state lifetimes were collected by a TCSPC set
up while exciting the PBIs and NGTIs at 505.8 nm and measuring the emission at 618 nm (1a), 618 nm (1b),
588 nm (1c) and 610 nm (1d). The lifetimes were calculated by fitting a biexponential decay to the respective
decay curve.
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NMR and UV-Vis experiments (vide supra) which indicate H-type coupling of stacked
chromophores, we conclude the formation of cross-stacked dimers in the thin-film.
In the fluorescence spectra, broad excimer-like emission bands located at 717 nm
(AVstokes = 2800 cm~1) and 754 nm (AVstokes = 2400 cm~1) with lifetimes of 6.6 ns and

even 11.1 ns (Figure 102), respectively, were observed.

To get further insights into the Coulomb and CT-coupling, which are strongly
connected to the respective molecular arrangement in the dimer, impacted by the
imide substituents, we used the already shown dimer structures of 1b and 1c
(Figure 90). According to our previous work,[116] we calculated the impact of the
resulting connection motive (m-stacked dimer or edge-to-edge monomer) on the
optical properties via the respective coupling strength (Table 32). The overall
coupling of the respective zeg (So-S1) is positive (H-type) but low for 1c (16 meV)
and negligible for 1b (6 meV). The coupling mainly originates from Coulombic
coupling Jcoulomb of the dimeric structure of 1c. In both cases, the charge-transfer
coupling Jcr is almost 0 meV due to minute charge-transfer integrals for both
electron and hole transport (t- and t+), respectively. Overall, this leads to weak H-
type coupling in the case of the dimeric structure for 1b and a neglectable coupling
for 1c, which correlates well to the optically described AooAo1~! values. Due to the
same substitution motifs and the same optical changes, we assume similar coupling

strength for the dimer of 1d.

Due to low solubility and concomitant aggregation of acceptor 2a it was not possible
to obtain a thin-film sample in the desired quality for the UV-Vis absorption
experiments (Figure 111). Analogue to 1b, 2b shows an almost monomer-like
absorption in the thin-film (Figure 95, Table 27). Still, minor changes in position and
intensity in the thin-film UV-Vis absorption spectrum are still observable. The
second absorption band at around 490 nm, which correspond to the g polarized
along the long molecular axis, has a similar shape in the thin film as in solution. This
underpins the AooAo171 (490 nm) ratio of 3.13 in the thin film compared with 3.70 in
solution. Furthermore, a small solid-state blue shift of only 2 nm (80 cm-1) was
observed. Similarly, the Aoo Ao1~1 ratio of the absorption band polarized along the
short axis at 580 nm of 1.82 compares with 2.00 in solution and for the solid-state

blue shift is minor with 1 nm (30 cm~1). This leads to the conclusion, that NGTI 2b,
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Figure 95. Normalized UV-Vis absorption (solid) and fluorescence (dotted) spectra in CH2Clz solution (black)
and in PMMA matrix spin-casted on quartz substrates (red) of NGTIs 2b-d. 2a was not investigated due to
inferior film-formation properties. For the respective emission spectrum, the acceptors were excited at 550 nm.

like PBI 1b, rather forms an edge-to-edge arrangement as it was shown in the crystal
structure, due to the two bulky tert-butyl groups at each meta position of the imide
phenyl units, which successfully shield the chromophore core. Therefore, the
Coulomb coupling between the geg of neighboring molecules is low due to the large
distances in the solid state and an almost monomer-like absorption is retained. As
in the case of 1b, an ensemble of emission bands at around 610 nm, 700 nm and
750 nm were obtained for 2b in PMMA matrix in the fluorescence experiment. The
weaker one at around 610 nm can be traced back to mainly remaining monomers,
while the rest correspond to the already described edge-on neighboring molecules

(682 nm; A¥Vstokes = 2520 cm1).

When reducing the bulkiness of the imide substituent as for 2c and 2d, the optical
changes can be traced back to the formation of discrete dimers as for 1c and 1d. This
can be underlined with the help of the solid-state red shifts, the tailing as well as
excimer emission at < 717nm  (AVstokes=3000cm-1) and 754 nm
(AVstokes = 3800 cm~1). Respective increased excimer-like fluorescence lifetimes of
8.7 ns and 13.3 ns compared with the lifetime of 5.7 ns of the most shielded
derivative 2b cooperate this finding (Table 28, Figure 102). Due to the successive

bathochromic shift of the emission maximum and the increased lifetimes of the 2¢
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Table 28. Characteristic values for UV-Vis and fluorescence experiments of thin-film samples of the respective
acceptor embedded in a PMMA matrix (1:0.6).

Aabslal Ao Ao1~1al AAlal AAlRl AVstokeslP!  AemlPl 7l pld]
(nm) (D) (nm/cm-1) (HorB) (cm™!) (nm) (ns) (ns)

2b 487 3.13 2/80 H 2520 682 2.0 5.7
582 1.82 1/30 H

2c¢ 490 2.86 0/0 0 6500 717 19 87
589 1.79 -4 /-120 B

2d 491 2.94 -1/-50 B 3800 754 2.8 133
586 1.56 -2 /-60 B

[a] The maximum absorption wavelength (Aabs), the ratio of the intensities for the Ao1 and Aoo transition and its
shift (A4) by the transition from CH2Clz solution to the solid state in the PMMA matrix (H - hypsochromic /
positive values; B - bathochromic / negative values) were collected from UV-Vis absorption spectroscopy. [b]
The Stokes shift (A¥stokes) and the emission maximum (Aem) were collected by excitation of the thin-film samples
at 480 nm and at 550 nm, respectively. [c] The respective excited state lifetimes were collected by a TCSPC set
up while exciting the PBIs and NGTIs at 505.8 nm and measuring the emission at 717 nm (2b), 682 nm (2c) or
754 nm (2d). The lifetimes were calculated by fitting a biexponential decay to the respective decay curve.

and 2d, compared with the heavily shielded derivative 2b, we assume, that the
m-stacked dimer formation is strongly favored for 2d followed by 2c¢ and is almost

impossible for the most shielded 2b, which is in line with the respective X-ray data.

Furthermore, the TD-DFT calculated couplings (Table 32) for the heavily shielded
2b showed only a weak J-type Coulomb coupling (-22 meV) for the ueg, which is
oriented along the long molecular axis and a neglectable H-type coupling (9 meV)
for the ueg oriented along the short molecular axis. An opposite behavior was
obtained for dimers of 2¢, which revealed weak H-type Coulomb coupling (36 meV)
for the ueg which is oriented along the long molecular axis and weak J-type coupling
(=29 meV) for ueg oriented on the short-axis. This correlates to the spectral changes

of the thin film, where geg of the short and the long axis behave differently.

Accordingly, our UV-Vis absorption and fluorescence studies showed that we are
able to fine-tune the capability for self-aggregation into dimers of these dyes in the
thin film with the help of the different bulky substituents. We assume that most of
the respective chromophore is still present in a monomer species, which can be
traced back to the almost monomer-like absorption properties. Nevertheless, for
both series of chromophores a Forster resonance energy transfer takes place from

the monomer to the respective aggregate species.
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7.3.4 Organic Solar Cells

Based in their strong absorption and appropriate redox properties all PBIs and
NGTIs should be well-suited to serve as acceptor compounds in polymer-based OSCs
with the donor polymer PM6 (Figure 96a). Just by comparing the two spectral
ranges of the absorbed light of the PBI:PM6 and NGTI:PM6 mixtures, we would
expect a similar short-circuit current density (Jsc) (Figure 96b). However, as the
NGTIs exhibit significantly higher molar extinction coefficients per mass, the
resulting Jsc for the NGTIs should be higher. The respective combination covers a
spectral range from about 400 nm to 700 nm. For the robust screening procedure, a
reliable inverted device architecture was chosen, which consists of
ITO|ZnO|PM6:NFA(1:0.6)|M00Os3|Al (Figure 97a). Energetically, an interesting
circumstance can be observed (Figure 96c). As all the here investigated dyes possess
their first reduction potential at around -1V in solution, they should also show
similar open-circuit voltages (Voc), if the respective energy loss factor (ELoss) in the
BH] is the same (Additional information see Figure 106 and Table 31). This would
allow gaining insights into the relationships of Voc to the molecular isolation and
arrangement in the solid state. As the NFAs show different solubility, all solar cells
were spin-coated (750 rpm, 60 s) from chlorobenzene solution with a blend ratio of
1:0.6 (mp:ma) and a total concentration of 12 mg mL-1 to obtain almost equal layer
thicknesses of approximately 90 nm each. The combination with additives or any
post-processing step was deliberately avoided but also had no positive effect on the
device efficiency. The respective J-V curves of all 0SCs are shown in Figure 97b (dark
curves are shown in Figure 109), while the characteristic values are listed in
Table 29. Most of the dyes showed indeed an appropriate diode-like behavior, which

is remarkable since the rigid bulky imide substituents prohibit the close contacts

b) 10f/—psI c)
L NGTI
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Figure 96. a) Chemical structure of donor polymer PM6 also known as PBDB-TF. b) Normalized UV-Vis

absorption spectra of thin films of 1b and 2b compared with the donor polymer PM6. c) Schematic energy

diagram of all OPV materials.
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Figure 97. a) Schematic representation of the device architecture of the inverted OSCs. b) J-V curves of shielded
NFAs containing OSCs in combination with PM6 as donor material, which were measured under inert conditions
and AM1.5G irradiation. EQE (symbols) and UV-Vis absorption (solid) spectra of the BH] OSCs based on PBIs (c)

and NGTIs (d). For clarification the absorption spectra of PMMA-based films of 1b, 1¢, 2b and 2¢ were displayed
in c) and d) to further represent the impact of the packing to the spectroscopic changes.

between the m-surface of the NFAs to enable charge transport. Only for 2a, no diode-
like behavior was observed due to its insufficient solubility and strong phase
separation from the donor polymer after spin-coating. The diode-like behavior for
all other devices can be quantified with the Ji-1v) Jsc~1 ratio. An ideal solar cell would
exhibit a value of 1. For the here shown OSCs, the values decrease from about 1.33-
1.39 for the PBIs down to 1.09 for the NGTIs 2c and 2d. On the first glance, it seems

that an increased size of the m-surface lead to a better diode-like behavior.

Interestingly, all PBIs showed almost the same Jsc value of around -5.5 to
-5.7 mA cm~2 although they display different absorption spectra. Therefore, it can
be concluded, that the imide substituents for the shielded PBIs have only a minor
impact on overall photon collection, exciton migration and resultant respective Jsc
value. The EQE spectra of these acceptors revealed a broadband photocurrent
contribution ranging from 300-700 nm with maximum EQE values of around 40%.
When comparing the different EQE and UV-Vis absorption spectra of these OSCs
(Figure 97c) and with the spectra of the PBIs in the PMMA matrix (Figure 94) it can

be concluded, that both species, the monomers and dimers contribute to the
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Table 29. Photovoltaic parameters of the inverted BH] OPVs in ITO|ZnO|PM6:NFA|MoOs3|Al architecture. All
parameters (expect of JscEQE) were collected from a J-V measurement under inert and AM1.5G conditions. For
the statistics, 15 individually operating devices were measured.

NFA JScEQE Jsc J-inJsct Voc  VocMax  FEless FF PCE PCEMax
(mAcm=?) (mA cm2) (1) M M WM %) (% (%)
1a -4.9 -5.0 1.37 095 096 0.70 40 1.9 2.1
+0.2 +0.01 +1 0.1
1b -5.5 -5.7 1.33 1.09 112 0.54 38 24 2.5
+0.1 +0.02 +1 0.1
1c -5.5 -5.5 1.39 1.02 1.04 0.62 37 2.1 2.5
+0.1 +0.02 +1 0.2
1d -6.0 -5.7 1.36 1.03 1.04 0.62 37 2.2 2.4
+0.2 +0.01 +1 +0.1
2b -7.7 -8.6 1.15 1.08 1.08 0.60 44 41 4.2
+0.2 +0.01 +1 +0.1
2c -9.6 -10.7 1.09 1.02 1.04 0.64 54 6.0 6.4
+0.5 +0.02 +1 +0.2
2d -9.7 -10.8 1.09 1.04 1.04 0.64 56 6.3 7.1
+0.5 +0.01 +1 +0.5

photocurrent. The calculated short-circuit current density, which was obtained by

integrating the EQE (JscEQE), exhibits the same trend.

As expected, all NGTIs 2b-d exhibit significant higher Jsc values of -8.59 (2b),
-10.75 (2c) and -10.79 (2d) mA cm~2 in combination with the donor polymer PM6
compared to their PBI counterparts. It seems to be, that the edge-to-edge connected
monomers as in the case of 2b show a significantly higher recombination rate as the
preassembled dimers in the case of 2c and 2d. Therefore, a closer look on the
respective EQE spectra is needed. In the case of the NGTIs small changes in the EQE
and absorption maxima for 2c and 2d again can be traced back to the formation of
dimers. Therefore, not only the isolated monomer species of 2¢ and 2d contributes

to the photocurrent generation but also the respective aggregate, namely the dimer.

When comparing the Voc of the different PBIs values from 0.96 V up to 1.12 V were
observed. Surprisingly, the largest Voc of 1.12V was measured for the most
enwrapped PBI 1b, while the other derivatives exhibit values of 1.04 V (1c/1d) and

0.96 V (1a). We assume, that the Voc value can be directly related to the respective
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molecular arrangement in the NFA domains. Monomeric arrangements lead to high
Voc values (1b), while the formation of dimers yield lower values (1c/1d). The
lowest Voc for 1a could be related to a non-suitable interface to the donor polymer,
due to its low solubility, which disturbs the spin-coating process. For the NGTIs,
similar Voc values were observed ranging from 1.04 V for 2c and 2d to up 1.08 V for
2b. These observations are in line with the PBIs. The lower Voc for 2b in comparison
to 1b originates from the larger m-surface, which less shielded than the smaller one

from the PBIs.

The third parameter to be discussed is the fill-factor (FF), which gives information
about a balanced electron and hole mobility as well as recombination pathways in
the respective OSCs. Here, most PBI-based devices showed a medium FF between
37-40%, while for the NGTI-based devices an increase in FF from 44% for 2b even
to up to 57% for 2d was observed. This indicates that an increasing size of the
m-surface of the NFA as well as a packing arrangement with more intermolecular
contacting possibilities between the acceptor dyes (for 2c and 2d) in the BH] seems

to facilitate the electron transport for the NGTIs.

The main figure of merit for an OSCs is the power conversion efficiency (PCE). While
the PBI-based devices showed a PCE of about 2.1-2.5%, the NGTI-based devices
showed significantly increased efficiencies. NGTI 2b with the most shielded m-
surface showed the lowest PCE of up to 4.4%, while 2c¢ reaches 6.4%. The highest

PCE was obtained for 2d with up to 7.1%, due to its increased Voc and Jsc.

To get further insights into the charge-transport properties of the active layers, we
processed space-charge-limited current devices (SCLC) in
ITO|PEDOT:PSS|BH]|MoOs|Al (hole-only device; HOD) and in
ITO|ZnO|BHJ|PDINO|AI (electron-only device, EOD) architecture with the same
active layer as in the OSC experiments (Figure 98). While the hole-mobility, which is
connected to the polymer PM6, is overall high and in the range from 10-* to
103 cm?2 V-1 s-1 the electron mobility differs significantly for the NFAs. While all
PBIs show an overall low electron mobility of about 102 to 10-8 cm2 V-1s-1 the
NGTIs exhibit an increased mobility ranging from 10-8 up to 10-¢ cm2 V-1 s-1 from
2b over 2c to 2d. Therefore, it can be concluded that the NGTI core unit is more

capable to facilitate electron transport than the PBI analogues. Furthermore, we are
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Figure 98: SCLC plots in J-E format with the respective charge carrier mobility. Hole-only devices were
processed in ITO|PEDOT:PSS|BHJ|MoOs|Al architecture (ab), while for the electron-only devices
ITO|ZnO|BH]J|PDINO|AI (c,d) was chosen. The calculation of the mobility.

able to identify the n-hexylphenyl substituents of 1d and 2d as the most potent
substituents for best film-forming ability as well as NFA packing arrangement for
optimal charge-transport, followed by the tert-butylphenyl and the di-tert-
butylphenyl substituent. Whilst the percolation pathways for electron transport in
the respective acceptor domains cannot be attributed to a continuous m-stack of
NFAs, we hypothesize that edge-to-edge contacts of residual monomers as shown in
Figure 108, can to certain extend enable the observed mobilities even without an
orbital overlap between acceptor molecules. Investigations of the morphology of all
blends by AFM (Figure 110), did not reveal distinguishable separated donor or
acceptor domains. Instead, overall low surface roughnesses in root mean squares of
only 2-3nm at a 10x10 mm? surface area the active layer exhibits a very
homogenous and well mixed BH] with presumable nanometer-scaled acceptor

domains.
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While we assume, that the exciton diffusion in the respective NFA domain is
performed by FRET, the recombination pathways limiting the device’s performance
are not clear so far. Therefore, we performed a recombination analysis analogue to
Li et al215] by measuring the dependence of Jsc and Voc to the incident light power
(PLight), which is shown in Figure 99. For analyzing Jsc vs. PLight, the obtained Jsc values

are fitted with the power-law equation:

Jsc % Pfigne (3)

The power factor «is used for describing the mechanism of the recombination. If &
is close to unity, only bimolecular recombination takes place, while monomolecular
recombination can be neglected. In the case of the shielded PBIs (Figure 99a), « is
determined to around 0.83-0.88, which lead us to the presumption that both
monomolecular and bimolecular recombination pathways are possible. In the case
of the NGTIs (Figure 99b) « increases up to 0.94 (2d) and accordingly a part of the
monomolecular recombination can be avoided. This can be traced back to the large

available m-surface as well as the formation of the variety of possible structures,
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Figure 99: Jsc vs. PLight dependence for PBIs (a) and NGTIs (b). The data was fitted using the power-law equation.
The a-value is given in brackets. Voc vs. PLight dependence for PBIs (c) and NGTIs (d). The n-value is given in
brackets.
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which forms a good interface to the polymer PM6. The Voc vs. PLight dependence can
be described with a linear dependence of In(PLight) to Voc with a slope of nksTq1. ks
is the Boltzmann constant, T the temperature and q the elementary charge. The
ideality factor n represents in combination to the Jsc vs. PLight plot the recombination
mechanism. n is close to 1, when bimolecular recombination takes place, while
higher values are obtained for trap-assisted recombination. For the PBI-based OSCs
n ranges from almost 1 to almost 4 (Figure 99c).With an increased sterically demand
of the imide-substituents, higher n values were obtained, which can be traced back
to the formation of energetic traps within the BH] probably caused by a too intense
shielding. For 1a almost the whole mt-surface is accessible, which leads to a low trap
density and therefore a low n value of only 1.06. In the case of 1b the m-surface is
almost completely blocked, which generates several trap states and a very high n
value of 3.99. 1c and 1d are due to the different substitution motive in-between
these extremes. Nevertheless, the n factor is high with values of almost 2, which
suggests that trap states are still dominating. Better ideality factors were obtained
for the NGTIs (Figure 99d). Here, 2b and 2c¢ showed a similar value of around 1.4,
which still indicates a trap-assisted recombination pathway. For 2d the lowest value
of 1.13 was observed, which implies the best interface to the polymer as well as a
lower trap density. Therefore, it can be summarized that the main recombination
pathways of those shielded acceptors are trap-assisted recombination events in the

BH]J.

Table 30: Summarized mobility (un, ) values, which were obtained via SCLC measurements in
ITO|PEDOT:PSS|BH]|Mo0s|Al architecture for hole-only devices and ITO|ZnO|BH]J|PDINO|ALI for the electron-
only and recombination parameters a and n, which were obtained by Jscvs. Prightand Voc vs. PLight measurements.

NFA (cm? ’:/&il s (cm? Cﬁl s 1) (T) (,11)
la 4 %104 1x10-° 0.88 1.06
1b 1x10-3 9x10-8 0.83 3.99
1c 6 x 104 3x10-8 0.87 2.06
1d 1x10-3 9x10-8 0.86 1.73
2b 1x10-3 5x10-8 0.91 1.40
2c 5x 104 1x 107 0.93 1.48

2d 1x10-3 5x10-6 0.94 1.13
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The here shown OSCs exhibit unique pathways for electrons and excitons in the NFA
domains, which are the reason that also these shielded NFAs show an OSC
performance. While excitons are transferred by an Forster resonance energy
transfer, the electrons are transported via an edge-to-edge transport between
individual chromophores. This transport mechanism finally led to the observed
performances, which reached up to 7.1% for 2d. This demonstrates the favorable
effect of the m-stacked dimerization as well as a presumably 3D percolation network
among these dimers. The maximum PCE of 7.1% for NTGI 2d is indeed remarkably
high considering that no classical percolation pathways with m-orbital overlap are

present inside the respective acceptor domains

7.4 Conclusion

In this chapter, we demonstrated the application of a series of new non-fullerene
acceptor molecules based on shielded polycyclic aromatic dicarboximides, namely
perylene bisimides and nanographene tetraimides, which we decorated with
different rigid imide substituents. These sterically demanding substituents shield
specific parts of the chromophore’s surface, which strongly prevent over-
aggregation. We summarized their optical properties in solution, investigated their
solid-state structures and the impact on the optical signatures in the thin film
blended with a polymer. With the help of UV-Vis absorption and fluorescence
spectroscopy in combination with (TD-)DFT-calculations and the respective crystal
structures we were able to gain an in-depth view in the molecular arrangement
within the respective acceptor domains. Our work showed that small optical
changes in the thin film can be traced back to the formation of edge-to-edge
connected monomers or m-stacked dimers. We assume, that a part of the acceptor
material is undergoing a preorganization process already in solution, while the
other part is still present as monomers. The position of this monomer-dimer-
equilibrium can be changed by varying the size of the void, which is formed due to
the sterical demand of the imide substituents. In organic solar cells, the monomer
and the dimer absorb light and generate photocurrent. The exciton transport
probably occurs over an Forster resonance energy transfer in the NFA domains.
After the efficient charge separation, the chromophore’s size plays a crucial role in

terms of the charge transport, due to the lack of extended m-stacked molecules in
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the NFA domains. We were able to proof, that the large nanographene tetraimides
exhibit an improved charge-transport behavior than their smaller perylene bisimide
counterparts. Generally, the charge-transport of these dyes is conducted via an
edge-to-edge transport leading to good diode-like behaviors in OSCs. We could also
demonstrate that the open-circuit voltages are strongly connected to the
aggregation behavior of the respective acceptor molecule enabling values up to
1.12 V for PBIs, which tend to stay in a monomeric phase. NFAs, which are able to
undergo dimerization exhibit Voc values of 1.04 V. We could show that the best
materials in our study (NGTI 2d) exhibit dimer formation as well as a three-
dimensional edge-to-edge packing motif, which increases the solar cell performance
to a maximum PCE value of 7.1% in combination with PM6 in inverted BH] solar
cells. The efficiency of the here shown devices is limited, due to the charge-carrier
mobilities and due to the recombination pathways at energetic traps. Both could be
overcome with the help of even larger m-systems, which would also allow

absorption up to the NIR-region to increase the photocurrent.
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7.5 Supporting Information for CHAPTER VII

7.5.1 Materials and Methods

Synthesis: 1a was purchased from BASF, the synthesis of 1b[111], 1¢[111], 2al114] and
2cl1151 was published before. The synthetic procedures for the new materials 1d[112],

2b and 2d as well as their characterization is reported in Chapter 7.5.2.

Measurements and Characterization: UV-Vis absorption spectroscopy in CH2Cl2 was
measured at room temperature on a Jasco V770 spectrophotometer in 10 mm
cuvettes (SUPRASIL®, Hellma® Analytics). For the thin-film spectra on quartz
substrates (SUPRASIL®, Hellma® Analytics) as well as of the active layer of the OSCs,
a Perkin Elmer Lambda 950 spectrometer with an integration sphere was used. The
PMMA-based thin films of the investigated compounds were fabricated by spin
coating a blend of poly(methyl methacrylate) (PMMA) and the respective NFA on
quartz substrates (1:0.6, ctotal= 12 mg mL-1 in CB, 750 rpm, 60 s). Fluorescence
spectroscopy in CHzClz solution (10-¢ M, Amax < 0.2, spectroscopic grade, Uvasol®,
Merck) as well as in the thin film were measured at room temperature on an
Edinburgh Instruments FLS980-D2D2-ST spectrometer and were corrected against
the photomultiplier sensitivity and the lamp intensity. Fluorescence lifetimes were
determined with an EPL picosecond pulsed diode laser (Aex = 505.8 nm) for time
correlated single photon counting (TCSPC) with the same spectrometer.
Fluorescence quantum yields were measured in CH2Cl2 on a Hamamatsu Absolute
PL Quantum Yield Measurement System CC9920-02. NMR-Spectroscopy was
performed on a Bruker Avance III HD 400 MHz NMR spectrometer relative to
residue undeuterated solvent signals. The chemical shifts (J) are listed in parts per
million (ppm). Multiplicities for proton signals are abbreviated as s, d, t and m for
singlet, doublet, triplet and multiplet, respectively. Mass spectrometry was
performed in the negative mode via MALDI-TOF on a Bruker Daltonics
UltrafleXtreme with 2-[(2E)3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile) (DCBT) as matrix or via ESI on a Bruker Daltonics

micrOTOF focus.

Single Crystal Structure: Single crystal X-ray diffraction for compounds 1c, 2¢c was
measured at 100 + 1 K on a Bruker D8 Quest Kappa diffractometer with a Photon II

CMOS detector and multi-layered mirror with monochromated CuKa radiation. The
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solved structure was obtained with Fourier techniques and the Shelx software

package.

DFT calculations for HOMO and LUMO energies as well as for the ground state dipole
moments were performed using the Gaussian 09 program package.[155] Starting
structures were energy minimized using the B3LYPI[156-157] functional and a 6-31G**
basis setl159-161] The DFT-optimized dimer structures were used for further quantum
chemical calculations of intermolecular couplings. For the respective dimer of NGTIs
2b and 2c, the imide substituents were replaced with 2,6-dimethylphenyl units to
significantly reduce the calculation time while leaving the m-system unchanged. The
long-range Coulomb coupling Jcoulomb was calculated using time-dependent DFT (TD-
DFT) in the Gaussian 09 program package with the long-range corrected hybrid
density functional wB97X-DI23¢] and a def2-SVP basis set.[237] The resulting
transition density was then fitted to the Mulliken atomic transition charges by
electron excitation analysis for the dominant excited state(s) using the Multiwfn
software packagel238] and Jcoulomb finally calculated using the transition charge
method.[23°] Hereby, the Mulliken transition charges were accordingly scaled by
0.88 [PBI S1], 0.79 [NGTI (ueg along short axis)] and 0.87 [NGTI (eg along short axis)]
due to an overestimation of peg from TD-DFT. The short-range charge-transfer
coupling Jcr was calculated at the perturbative limit[234240] with an estimated energy
difference in the charge transfer and local Frenkel state of 1600 cm~! and with the
effective electron and hole transfer integrals t- and t-, respectively, as determined
using the Amsterdam Density Functional (ADF) programl162-164] with the PW91
functionall166l and a TZP basis set.[165] The resulting total coupling Jcoupiing was finally

calculated as the sum of Jcoulomb and Jcr.

Organic Solar Cells were processed on ITO-glass substrates (Soluxx GmbH), which
were cleaned by sonication with acetone, detergent solution (mucasol®), deionized
water and isopropanol followed by an UV/ozone treatment for 30 min. Afterwards
the ZnO layer was applied by spin coating a colloidal solution of ZnO (according to
Sun et all73]) and annealed for 1h at 200°C. The ITO|ZnO Substrates were
transferred to a nitrogen filled glovebox (M. Braun Inertgas Systeme GmbH; ¢(02) <
0.1 ppm, c¢(H20) < 0.1 ppm), where the active layers were deposited via spin coating,.

Therefore, the blend solutions were prepared at room temperature by dissolving
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the respective NFA molecule in chlorobenzene (CB, 4.5 mg mL-1; 3 h). The acceptor
was mixed (1:0.6) with the donor polymer PM6 (7.5 mg mL-1, Brilliant Matters Inc)
and stirred overnight. Spin coating was performed at 750 rpm for 60 s. To complete
the solar cells, MoO3 (d = 10 nm, r=0.2 As1, wrot =10 rpm, p <10~ mbar) was
deposited as hole-transporting layer and aluminum (d = 100 nm, r=2-3As1,
wrot =0 rpm, p<10-®mbar) as electrode material using the OPTIvap-XL from
CreaPhys GmbH. The resulting solar cells were measured as cast and under inert
conditions. J-V measurements were performed after calibration with a standard
silicon solar cell with a KG filter (ISE Freiburg) under an AM1.5 G Oriel Sol3ATM
Class AAA solar simulator (Newport®) by a parameter analyzer (Botest Systems
GmbH). EQE measurements were carried out with a Quantum Efficiency/IPCE
Measurement Kit (Newport®) by using a 300 W Xe lamp and a Cornerstone
monochromator with a SR810 Lock-In Amplifier for detection. Hole-only and
electron-only devices for calculating the SCLC mobility were fabricated with the
same procedure for the active layer as for the OSC manufacture. While the hole-only
devices (HOD) structures consists of ITO|PEDOT:PSS|BHJ|Mo0s3|Al the electron-
only devices (EOD) were fabricated in ITO|ZnO|BHJ|PDINOJ|Al architecture.
PEDOT:PSS (Heraeus, Clevios O VO Ak 4083) were deposited onto ITO substrates
(2500 rpm, 60 s) followed by an annealing step at 150 °C for 15 min. PDINO was
synthesized according to Zhang et all’?l and solubilized in methanol (1 mg mL-1)
and deposited onto the BH]J layer (3000 rpm, 60 s). The calculation of the respective
mobilities was performed analogue to Zhu et al.[?41] The remaining layers (MoOs3,
Zn0, Al) were fabricated according to the OSC manufacture. The J-V characteristics
of the HOD- and EOD-devices were measured using an Agilent 4055C parameter

analyzer on a Cascade EPS150 probe station.

AFM Morphologies of thin films were investigated with NT-MDT Next Solver System
in semi-contact mode by using a SCOUT 350 RAI (Nu Nano Ltd) silicon cantilever

(spring constant = 42 N m~1; resonance frequency = 350 kHz).

7.5.2 Synthesis
The synthetic procedure is shown in Scheme 3. The experimental details for

obtaining the new derivatives 1d!!!%, 2b and 2d can be found on the following pages,
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while all others were already previously described by us (1a supported by BASF,
1b(111], 1¢l111], 2al114] and 2¢115]),

a) 1) n-BuLi (2.0 equiv), THF
2

% [Pdy(dba)a]-CHCI3 (5 mol %)

)
MeO,C O O COMe Q o
O\B/ SPhos (20 mol %) R 2 . 2 R O O R
B ot Cs2C0; B0 equiy) _ QNHZ MeO,C O O COMe QN .. N@

NH, Toluene / HyO (2:1)

100 °C, 16 h R (1.0 equiv), reflux, 65 R J Y R/
Coftrs 3) H,0 (5.0 equiv)
reflux, overnight
3 4d 5d 1
(T7%) (19%)

b
) 1) n-BuLi (2.0 equiv), THF
2) o Q 0
R o,B B«

Br R (o] [Pd2(dba)3]-CHCI3 (40 mol %)
R PCy;-HBF 4 (160 mol %)
o O _N_O Cs,CO03 (12.0 equiv)
w oL e
e} 1-Chloronaphthalene
R (1.0 equiv), reflux, 6 h OO O (c=0.02 M)
R O\B B,O 160°C,3d
3) Hx0 (5.0 equiv) [ !
reflux, overnight Br Br %To o
5b/d 6b/d 7 2b/d
(6b: 40%) (2b: 15%)
(6d: 30%) (2d: 35%)

t-Bu
o O e
t-Bu
b d

Scheme 3: Synthetic routes for the formation of PBI 1d and NGTIs 2b and 2d.

2,6-Bis(4-hexylphenyl)aniline (5d)!112]

4. b  [Pdxdba)g]-CHCIy (5 mol %)
NS SPhos (20 mol %) O
Br Br . Cs,CO3 (3.0 equiv) - O
NH, NH.
Toll.|1e(;10e o/CHﬁg }(.'2 N H13C¢ 2 CeHia
CeH1s
3 4d 5d

Scheme 4: Synthesis of 5d.

2,6-Dibromo aniline (88.4 mg, 352 umol, 1.0 eq), 2-(4-hexylphenyl)-4,4,5,5-
tetramethyl-1,2,3-dioxaborolane (234 g, 810 umol, 2.3 eq), cesium carbonate
(344 g, 1.06 mmol, 3.0 eq), Pdz(dba)s-CHCI3 (18.2 mg, 17.6 umol, 5 %), SPhos
(28.9 mg, 70.5 umol, 20%) were solubilized in THF (dry, degassed, 26 mL) and
water (13 mL) and stirred for 16 h at 100 °C. After cooling to room temperature, the
mixture was extracted with CH2Clz2, washed with water and dried over MgSO4. The
residual solvent was removed under reduced pressure and the raw product was

purified via column chromatography (silica, CH2Clz:cyclohexane - 1:9 to 3:7).
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Yield: 112 mg (77%) of a yellow-brownish oil.

1H-NMR (400 MHz, CD2Clz, 298 K): §/ppm = 7.52 (d, ] = 7.86 Hz, 4 H), 7.36 (d, ] =
8.32 Hz, 4 H), 7.21 (d,] = 6.94 Hz, 2 H), 6.95 (t, ] = 8.32 Hz, 1 H), 3.95 (s, 2 H), 2.76 (t,
J=6.98 Hz, 4 H), 1.77 (quin, ] = 7.00 Hz, 4 H), 1.51-1.39 (m, 12 H), 1.02 (t,] = 5.58 Hz,
6 H).

13C-NMR (100 MHz, CD2Clz, 298 K): 6 /ppm = 142.4 141.4,137.4,129.8,129.4,129.2,
128.1,118.2, 36.0, 32.11, 31.91, 29.44, 23.0, 14.24.

HRMS (ESI-TOF): m/z: calcd. for C3oHsoN* [M + H]*: 414.31553; found: 414.31726.

N,N-bis[2,6-bis(4-hexylphenyl)phenyl]perylene-3,4:9,10-bis(dicarboximide)
(1d)112]

1) n-BuLi (2.0 equiv), THF CeH1a H13Ce
. O W,
O MeOQCCOQMe Q 0
SENe OO a=eteteRe
H1sCs 2 CeHia MeO2C CO,Me N O O N
(1.0 equiv), reflux, 6 h
g O

3) HyO (5.0 equiv)
5d i 1d
reflux, overnight CeHia HisCs

Scheme 5: Synthesis of 1d.

2,6-Bis(4-hexylphenyl)aniline (5d; 59.8 mg, 145 pumol, 2.0 eq) was solubilized in
THF (dry, 2 mL) and cooled down to -78 °C, while n-butyl lithium in n-hexane
(2.5M, 116 pL, 18.5 mg, 289 pmol, 4.0 eq) was added dropwise under stirring (1 h).
The mixture was allowed to come to room temperature and 3,4,9,10-perylene
tetracarboxylic acid tetramethylester (35.0 mg, 72.3 umol, 1.0 eq) was added,
followed by heating up to 90 °C for 6 h. After cooling down, the residual solvent was
removed under reduced pressure, followed by purification with HPLC

(CH2Cl2:EtOAc - 99:1) and recrystallization in CH2Clz and methanol.
Yield: 16.5 mg (19%) of a crystalline red solid.
Melting Point: 240-242 °C

1H-NMR (600 MHz, C2D2Clz, 373 K): /ppm = 8.29 (d, ] = 7.12 Hz, 4 H), 8.24-7.95 (m,
4H),7.53 (t,/=7.91 Hz, 2 H), 7.44 (d,] = 7.91 Hz, 4 H), 7.21 (d,] = 7.91 Hz, 8 H), 6.89
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(d,/=7.91 Hz, 8 H), 2.33 (t,/ = 7.15 Hz, 8 H), 1.31 (quin, / = 8.17 Hz, 8 H), 1.01 (s, 24
H), 0.60 (t, ] = 7.15 Hz, 12 H).

13C-NMR (100 MHz, C2D2Clz, 373 K): §/ppm = 163.4, 142.1, 142.0, 136.8, 134.5,
132.1,131.2,130.0,129.5,128.9, 128.6, 127.9, 126.4, 123.4, 122.8, 120.6, 35.5, 31.6,
30.9, 28.7, 22.5, 13.9.

HRMS (MALDI-TOF, neg. Mode, DCM): m/z: calcd.: 1182.62801; found: 1182.62844.
UV-Vis (CH2Clz; 1x10-5 mol L~1): Amax (nm) (¢ (L mol-1 cm~1) =528 (90300).

Fluorescence (CHCI3): AemM2x (nm) (@r1(%)) = 535 (97 + 2).

N-(2,6-Bis-(3,5-(di-tert-buyl)-phenyl)phenyl)-4,5-dibromo-1,8-naphthalimid
(6b)

1) n-BuLi (2.0 equiv), THF ¢y O t-Bu

® i T 0
t-Bu t-Bu o
O NH, O O o] t-Bu t-Bu

Br
tBu t-Bu

(1.0 equiv), reflux, 6 h
—_—

3) H,0 (5.0 equiv) Br Br

reflux, overnight

Scheme 6: Synthesis of 6b.

2,6-Bis(3,5-di-tert-butylphenyl)anilin (5b) (50.0 mg, 106 pmol, 1.0eq.) was
solubilized in THF (100 mL, dried) and cooled to —78 °C. To this solution, n-butyl
lithium in hexane (133 uL, 1.6 M in n-hexane, 212 umol, 2.0 eq.) was added
dropwise followed by stirring for 1 h. After heating to room temperature, 4,5-
dibromonaphthalin-1,8-dicarboxylic acid anhydride (37.9 mg, 106 umol, 1.0 eq.)
was added and the mixture was stirred for 6 h at 75 °C, followed by the addition of
water (0.58 mL) and by additional 16 h of stirring at 75 °C. After cooling down to
room temperature, the mixture was filtered over silica and washed with CH2Clz. The
residual solvent was removed under reduced pressure and the raw product was
purified using column chromatography (silica, CH2Cl2/cyclohexane from 1:2 to 1:1)

and recrystallized from CH2Clz/methanol.
Yield: 34.6 mg (40%) of a white solid.

Melting Point: 256-257 °C.
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1H-NMR (400 MHz, CDCl3, 298 K): 6/ppm = 8.14 (d, /= 8.0 Hz, 2 H, Ar-H), 8.05 (d,
J=8.0Hz, 2 H, Ar-H), 7.58-7.63 (m, 1 H, Ar-H), 7.50-7.54 (m, 2 H, Ar-H), 7.16 (d,
J=19Hz 4H, Ar-H), 7.09 (t,] = 1.9 Hz, 2 H, Ar-H), 1.06 (s, 36 H, Alkyl-H).

13C-NMR (101 MHz, CDCls, 298 K): §/ppm = 163.0, 150.0, 142.5, 138.2, 135.9, 131.6,
131.22,131.21,129.7,129.2,127.9,127.5,123.1, 123.0, 120.9, 34.8, 31.3.

HRMS (ESI-TOF, pos. mode, acetonitrile/chloroform 1/1): calcd. for
Ca6Ha9Br2NO2Na: 828.2028; found: 828.2022 [M+Na]*.

UV-Vis (CHCI3): AMax (nm) (& (L mol-t cm-1)) =377 (17200).

N-[2,6-bis(4-hexylphenyl)phenyl]-4,5-dibromo-naphthalene-1,8-dicarbox-

imide (6d)
1) n-BuLi (2.0 equiv), THF
(0 i ¢
B H13C¢ CeH1a

o]
T L0, ey
NH. o]
HiaCs 2 CaHis Br O
0 90
(1.0 equiv), reflux, 6 h
—_—

3) HoO (5.0 equiv) Br ®Br

reflux, overnight

5d 6d
Scheme 7: Synthesis of 6d.

To a solution of 2,6-bis(4-hexylphenyl)aniline (5d) (8.5g 21 mmol) in THF
(400 mL) was added n-butyllithium (1.6 M in hexane, 25.7 mL, 41.1 mmol) at
-78 °C. The mixture was stirred for 1 hour and allowed to warm-up to room
temperature. 4,5-dibromonaphthalene-1,8-dicarboximide (2) (7.31 g, 20.6 mmol)
was added and refluxed for 6 h. Water (1.85 mL, 103 mmol) was added to the
resulting mixture and additionally refluxed for additional 16 h. After cooling to room
temperature, the mixture was filtered and washed with CH2Clz. The filtrate was
washed with water and extracted with CH2Clz. The organic layers were combined
and concentrated under reduced pressure. The crude product was purified by silica-

gel column chromatography (cyclohexane / CH2Clz = 1:4).
Yield: 4.7 g (30%) of a yellow solid.

Melting point: 164-165°C.
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1H-NMR (400 MHz, CDCl3): § 8.19 (d, ] = 8.3 Hz, 2H), 8.08 (d, ] = 8.0 Hz, 2H), 7.58 (t,
J=7.7 Hz, 1H), 7.46 (d,] = 7.7 Hz, 2H), 7.18 (d, ] = 8.1 Hz, 4H), 6.93 (d, ] = 8.1 Hz, 4H),
2.41 (t,] = 7.8 Hz, 4H), 1.45-1.36 (m, 4H), 1.20-1.05 (m, 12H), 0.81 (t,] = 7.0 Hz, 6H).

13C-NMR (100 MHz, CDCl3): 6 163.3, 142.1, 141.7, 136.4, 136.1, 131.6, 131.4, 131.0,
130.2,129.3,128.2,128.1, 127.7,122.8, 35.5,31.7, 31.1, 28.8, 22.7, 14.2.

HRMS (ESI): Calcd for C42H41Br2NNaO2z* [M + Na]*: 772.13962. Found: 772.13766.

N,N',N",N'""-Tetrakis[2,6-Bis-(3,5-(di-tert-butyl)-phenyl)phenyl]
tetranaphtho[8,8a,1,2-abc:2',1',8a',8'-¢fg:8",8a"",1",2"-Imn:2'",1"",8a'",8""'-
pqr]ovalene-3,4:7,8:14,15:18,19-tetrakis(dicarboximide) (2b)

RQ\R QL J% [Pda(dba)s]- CHCI3 (40 mol %)
PCy3-HBF 4 (160 mol %)
Ox N _O “ Cs,CO05 (12.0 equiv)
+ _—
1- Chloronaphlhalene
O (c=0.02 M)
B B 160 °C, 3d
Br Br %r 75

6b

Scheme 8: Synthesis of 2b.

A Schlenk-tube was charged with the respective imide 6b (4.4 eq.), 7 (1.0 eq.),
tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct [Pdz(dba)s]-CHCl3
(40 mol%), PCys-HBF4 (160 mol%), Cs2C03 (12.0 eq.) and 1-chloronaphthalene as a
solvent under a nitrogen atmosphere at room temperature and heated to 160 °C for
20 h. The reaction mixture was allowed to cool to room temperature, and the
mixture was filtered over a pad of silica gel to remove 1-chloronaphthalene and the
crude product was eluated with dichloromethane. The crude product was purified
by column chromatography, followed by size exclusion chromatography (BioBeads
SX1 or SX3, CHCls), recycling gel permeation chromatography (CHCI3) and

precipitation.
Yield: 6.5 mg (15%) of a dark purple solid.

Melting Point: > 300 °C
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1H-NMR (400 MHz, CD2Cl2, 298 K): 6/ppm =11.65 (s, 2 H, Ar-H). 10.63 (s, 4 H, Ar-H),
10.19 (d,/ = 8.5 Hz, 4 H, Ar-H), 9.46 (d,] = 8.5 Hz, 4 H, Ar-H), 7.83-7.92 (m, 28, Ar-H),
7.46-7.48 (m, 8, Ar-H), 7.34-7.39 (m, 32, Ar-H), 7.05-7.10 (m, 32 H, Ar-H), 6.90-6.95
(m, 16, Ar-H).

13C-NMR (151 MHz, CDCls, 298 K): §/ppm = 164.9, 164.6, 142.0, 141.4, 140.5, 140.4,
134.6, 132.5, 130.6, 129.9, 129.8, 128.7, 127.6, 127.4, 127.0, 126.62, 126.56, 125.0,
124.7,124.4,124.3,123.8,123.0, 122.9 121.5.

HRMS (MALDI-TOF, neg. mode, DCTB in chloroform): calcd. for C232H130N40Os:
3098.9889, found: 3098.9932 [M]-.

UV-Vis (CH2Clz; 4x10-¢ M): Amax (nm) (¢ (L mol-1 cm-1) = 489.5 (281000), 583.5
(138000).

Fluorescence (CHCI3): AemM2x (nm) (@ (%)): 608 (73 = 3).

N,N',N",N'""-Tetrakis[2,6-bis(4-hexylphenyl)phenyl)]tetranaphtho[8,8a,1,2-
abc:2'1',8a',8'-efg:8",8a",1",2""-Imn:2'"",1'",8a"",8"""-pqr]ovalene-
3,4:7,8:14,15:18,19-tetrakis(dicarboximide) (2d)

0, A gk

[Pdy(dba)s]-CHCI3 (40 mol %)
PCys-HBF 4 (160 mol %)
Oy N_O “ Cs,C03 (12.0 equiv)
+ —_—
1-Chloronaphthalene

OO O (c=0.02 M)
O-g 5O 160 °C, 3d

6d 7

Scheme 9: Synthesis of 2d.

A Schlenk-tube was charged with N-[2,6-bis(4-hexylphenyl)phenyl]-4,5-dibromo-
naphthalene-1,8-dicarboximide (6d) (93.7 mg, 125 pmol, 4.4 eq.), pyrene-1,3,6,8-
tetraboronic acid tetrakis(pinacol)ester (7) (20.00 mg, 28.3 umol, 1.0eq.),
tris(dibenzylideneacetone) dipalladium(0)-chloroform adduct [Pdz(dba)s]-CHCI3
(11.6 mg, 22.6 pmol, 40 mol %), PCy3-HBF4 (16.6 mg, 90.4 umol, 160 mol %), and
Cs2C03 (110 mg, 339 pmol, 12.0 eq.) under a nitrogen atmosphere. Subsequently, 1-
chloronaphthalene (1.4 mL) was added and the mixture was stirred at 160 °C for

3 days. The reaction mixture was cooled down to room temperature and passed
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through a pad of silica-gel using cyclohexane/dichloromethane = 3:7 as an eluent to
remove 1-chloronaphthalene and dichloromethane/methanol = 9:1 to collect
fractions containing the product. The crude product was purified by column
chromatography (gradient of cyclohexane/dichloromethane from 7:3 to 0:1) and
precipitation from dichloromethane/methanol followed by washing with methanol
and n-hexane.

Yield: 25.0 mg (35%) of a red solid.

Melting Point: 250-252 °C.

1H-NMR (400 MHz, CDCl3): 6 11.66 (s, 2H), 10.79 (s, 4H), 10.17 (d, J = 8.5 Hz, 4H),
9.43 (d,J = 7.8 Hz, 4H), 7.69 (dd, ] = 7.0, 7.0 Hz, 4H), 7.62-7.58 (m, 8H), 7.46 (d, ] =
8.2 Hz, 16H), 6.97 (d, ] = 8.2 Hz, 16H), 2.25 (t, /] = 7.8 Hz, 16H), 1.27-1.17 (m, 16H),
0.92-0.72 (m, 48H), 0.33 (t,/ = 7.0 Hz, 24H).

13C-NMR (100 MHz, CDCls): 6 164.6, 164.4, 142.0, 141.9, 136.7, 134.6, 131.7, 130.4,
130.0, 129.9, 129.4, 129.1, 128.4, 128.3, 127.7, 126.7, 124.7, 124.6, 124.4, 124.0,
123.2,122.9,121.6,119.7, 35.4, 31.4, 30.9, 28.57, 22.3, 13.8.

HRMS (MALDI TOF): Calcd. for CissH162N4Os* (M*): 2555.23872. Found:
2555.24008.

UV-Vis (CH2Clz; 4x10-6 M): Amax (nm) (¢ (L mol-1cm-1) = 490 (279000), 854.5
(140000).

Fluorescence (CHzCl2): AemM2* (nm) (@r1 (%)): 608 nm (62 + 1).
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7.5.3 UV-Vis and Fluorescence Data
a M —|? —2b
1.0 — 1.0 Y
0.9 1 —1c 0.9 1 —2d
~ 08 —1d| _ 084
5 0.7 2 07
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Figure 100: Fluorescence spectra of 1a-d (a; 1x10-4* mol L-1) and 2b-d (b; 4x10-6¢ mol L-1) in CH2Cl2 solution
measured at room temperature. For the PBIs and NGTIs were excited at 480 nm and at 550 nm, respectively.

a b d

PBI

NGTI

Figure 101: Photographs of the described NFAs in PMMA matrix under ambient light as well as UV-light
irradiation.
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Figure 102: Fluorescence decay curves (black solid) and the respective biexponential fit (red) of the PBIs 1a
(a), 1b (b), 1c (c), 1d (d) and of the NGTIs 2b (e), 2c (f), 2d (g) in PMMA matrix (1:0.6). For all compound an
excitation wavelength of 505.8 nm was chosen, and the emission decay detected at 618 nm (1a), 618 nm (1b),
588 nm (1c), 610 nm (1d), 717 nm (2b), 682 nm (2c), 754 nm (2d), respectively. For 2a it was not possible to
obtain a thin film in the desired quality, due to insufficient solubility.
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Figure 103: Normalized UV-Vis spectra of 1a (a) 1b (b), 1c (c), 1d (d), 2b (e), 2¢ (f), 2d (g) in CH2Cl2 solution
(black), in PMMA matrix (red), and in PM6 matrix (blue). For the spectra in PM6 matrix, the absorption of the
neat donor polymer layer was subtracted. For 2a it was not possible to obtain a thin film in the desired quality,
due to insufficient solubility.
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Figure 104: Excitation (black) and emission (red) spectra of 1a (a) 1b (b), 1c (c), 1d (d), 2b (e), 2¢ (f), 2d (g) in
PMMA matrix. The individual excitation and emission wavelengths are denoted in the respective figure. For 2a
it was not possible to obtain a thin film in the desired quality, due to insufficient solubility.
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Figure 105: Normalized UV-Vis absorption spectra 1a (a) 1b (b), 1c (c), 1d (d), 2b (e), 2c (f), 2d (g) in PMMA
matrix (black) compared with their excitation spectra (red). For 2a it was not possible to obtain a thin film in
the desired quality, due to insufficient solubility.
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7.5.4

DFT-Calculations

Table 31: Calculated HOMO and LUMO energies as well as internal reorganization energies (/Areorg) for all NFAs
via DFT compared with the literature data, which were obtained from cyclic voltammetry.

Acceptor Areorg (€V) EPFTHomo (eV)

EPFTLumo (eV)  E%homo (eV)  ECViumo (eV)

1a -6.01 -3.48
1b -5.88 -3.35
~0.30 -6.13(231] —-3.79[231]
1c -5.90 -3.37
1d -5.86 -3.33
2a -5.85 -3.63
2b -5.71 -3.48
~0.15 -3.81[114] -6.06[114]
2c -5.72 -3.50
2d -5.69 -3.46
PBI NGTI
o
2 ~4
4.

HOMO

Figure 106: Calculated HOMO and LUMO for the PBI and the NGTI chromophores.
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Figure 107: Energy minimized structures (B3LYP, 6-31-d,p) of NFAs in spacefill model (side-view).

Table 32: Coupling strength of respective transition dipole moments in the dimer. Positive values resemble
hypochromic shifts and negative value lead to a bathochromic shift.

t. t- ]CT ]Coulomb ]Coupling
(meV/cm-1) (meV/cm-l) (meV/cm-1) (meV/cm1) (meV / cm-1)
1b 1/7 0/0 0/0 6/45 6 /45 (H)
1c 1/4 36 /288 0/2 16 /131 16 /130 (H)
2b 0/0 0/2 0/-1 9/ 76w 9 /76 (H)

~22 /-17901  -22 / -179D1(])

-24 /-194la  -29 / -234Ll(])
2c  24/191 21/169 -5/ -40
41 /33401 36 /294D (H)

[a] Transition dipole moment along the short molecular axis. [Pl Transition dipole moment along the long
molecular axis.
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7.5.5 X-Ray Data

Table 33: X-ray structure characteristics for PBI 1c and NGTI 2b.

1c 2b
Empirical formula C76He6N204 C200H194N40s
Wavelength (A) 1.54178 1.54178
T (K) 101 100
Description of the crystal
Crystal System Triclinic Triclinic
Space group P-1 P-1
Unit cell dimension
a (k) 16.5447 21.2988
b (A) 18.7892 23.2102
c(A) 23.3659 23.6180
a () 82.920 114.246
B () 83.513 102.882
7 () 77.185 91.032
Volume (A3) 7001.1 10301.7
Z 4 1
Deale. (g cm~3) 1.104 1.167
F(000) 24721 3875.4
Range of 4(°) 2.424-73.461 2.120-79.282
Goodness of Fit 1.077 1.030
CCDC 2011168 2011165
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Figure 108: Schematic depiction of the structure directing intermolecular contacts for the respective crystal
structures. For clarification the same molecular color code was used as in Figure 91 and Figure 93. Additionally,
all hydrogen atoms are marked in grey while all oxygen atoms are marked in red. a) H--O bonding from the
perylene oxygen to the imide-substituent hydrogen. b) H--O bonding from perylene oxygen to m-stacked
perylene hydrogen. c) CH:--O bonding from carbonyl oxygen to the perylene core in edge-to-edge orientation. d)
CH---O bonding from NTGIs carbonyl oxygen to pyrene core hydrogen in edge-to-edge orientation. e) CH--O
bonding from NTGIs carbonyl oxygen to naphthalene hydrogen in edge-to-edge orientation.

7.5.6 OSC Data
102 102
a) [ 1a b) TS
L 1b L 2c
10! 10
T—1c 1—ad
_ 1001_‘Id _10%7
£ £
jg’ 107" 4 % 107"
E 102+ § 1024
107 4 1024
1.0 0.8-06-0.4-02 0.0 0.2 0.4 06 08 10 1.2 1.0-0.8-06-0.4 0.2 00 02 0.4 0.6 08 10 1.2
V (V) V (V)

Figure 109: J-V dark curves of OSCs in ITO|ZnO|PM6:NFA|MoOs|Al architecture for a) PBIs 1a-d and b) NGTIs
2c-d.



