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ABSTRAKT

Obor organické elektroniky nabizi jedine¢nou moznost masové vyroby levné
a ekologicky piivétivé elektroniky. Otevira dvefe novym funkcim a tvarim zafizeni,
které standardni elektronika na bazi kovu a kiemiku neumoziuje.

Moznosti dané povahou organickych latek a pokrok ve vyzkumu syntézy nas
zasobuji novymi materidly pro fotonické aplikace. Hlavni motivaci této prace je
hledani novych materidli a zkoumani vztahu mezi jejich molekularni
(a krystalickou) strukturou a vlastnostmi.

Tato prace je zaméi'ena na studium optickych a/nebo elektrickych vlastnosti novych
materiali pro fotonické aplikace. Materiadly prezentované v praci jsou organicke
i hybridni organicko-anorganické, u nichz je snaha ziskat to nejlepsi z obou svéti.
Vyzkum prezentovany v této praci se sklada ze tii samostatnych casti, které jsou
propojeny cilem studovat vztah mezi strukturou materidlu a jeho vlastnostmi
a metodami pouzivanymi ke studiu téchto vlastnosti.

Prvni ¢ast s1 klade za cil predstavit materidly vykazujici ucinnou fluorescenci
v pevné fazi (Solid-State Fluorescence, SSF). V této praci jsou prezentovany dveé
série materiali vykazujicich SSF. Barva emise je fizena zmeénami skupin
pritahujicich elektrony v push-pull systémech molekul. Vysledky ukazuji efektivni
(>10%) emise pokryvajici vétsinu viditelného spektra (~450-650 nm).

Druha cast prezentovaného vyzkumu zkoumd vliv thionace na znamou skupinu
nizkomolekularnich polovodi¢i - diketopyrrolopyrroli (DPP). Prezentované
vysledky ukazuji ve studovanych molekulach vyraznou preferenci n-typové chovani
nasledkem thionace, s fddovym zvySenim pohyblivosti elektroni, a také piisobivé
nizko lezici hladiny LUMO (~ —4.,5 eV).

Treti ¢ast uvedenych vysledki je zaméfena na perovskitové materialy pro fotonickée
aplikace. Hybridni materidl — organo-olovnato-halogenidovy perovskit je jiz témeéft
puldruhého desetileti v centru pozornosti vyzkumniki v oblasti pokrocilé fotoniky.
Perovskitové solarni ¢lanky prokazuji pozoruhodnou uéinnost, avsak jejich vyuziti
stale brani problémy se stabilitou. V této praci je prezentovana studie stability jako
referen¢ni bod pro dal$i vyzkum v této oblasti a pro ziskani vhledu do procest
ovliviiujicich stabilitu perovskitovych materiali a solarnich clankd. Nasledné je
navrzen a otestovan pristup ke zvySeni stability a vykonu c¢lankt, vyuzivajici
materialy studované ve druhé studii.



ABSTRACT

The field of organic electronics offers the unique possibility of mass production of
cheap and environmentally friendly electronics. It opens doors to novel
functionalities and device forms not possible with the standard metal- and silicon-
based electronics.

The possibilities given by the nature of organic compounds and progress in synthetic
research supply new materials for photonic applications. The search for novel
materials and the investigation of the relationship between the molecular (and
crystalline) structure and properties of the material are the main motivation of this
thesis.

This thesis is focused on study of optical and/or electrical properties of novel
materials for photonic applications. The materials presented in the thesis are both
organic and hybrid organic-inorganic ones, trying to get the best of both worlds. The
research presented in this thesis comprises three distinct parts interconnected by the
aim to study the relationship between the structure of material and its properties and
by the methods used to study these properties.

The first part aims to present efficient solid-state fluorescent (SSF) materials. In this
thesis two series of SSF materials are presented. The colour of the emission is
controlled by varying the electron withdrawing groups in the push-pull systems of
molecules. The results show efficient emission (>10 %) covering most of the visible
spectrum (~450-650 nm).

The second part of the research investigates the effect of thionation on the well-
known small-molecule group of semiconductors, diketopyrrolopyrroles (DPPs). The
presented result shows a notable preference for n-type behaviour upon thionation
with increase of electron mobilities by orders of magnitude, as well as impressively
low lying LUMO levels (~ —4,5 eV) in the studied molecules.

The third part of the presented results aims at perovskite materials for photonic
applications. The hybrid material, organo-lead-halide perovskite, has been the center
of attention of researchers interested in advanced photonics for almost a decade and
half. The perovskite solar cells have shown remarkable efficiency, however, their
utilization is still hindered by stability issues. A stability study is presented as a
reference point for further research on this topic and to gather insight into processes
influencing the stability of perovskite material and solar cells. Then an approach to
increase the stability and performance of the cell is proposed and tested utilizing
materials studied in the second study.
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1 INTRODUCTION

The worldwide importance of organic electronics is constantly growing, with
OLED technologies utilized by corporations such as Samsung, Sony, Apple, etc.,
and also OPV technologies are successfully entering the market industrialized by
companies such as Heliatek, Oxford PV or Organic Electronic Technologies (OET).
Despite having its roots in the 1970s, organic electronics is still a fast growing and
dynamic field of research, and recently also industry. As such, there is a high
demand for novel materials that can push the limits and improve performance. This
thesis is dedicated to the search for such materials.

Organic electronics is a broad term that encompasses various technologies. Some
are now well established and are being utilized, such as organic light-emitting
diodes (OLEDs) and organic photovoltaics (OPV). Some are well-known but their
potential has not yet been fully exploited, e.g. organic field-effect transistors
(OFETs) which offer ambipolar charge transport unlocking new possibilities in
multifunctional digital circuits. Some are lately fast emerging, such as organic
electrochemical transistors (OECTs), which show great potential in the field of
bioelctronics. The materials are frequently utilized also in optical applications, for
example as colorants, luminescent probes, two-photon polymerization initiators, etc.

Organic materials offer a unique pairing of semiconducting and optical properties
together with easy ways to tweak them (via means of synthesis). Other advantages
over inorganic semiconductors lay in better compatibility with living tissues and
organisms (for bioelectronics) and the possibility of processing them from solution
by printing techniques (low cost, low energy, low losses). From the customer-
centred point of view, the possibility to produce flexible, patterned, and to great
extent colour-tuned products is non-negligible and in some instances (wearable
electronics) almost necessary.

However, organic electronics have not yet reached the long-term efficiency and
lifetime associated with inorganic materials, although this is balanced by easier
waste management and recycling at the end of life. Life cycle analysis shows low
energy payback times, making organic electronics a ‘“green” technology.
Considering everything said above, it is reasonable to assume that organic
electronics will soon surpass traditional inorganic electronics in specialized and
more targeted applications.

In the modern world, where more and more attention is given to green energy,
environmentally friendly products, waste and energy savings, but also to easy
applicability and comfort of use, organic electronics offer great opportunities.

This thesis focuses on the study of the relationship between the structure and
properties of novel organic compounds and their potential utilization in optical and
optoelectronic applications. The aim is not to synthesise new materials but to
characterize them, assess, and verify their possible applications, and provide
knowledge, which may be then utilized in designing new materials. In the first part



of the thesis, the theoretical background and current knowledge in the field is
researched and briefly summarized. The following chapter presents the experimental
approach to the scientific work itself, outlining the studied properties and methods
used. The final part summarises the results of experiments carried out with the
perspective of assessing the properties of novel materials as well as their utilization
in optoelectronic devices.

The research 1s divided into three studies; the first one deals with two series of
solid-state emissive materials, the second is targeted at a group of organic
semiconducting pigments, and the last is focused on perovskite photovoltaics and its
possible improvements by use of organic semiconductors. The key element
connecting these studies is the characterization of materials and the investigation of
the underlying structure-properties relations.



2 CURRENT RESEARCH RELATED TO THE THESIS

2.1 Solid-state fluorescent materials

As is often observed, materials that are highly emissive in solution show only
weak or even no emission in the solid state. The aggregation-caused quenching
(ACQ) is considered disadvantageous in many applications (fluorescent markers,
OLED emitters, two-photon printing initiators, etc.). On the other hand, in some
applications, 1.e. where high charge carrier mobility is crucial, ACQ is usually the
first sign of beneficial interactions in the solid state. However, the focus of relevant
chapters in this thesis (5.1 and 5.2) is the search for efficient solid-state emitters.
The ways to achieve solid state emission (SSF) are non-covalent — targeting
beneficial packing in the aggregate state [1]; or covalent — by modification of the
molecule (attaching bulky substituents or chemical modification of the core itself) to
prevent aggregation of molecules [2]. To prevent n—m stacking interaction among
neighbouring molecules, leading to efficient SSF, one of two approaches is used.
The first utilizes a partially or fully twisted core structure [3], the second relies on
introduction of steric hindrance by bulky substituents close to the core [4].

In the field of solid-state emissive materials, there is still one great challenge —
efficient far-red/near-infrared (FR/NIR) emission. Solid-state organic luminophors
emitting in this spectral region (FR/NIR, 650-900 nm) find their application
especially in the fields of OLED and bioimaging [5]. For an emitter to show red
emission, a narrow HOMO-LUMO gap is required. This is usually achieved by
polycyclic aromatic molecules with an extended m-system or by m-conjugated
molecules substituted by electron-donating and electron-withdrawing groups.
However, materials with such low HOMO-LUMO gap tend to have lower solid-state
fluorescence quantum yields than materials emitting at shorter wavelengths. To look
closer at the donor-acceptor design of FR/NIR emitters, the linking is usually done
in D-n-A, D-n-A-n-D or A-n-D-n-A fashion. The donor (D) in these structures is
usually a di- or triphenylamino group (DPA, TPA), and the acceptors (A) are a
heterocyclic accepting moiety, two or more cyano (CN) groups or a combination of
both. A quantification of required properties of FR/NIR emitters was given by
Shimizu and Hiyama in 2010 expressed the need to obtain materials with red
emission showing PLQY over 30% from neat solids [6]. It was they themselves
who, in 2012, for the first time, presented material with emission with a maximum
of emission over 700 nm (702 nm) and PLQY over 30% (33%) simultaneously [7].

In this thesis, the stilbene-based structure will be studied in D-n-A system with
DPA donor and various acceptors, with the aim of constructing solid-state emitters
based on one fluorophore that cover a large part of the visible spectrum and
producing accessible material that breaks the >700 nm; >30 % limit.



2.2 Semiconducting materials

The performance of devices is always limited by the properties of the materials
used. With almost limitless possibilities given by the diversity of organic materials,
there is an ongoing search for new functional materials. The materials are evaluated
on the basis of the properties required for the intended application, e.g. high
absorptivity, mobility of charge carriers, fluorescence wavelength and quantum
yield, etc. An important factor is also how well the materials will work in
combination; some of the properties that have an effect are energy levels’ positions,
structural features affecting arrangement in solid state, or solubility in various
solvents. An important place among the building blocks of organic semiconductors
is held by diketopyrrolopyrrole (DPP)-based molecules.

2.2.1 Structure of di(thio)ketopyrrolopyrrole

Diketopyrroloprrole (2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) is a molecule
first reported by Farnum [10] and subsequently commercialized as industrial
pigments by the Ciba-Geigy company in the 1970s. It forms the core of DPP
derivatives most commonly being substituted by aromatic moieties such as phenyl
or thiophenyl (Ph-DPP and Th-DPP). These aryls are part of the conjugated system
and thus affect optical and electrical properties. However, the torsion angles between
the DPP core and the aryl moieties influence the electronic coupling. If nitrogen
atoms in 2,5 positions are left unsubstituted (2,5-dihydro form), the material is in the
pigment form (highly insoluble).

Figure 1 The structure of diketopyrrolopyrrole with atom numeration. Ar;, denotes
the possible substitution of aryl in positions 3 and 6, R;, denotes the possible
substitution of alkyl in positions 2 and 5. The torsion angles (o, [3) between aryls
and DPP core are highlighted. Possible thionation is indicated.

It was discovered that N-alkylation leads to solubilisation of DPP derivatives,
because the intermolecular H-bonding ensures strong interactions in the solid state.
The resulting DPP dyes showed strong fluorescence [11]. Although alkyls do not
contribute to the m-system, they do have an impact on it. Repulsive interactions have
been observed between N-alkyls and aryls in 3,6 positions, which leads to rotation
of aryls outside of the molecular plane and hypsochromic shift [12]. N-alkylation



also has a great impact on packing in solid state [13]. It is important to mention that
differences of packing translate to the properties of resulting solid state material.
Good example is influence of introducing adamantane group as a R, substituent in
Ph-DPP described by Kovalenko et al. [14].

2.2.2 Properties and applications of di(thio)ketopyrrolopyrroles

The relatively simple synthesis, combined with interesting properties and easy
ways of modification, led to great attention and extensive investigation of DPP
derivatives. The majority of the research aims to use DPP materials as organic
semiconductors, e.g. in organic field effect transistors (OFETSs), organic solar cells
(OSCs) or organic light-emitting diodes (OLEDs) [15-17]. However, due to their
outstanding emission and stability, DPP materials are also studied as fluorescent
probes, lasing media in dye lasers or two photon absorbing dyes [18-20]. A large
portion of DPP-related research is aimed at the utilization of the DPP unit as a part
of polymer materials. Here, however, most focus will be given to small-molecule
applications. The research of the use of DPPs in OFETs has undergone fast
development. In 2008, Yanagisawa et al. reported a hole mobility of 1,43 - 107
cm’V's™' in Ph-DPP pigment [21]. And after just 6 years, electron and hole
mobilities as high as 1 - 10 cm®V's™ were observed in highly ordered thin films
of Ph-DPP [22]. In OSCs with DPP-based donors, the best conversion efficiencies
are usually achieved using DPP-based polymer materials, reaching over 10 % [23],
but also cells utilizing small molecule donor DPPs reached efficiency over 5 % [24,
25]. In the search for a suitable replacement of expensive fullerenes, which are
usually used as acceptors in record-breaking devices, also DPP-based materials were
studied. Some of the highest efficiencies (even over 15 % in ternary cells) using
small molecule DPP acceptor were reported by Privado et al. [26].

A possible, although not widely studied, way to modify the DPP motif is to
substitute the ketone oxygen with sulphur, thus forming thioketone. The resulting
compound is referred to as dithioketopyrrolopyrrole (DTPP). It was first synthesized
in the mid 1980s as part of ongoing research of DPPs by researchers at Ciba-Geigy
[27]; the synthesis was also reported as independently discovered by F. Closs and R.
Gompper [28]. Synthesis is a simple single-step reaction using a thionation agent
(e.g. Lawson’s reagent). The synthesized and subsequently studied DTPP molecule
was 1,4-dithioketo-3,6-diphenyl-pyrrolo-[3,4-c]-pyrrole (Ph-DTPP) pigment. In a
series of papers at the turn of 80s and 90s J. Mizuguchi and his colleagues have
shown some interesting properties of this particular molecule [29]. As was easily
observable upon synthesis and then confirmed by recording of the absorption
spectrum, thionation had lowered the band gap in comparison with the parent
molecule (Ph-DPP), and the parent red pigment was transformed into a dark blue
one. Then, J. Mizuguchi et al. focused on changes in packing of DTPP thin films
upon vapour treatment, which brought about an increase in absorption and
photoconduction in near-infrared. They comprehensively studied this phenomenon
and came up with several possible applications such as the use in laser printers and



memory devices [29-31]. Since publication of this intensive study, not a great deal
of attention, in comparison with DPPs, has been paid to DTPP based molecules.
Nevertheless, some highly intriguing works have been published investigating the
influence of sulphur substitution on the molecule. Unique visible and near-infrared
halochromic and halofluoric properties were discovered in S-alkylated DTPP-based
molecules and polymers. This feature is attributed to the more basic nature of the
present nitrogen compared to the lactam one in DPP, which enables acid-base
reaction [32]. Solutions of DTPP-based dyes (S-alkylated) and polymers also show
reversible thermochromism in visible and near-infrared at temperatures ranging
from room temperature to 120 °C [33]. All the reported results are in agreement with
the fact that thionation reduces the band gap. From cyclic voltammetry
measurements it has been shown that it is due to especially stabilizations of LUMO
level and also by destabilization of HOMO. This effect occurs in both DTPP dyes
and polymers [34-37]. The same influence was observed in isoDPP/isoDTPP
(isoDPP is a regioisomer of DPP, in which the positions of carbonyl and amide are
exchanged). Moreover, authors report a shift from p-type to ambipolar behaviour of
1SoODTPP based polymers in OFETs [38]. On the other hand DTPP based polymers
have shown promising results as hole-transporting materials for perovskite solar
cells, bringing increased stability in comparison to the widely used spiro-OMeTAD
[37]. No reports on the mobility in small molecule DTPP could be found.
Additionally, to the best of our knowledge, no new results concerning DTPP
pigments were published since the work of Mizuguchi et al.

The above-mentioned state-of-the-art motivated us to study the optical and
semiconducting properties of two representative DTPP pigments (Th-DTPP and Ph-
DTPP). More precisely, we were interested in whether these compounds are capable
of forming stable, low band gap, low LUMO n-type semiconductors with potential
to be used in organic optoelectronics.

2.3 Perovskite materials for photonic applications

The stoichiometry of perovskite compounds is ABX;, where A and B are cations
of different sizes and X is an anion (Figure 2). Perovskite materials can be classified
by their chemical composition, with different anions and cations. Out of these
various classes, the most interesting from the point of view of energy
photogeneration is the class of hybrid organo-lead halide perovskites. These consist
of halide anion (I , Br, Cl), lead cation (Pb2+) and small organic cation (mostly
methylamonium — MA and/or formamidinium — FA).



Figure 2 Unit cell of perovskite structure. Produced using Vesta software [39].

In 2009, organometallic halide perovskites were reported as sensitizers in the
visible light region for dye-sensitized solar cells. Miyasaka et al. were the first to
fabricate a perovskite solar cell based on the mesoporous TiO, photoanode
sensitized by MAPbX; (X =1, Br). The photovoltaic cells had only modest PCE
values 7 =3,8 % (iodide) and 3,1 % (bromide) but have shown high voltage
(Uoc = 0,9 V). However, the cells were stable only for a few minutes [40]. A major
turning point in perovskite photovoltaic research came in 2012, when a ground-
breaking all-solid-state perovskite sensitized solar cell was prepared with the organic
solid-state hole transport layer formed by spiro-MeOTAD. This device achieved a
PCE of 9,7 % and significantly increased stability (from a few minutes to around
500 hours) [41]. This publication started intensive research and during 2013 several
papers were published that describe the increase in efficiency of PSCs, mainly due
to the optimisation of preparation. By the end of 2013, the published record
efficiency exceeded 15% [42]. Planar architecture cells were also developed
achieving efficiencies comparable to those of dye sensitised cells [43]. The absorber
material used in the vast majority of these studies was MAPbI;. This unusually fast
development has sparked widespread interest in the field of perovskite photovoltaics
as well as perovskite materials in general. As a result, record efficiency had steadily
increased.

2.3.1 Photogeneration of charge in OSC and PSC

The process of photogeneration in heterojunction OSC is illustrated in Figure 3.
In OSCs, the light is absorbed by an active layer formed by donor and acceptor
materials. As described earlier, upon absorption, an electron is promoted from
HOMO to LUMO; in organic materials the electron and hole pair remains tightly
bound in the form of exciton. The binding energy of the exciton is relatively high
(0,3-1 eV) [44]. For OSC to function and produce photocurrent, the exciton must be
separated into free charge carriers. Charge separation takes place at the donor-
acceptor (D-A) interface — heterojunction. The migration of exciton to the D-A
interface is a diffusive process with exciton diffusion length in organic materials is
in the range of 1-20 nm [45], in polymers usually around 10 nm [46]. If the exciton



does not reach the D-A interface, it decays back to the ground state. After the
dissociation the free charge carriers are transported towards electrodes where they
are extracted [45].

The process of charge photogeneration is different in PSC as is illustrated in
Figure 3. On the contrary to OSCs, the absorption in the perovskite active layer in
PSCs does not lead to the formation of a strongly bound exciton. In various studies,
the exciton binding energy in perovskite material has been reported to be in the
range of few meV. Such low binding energies mean that absorption practically
generates free charge carriers [47-49]. The non-excitonic nature of charge
photogeneration is one of the keys to PCS’s high performance. The much more
efficient free charge carrier generation in comparison to OSCs is a crucial
advantage, as significant energy losses are connected with exciton migration and
separation. The charge separation in PSC occurs by injection of photogenerated
electrons into ETL and holes into HTL. This means that the charge carrier generated
near the opposite charge transport layer has to diffuse through the whole active
layer, which increases the chance of recombination. However, a large photoinduced
dielectric constant has been reported for MAPbI;_Cl, perovskite material [5S0]. The
high dielectric constant removes coulomb attraction between carriers and facilitates
ambipolar transport by effective charge screening [51].

b)

Cathode
Anode
Cathode

Anode

Donor Acceptor HTL | perovskite | ETL

Figure 3 (a) Scheme of function of an organic solar cell. (1) absorption of photon
and exciton generation; (2) exciton diffusion to the donor-acceptor interphase; (3)
charge separation and transfer between donor and acceptor, generation of free
charge carriers; (4) transport of charge carriers to electrodes and their extraction.
(b) Scheme of function of a perovskite solar cell. (1) absorption of photon and
generation of free charges; (2) transport of charge carriers to the electrode interface;
(3) charge extraction.

The role of research in the field of m-conjugated materials for applications in
organic and perovskite solar cells has not diminished even nowadays. Research of
the utilization and optimization of large-scale production techniques, such as
printing and large area coating, has made it possible to produce solar cells in large
quantities. This naturally increased the pressure to find alternatives for high-cost
materials. There is also a search for materials with better stability or improvements



in the stability of contemporary devices. Organic photovoltaics was overshadowed
by perovskite solar cells for a decade. However, in recent years we have witnessed a
renaissance of the field of organic solar cells. It is related to the achievements in
search for efficient NFAs for the bulk heterojunction. Due to novel accepting
materials, higher PCEs were achieved [52-54].

Novel organic semiconductors are studied as part of this thesis. The materials
exhibit an n-type behaviour and a potential to be used as NFAs in organic solar cells
or as transport and passivation layers in perovskite solar cells.

2.3.2 Perovskite material issues addressed in this work

Solar cells and other photonic devices based on perovskite materials show
remarkable efficiencies which are still growing; on the other hand, the stability is
still an issue hindering their full utilization. The first major step in improving
stability was the utilization of the above mentioned all-solid-state cells. Since then
new insight in the processes crucial for the stability has been acquired. Moisture has
been identified as a key element in degradation, being able to completely disturb the
perovskite structure [55]. Another issue that is in the spotlight of perovskite-related
research is the problem of interfaces. Optimization of multiple interfaces present in
devices has become a primary tool for harnessing the full potential of perovskite-
based optoelectronics [56]. For example, the addition of a layer of organic material
to the PSC stack has been shown to lead to an almost 10% increase in power
conversion efficiency [57].

The perovskite-related research described in this thesis aims to address the
stability. A degradation study will be used to study the relationship between the
structure and morphology of materials and their properties and ability to withstand
external influences causing degradation. A huge effect is also expected from
optimization of PSC manufacturing, such as deposition conditions, post-deposition
treatment, or use of auxiliary materials. Possible synergy with other parts of the
research is actively sought for. Both optically active and semiconducting materials
may have a beneficial effect. The utilization of organic semiconductors in PSC may
bring improvements in both the stated issues — stability and interface optimization.

3 AIMS OF THE THESIS

The general aim of the conducted work described in this thesis was to study the
relationship between the molecular structure of advanced organic and hybrid
compounds and their optical, electrical, and optoelectrical properties. The studied
properties are closely related to the intended applications such as use as solid-state
fluorescent materials and active or auxiliary materials in organic electronic devices,
1.e. organic field-effect transistors or solar cells. The technological aspect of the final
devices, 1.e. the device structure and fabrication, is also an issue addressed in this



work. This approach brings about the set of tasks paving the way to achieve the set
goals:

- Study the optical properties of the material in solution.

- Study optical properties in the solid state, inspect how the properties of
isolated molecules (solution) translate into the properties of aggregated
systems.

- Discuss the possible applications of materials based on recorded properties.

- Study the optoelectronic properties and morphology of materials selected
for applications in devices.

- Prepare prototypes of devices and study their parameter and/or influence of
the environment on them.

- Prepare devices with the introduction of new materials and study the
influence on stability.

The m-conjugated materials used in photonic applications share some same and
some similar structural features, whether the intended application is purely optical or
optoelectronic. As a result, the same methods are used and mostly the same
properties are studied. Although, depending on the intended application, some of the
expressed properties might be viewed as either beneficial or detrimental.

Optical characterization is a powerful tool in studying the structure-properties
relationship of novel materials. For optoelectronic materials, the shape and position
of absorption as well as its strength (quantified as molar absorption coefficient) are
crucial. For most applications, strong absorption is vital, as more absorbed photons
translate to more molecules in excited states. The absorption maximum wavelength
then determines which part of the spectrum may be used to excite this material, or
which part will be filtered upon passing through it. The fluorescence of the material
is equally important. Ranging from the colour of the light emitted to the efficiency
of the fluorescence. The interaction between the same molecules in aggregated state
or between different molecules can also be studied by the means of optical methods.
The interactions (or lack thereof) are expressed as quenching of fluorescence. The
fluorescence lifetimes of materials were studied by time-resolved fluorescence
spectroscopy, which can provide insight into the processes that take place in the
material. The optical properties of the materials were studied in solutions and in the
solid state.

The bandgap (or HOMO-LUMO gap) of the material is an important parameter,
which can be estimated from the absorption spectrum. However, the right alignment
of the energy levels of neighbouring materials in the optoelectronic device is crucial
for its performance. Thus, the values of energy of the HOMO and LUMO bands
(orbitals) are required. To obtain these, different techniques than absorption
spectroscopy are needed. In this work, the electrochemical approach was used. In
this way, the oxidation and reduction potentials are determined and the HOMO and
LUMO potentials are calculated.

For optoelectronic application of the studied material, charge carrier mobilities
are an important parameter with a decisive influence on the resistance of the layers
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in devices. The type of major charge carrier also determines the use of material in
the devices. For example, p-type materials are used as hole transporting layers and
donors in active layer of heterojunction solar cells, whereas n-type materials are
used as electron transporting layers and acceptors (in heterojunction solar cells).
Electrical characterization was conducted to obtain insight into the behaviour of the
material in relation to electric current. The charge carrier mobilities were studied in
field-effect transistor devices.

The detailed characterization of pure material, both optical and electrical, in
solution and solid state gives necessary information on the structure-properties
relationship. This insight is crucial for the future design of novel derivatives and
tailoring of their properties.

In organic and hybrid optoelectronic devices, there is an underlying challenge of
device stability over longer time periods and especially in various environmental
conditions. To properly address this issue, the stability study was conducted in a
controlled environment. Such a study provides the necessary information on the rate
of degradation processes and allows the study of technological approaches aimed at
slowing degradation. The influence of environment may be studied by electrical
characterization of the device performance as well as by more detailed
characterization of particular parts of the device by crystallographic and optical
methods.

To fulfil the goals of determining the properties of novel materials outlined above,
experimental methods and approaches described in the next chapter were used.

Optimization of some of the methods and implementation (or development) of
others is an integral part of the research. This is due to the utilization of novel
materials and scientific progress, placing new demands and opening new
possibilities in the field of material research. The outcome of this work, along with
the new discoveries, is also building a knowledge base regarding the structure-
properties relations and broadening of the institutional know-how in our research
team.
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4 METHODOLOGY

In this work novel materials were studied for applications in organic electronics
and photonics. Such research includes thorough characterization of synthesized
materials (with advantageous feed-back loop to the synthesis team) first in solutions,
then solid state and final testing in devices. Each step of the characterization gathers
information that is used in the next one. It must be noted that not all investigation
have been carried out by the author. Density functional theory (DFT) calculations
used to predict properties and gain insight into the underlying processes were
performed by Dr. Luiidk, single-crystal X-ray diffractometry (XRD) measurements
of the SSF materials were performed by Prof. Rizic¢ka’s team at UPCE, single-
crystal XRD measurements of DTPPs were carried out by Dr. Fabry’s group at the
Institute of Physics of the Czech Academy of Sciences, and XRD characterization of
perovskites by Dr. Chladil at FME, BUT. The help of all colleagues is gratefully
appreciated.

Characterization of novel materials may sometimes pose a challenge to standard
methods of characterization. Consequently, some methods had to be optimized for
used samples, and new methods had to be implemented. For example, a laboratory
setup for measurement of two-photon absorption has been designed and put into
practice.

4.1 Optical properties

Optical properties were studied in solutions (as separated molecules) of various
solvents and in the solid state (thin films or polycrystalline powder samples).
Absorption and fluorescence spectroscopy were used to gather information about the
energy structure of excited and ground states of materials (absorption and emission
bands), as well as about their interactions with the surrounding environment (solvent
molecules or other molecules of the same material) and resulting solvatochromism
(-fluorism), and interactions in solid state. The time-correlated single photon
counting (TCSPC) technique was used to record PL decay using of SSF materials
(chapters 5.1 and 5.2).

4.2 Electrical and electrochemical properties

Current-voltage (I-V) characteristics measurements were used to test the
performance of finalized lab-scale devices (solar cells) in the research of perovskite
materials for photonic applications (chapter 5.4). The measurements were carried
out in dark and under illumination. The basic parameters of the solar cells were
derived from I-V characteristics. These were namely short-circuit current density
(Jsc), open-circuit voltage (V,.) and maximum power output (P,.,), values of fill
factor (FF) and power conversion efficiency (PCE, #) were calculated according to
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equations (1) and (2). Typical I-V characteristics of solar cell is depicted in Figure
4.

Pmax Umax Imax UOC ISC FF
F Fy Fy
P Uu 1
FF — max — ‘ max max (2)
UOC ISC UOC ISC
illuminated = = = =dark
I 4 power N

Figure 4 An example of typical current-voltage characteristic of a solar cell under
illumination (black line) and in the dark (dashed line) and the corresponding power
output (red line). Positions of important points are marked on the axes (short-circuit
current — Isc, open-circuit voltage Vsc, the current and voltage giving maximal
power Py — Inax and Viay).

The depiction of connection and parameters of OFET device are depicted in
Figure 5.

~dielectric

Figure 5 Depiction of the geometric parameters of the transistor channel, W is the
width and L the length (left) and schematic representation of the electrical
connection and basic parameters of the OFET device, Ips is the electric current
flowing through the organic semiconductor, Vpg is the voltage applied between the
source and drain electrodes and Vgg is the voltage applied between the gate and
source electrodes.
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The field-effect charge carrier mobilities of studied D(T)PP compounds (chapter
5.3) were determined by characterization of organic field-effect transistors (OFETsS).
The OFETs were operated in accumulation mode and charge carrier mobilities were
calculated from the saturation region of transfer characteristics according to the
equation (3).

2
p=2—L | los 3)
W'Cd VGs _Vh

t

To estimate the positions of the HOMO and LUMO levels of studied D(T)PP
compounds (chapter 5.3), electrochemical measurements of thin films were carried
out. The external standard — ferrocene/ferrocenium redox couple was used to
calibrate the setup. This couple has a reduction potential of 0,69 V vs. normal
hydrogen electrode (NHE) in acetonitrile solution [58]. The calculated correction
value was +411 mV from potential vs. Ag/AgCl QRE to potential vs. NHE. Energy
levels were calculated using the following formulas from onset potentials [59]:

Enomo =—(475eV+E, .., vs AgAgCl+411mV), 4)

ox,onse

Epmo =475V + E 0 Vs AZ/ACl+411mV), )

red,onset

Ag/AgCl reference

electrode
Pt ITO

counter working

electro/de—'“‘_ lectrode
\

/

IR

| O.IMTBAPFs-_|
Figure 6 The experimental setup for cyclic voltammetry measurement of thin film
samples.

4.3 Sample preparation

The preparation of samples for optical measurements (solutions, powder samples,
thin films) was conducted in the chemical laboratory under ambient conditions
(room temperature ~25 °C, atmospheric pressure, humidity in the range of 20—
40 % RH).
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The thin films for optical characterization were deposited on cut glass slides either
by spin coating or by physical vapour deposition (PVD) in the PVD Handy (Vaksis)
evaporator.

The samples for cyclic voltammetry were evaporated onto ITO coated glass
substrates using the PVD Handy.

Various procedures were implemented to try to influence the solid-state packing
of studied materials either in the form of a powder sample or a thin film. These
include temperature and solvent annealing, and application of pressure (powder
samples only).

The substrates for thin films and for devices were always cleaned by the same
procedure. This consists of subsequent sonication in different baths for 10 to 15
minutes and rinsing. The routine is as follows: bath of NaOH solution or basic
detergent, rinsing with deionized water, deionized water bath, rinsing with dry
air/nitrogen, acetone bath, rinsing with isopropyl alcohol (IPA), IPA bath, and
drying with dry air/nitrogen.

To investigate the morphology of thin films of the studied materials, mechanical
profilometry and atomic force microscopy (AFM) were used. These method were
utilized in the parts of research in which thin films were studied, i.e. study of
D(T)PPs and perovskite materials (chapters 5.3 and 5.4). The AFM was used to
investigate the topography of thin films. The thickness of the fabricated thin films
was measured mechanical profilometer (Bruker).

4.3.1 Device fabrication

For preparation of solar cells, a class C clean room was utilized to minimize the
presence of dust and other impurities that decrease the performance of the final
devices. The clean room is equipped with MB-200B MBRAUN glove boxes (M.
Braun Inertgas-Systeme) filled with nitrogen (O, and H,O content <1 ppm) and a
dry air box in which controlled humidity is achievable. The oxygen-sensitive
materials were handled exclusively in the nitrogen gloveboxes.

b) Al cathode

PCgBM

Perovskite

PEDOT:P55

Al{100 nm) ITO transparent electrode

Glass Glass

Figure 7 Device architecture of (a) organic field-effect transistor (OFET) and (b)
perovskite solar cell (PSC).

The prepared functional devices were of two types. OFETs (chapter 5.3) and
PSCs (chapter 5.4), their structures are depicted in Figure 7. OFETs in this work
were used as a tool to investigate material property — field-effect mobility of charge
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carriers (holes and electrons), PSCs are used to test photovoltaic properties of
perovskite material and how they are influenced by various factors (moisture,
addition of passivation layer, etc.).

The device preparation consists of many steps and each one of them has
significant influence on the whole device performance. This means that device
optimization is a long and challenging process. The optimization of preparation of
PSCs was also part of this work, although the process is not described here and the
results presented come from optimized devices.

4.4 Studied materials
4.4.1 Diphenylamino-diphenylstilbenes

The novel molecules synthesised by partners at Faculty of Chemical Technology,
University of Pardubice consist of a stilbene core substituted by an electron donating
group diphenylamine (DPA) and different electron withdrawing groups (EWGs),
creating a push-pull system of D-n-A type. The m-system is substituted by two
phenyls at the acceptor part, resulting in 2,5-diphenyl-stilbene (DPS). The acceptor
(EWG) groups are vinyl (V), dibromovinylene (DBrV), cyano (CN), aldehyde
(CHO), and dicyanovinylene (DCV).

designation DPA-DPS-V DPA-DPS- DPA-DPS- DPA-DPS- DPA-DPS-

DBrV CN CHO DCV
Br CN
R= _—CHp /:< —CN —CHO /:<CN
Br

Figure 8 The studied diphenylstilbenes push-pull systems end-capped on one side
by diphenylamine (electron donor, red) and on the other by various electron
withdrawing groups (green).

4.4.2 Diphenylamino-diphenyl-distyrylbenzenes

The novel molecules synthesised by partners at Faculty of Chemical Technology,
University of Pardubice are a continuation of the series of molecules presented in
the previous chapter. They consist of a distyrylbenzene core substituted by an
electron donating group DPA and different EWGs, creating a push-pull system of D-
n-A type. The n-system is prolonged by one styryl compared to the previous chapter
and substitution by two phenyls is in the middle part of the molecule resulting in
2,5-diphenyl-1,4-distyrylbenzenes (DP-DSB). The acceptor (EWG) groups are
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hydrogen (H), methyl (Me), cyano (CN), aldehyde (CHO), and dicyanovinylene

(DCV).
Q- D
N
N\ 7/ N\ / \ \_/—
— R
B Q)
<\ />
desionati DPA-DP- DPA-DP- DPA-DP- DPA-DP- DPA-DP-
esignation — nop H DSB-Me DSB-CN DSB-CHO  DSB-DCV
CN
R= -H —CH3 —CN —CHO —<
CN

Figure 9 The studied diphenyl-distyrylbenzenes push-pull systems end-capped on
one side by diphenylamine (electron donor, red) and on the other by various electron
withdrawing groups (green).

4.4.3 Di(thio)ketopyrrolopyrroles

The studied molecules are two relatively well studied derivatives of
diketopyrrolopyrrole (DPP) — the DPP is substituted in positions 3 and 6 by either a
par of phenyls or a pair of thiophenyls — and their thioketo analogues
dithioketopyrrolopyrroles (DTPP).

H H

Th-DPP Th-DTPP Ph-DPP Ph-DTPP

Figure 10 Structures of the studied D(T)PP derivatives with designations used in
this thesis to address the molecules.

4.4.4 Perovskite materials

The perovskite material used in this work is the well-known methylammonium
lead iodide, one of the most studied photovoltaic organic-inorganic hybrid materials.
The material was usually used as a mixed halide MAPbI;_(Cl, precursor, but as our
study has shown, the chloride ions content in the resulting crystal structure is
negligible. The precursor solutions for the fabrication of thin films were either
purchased from Ossila (1101, 1201) or prepared from base materials (MAI, Pbl, and
PbCl,) and dissolved in anhydrous dimethylformamide (DMF) with 10 vol % of
additive acetyl acetone, all purchased from Sigma-Aldrich.
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S RESULTS OVERVIEW

5.1 Diphenylamino-diphenylstilbenes

5.1.1 Molecular properties

Absorption and fluorescence were studied in three solvents of increasing polarity.
Due to their discovered polymorphism (see 5.1.2), DPA-DPS-CHO and DPA-DPS-
DCYV were additionally studied in two more solvents. The solvents used were in
order of increasing polarity: toluene, chloroform, (dichloromethane, acetone), and
acetonitrile. The molar absorptivities were estimated in all solvents and the values
were in the range of 2-4,5 - 10" I'mol "-cm™' (in Figure 11 the absorptivities in
toluene are depicted). The absorption and fluorescence excitation spectra are almost
identical for all compounds in all solvents, with no significant differences. The
dependence of wavelengths of absorption maxima on solvent polarity is similar to
other compounds of D-n-A structure [60—62], i.e. the absorption maxima are not
significantly affected by solvents. When comparing the different end-capping
groups, we observe a bathochromic shift in order -V — -DBrV — —-CN — —
CHO — -DCY indicating their relative accepting strength.

On contrary to the absorption and excitation spectra, the emission is strongly
solvent-dependent. Both the wavelengths of the maxima and the shape of the spectra
are significantly changing with solvent polarity. The wavelength of emission shows
bathochromic shift with increasing solvent polarity. The magnitude of the shift
increases with the polarity of the derivative. The shift is accompanied by
a redistribution of vibronic intensity from 0-0 vibronic transition (0-1 in case of the
—-DCV derivative) in toluene towards O-1 and higher vibronic transition in
chloroform and more polar solvents respectively.

Yy

L e V. 77 VS
300 400 500 600
Wavelength (nm)

Figure 11 Absorptivities in toluene.
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Figure 12 Fluorescence of the studied derivatives in toluene (a, b), chloroform (c, d)
and acetonitrile (e,f). The plots a), c) and e) represent excitation spectra, and the
plots b), d) and f) represent fluorescence emission spectra. Note the expanded range
of wavelengths in plot f).
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The two extra solvents in which the most polar derivatives (CHO and -DCYV)
were studied were dichloromethane and acetone, all studied properties follow trends
of solvent polarity dependence in these solvents.

To assess the influence of side phenyl substitution, we compare the two more
closely inspected compounds DPA-DPS-CHO and DPA-DPS-DCV with the
properties of their earlier published DPA-stilbene-(-CHO / -DCV) counterparts. The
—CHO derivative shows a similar behaviour in solution as other compounds with
DPA-n-CHO [Chyba! Nenalezen zdroj odkazu., 61]. The absorption and
luorescence dependence on solvent polarity is quite similar to DPA-biphenyl-CHO
[61], i.e. almost no effect on absorption and notable bathochromic shift with
increasing polarity, a common feature of D-n-A compounds [60]. In contrast, the
spectral as well as photophysical properties of DPA-DPS-DCYV are notably different
from those of DPA-stilbene-DCV [62]. When comparing absorption maxima, we
observe considerable red-shift (from 395 to 473 nm and from 394 to 470 nm,
respectively). These shifts are even more pronounced for fluorescence maxima
(from 524 to 752 nm in dichloromethane and from 488 nm in benzene to 605 nm in
toluene). The fluorescence quantum yields of DPA-DPS-DCV are higher in less
polar solvents than those of DPA-stilbene-DCV. These (dramatic) changes resulting
from the decoration of the molecule by side phenyls are exactly opposite to the
effect predicted by theoretical calculations based on time-dependent (TD)
DFT/DFT. We are unable to satisfactorily explain these slight (-CHO) or dramatic
(—DCYV) shifts. We are left only with speculation that correct description of both the
absorbing and emitting states of these push—pull stilbenes in solution requires an
involvement of charge transfer structures, as in merocyanines [63].

5.1.2 Solid state properties

Due to impurity observed in spectra of -DCYV in acetonitrile, the synthesis of both
the -DCYV and its key intermediate —CHO derivatives was repeated, with an extra
purification step, resulting in 2 batches: batch 1 without and batch 2 with further
purification. As a result of purification, the impurity emission disappeared and
obtained spectra of the studied compounds are shown in the previous chapter. An
interesting outcome of the purification was that DPA-DPS-DCYV crystallized in a
new modification showing a more intense and red-shifted SSF. The second batch
also produced single crystals suitable for crystal structure determination by single-
crystal XRD, see Figure 14. Based on different emission wavelengths, the
polymorphs of the -DCV derivative were denoted R (red — batch 1) and IR (infrared
— batch 2) and the polymorphs of the -CHO derivative were denoted DG (dark
green — batch 1) and G (green — batch 2). All five compounds show solid-state
fluorescence ranging from blue over green to (infra)red, which was easily detectable
by the naked eye. The emission spectra are shown in Figure 13.

The moderate fluorescence (@r > 10 %) of the first three compounds is ascribed
to an effect of the introduction of side phenyls to push-pull substituted diphenyl-
stilbenes. The bulky side phenyls generally disable specific quenching
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intermolecular interactions, resulting in molecules showing isolated-like behaviour
in crystals. The shape of the fluorescence spectra and the positions of the maxima is
similar to the spectra in solution, but we observe a considerable decrease in
fluorescence quantum yield, which is expected in polycrystalline materials [64].

a) b)
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Figure 13 Solid state fluorescence spectra of the studied derivatives (a) and
comparison of the SSF of the polymorphs (b).

The fluorescence spectra of both polymorphs of both compounds (—CHO and —
DCYV) are shown in Figure 13b. The polymorphs of DPA-DPS-CHO emit in the
green part of the spectrum (maxima: DG — 527 nm; G — 550 nm) with moderate
quantum yields of 10 % (DG) and 5 % (G). Both polymorphs have a lower
fluorescence quantum yield than —CHO in any of the studied solutions.

Thus, neither TPA group nor DPS-bridge can be considered as generating
aggregation-induced emission. This is not unexpected for the TPA group, but for the
DPS bridge, it is a contrary behaviour to the one observed in TPE regioisomer [8].

The polymorphs of DPA-DPS-DCV show moderate far-red emission (R: 672 nm,
5 %) and stronger infrared emission (IR: 733 nm, 32 %). Such parameters are only
seldom reported, four-coordinated boron compounds [65] may be stated as one of
only few examples. The emission of polymorph R comes from an isolated monomer,
as 1s the case of the other studied compounds, while for polymorph IR, the emission
is considered to be a product of excimer fluorescence of dimer 1 (Figure 14).

As a further support of our interpretation of the source of emission, we observe an
evident similarity of the crystal structure and spectral and photophysical properties
of R and IR polymorphs to the recently reported cruciform excimer-type emitter
abbreviated by authors as DFPA [9].

The stability of polymorphs was confirmed by single-crystal XRD, which showed
no considerable changes after several months of storage; the fluorescence of the
polycrystalline powder was also well reproducible. On the other hand, when the
powder is pressed between two pieces of glass, the fluorescence maximum shows an
immediate hypsochromic shift of about 60 nm (from 733 to 670 nm), i.e., near to the
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fluorescence maximum of polymorph R. The IR polymorph can thus be considered
as stimuli-responsive.

Figure 14 Solid state packing of polymorph IR. Highlighted are two alternating
dimers: stacked dimer 1: green-yellow (emissive) and unstacked dimer 2: yellow-red
(non-emissive). Taken from [66].

5.1.3 Conclusions

In summary, a series of new stilbene-based molecules with different push-pull
systems was characterized. The molecules were decorated with side phenyls to
affect the packing in the solid state and thus prevent solid-state fluorescence
quenching. The investigation of absorption and fluorescence spectra shows that
different electron withdrawing groups lead to an expected red shift with increasing
electron withdrawing strength. This shift is quite pronounced, up to more than
300 nm in acetonitrile. As is common for molecules with D-n-A structure, the
solvatochromism is almost negligible, while we observe a pronounced bathochromic
shift of fluorescence with increasing solvent polarity.

The side phenyl substitution, as expected, decreases the interaction in the solid
state and promotes efficient SSF (quantum yields over 10 %). Using different
electron withdrawing groups, it is possible to cover a large portion of the visible
spectrum (emission maxima wavelengths from 475 to 733 nm).

Different polymorphs were observed for two of the studied molecules, with highly
interesting results for the -DCV derivative. Here, the change in crystal structure
leads to efficient excimer-type fluorescence in IR wavelengths (733 nm, 32 %).

5.2 Diphenylamino-diphenyl-distyrylbenzenes
5.2.1 Molecular properties

Absorption and fluorescence excitation and emission spectra were measured in
three solvents with increasing polarity: toluene, chloroform and acetonitrile. The
absorption and fluorescence excitation spectra are almost identical for all
compounds in all solvents. With the notable exception of DPA-DP-DSB-DCYV,
whose absorption in acetonitrile is strongly hypsochromically shifted and resembles
that of —CN and —CHO derivatives. This might hint towards loss of electron
withdrawing strength of the -DCV group, e.g. through rotation of the group out of
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the molecular plane. Although further experiments are needed to convincingly
support this hypothesis. The absorption bands are structureless, giving evidence that
some band higher than the 0-O vibronic transition forms the absolute maximum.
Molar absorptivities are ranging from approximately 4-10* to 5,5:10* I'mol " -cm™
(Figure 15), the slightly smaller values for (di)cyano-substituted derivatives may be
caused by limited aggregation in CHCIl;. The absorption follows expected trend of
bathochromic shift with increasing polarity.

6x10* F T T T T T T
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2x10%
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Figure 15 Absorption in chloroform.

On contrary to the absorption and excitation spectra, the emission is strongly
solvent-dependent. Both the wavelengths of the maxima and the shape of the spectra
are significantly changing with solvent polarity. Both the shape and maxima of the
fluorescence emission spectra are considerably different in each solvent (Figure 2).
The wavelength of emission shows bathochromic shift with increasing solvent
polarity. The magnitude of the shift increases with the polarity of the derivative. The
shift is accompanied by a change of vibronic intensity from 0-0 vibronic transition
(0-1 in case of the -DCYV derivative) in toluene towards 0-1 and higher vibronic
transition in chloroform and more polar solvents respectively. The fluorescence
spectra of -DCYV in acetonitrile correspond to the absorption described above and
are comparable to those of compounds without accepting groups (—H and —Me),
suggesting hindered influence of the DCV group also in the excited state. As
mentioned above, further experiments are required to corroborate this hypothesis.

In toluene, all compounds exhibit strong fluorescence (@r is over 79 %), in
chloroform slight or moderate (—CHO) decrease in @ is observed. Similar solvent
effect on vibronic intensities was observed for the bis donor (DPA)-substituted DP-
DSB [67]. For -DCYV derivative we observe a dramatic decrease of @ to less than
1%). In acetonitrile the trend observed for the —H and —Me derivatives continues. In
the case of —CHO fluorescence, the quantum yield drops below 1 %, similarly to the
—DCYV in chloroform, and a shoulder peak appears at 500 nm.
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Figure 16 Fluorescence of the studied derivatives in toluene (a, b), chloroform (c, d)
and acetonitrile (e,f). The plots a), c¢) and e) represent excitation spectra, and the
plots b), d) and f) represent fluorescence emission spectra.
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5.2.2 Solid state properties

The solid state samples were studied in the form of polycrystalline powders. The
powders were used as received without any further modification after complete
synthesis (including purification). All five compounds under study showed SSF
ranging from blue over green to red, which was easily detectable by the naked eye.
Their emission spectra are shown in Figure 17. The fluorescence is a result of the
design principle, i.e. an introduction of side phenyls to push-pull substituted
distyrylbenzenes, which generally disables specific quenching intermolecular
interactions. Molecules in crystals behave like isolated, as seen from the shape of
their spectra and the position of the maxima, which is not far from the spectra in
solution.

The quantum yields of SSF are relatively high for DPA-DP-DSB-Me, -CN, and -
CHO, considering that polycrystalline materials always produce a decrease in @
with respect to monocrystals, as has been shown for symmetrically substituted DSBs
[64]. Although in solution the photophysical properties of DPA-DP-DSB-H are
almost the same as those of DPA-DP-DSB-Me, due to weak electronic effects of the
methyl substituent, its SSF characteristics are considerably different. The quantum
yield of the former is about half of the latter, and the decay is fitted only by four
exponentials with a considerable contribution of extremely short (0,25 ns) and long
(17,59 ns) ones. These components may reflect another type of aggregation in the
bulk crystal. Thus, it appears that the substitution of both terminal positions of the
DSB core is important not only from the electronic point of view, but also from the
steric point of view (i.e. disabling too tight packing).
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Figure 17 Solid state fluorescence of the studied derivatives.

The expectations put into the synthesis of DPA-DP-DSB-DCV were only
partially met. This compound emits at a longer wavelength compared to the DPA—
DCYV substituted spirofluorenes [68]. It also behaves like an isolated fluorophore
with SSF decay similar to the other three strongly fluorescent DSBs, but its @k is
low.
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5.2.3 Host-Guest Systems

In an attempt to obtain a strongly emitting system with emission in the red region,
promising candidates were selected from the studied compounds to be used in the
host-guest arrangement. The idea is to utilize energy transfer from a strongly
luminescent molecule to a molecule emitting in the desired region and thus achieve
higher photoluminescence quantum yield.

The guest molecule in the system was red-emitting —DCYV substituted compound.
As a suitable host matrix, the —CN substituted compound was selected. In the
selection process, the overlap of host emission and guest excitation spectra was
taken into account. The —CN:—DCYV pair offers great spectral overlap (over 90 %)
and high fluorescence quantum yield, while both compounds are structurally similar.

The host-guest systems were prepared in two molar ratios 100:1 and 1000:1. For
both molar ratios of the host matrix to the guest molecule, a great increase in
fluorescence is observed (from 5 to 20 %). The wavelength of fluorescence
maximum is hypsochromically shifted with the decreasing amount of guest
molecule. The host fluorescence is well observable in the sample with a lower molar
ratio of guest to host (Figure 18). The fluorescence decay is fitted by four
exponentials, and the fitted decay times increase with decreasing guest ratio.
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Figure 18 Emission spectra of host and guest compounds and host-guest systems.

5.2.4 Conclusions

A new class of all-trans push-pull substituted sterically hindered distyrylbenzenes
was studied. All compounds fluoresce strongly in nonpolar solvents. The side
phenyls and terminal donor and acceptor substituents of the final distyrylbenzenes
disabled a close packing in the condensed phase. As a result, intense solid-state
fluorescence, retaining similar character as in solution, was observed in most cases.
This fluorescence covers a large region of the visible spectrum (492—-652 nm),
although the efficiency of red emission is low (~5 %).
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The host-guest system approach was used to enhance the red emission and
allowed the preparation of polycrystalline material showing strong (@ =20 %)
emission in red spectral region (~645 nm).

The two classes of compounds studied in chapters 5.1 and 5.2 are structurally
related and share the structure-properties relationship strategy of utilizing the side
phenyls to promote SSF and different EWG end-capping groups to shift the
emission colour. It is useful to summarize comparison of molecules with the same or
similar (-V vs. —-Me) electron withdrawing groups between the DPA-DPS- and
DPA-DP-DSB- classes. As expected, the larger m-conjugated system of DPA-DP-
DSB- compounds leads to a narrower bandgap, manifested in longer wavelengths of
maxima of both absorption and fluorescence. This is universal across all relevant
compound pairs in all solutions and in solid state as well, with the exception of —
DCV derivatives. From the comparison of PLQY we see that DPA-DP-DSB-
compounds show overall higher values than their DPA-DPS- counterparts, and are
also more predictable showing steady decrease with increasing solvent polarity.

The behaviour of the -DCV derivatives is rather unexpected. The derivative with
a smaller m-conjugated system (DPA-DPS-DCV) shows higher wavelength
absorption in all cases, but the shift of its emission is hypsochromic (as expected
from comparison of size of m-conjugation). The resulting smaller Stokes shift hints
towards a smaller effect of solvent relaxation stabilization. This is similar for all of
the molecule pairs and might be explained by the difference in the size of molecules.

5.3 Di(thio)ketopyrrolopyrroles

5.3.1 Studied molecules

In the study we compare properties of two DPP molecules and their DTPP
counterparts, the molecules under study are: 1,4-diketo-3,6-diphenyl-pyrrolo-[3,4-
c]-pyrrole (Ph-DPP) and 1,4-diketo-3,6-(thiophen-2-yl)-pyrrolo-[3,4-c]-pyrrole
(Th-DPP) and their 1,4-dithioketo heteroanalogues (Ph-DTPP and Th-DTPP).

The DTPP molecules were synthesized via thionation of the respective DPP by
Lawesson’s reagent. This one-step synthesis provided relatively high yields
(>80 %).

5.3.2 Optical properties

Absorption spectra were measured in DMSO and DMF solutions and solid-state
absorption in thin film samples (Figure 19 and Table 1). The spectra in solution in
all cases show three vibronic bands with the absolute maximum relating to the 0-0
vibronic transition. Both DTPPs in DMSO exhibit small long-wavelength shoulders.
The shifts of the spectral maxima od DPPs are quite clear and expected: the
substitution of oxygen by sulphur leads to dramatic red shift (over 100 nm), while
replacing of Th- with Ph- causes moderate hypsochromic shift. Compared to the
spectra in solution, absorption bands in solid state show similar bathochromic shift.
Such behaviour is typical for red-shifted H-aggregates with excitonic coupling [69].

27



The spectra of DTPPs in thin films are more complex, they are broader and less
resolved. Although their absolute maxima have similar bathochromic shifts with
respect to those in solution as for DPPs, an additional absorption appears in the
long-wavelength region. This absorption takes the form of either a long unresolved
tail (Th-DTPP), or of a local maximum (Ph-DTPP), as has also been found
previously [30]. Both DPPs, as is common, exhibit strong fluorescence in solution
[70]. However, this fluorescence is completely quenched for DTPPs. All four
studied molecules show very weak solid-state fluorescence in thin films.
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Figure 19 Absorption spectra in DMSO (red), DMF (red dotted) and thin film
(black). Photographs of thin films are shown in the insets. Adapted from [71].

To better understand the optical properties and correlate them with X-ray crystal
structures, TD DFT calculations were performed by Dr. Lunidk. The effect of
thionation on the electronic structure of the molecules is as follows. The HOMO
level is influenced almost negligibly, the LUMO level is considerably stabilized, and
the n-orbital localized on the thioketo group is dramatically destabilized, compared
to its energy when localized on the keto group. Consequently, the energies of
symmetrically allowed n-n* and n-n* transitions are close, which is crucial for
understanding the spectral and photophysical behaviour. The DFT calculations for
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DMSO show two allowed spectral transitions in the visible region (n-n* and n-m*)
for DTPPs in comparison to one transition (n-n*) for DPPs. This extra transition is
then manifested as a long-wavelength shoulder in Ph-DTPP and Th-DTPP spectra
in DMSO. The presence of this nn* state might be the reason for the absence of
fluorescence of both DTPPs in solutions. As has been proved for thionated
peryleneimides, thionation leads to an efficient competitive ISC of S(nn*)—T(nn*)
type [72]. The calculated solid-state absorption spectra based on experimentally
found geometry are in good agreement with experimental results. The spectrum of
Th-DTPP is strongly affected by the n-n* transition, which is also responsible for a
long wavelength tailing. The the long wavelength shoulder in the spectrum of Ph-
DTPP is a product of n-n* transition. This work and calculations helped to elucidate
the underlying electronic structure behind the solid-state absorption changes
described earlier by J. Mizuguchi [30].

Table 1 Wavelengths of absorption maxima (in nm) in thin layer, DMSO and DMF
solutions. For Th-DPP the position of 0-0 transition local maximum is added.
Fluorescence maxima (PL) in thin film.

thin

Compound DMSO DMF PL
layer

Th-DPP 506; 560 531 528 706

Th-DTPP 687 641 638 785

Ph-DPP 542 506 503 624

Ph-DTPP 696 626 624 873

5.3.3 Electrochemical, field-effect mobility, and AFM investigation

Electrochemistry

All DPPs and DTPPs exhibited both oxidation and reduction peaks within the
studied potential window. However, their re-oxidation and re-reduction currents
were substantially low, since the oxidized and reduced forms were soluble in the
electrolyte, indicating irreversible behaviour. The values of Eyomo (resp. Erumo)
were calculated from the oxidation (reduction) onsets using an internal standard (see
4.2). The values of Epomo, Eruvmo and bandgap energy (FE,,) obtained by
electrochemical and optical measurements are summarized in Table 2. As a result of
thionation, DTPP derivatives show an increase in Exomo and a decrease in Ejymo,
resulting in a smaller E,,, of 1,1-1,2 eV. The theoretically predicted trend of the
effect of thionation, stabilization of LUMO, destabilization of HOMO, was
qualitatively confirmed. The stabilization of LUMO resulting from thionation is in
accordance with observation and theory (~ 0,5 eV). However, the experimental
HOMO destabilization (0,4-0,5 eV) is much higher than predicted (< 0,1 eV). The
resulting electrochemical bandgap is considerably lower in comparison to both the
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theoretically predicted and experimentally determined ones. An interface barrier
between the electrode surface and the solution is the most probable cause.

Table 2 Eyomo, Evumo and Eg,, obtained by electrochemical measurements and E,,,
obtained by optical measurements.

E E . Eu
Compound (}é({lz\;o (‘g”VM)O (Cl\gfgepst(ien‘lla)te) (ogppti(cea‘ll))
Th-DPP —6,0 -3.9 2,1 2,0
Th-DTPP 5.6 —4,5 1,1 1.5
Ph-DPP 6,2 —4,1 2,1 2,1
Ph-DTPP —5,7 —4.,5 1,2 1.4

Field-effect mobilities

The investigation of the effect of thionation on charge transport was performed by
characterizing OFETs with the studied materials as active layer in the device
structures. The transfer curves of all materials in Al source-drain contacts
transistors, with the exception of Th-DPP, show n-type transport with field-effect
electron mobilities of 10°-107 cm®/Vs. The Th-DPP exhibits poor n-type
behaviour with of about 10~ cm?/Vs. The effect of thionation can be observed from
the electron mobility values of both DTPPs being higher than those of Ph-DPP. The
Au source-drain contacts transistors exhibit field-effect hole mobilities
~ 10~ cm®/Vs for the DPP materials, while the values for Th-DTPP and Ph-DTPP
were one order of magnitude lower (& 10_4). All the OFET characteristic values are
summarized in Table 3.

Table 3 Field effect mobilities, threshold voltages and on/off ratio values of studied
materials in OFETs with n-type (Al) and p-type (Au) enhancing configurations.

contact material ]’)FII:I-) Th-DTPP Ph-DPP Ph-DTPP
Al (sz.{‘;_l.s_l) 12:10° 74107  27-10°° 1,810
Au (sz_gh_l_s_l) 2,0-10°  4910°%  6,6:10°  3,0-10"
Al Vi (V) 12,2 4,4 3,2 4,1
Au Vi (V) —3.7 -5,9 —6,0 -10,6
Al  on/off ratio ~10° ~10° ~10° ~10°*
Au  on/off ratio ~10° ~10? ~10° ~10"

The effect of thionation is a substantial increase of the n-type mobility with
simultaneous decrease of the p-type mobility, resulting in the change of a p-type
semiconductor (Th-DPP) or an ambipolar semiconductor (Ph-DPP) to an n-type
one. This might be a result of one, the herringbone packing pattern promoted by
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thionation, and two, depletion of electron density in parts of the molecule resulting
from higher electronegativity of introduced sulphur atoms.

5.3.4 Conclusion

The thionation of diketopyrrolopyrrole pigments affects the molecular structure as
well as the solid-state packing. This is reflected in the electronic structure and
optical and semiconducting properties. Dithioketopyrrolopyrrole pigments remain
thermally stable because of the strong hydrogen bonding. The aryl twists in the
molecular structure of DTPPs are more common than those in their DPP
counterparts and the molecular structure (along with the properties) is thus affected
by crystal packing. In the electronic structure, the characteristic features are the low-
lying LUMO and high-lying n-orbital (located on the thioketo group). These features
determine the spectral and photophysical properties. The solid-state absorption edge
is shifted to the near-infrared and the fluorescence in solution is quenched. As is
observed from field-effect experiments, thionation switches p-type/ambipolar DPP
semiconductors to n-type DTPP semiconductors. Altogether, DTPPs can be
considered as potential electron-accepting components in photovoltaics because of
their FR/NIR absorption, low-lying LUMO, and n-type mobility.

5.4 Perovskite materials for photonic applications

5.4.1 Stability of hybrid perovskite layer

To examine the effect of moisture on the active part of the perovskite solar cells,
samples of perovskite layers were placed in a climate chamber with a set humidity
of 60 % RH and temperature $ =25 °C for 48 hours. The perovskite layers were
then examined by XRD. The measurements were carried out by Dr. Chladil (FME,
BUT). The quantitative result of the perovskite and lead iodide content evolution
during ageing in the climatic chamber is listed in Table 4 in the form of molar
percentage. The results revealed that in the case of the as-prepared sample the Pbl,
content was over 8 mol%. During the first 24 hours of ageing the perovskite
structure lost more than 5,5 mol% and during the next 24 hours it lost even more
than 16 mol%. The speed of perovskite degradation to lead iodide appears to
increase with time.

Table 4 Evolution of perovskite and lead iodide content in the perovskite layer
during ageing
As prepared 24 hours 48 hours
PbL (mol%) 8,3 14,0 30,3
MAPbL (mol%) 91,7 86,0 69,7
Our study of perovskite layers has also shown the important role of atmospheric
moisture during the formation of the perovskite layer. We have found that films
manufactured in atmosphere with 15% RH have different structure to those
manufactured in dry nitrogen atmosphere of glovebox. This is well observable by
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atomic force microscopy (AFM) imaging of the layer topography The perovskite
active layer created in an inert atmosphere has a less continuous morphology. After
moisture exposure of both samples in the climate chamber with 60% RH for 48
hours, the perovskite grains merged, leading to an enlargement of their volume. The
merging of the grains led to clustering and the gaps between the grains have spread
as a result. Such an increase in recombination centers along with Pbl, increase
(Table 4) causes drop in conversion efficiency. From the AFM measurements, it is
also evident that the perovskite layer in which the moisture was present during the
manufacturing process tends to form larger grains. However, this assumption would
be better to confirm with further investigation in follow-up research.

5.4.2 The influence of active layer degradation on solar cell device

In order to analyse the effects causing degradation of the perovskite active layer
in photovoltaic cells, two series of perovskite solar cells were manufactured. The
fabrication of photovoltaic cell series differed in the environment in which they were
manufactured. In the first series, nine samples were fabricated in a glovebox with a
nitrogen atmosphere with a negligible moisture content (< 1 ppm). In the second
series, six samples were fabricated in a dry air box with controlled humidity set to a
value of 15% RH. Table S shows the averaged parameters of cells from both series,
the uncertainties were established as sample standard deviation of all working cells
of all samples in each of the series.

Table 5 Parameters of the perovskite solar cells manufactured in dry nitrogen and
15% RH air atmospheres.

Series jse MA/ecm?)  Vee(mV)  Puax (mW)  FF (%) n (%)
1 (N2) 17,7+0,8 899+ 20 0,5+ 0,1 65+2 10,4+ 0,9
2 (15% RH air) 174+1,7 892+17 025+0,05 33+3  52+0,6

The perovskite solar cells from the first series had very good results in terms of
conversion efficiency (record cell: # = 11,9 %, FF = 69 %.), while the cells from the
second seriesseries perovskites cells were noticeably worse. In the second series, the
record cell showed only # = 6,2 % and FF = 37 %. It can be seen that the j,. and V.
parameters are comparable in both series, but there is considerable decrease of FF in
series 2. This drop may be caused by the use of a different perovskite solution
designed for air processing. However, for the purpose of investigating degradation,
these values were sufficient.

The samples from both series were stored for the same time in a climate chamber
in pairs of one cell from each series. The current-voltage characteristics were
measured in a 24-hour interval with increasing relative humidity and a constant
temperature of 25 °C. The first series solar cells had a significant drop in
performance after the relative humidity in the chamber has exceeded 50% RH. At
60% RH, the short-circuit current has seriously dropped, with even further drop
accompanied by decrease of open-circuit voltage at 70% RH. After this, the cells
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became almost inactive. Despite the considerably worse parameters, the solar cells
from the second series are more resistant against external moisture degradation.
Above the 50% RH limit, their performance started to diminish, but not on such a
scale as the cells from the first series. As in the first case, the main effect has been
the decrease of short-circuit current. The manufacturing process carried out in an air
atmosphere with 15% relative humidity has therefore proved to be more
advantageous for perovskite solar cells. The explanation may be that the perovskite
structures produced in the 15% RH environment form more uniform structure with
fewer grain boundaries may be the cause of increased resistance to the permeation of
water molecules into perovskite crystals and its subsequent disruption [73].

5.4.3 Addition of auxiliary layer into the PSC structure

An organic semiconducting pigment, which will serve as a charge transporting
layer (due to its semiconducting nature) as well as a passivation layer (due to its
hydrophobicity) is tested to increase the stability and performance of PSC. The
proposed materials were phenyl and thiophenyl derivatives of dithioketo-
pyrrolopyrrole (Th-DTPP and Ph-DTPP). The materials were selected based on
their advantageous position of energy levels and field effect mobilities and strongly
preferred n-type transport. Electron mobilities reached sufficient values (over
1107 cm®V~'s™), for comparison, one of the most widely used electron transporting
materials, PCBM, is reported to show electron field-effect mobility in the order of
107 - 107 em’V's™ [74].

The materials were tested as passivation and transporting layer in a series of solar
cells. Cells were constructed with an inverted structure with the addition of PVD
step to introduce Th-DTPP on top of PC¢BM.

—=— reference
—e— Th-DTPP passivation
0

i (mA/cm?)

-20 A

0,0 05 1.0
V (V)

Figure 20 I-V curves or representative cells — reference (black) and Th-DTPP
passivated (red).

The representative I-V curves for experimental cells and reference cells are shown
in Figure 20. As can be seen from the shape of the red curve, the Th-DTPP
passivation layer increases the contact resistance. On the other hand, we see a slight
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increase in V. hinting towards lower barriers at electrode contact [75]. The average
parameters of all cells are summarized in Table 6. We can see that the introduction
of the passivation layer had only a slight diminishing effect on the performance of
the cells (in contrast to OA). As for increase in cell stability, the relative values of
parameters are shown in Table 7.

Table 6 Parameters of reference and Th-DTPP passivated perovskite solar cells.

jse MA/em®) Vo (mV)  FF (%) 3 (%)
reference 20+ 1 960 + 10 66+3 13+1
passivated 21+2 972 +7 55+5 11+1

Table 7 Relative values of cells’ parameters after 2 weeks ageing in ambient
environment.

Relative value afte 2 weeks Jse Voc FF ]
reference (%) 101 102 88 90
passivated (%) 97 100 83 81

The results of stability study show that the main reason for decreasing efficiency
is the decline in the fill factor. We also see that the power conversion efficiency of
the passivated cells dropped more than that of the references. This could be the
result of prolonged exposure to air and increased stress of the active layer during the
deposition of passivating pigment. Nevertheless, the results have shown that a
double purpose pigment layer is a possible way to improve the performance of
PSCs, although more experiments and optimization is necessary. A more thorough
stability study is one of the plans for the future work.

5.4.4 Conclusions

The research of utilization of organic semiconductor materials in perovskite solar
cells has yielded some interesting results and helped us to create a knowledge base
for further experiments. First, the conducted stability study has shown the effect of
moisture on the stability of perovskite layers and solar cells and has provided a
reference point to which further experiments can be compared. An approach
utilizing organic pigments with semiconducting properties as a double-purpose
passivation and a charge transport layer has shown promising results. A pigment
tested in the study was DTPP material described in the previous chapter of this
thesis. It is reasonable to believe that further investigation and optimization of the
fabrication process may yield fruitful results.
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6 CONCLUSIONS

The aim of this thesis was to study the relationship between the structure and
properties of novel organic compounds and their potential utilization in optical and
optoelectronic applications. The studied materials were m-conjugated molecules
based on stilbene or distyrylbenzene core intended as solid-state fluorophores, and
diketopyrrolopyrrole (DPP) semiconductor derivatives for use in organic electronics
(mainly photovoltaics). The thesis also focused on work with perovskite materials —
one of the leading topics in today’s advanced photovoltaics — with the focus on
understanding and improving its stability by the means of the utilization of the
organic materials studied in our research.

The properties of materials were investigated in solutions, to characterize their
fundamental properties as single molecules, and in solid state samples (powders or
thin films), to see how the single molecule properties translate to condensed phase
and to study the properties in conditions close to the ones in applications.

The m-conjugated stilbene and distyrylbenzene materials were thoroughly studied
from the point of view of optical properties. Base structures were substituted by
varying electron withdrawing groups to produce two series of molecules with a
push-pull system. To prevent interaction in the solid state and promote solid state
fluorescence, the molecules were decorated with bulky side phenyl groups. Because
of the varying push-pull system, both series of molecules showed fluorescence that
covered a large part of the visible spectrum depending on the strength of the push-
pull system. The intended effect of side phenyls was achieved and the materials
maintained their fluorescent properties almost unchanged in the solid state.
Fluorescence ranged from blue to far red (~450—650 nm) with satisfactory
fluorescence quantum yield (PLQY > 10%). Only the PLQY of the
distyrylbenzene-based red emitter was lower. However, it can be increased with
only minimal hypsochromic shift (~5 nm) using the host-quest system, where a
small amount of the red emitter is mixed with other more efficient emitter from this
series (in ratio ~1:100). Interesting properties were observed for the red-emitting
molecule from the stilbene-based series. This molecule forms an excimer-emitting
polymorph with impressive infrared fluorescence (733 nm, 32% PLQY). The
significance of the results lies in the presentation of first highly efficient IR emitter
and second two series of solid-state emitters with a similar structure that covers a
large part of the visible spectrum, thus enabling fine-tuned colour of emission by
their mixing. The findings regarding the polymorph emission have been published
and the rest of obtained results is in the process of publication as follow up papers.

The studied novel DPP derivatives were thionated forms (DTPP) and objective of
the study was to assess the influence of the thionation on optical and electrical
properties. It was discovered, that with accordance to literature, the thionation
stabilizes LUMO level and subsequently leads to bathochromic shift in emission.
These results were correlated with crystallographic structure and theoretical
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modelling. For the first time, the influence of thionation on electrical properties of
such materials was observed. The results show a significant shift of thionated
materials towards n-type behaviour. Field-effect electron mobilities satisfactory for
use in organic photovoltaics (~107 ¢cm?* Vs) and impressively low lying LUMO
levels (~ —4,5 eV) were observed for the studied DTPP molecules. All of these
results have been published.

The investigation of hybrid materials consisted of a stability study of perovskite
material and photovoltaic devices and of testing of approaches to increase the
moisture resistance of the hybrid solar cells. The stability study helped to establish a
reference point for further research in this area and also showed a beneficial effect of
mixed-halide perovskite precursors. The results were successively published in form
of conference papers. The experiments with use of the DTPP pigment as
passivating/charge transporting layer yielded encouraging results. With further
optimization of the fabrication process, the dual-purpose pigment layer approach
may lead to better stability of perovskite solar cells.

To conclude, the thesis helped to expand the knowledge base of structure-
properties relations to help better design molecules with desired properties.
Interesting properties were discovered in some of the studied materials, and the
results have been published or are in the publishing process.
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