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Abstract

Hybrid perovskites are considered one of the most promising semiconductor materials
of our time. Their ionic composition enables low-cost and simple production at low
temperatures, making them a highly demanded semiconductor for photovoltaics, but
also optoelectronic applications such as LEDs, lasers or photodiodes. Their hybrid
nature enables the integration of organic cations, which brings a wide range of possible
materials.

The classical perovskite structure permits the incorporation of small organic cations. If
the given space in the structure is exceeded by the organic molecule, a layered
crystalline phase with alternating arrangement of organic cations and inorganic 2D lead
bromide layers is formed. This allows the use of a great variety of organic cations which
become an integral part of the semiconducting material. Thus, molecules can be
chosen that contribute to the functionality of the crystalline phase, for example, by
using conductive conjugated 1-systems. Energy transfer between the components of
the layered phases becomes possible and extraordinary electronic and optical
properties can result.

The aim of this thesis was the development of functional surfactants for the synthesis
of hybrid lead halide perovskite particles with a special switchable feature. The
switching was intended to introduce an energy valve into the phases, which could be
switched by external stimuli (i.e. light or chemically). The obtained phases should be
investigated for structural, optical and electronic properties, both before and after a
switching of the ligands.

For this purpose, ligands based on photoswitchable azobenzene, redox-active
ferrocene and conductive five-ring heterocycles were developed and their functionality
was studied before and after incorporation into 2D layered hybrid perovskite phases.
It was found that electronic exchange between the organic molecule and the perovskite
framework is present in all the crystal phases obtained. Thus, the molecules are more
than just a structural component of the phases, but contribute to the electronic
properties.

The oxidation of ferrocene in particular made it possible to integrate a switchable
energy valve. The decisive factor is the change in the energy of the molecular orbitals,
which was achieved by the oxidation. Thus, the optical and electronic properties of the
semiconductor could be greatly changed.

This work provides a comprehensive basis for the study of semiconducting particles
with switchable ligands. Especially promising are redox-active hybrid perovskites,
which emerge as a completely new class from these investigations.

Keywords: Perovskite, 2D materials, functional surfactants, ferrocene, azobenzene




Kurzfassung

Hybride Perowskite gelten als eine der vielversprechendsten Halbleitermaterialien
unserer Zeit. Ihr ionischer Charakter ermdglicht eine giinstige und einfache Herstellung
bei niedrigen Temperaturen und macht sie somit zu einem gefragten Halbleiter fur die
Photovoltaik, aber auch fur optoelektronische Anwendungen wie LEDs, Laser oder
Photodioden. lhre hybride Beschaffenheit ermdglicht die Integration von organischen
Kationen, was eine breite Palette an Materialien ermdglicht.

In die klassische Perowskitstruktur lassen sich vor allem kleine Kationen einbauen.
Wird der vorgegebene Platz in der Struktur von dem organischen Molekdl
Uberschritten entsteht eine geschichtete kristalline Phase mit abwechselnden
Schichten organischer Kationen und 2D Bleibromid Schichten. Dies ermdglicht den
Einsatz einer Vielzahl organischer Kationen, welche integraler Bestandteil der
halbleitenden Struktur sind. So kénnen Molekille ausgewahlt werden, welche zur
Funktionalitéat der kristallinen Phase beitragen, bspw. durch konjugierte, leitfahige
m-Systeme. Die Energielbertragung zwischen den Komponenten der geschichteten
Phasen wird mdglich, und es kdnnen aulRergewohnliche elektronische und optische
Eigenschaften resultieren.

Ziel dieser Arbeit war die Entwicklung funktioneller Tenside fur die Synthese hybrider
Bleihalogenid-Perowskit-Partikel mit einer speziellen schaltbaren Eigenschaft. Durch
die Schaltung sollte ein Energieventil in die Phasen eingefuhrt werden, das durch
externe Stimuli (z.B. Licht oder chemisch) geschaltet werden kann. Die erhaltenen
Phasen sollten auf strukturelle, optische und elektronische Eigenschaften untersucht
werden, sowohl vor als auch nach einem Wechsel der Liganden.

Zu diesem Zweck wurden Liganden auf der Basis von photoschaltbarem Azobenzol,
redoxaktivem Ferrocen und leitfahigen Funfring-Heterozyklen entwickelt und ihre
Funktionalitat vor und nach dem Einbau in 2D-Schichthybrid-Perowskitphasen
untersucht. Es wurde festgestellt, dass in allen erhaltenen Kristallphasen ein
elektronischer Austausch zwischen dem organischen Molekil und dem
Perowskitgerust stattfindet.

Insbesondere die Oxidation von Ferrocen ermdglichte es, ein schaltbares
Energieventil zu integrieren. Entscheidend ist die Anderung der Energie der
Molekulorbitale, die durch die Oxidation erreicht wurde. Dadurch konnten die optischen
und elektronischen Eigenschaften des Halbleiters stark verandert werden.

Diese Arbeit liefert eine umfassende Grundlage fur die Untersuchung von
halbleitenden Partikeln mit schaltbaren Liganden. Besonders vielversprechend sind
redoxaktive Hybrid-Perowskite, die sich als eine vollig neue Klasse herausstellen.

Stichworte: Perowskite, 2D Materialien, Funktionelle Grenzflachenadditive, Ferrocene,
Azobenzol
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1 Introduction

“A global shortage of these tiny, essential microelectronics that make so many things
smart and connected - cars, homes, devices, cities - has come just as demand for these
new necessities seems insatiable.”

IBM, J. Daly, 9" March 20211

What does the author refer to? At the beginning of the
215t century, we are in the middle of the semiconductor
age. Being the heart of technological progress and
innovations, they have never been more important to
our daily lives. When scientists, historians and
technologists were asked to rank the top innovations in
human history since the wheel, only paper print,
electricity and penicillin could beat the semiconductor.[
It is the indispensable component of microelectronics,
from diodes and transistors to resistors and capacitors.
Only the development of this technology made the
digitalization of our age possible.

Semiconductors are ubiquitous and built into almost
every electronic device we use. Every aspect of our
daily lives, from data collection and search engines to
healthcare, social networks and smart phones,
depends on it.Bl  Hyperconnectivity = between
internet-based services enables access to numerous applications and has great potential
to make people's lives easier and smarter.[*! From smart wearables that monitor our daily
habits, fithess and health, smart homes that control our energy efficiency, security and
personal comfort (scheme at the right*l), to whole smart cities and industries, that
optimize energy consumption and foresee challenges, they all require these small,
microstructured semiconductor devices.

The increasing demand in recent years led to a shortage, which is noticeable in many
industrial sectors and also in the increasing prices.! High costs for silicon, the classic
semiconductor for electronic components, but also photovoltaic applications, favor the
development of cheaper alternatives. However, which semiconducting material combines
low-cost production and high efficiencies and reliability at the same time? Scientists
provide an answer to this question: hybrid perovskites.
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The versatile class of hybrid lead halide perovskites includes semiconductors for
numerous optical and electronic applications, such as solar cells,®! light emitting diodes
(LEDs),[™ lasers or field-effect transistors.l®l A broadly adjustable bandgap enables their
use in a wide variety of semiconductor technology applications. After more than a decade
of intensive research, the materials have emerged as one of the most promising materials
of the 215t century and are even about to be implemented in commercial applications.[®]

The ease of the low temperature synthesis and the growing comprehension over
shape-control and understanding of their properties make these materials of great interest
to chemistry, physics and material research.® Their hybrid character allows to tailor their
properties as required for numerous applications. Compared to conventional
semiconductors, the incorporation of organic cations simultaneously offers new
possibilities to influence the optical and electronic properties. Large organic molecules
can be either coordinated to the surface or even integrated into the semiconductors by
inserting an ammonium head group, which is able to interact with the perovskite lattice.
In the latter case, the so-called layered hybrid perovskites, 2D homologues of the
classical perovskite structure, consisting of individual layers of lead halide octahedra, are
formed.

Thus, organic functionalities e.g. with intrinsic conductivity through a 1r-conjugated
system, photochromic molecules or polymerizable ligands are integrated into the hybrid
materials, allowing an active control over their semiconducting features.[*% This creates
an electronic landscape of quantum wells in which the organic molecules interact with the
inorganic phase. Charge carrier dynamics, excitation, and emissions depend strongly on
the organic moiety.

If using organic molecules with extended functionality, such as reversible
photoswitchability or organometallic molecules with easily accessible redox chemistry, it
becomes achievable to manipulate the materials even after synthesis. This makes it
possible to induce a change in the material by applying external stimuli.

Using hybrid perovskites as a versatile system, this work investigates the incorporation
of functional organic and organometallic molecules into semiconductors and their
influence on charge carrier dynamics, electronic and optical properties as a response to
external stimuli. For this purpose, 2D layered hybrid perovskites serve as an ideal model
system. The aim is to investigate whether certain properties can be influenced by the
stimuli so that they can be switched on and off (e.g. as in field effect transistors).
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2 Theoretical Background

2.1 Hybrid lead halide perovskites

2.1.1 Structural diversity of hybrid perovskites

Crystal structure of three dimensional (3D) perovskites

Compared to the original perovskite structure of CaTiOs, hybrid perovskites with the
composition AMXs show one crucial difference: the possibility to incorporate organic ions.
Thereby, at least one of the ions (A*, M?*,
X°) is of organic nature. Typically, this is
A*, while M?* is a metal ion (e.g. Pb?",
Sn?*) and X" is a halide ion (CI-, Br-or I).
The cubic structure of hybrid perovskites
(shown in Figure 1) is build up by a
network of corner-sharing
MXs-octahedra, where the M?*-cation is
coordinated by six halide anions. The
A*-cation is twelve-fold coordinated by
halide anions, occupying the
cuboctahedral gap of the network and
balancing the charge of the MXs
extended anion. The filling sizes of the
ions are decisive, which framework the set of the “A”, “M” and “X” ions adopt. This yields
the Goldschmidt’s Tolerance Factor concept:

Figure 1 - Polyhedral representation of a cubic
AMX; perovskite. (A*=green, M?*=orange
(center of octahedron), X'=grey).

(Ra + Rm) = tV2(Rm + Rx)

with Ra, Rm and Rx as ionic radii of the corresponding ions.[*-13] For most 3D perovskites,
a value of 0.8 <t<1.0 is found empirically. The theory is based on the simplified
assumption that all ions are treated as rigid spheres. For elementary ions this is mostly
correct, but organic cations have a much more complex structure and pose a greater
challenge. Therefore, it is assumed, that the molecule may rotate freely about its center
of mass. Taking these assumptions into account, there are several, small organic cations
that can be incorporated into the perovskite network.4 In addition to the sizes of the radii,
the functional group that can interact with the anionic perovskite network is essential. On
the one hand, it must compensate for charge, and on the other hand, it should contain a
protonated cationic head group in order to be able to form hydrogen bonds with the
anionic octahedra.l*? Therefore, an ammonium group is well suited as head group for
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organic cations. Calculations of more than 2500 amine-metal-anion permutations suggest
the potential existence of more than 600 hybrid perovskites, which still remain
undiscovered.[*! In the case of lead iodide and bromide, formamidinium halide
(CH(NH2)2X=FAX) and methylammonium halide (CH3sNH3X=MAX) were found to be the
most suitable components.[*216 Although the class of lead-halide perovskites has been
known since the late 19" century!’], a detailed structural characterization was published
not before 1978 by Weber et al.l'819 |nterestingly, the choice of halide in MAPbXs
perovskites has a high impact on the crystal structure formed varying from tetragonal
(X=1)[2% to a cubic structure (X=Br, CI)[?1:22l at ambient conditions. The composition mainly
affects the electronic and optical properties, which will be discussed below.

Optical band gap of 3D perovskites

Not without reason, lead perovskites have been extensively studied in the last decade.
Their optical and electronic properties stand out compared to other classical
semiconductors./?®l A simple, continuous anion exchange (Cl to 1) allows easily tunable
band gaps from UV to near-IR wavelengths, - -

resulting in a wide color range, shown in : e AEKEY: ‘M_E:\\//
Figure 2.I724-27] The exact halide composition ——— —

can be adjusted before preparation, but also

3 2°715 11V 0.5 F 0" 0.5
post-synthetically.[?8] The band gap engineering ﬂ.
can be explained by the electronic band

structure of the compounds. The electronic  Figure2 - MAPbXs perovskite
configuration of Pb(Il) is 6s26p° while the materials with  varying anions
halides have a configuration of np® (n=3-5 from (X=Cl,Br.1). Taken from ref. [28].

Cl to I). The organic cation has no contribution to the electronic band structure and is
therefore neglected. The conduction band (CB) consists of g-antibonding Pb 6p and
halide np orbitals. The valence band (VB) consists of og-antibonding Pb 6s and halide np
orbitals, which is dominated by the halide orbitals.[?° Therefore, the energy of the valence
band maximum (VBM) is strongly dependent on the halide, showing a downshift from
iodine to chloride. The VBM and CBM both lie at the R point of the Brillouin zone, and
hence the lead halide perovskites are direct semiconductors.?®! It must be mentioned
here that for MAPDbIs the VBM and CBM are slightly shifted to R, as a result of the
spin-orbit-coupling, as Pb and | are heavy elements.[30

Furthermore, theoretical calculations revealed that the band gap is strongly affected by
the largest metal-halide-metal bond angle, that can be adjusted by the MXes octahedra
tilting. This is mainly influenced by the size of the organic cation, which therefore has an
indirect influence on the band gap.3132 Thus, the choice of cation can have a major
impact on the band gap. At the same time, the structural dynamics of the rotating organic
cation strongly affects the optoelectronic properties of the 3D perovskite materials.[33-3%
It is suggested, that the “soft” nature of the hybrid perovskites is the core to their
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exceptional optoelectronic properties. The interionic interactions allow molecular motions
and ion migration on multiple timescales. These properties strongly deviate from the
classic conception of charge transfer and optical absorption in a semiconductor, where
ions are displaced only because of harmonic vibrations.!*¢ For instance, the mobility and
lifetime of charge carriers are increased at low temperatures in contrast to classical
semiconductors.3 This is explained by the decreased dynamical motion of the MA cation
at low temperatures. Its low symmetry and permanent dipole moment can result in a
variety of orientations inside the crystal lattice. On cooling, the motion decreases and
ordered domains form, also leading to changes in the geometry of the unit cell’®”! and
furthermore is linked to its dielectric responsel®®, ferroelectric behavior®?4% and the
hysteresis of the 1-V-curve.l*142 Selig et al. propose that H-bonding of the amine has a
high impact on the rotation of the organic cation. The rotation varies with the size and
polarizability of the anion (Cl, Br, 1).[43l They state that H-bonds preferably form with
increasing polarizability, which increases with the size of the anion (from CI to I).
Consequently, the rotational motion decreases with increasing anion size. Interestingly,
they find much slower rotation dynamics in mixed halide perovskites. This is due to
symmetry breaking within the perovskite unit cell, in some cases even causing partial
immobilization. 3]

Defects in 3D perovskites

But not only the organic cation can move in these “soft” materials. The ion migration
observed in hybrid perovskites often refers to the halide species.[34445 This effect is
detrimental to the materials as it leads to unfavorable degradation.l*¢! Based on these
observations, the enormously increased stability of the lead bromides and chlorides,
compared to the iodides can be explained. The activation energy for bromide migration
is severely reduced in comparison to iodine. Despite this, the diffusion is much slower,
presumably due to a lower entropic change during ion migration.[*7]

However, it is believed that ion

P kit . ; . .
oir:i:/zellle “:“:’: Iod:1e intt:rsﬂtial Mez’ﬂg{g&gﬁ'um Legd interst:t)ial migration has not 0n|y
oI ' . .
4.4, 4. 0. ... .. 0 disadvantages for the hybrid
‘ o MA, .
® W o o ¥ o o.«"6. 2 ot oPh perovskites. The secret of the
MA' J W
TP T T8 T 9T e e e % high-performance semi-
o o *) o o ] o o . . . .
Le:)advacar:)c\); Methylammonium  logie vacangy  Substtutional adine conductors lies in their high
69 o 5™ 09 o9 000 06006 o6 tolerance for defects and/or a
o W o o Vi Sk s . e haa low defect density due to
©9 900 00000009 De De e e o e gelf-healing. To date, scientists
] ) o ] o (] o (]

have not found an unambiguous
Figure 3 - Typical defects in MAPbIs; taken from ref. [49].  answer to this extraordinary
characteristic.[*®l Nevertheless,

it is clear that defects have little effect on optoelectronic properties compared to classical
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semiconductors. The typical defects for MAPbXs perovskites are shown in Figure 3.4
The term "self-healing” refers to a material that is capable of autonomous repair of
damage without external influences.®% In lead perovskites this effect is attributed to the
A-cation, which migrates through the material. Investigations have shown, that FA* heals
best the bulk, Cs* protects best the surface, as it is the least volatile and MA* passivates
the defects via CHsNH2 (mainly from photodissociation) binding to Pb?*.51 At the same
time, very low defect densities are found in halide perovskites. Again, it must be pointed
out that such low defect densities for classical semiconductors are otherwise obtained
only with great effort and care.[®

Charge carrier dynamics and excitons

Recent studies demonstrate, that defects even seem to have a positive effect on charge
carrier transport.[*l Photogenerated charge carriers are trapped at defects, but the
dominant part of the defects releases the free carriers after trapping. Active detrapping of
carriers is the secret of the efficient charge transport. The defects preserve charge
carriers from recombination. Therefore, the carrier’s diffusion length is several times
higher than the thickness of typical solar cells, which allows the collection of 99% of the
charge carriers without significant losses.!*®! These properties, among others, make it an
ideal reference system for direct semiconductors.

Understanding the dynamics of photoexcited charge carriers in lead perovskites is of
fundamental importance for the optoelectronic properties of the semiconductor. Excitation
above the band gap results in electron-hole pairs. Due to excess energy they are called
“hot carriers”. Through thermalization, namely by emitting optical phonons, the charge
carrier relaxes down to the electronic band-edge.®¥ These charge carriers now either
may be free charge carriers or excitons. Droseres et al. detected both excitons and free
charge carriers at low excitation of MAPDbBrs. At high excitation, however, the free charge
carriers convert to excitons due to their high density.[>4

Here it is already evident, that the consideration of free charge carrier and exciton
dynamics in hybrid perovskites proves to be very complex, as a wide variety of
mechanisms are present, all contributing to the observed effects. For example, depending
on the measurement method chosen, the charge carrier mobilities differ enormously.[5°
However, one highly intriguing aspect of lead perovskites should be highlighted here: the
so-called photon recycling. By recombination of charge carriers a photon is emitted, which
is however immediately absorbed by the material again.[®®! Upon repeated recycling
charge carriers migrate over long distances.*”] Recent findings show that exciton hopping
(via Forster energy transfer) also contributes to the extremely high charge carrier
mobilities.[®® Furthermore, enormous differences between the bulk phase and
nanocrystals are revealed, discussed in the following.
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Nano- and microcrystals of 3D perovskites

Semiconducting nanocrystals (NCs) have been extensively studied because their
fundamental optical and electronic properties change tremendously compared to the bulk
phase.%-%2 Hybrid perovskites in particular show very weak photoluminescence
quantum yields (PLQY) if they are in bulk phase. As NCs, on the other hand, they exhibit
extremely high PLQYs (up to 80%-100% for CsPbXzs) which is mostly attributed to the
reduction of surface trap states passivated by surfactants on the surface.¥ Today, they
show great promises for the application in solar cells®3, lasers!® or light emitting diodes
(LEDs)%L. For the first time in 2011 Im et al. demonstrated the use of MAPbIz NCs in a
TiO2 matrix as potential sensitizer for photovoltaics.l¢! As recently as 2014, Schmidt et
al. reported the synthesis of MAPbBrs NCs using medium-lengthed alkyl ligands as
capping agents.[®1 Since then, extensive research has been conducted into the
production of lead perovskite NCs.[?468-70 Typical approaches for the synthesis are
ligand-assisted reprecipitation (LARP) or hot-injection techniques!?®.71:

e The LARP method uses long-chain alkyl ligands, which inhibit crystal growth in a
certain direction as they coordinate to the surface. Control over crystal size and
shape is possible through the reaction temperaturel?472 and the concentration of
the ligand.[6%

¢ In the hot injection method, the components are added as precursors to a hot
solution to achieve rapid crystallization. Thus, monodisperse cubes in a size
regime of 5-50 nm could be prepared by dissolving the starting salts (FAX and
Pb(Il) acetate) in octadecene and adding oleylammonium bromide (OLABr) in the
presence of oleylamine (OA) at 130 °C.I"1l By using benzoyl-halides as halide
source, even monodisperse MAPbXs particles could be obtained, which seems
difficult with other methods.["3l

The above-mentioned methods belong to the bottom-up approach, where molecular
precursors are assumed. Top-down methods are much rarer, but are of interest for
large-scale applications. Therefore, the ultrasonification of large crystals in solutionl’4 and
ball-millingl” were proposed as low cost and efficient synthesis of lead perovskite NCs.

A notable byproduct of many LARP synthesis were extremely thin nanoplatelets which
exhibited quantum confinement effects.l”®! They showed drastically different properties,
compared to their 3D related ones.l””l To understand the formation of nanoplates, their
optical and electric properties, low dimensional perovskites and their analogs are
presented below.
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2.1.2 Low-dimensional layered hybrid perovskites

Crystal structure of two-dimensional (2D) layered hybrid perovskites

Low dimensional perovskites are formed, when the small A-cation is substituted with a
larger cation (R-NHsX), exceeding the space given by the Goldschmidt-tolerance
factor.[121478.79] The structure directing larger cation “cuts” the perovskite structure in a
specific crystal direction, resulting in layered two-dimensional (2D) systems. Figure 4
shows the three possible classes of layered hybrid perovskites (LHPs). Cutting in (100)
direction (Figure 4a) layers of corner-sharing MXes-octahedra are formed, which are the
most common layered hybrid perovskites (LHPs).[11.77.79 |f the small organic cation A is
completely replaced by R-NHsX, alternating layers of the organic ligands and the
inorganic MXes octahedra are formed. With the incorporation of the small cation A, the
structural properties of the 2D LHPs and the 3D perovskite are combined, and quasi-2D
phases are obtained. These extraordinary crystal structures were named
Ruddlesden-Popper phases (RPPs) after their discoverers and have the general formula
(R-NH3)2An-1MnX3n+1 (with n=2, 3, ...).[B% Their crystal structure is shown in Figure 5.

C

A A

(100) (110) (111)

Figure 4 - Scheme of the layered perovskites structures, that can emerge through a cut of the
perovskite structure in a certain crystal direction. a) layered perovskite in (100) direction with a
layer thickness of n=1 having the general formula (R-NH3)2An1MnXans1, b) layered perovskite
structure in (110) crystal direction with a layer thickness of m=2 having the general formula
(R-NH3)2Am-1MmXam+2 and ¢) layered perovskite structure in (111) crystal direction with a layer
thickness of g=2 having the general formula (R-NH3)2Aq.1MqX3q+3.

When cutting in the (110) crystal direction one-dimensional (1D) chains of corner-sharing
MXe octahedra are obtained. LHPs are obtained only from a layer thickness of m=2 with
the general formula (R-NHz)2Am-1MmXam+2 (See Figure 4b). There are considerably fewer
known compounds for this more exotic structural class®*-2% and to date no known quasi-
2D phase with incorporated MAX. This is due to the organic cation R-NHs, which needs
to exhibit strong structure-directing properties. If the structure is sliced in the (111) crystal
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direction zero-dimensional (OD) clusters with q=18¢! or 2D layers with =2 having the
general formula (R-NH3)2Aq-1MqX3g+3 are formed (see Figure 4c).

The selection of the large cation R-NHs is decisive for which structures can be obtained.
Intramolecular interactions lead to strong templating effects and may influence the crystal
structure tremendously.[®]

Synthesis of colloidal perovskite nanoplatelets

As previously mentioned, the incidental synthesis of atomically thin nanoplatelets was
observed in the LARP method for NC formation.[”®l In 2015, multiple groups reported the
synthesis of colloidal perovskite crystals, which were reminiscent to the RPPs but
dispersed in solution.[6%768-%01 RPPs are therefore stacked nanoplatelets with
electronically decoupled inorganic layers. The structure-directing ligands are those used
to inhibit crystal growth in LARP methods using medium- to long-chained ammonium
alkyls. It seems that the colloidal platelets have the same range and composition with
identical optical properties as the classical 2D LHPs.[?192] The platelets lateral extension
may range from tenths of nanometers!®-°0 up to several micrometers(®1-9 without losing
their quantum confinement.

Optical and electrical properties of LHPs

Using the LARP method, it was also obvious to achieve RPPs with layer thicknesses of
n=2. Sichert et al. observed decreasing quantum confinement with increasing MAX
concentration.[®¥ Figure 5 shows why this effect is observed.

Quantum confinement Surface functionalization

5050000008

n=qQo

Figure 5 - LHPs of the Ruddlesden-Popper type with the general formula (R-NH3z)2An1MnXan+1
with n=1,2,3,4,... co. The quantum confinement increases with decreasing layer thickness.

RPPs are formed by adding small cations that can be incorporated into the structure and
large surface-coordinating cations that cut the structure (R-NH3zX). This means that the
large organic cations have a structure-directing effect when they are incorporated into the
crystal, but at low concentrations they can also “only” functionalize the surface.
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Depending on the layer thickness, the band gap increases by up to 0.75 eV from the initial
band gap (e.g. Egap=1.50 eV for MAPbI3 and Egap=2.35 eV for (CH3(CH2)3sNHz3)2Pbla),
n=1)."71 The consequence of the vertical confinement to the octahedral network are
decisively reduced electronic state dispersions. Below a certain size, the energy spectrum
becomes discrete and the energy required to generate charge carriers is blue shifted.
From a layer thickness of n=5, the quantum confinement no longer plays a role.

The LHPs also show increased stability compared to the hybrid 3D perovskites®4°,
which makes them highly attractive for photovoltaics.[?6971 Comparable light effective
masses for electron and hole carriers with those of MAPDI3s result in efficient solar cells.
Since the layer thicknesses n differ greatly in their optoelectronic properties, a
monodisperse layer thickness distribution is extremely important.[888%91 However, until
now it is difficult to synthesize monodisperse layer thicknesses, because mostly mixtures
of the (n=1,2,3,4...) layer thicknesses are obtained using the LARP method.

In addition to quantum confinement, the layers are also dielectrically confined by the
surrounding organic cations. The alkylammonium chains form a barrier layer between the
semiconducting lead halide layers. The relative permittivity (dielectric constant)
decreases drastically at the interface and the electric field generated by a charge extends
into the lower dielectric constant medium, where it is screened less effectively.®8 This
effect induces excitonic absorption of the inorganic layer.[® The small dielectric constant
of the barrier layer makes the Coulomb interaction between the electron and hole
stronger, therefore, large exciton binding energies are found for the LHPs.[190.101] The
length of the alkyl chain has a negligible effect, as the optical properties do not alter,
regardless of the Pb-Pb distance between two seperate inorganic layers.[1%

Alkylammonium cations (R-NHs*) are very useful for the synthesis of NCs and LHPs as
they inhibit crystal growth in one direction. Nevertheless, they have an insulating effect
on the semiconducting phase perpendicular to the layers. For this purpose, more
functional surfactants can be introduced to the perovskite network. Organic molecules
such as chromophores, photoswitches or conductive ones may interact with the
semiconducting layers to achieve a synergetic combination.[0.103]

2.1.3 Diversity of layered hybrid perovskites
Influence of the organic cation

LHPs can be functionalized to a much higher degree than their 3D relatives, due to the
significantly larger number of molecules that can be incorporated.[84104-106] The inorganic
perovskite layer, which consists of corner-sharing metal-halide octahedra, provides a
specific area for the coordinating organic cation. The cross-sectional area of the organic
cation must fit within the interstitial space between four terminal halide ions of four
adjacent MXs octahedra.l'? Increasing the cross-sectional area of the organic cation will
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influence the orientation of the cations inside the lattice and affects the largest
metal-halide-metal bond angle. The reduction of the optimal bond angle of 180° alters the
band gap, which increases continuously.[*¥ The connecting head group also plays a
major role here. Usually, at least one methylene group should be present between the
functional organic molecule and the head group to stabilize the 2D layered structure.[07]
A methyl ammonium group (-CH2NHzs) may lead to more strain than an ethyl ammonium
group (-(CH2)2NHsz) and therefore a smaller metal-halide-metal bond angle and
consequently a higher band gap.['°7]

Another aspect of hybrid materials is evident at low temperatures. Upon cooling a phase
transition may occur which is associated with the melting temperature of the organic
cations. This can also lead to changes in the band gap.['°? The optical and electronic
properties are also highly dependent on the type of cation incorporated, as the relative
permittivity changes tremendously compared to alkyl ligands.

Dielectric confinement in LHPs

As previously mentioned, the dielectric confinement plays an important role for the band
gap and excitons. Replacing alkyl groups with a conjugated, aromatic cation, e.g.
phenylethyl ammonium (PEA) the dielectric constant of the organic layer changes
enormously. The Coulombic screening of excitons increases and the exciton binding
energy decreases (e.g. from 320 meV in (CioH2:NH3)2Pbls compared to 220 meV in
(PEA)2Pbl4).1*%8] By intercalating certain organic molecules between the ligands, it is even
possible to increase the electrostatic screening and lower the exciton binding energy.!1%
At the same time, the electronic band gap decreases with the dielectric confinement.[110]
A further possibility to influence the band gap arises here through mixed cation systems.
By using cations with differing dielectric constants, the band gap could be tuned.[*1 This
approach could be beneficial, as cations can favorably interact with different surfaces.

Quantum-well structure in LHPs

Conjugated organic moieties (e.g. aromatic or thiophene derivatives)!198.112 often result
in heterojunctions, where the cation is an integral part of the energetic landscape.
Thereby two different quantum-well (QW) electronic structures are observed: Type | QW,
where both, electrons and holes are located on one species and type Il QW, where
(photo)excited charge carriers may be separated.
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EHOMO-LUMD EHOMD-LUMO EHOMO-LUMO

g E, E,

type | type | type Il type Il

Figure 6 - Type | and Type Il quantum-well (QW) electronic structures based on the energy
alignment of the valence band maximum (VBM), conduction band minimum (CBM), highest
occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO) in hybrid LHPs. a)+b) Type |
QW with one component (blue = inorganic MXs octahedra, green = organic cation) serving as
quantum well. c)+d) Type Il QW with a step-like arrangement allowing charge carrier separation.

What matters here, is the energy alignment of the valence band maximum (VBM),
conduction band minimum (CBM), highest occupied (HOMO) and lowest unoccupied
molecular orbital (LUMO).[''? Figure 6 demonstrates the possible alignments. Many
LHPs exhibit the type | heterojunction!1®5113] however type Il heterojunctions were
reported as well.[112.114]

The VBM and CBM are mainly affected by the inorganic metal-halide layers as only the
p and s orbitals of the metal respectively the halide contribute to the density of states.[?

Here, similarly, the band gap can be adjusted by continuous halide substitution.[11.14.107]

Functional organic molecules

Through customization of the conjugated
organic molecule, e.g. by substitution at the
aromatic rings, it is possible to influence the
energy alignment actively.[11% Consequently, \
the optical properties of the materials are aromaﬁx_ _
affected. Radiative recombination, namely 2D Inorgamc alkyl linker:
photoluminescence may only occur, when ¢ -« AR
the (photo)excited charge carriers are located = % aromatlc mOlety

on one species, thus in type | QWSs.[1% The t
radiative species can either be the inorganic perylene  naphthalene
semiconducting layert*12l or the organic cation

itself.116] 1t can therefore be assumed that Figure 7 - a) Crystal structure of the n=1
charge carriers can be transferred between LHP for (R-NHs):Pbls and b) the used
the organic and inorganic components of the  functional cations. Taken from ref. [117].

/—cation (NH3*)
—ether linkage

linker
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LHPs. This simultaneously leads to increased conductivity perpendicular to the layers
compared to aliphatic cations.['¥”] Passarelli et al. were able to significantly improve
out-of-plane conductivity by using extended aromatic systems (perylene, pyrene,
naphthalene). By ether linkage they attached an alkyl linker with ammonium head group
to the molecules, shown in Figure 7. Depending on the orientation of the cations to each
other the conductivity increased (edge-face better than edge-edge).l'*”] Similar to
aromatic systems, thiophene derivatives were used to improve the conductivity.[112.115.118]

Besides the aromatic molecules and chromophores, photoswitchable cations, namely
azobenzene were also incorporated into the structure.[*1%120] These are distinguished by
a change in conformation from a trans isomer to a cis isomer. A detailed consideration of
azobenzenes follows in chapter 2.2.1. Furthermore, organic cations with polymerizable
groups were integrated.[*?1.1221 Subsequent polymerization improved the stability of the
material against external influences, as well as the rigidity leading to reduced phonons
and consequently suppressed electron-phonon coupling.[*?2 With this approach it might
be able to separate charges, where one charge carrier is transported in the inorganic and
one in the organic layer.['Y Another interesting aspect is the use of chiral molecules. The
intrinsically chiral materials are suitable for emitting or detecting polarized light.[123.124]
This makes them highly interesting materials for spintronic devices.

Photoluminescence and excitons in LHPs

Considering photoluminescence
(PL) and excitons, LHPs show
special features. Excitons can be
classified in two categories:
Wannier excitons which have
small exciton binding energies 300 400 500 600 700
(<100 meV), typically found in b ol

inorganic semiconductors and
Frenkel excitons which have
large exciton binding energies
(~500 meV), found in organic
semi-conductors.l*4l Due to their
hybrid character both,
Frenkel[125.126] and
Wannierl192.108.1271 gre found in

>

Absorbance
Aysuaju| 1d

O

Absorbance
Aisuajul 1d

300 400 500 600 700 i .
(N-MEDA)PbBr,

Wavelength (nm)

Figure 8 - a) Absorption and emission spectra with
photograph and b) crystal structure of (n-MPDA)PbBr..

LHPs. Since they fall between the
regimes they can have properties
of both types.

c) absorption and emission spectra with photograph
and d) crystal structure of (N-MEDA)PDbBr,. Taken from
ref. [132].
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The emission color of LHPs ranges over the whole visible spectrum from purplel*?8, to
bluel®®, greenl1?9, red3% and even near-IR13, depending on their composition and the
organic cation used.!'?? This is due to narrow emission near the band edge, which is
classically observed for direct semiconductors. Exemplary, a blue emitting (100) LHP is
shown in Figure 8a+b. Even more exciting is the white light emission (a continuous
emission from 400 to 700 nm) typically (110) LHPs exhibit.[83-8587.133] Most of the reports
implicate exciton self-trapping as the dominant emission mechanism for the broadband
PL in LHPs. Excitons are localized in a single unit cell due to a strong
exciton-phonon-coupling and are trapped by their own lattice deformation.[34 Therefore,
self-trapped excitons can be considered as “excited-state” defects, as they create
transient, light-induced lattice deformations. Self-trapped excitonic PL has a broad Stokes
shift several times higher than the exciton binding energy, which causes the emission of
white light. Figure 8c+d shows a white-light emitting LHP found by Smith et al. which
exhibits a (110) structure type. Again the “softness” of the network set up the conditions
for this extraordinary feature.[*3®!

2.1.4 Applications of hybrid perovskites

The exceptional properties of hybrid metal-halide perovskites make them highly
interesting low-cost materials in numerous applications (Figure 9).[° Here, only the most
important of these applications will be mentioned for an overview. Probably the most
famous application is, of course, solar cells for sustainable energy generation.[6.53.136]
Enormous research in the last 10 years in the field of photovoltaics achieved efficiencies
of 25.7 % in 2021 for single-junction cells (comparatively 3.8 % in 2011).[*37 High
absorption coefficients in the complete visible range enable the production of ultrathin
devices with films around 500 nm.[*38]
Unfortunately, the classic 3D perovskites
(e.g. MAPDIz), which are commonly used

/ Solar cells\

Photo- \

catalyst for solar cells, are not very stable against
CB_.Red environmental influences.  Therefore,
ﬁegd device architecture and synthesis methods
o were optimized to obtain higher stabilities.
} /' detector \ One approach to increase the stability is
\, = the use of nanostructured perovskite
ﬁ \ \ materials.[!3%  Despite their increased
A\ \ #

stability, 2D perovskites in combination
' ) with 3D perovskites depict a further
\____/ option.%9 |t has even been possible to

Figure 9 — Various applications of hybrid Produce high-efficient, pure RPP solar
cells 141142

perovskites.
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The second promising area of application are light emitting diodes (LEDs).[143144 High
PLQYs and narrow emission spectra make them perfect candidates for low-cost and easy
processable materials for LEDs.168.143 The high defect tolerance is also beneficial for this
application.*3! Due to their low stability, however, they must be protected from the
environment, which can be done, for example, by embedding them in a polymer
matrix.[14¢l Therefore, for the sake of simplicity, all-inorganic CsPbXz are often used for
LEDS.[24’147]

Furthermore, stimulated emission (SE) is observed in halide perovskite NCs, which
makes them a promising gain media for lasing.®4 Both hybrid MAPbX3s NCs and
all-inorganic CsPbXs NCs, which were close-packed to thin films, demonstrated robust
SE under femtosecond or nanosecond pulsed excitation.[#814% |n order to achieve laser
radiation by electrical pumping, the unfavorable organic ligands used for surface
passivation still need to be replaced.[149.150]

Hybrid perovskites may as well be used for photodetectors and field-effect-transistors
owing to their strong optical absorption and ultralong carrier diffusion lengths.[*51.152] Due
to a lower defect density 2D LHPs were considered as photoactive media for
photodetectors, also because of their large surface area to volume ratio.[>3 Applications
beyond the named include photocatalysisi'*3l, memory devices, X-ray detectors, Li-ion
batteries, gas sensors or piezoelectric energy generators.[154

2.2 Ligand systems

2.2.1 Azobenzene

The unigue photochemistry of azobenzene

The azobenzene molecule is
characterized by its unique

hu \,N:N
o s e %
photochemistry and a simple @ ho / kT @

isomerization upon

L trans-Azobenzene cis-Azobenzene
photoexcitation. The photochrome,

which by definition reversibly Scheme 1 - Photoizomerisation mechanism of
changes its color by light induction, — azobenzene.

is composed of two phenyl rings bridged by an azo linkage (-N=N- ; see Scheme 1,
left).[15%] The extended aromatic structure gives rise to its strong optical absorption and
the related optical properties.l'®¢! Typically, they are classified into three subclasses,
shown in Figure 10: (a) (unsubstituted) azobenzene, (b) aminoazobenzene and (c)
pseudo—stilbenes.[157] The term azobenzene (or azo) refers only to the unsubstituted
parent molecule, though it is now frequently used to describe the entire class of
substituted azo molecules. The unsubstituted azobenzene molecule (a) especially
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absorbs in the UV. The class of NH, NH,
aminoazobenzene (b) is substituted with an

electron donating group in ortho- or para-position © © @
(typically an amino-group, -NH2), which shifts N N N
absorption features into the blue region. Lastly, N” N N

the class of pseudo-stilbenes (c) is characterized @ @

by a strongly asymmetric electron distribution

due to substitution in 4 and 4’ positions with an NO,
electron-donating and an electron-withdrawing (@) (b) ©

group. Furthermore, this causes a broad Figure 10 - Subclasses of azobenzene
absorption in the visible.l>®) The dipole of (a)azobenzene, (b) aminoazobenzene

pseudo-stilbene can be oriented in an electric  and (c) pseudostilbene.
field with a significant non-linear response.[158]

It is known that substituents strongly influence the absorption spectra of azobenzene
derivatives, which can be red-shifted in particular.l'> At the same time, they also
influence the photoisomerization from trans to cis isomer (see Scheme 1), both
electronically and sterically.[*6% A fully reversible, efficient and fast photoisomerization
occurs upon absorption of a photon of a certain wavelength, forcing the movement of the
phenyl rings about the azo bond from the trans to the cis state.'5¢! [somerization occurs
predominantly by excitation of the S2 < So electronic state (a 1T to T* transition), with a
small contribution from the direct excitation through the symmetry forbidden Si « So (n
to 1) transition.l161.1621 Reverse isomerization occurs as well by absorption of a photon
(typically in the blue region) or thermally, since trans is the thermodynamically more stable
isomer.[163.1641 Therefore, the trans isomer is more dominant at high temperatures.

The switching behavior of azobenzene is well described in the gas phasel'®® and in
organic solvents.l16¢1 Nevertheless, there are four mechanisms that are proposed for the
isomerization, shown in Scheme 2.

Q,N_N/Q . ©,®NQ4, ©/®N©
é Nﬂ\,@ L N=N- - N;?‘
N_p @ @ @ O\ N=N

— — 7 G
O ~. @3\-6‘@%@3%@ Oy

t-AB
Concerted inversion
~Z> i
o — o

Inversion-assisted rotation

Scheme 2 - Proposed mechanism for the photoisomerization of azobenzene.
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The rotational pathway allows free rotation about the ruptured N=N Tr-bond, with a fixed
N-N-C bond angle of 120°. For the inversion, the N=N-C angle increases to 180° and a
transition state with one sp hybridized azo-nitrogen atom results. The concerted inversion
involves a linear transition state with increased bond angles to 180°. Inversion-assisted
rotation occurs under large changes in the C-N=N dihedral angle and a smaller change
in the N=N-C angle, simultaneously. Experimental observations are often explained by
several isomerization pathways.!'%? During the isomerization, not only the molecules
geometry changes from planar for trans('63 to non-planer for cisl*¢”], but also the dipole
moment changes tremendously from pwans = 0.0 D to peis = 3.0 D due to redistribution of
charges.[168]

Since isomerization is an equilibrium, a photostationary state is observed for each
system. This state is unique for each azobenzene derivative, as it strongly depends on
the quantum yields of the isomerization processes (®ians, Pcis) but also on the thermal
relaxation constant (k).[%¢! Therefore, the lifetime of the photostationary state varies from

a couple of seconds to several days and weeks, depending on how stable the cis-isomer
is.[169]

Several methods can be used to determine as to when the photostationary state has been
reached. UV/Vis absorption spectra are

often recorded because the cis-isomer g g 1hepr Won 1
. goot [*F x=05

absorbs more strongly in the blue range . 208 /——

, 0.8 ’ ]
but more weakly in the UV-range.170 £ gl

£ E

Figure 11 exemplarily shows the % 06t ggj ~Uuvoff )
change of the UV/Vis spectraduringthe 3 0100 200 300 400 00 600
isomerization by irradiation.173 In g 04
addition to the optical absorption 2 0l
spectroscopy, *H-NMR can be used as
well.l172 This takes advantage of the 0 o e - :

] ] 300 350 400 450 500 550
fact, that the chemical environment of Wavelength (nm)

the hydrogen atoms changes, whatcan  figyre 11 - UV/Vis absorption spectra of the
be distinguished in NMR. The chemical  thermally induced isomerisation from cis (red) to
shift of the aromatic H atoms is thereby  trans (purple) isomer. Taken from ref. [171].
shifted to smaller values from trans to

cis isomer.

Azobenzene in smart materials

With so-called “smart” materials it is possible to modify their physical or chemical
properties upon application of an external stimuli. Since azobenzene is easy chemically
accessible, it is present in numerous smart materials that are switchable by light.[162.173]
It is used in polymers!l74l, soft matterl!”®!, photonics['’®l, sensors and actuators*’”l and
molecular electronics(t78l,
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Due to the reversible change in geometry from trans to cis, materials can be altered
mechanically, but also electronically. For example, polymers can be elongated or
contracted by optical excitation.[*74 Also in liquid crystals a phase transformation can take
place due to the photoinduced isomerization.['”?l This property is also exploited for
drug-delivery processes. Irradiation of macromolecular amphiphiles containing
azobenzene can generate self-assembled host-guest structures (i.e., vesicles) to take up
and release drugs reversibly.[180]

When using azobenzene in molecular electronics, a distinction is made between single
molecule and ensemble molecule junctions.[*’8 In single molecule junctions a sole
azobenzene derivative is trapped between two electrodes. Thus, it was possible to
determine the conductance of a single azobenzene molecule in the trans and in the cis
conformation. Kim et al. demonstrated, that the cis isomer is more conductive than the
trans isomer.!*81 This trend is also observed in self-assembled monolayers (SAMs) on a
(111) Au surface. The resistance of the ensemble molecule junction decreases 30 times
upon photoisomerization.['82 The incorporation and subsequent isomerization of
azobenzene in a polyaniline film also increases its conductivity. 18]

Azobenzene and semiconductors

Since, on the one hand, the conductivity of the azobenzene system can be modified by
the photoswitching and, on the other hand, an electronically active chromophore is
present, the combination of azobenzene and semiconductors appears to be fascinating.
Azobenzene is often used for coating e.g. for photoactive surface patterning[®4, data
storage devices, molecular motors or switches.['62 Interestingly, most studies use
polymers®] silica or gold surfaces('®4 as substrate, but semiconductors are rarely used.
Is there a reason for this? Already in 2001, azobenzene was incorporated into LHPs by
Era et al.l1?® They observed the incorporation of the azo ligand into the LHP structure and
the controlled orientation of azobenzene between CdBrs-layers. However, they treated
the azobenzene as an ordinary chromophore and did not exploit the photoswitchable
properties. Later, Sasai et al. demonstrated the incorporation of azobenzene in a

Pb (dark green) o lead-based LHP with
z‘g‘/‘%,?/ subsequent
O (dark blue) observations are based on the
N (yellow) E E E E A change in absorption of the

o o o (o] o

C (dot) . . .
W« photoisomerization (see
Figure 12).1120] Their
materials due to UV irradiation.

Br(rud)
In fact, they observe an

Figure 12 - Schematic model structure of azo based LHPS  ghnormall photoisomerization
before (left) and after (right) UV irradiation according to

20 l.e. an increased probability for
Sasai et al.

an n-1r* phototransition.
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However, they have no explanation for this. Further, structural changes, as well as stress
or strains of the crystals due to the tilting of the molecule were not considered.

In 2018 Torres et al. calculated the photoswitching behavior of azobenzene on TiO2, a
wide-band gap semiconductor.!'8! Their simulations showed an ultrafast charge carrier
transfer from the excited azobenzene to the TiO2. The transfer causes a transient
oxidation of the chromophore and suppresses the photoinduced isomerization.

It now remains to be clarified why photoisomerization is either amplified or prohibited by
a semiconductor, and what this depends on.

2.2.2 Ferrocene

Ferrocene as versatile redox-switch

Shortly after the discovery of ferrocene (Fc)

in 1951, its unique structural features, as the (- e @®

first sandwich compound ever discovered, Fe . F‘|e

were characterized by Woodward et al.l187 N—r =
They suggested two parallel  Ferrocene (Fc) Ferrocenium (Fc*)

cyclopentadienyl (cp) rings sandwiching an
iron (II) cation (see Figure 13, left). The
great stability of the compound against high
temperatures, air and all common organic solvents is attributed to its aromatic
character.['8818% The organometallic nature of the molecule also makes it ideal for
reversible redox reactions, since the Fe?* cation easily oxidizes to Fe®* and vice versa
(Figure 13).[1°0 Soon the Fc/Fc* couple became iconic in electrochemistry, mainly for the
fast and kinetically uncomplicated self-exchange reaction and its solvent independence
for the redox reaction. In cyclic voltammetry a half-wave potential around 0.4 V (versus
Saturated Calomel Electrode (SCE)) marks a (electro)chemically reversible
single-electron oxidation.'® The exact value depends on the solvent, because the
solvent molecules interact differently with the positively charged central iron. Through the
introduction of substituents the redox potentials may as well be shifted.[*%? The cp-ring of
the structure allows electrophilic reactions at the ferrocene itself leading to numerous Fc
derivatives.!18) Alternatively, there is also a large family of substituted cp ligands that
generate Fc by treatment with Fe?* salts.['?3l Thus, simple electron donating groups like
methyl or tert-butyl units shift the redox potential significantly.[192

Figure 13 - Redox reaction of the
ferrocene (Fc) / ferrocenium (Fc*) couple.

As well, biferrocenes are of interest, which are two Fc-units connected via two bridged
cp-rings. Due to the two iron cores, single electron oxidation creates mixed valent
systems (Fe?*/Fe3*). MOssbauer spectroscopy revealed both, localized and delocalized
valency, depending on the counter anion and cp substituents. 14

Unlike photochromes (like azobenzene), the structure of Fc changes only marginally (a
slight elongation of the Fe-C bonding distances) upon oxidation. And yet the electronic
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system changes enormously and so do the absorption bands, luminescence properties
and many other physical properties, as magnetism, catalytic activity or relative
permittivity,[190.195-197]

Ferrocene in materials chemistry

Ferrocene has been used in a wide variety of materials and applications. For example,
they are used in surfactants, surface-active molecules that form superstructures (e.g.
micelles, vesicles, liquid crystals) in solution.[*?81%9 By incorporating Fc, such structures
can be made not only redox active, but also magnetic, for example. Application of a
magnetic field can alter the aggregation behavior of such compounds.[*%! For example,
a phase transformation can be achieved for liquid crystals via multiple stimuli (oxidation
and application of a magnetic field).[199:200]

Another very popular application of Fc is the use in polymers. It is either part of the main
polymer backbone or integrated in the sidechains.['8%] Numerous Fc-based materials may
find use in biomedicine, batteries, membrane fuel cells, sensors, aerospace materials,
self-healing materials or electrocatalysis.[?01.202] Staff et al. demonstrated a nanocapsule
based on a block copolymer containing Fc, where oxidation leads to swelling and release
of a loaded dye.[?%] Thus, the polymer becomes hydrophilic after oxidation, which is also
exploited in surface coatings to alter wettability. 204!

It also becomes interesting when the redox activity is exploited for electronic and optical
applications. For example, they are excellent for cathodic battery materials due to their
air stability and fast electrochemical kinetics.[?°! The incorporation of Fc in metal organic
frameworks (MOF) is a further benefit, since MOFs usually have localized electronic
states.[?°6] Mohammad-Pour et al. observed charge transfer due to self-exchanges
(hopping processes) between oxidized and non-oxidized Fc units in the material, shown
in Figure 14. In this way, an artificial conductivity can be created.[207]

Besides electronic  transfer for MOE thin:flirmi electrode

conductivity, Fc is a crucial element

for excited state quenching of f\ o |

radiative states.'% In the reduced

form (Fc), excited states of e.g. 2R

emitting dyes can be quenched via a 4 | o
photoinduced electron or energy I @omi:danchmedRAM
transfer (PET).[208209 \Whether an

electron or energy is transferred

depends on the excited species.® A Figure 14 — MOF thin-film electrode containing
fast transfer prevents radiative redox active mediators (=RAM; Fc) enabling fast
recombination and the PL is redox conductivity via hopping. Taken from
quantitatively quenched. In contrast, ref. [207].

Reduced anchored RAM
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Fc* does not quench the excited states, so radiative emission can be turned on and off
by controlling the oxidation state of Fc.[1%! The question that now arises: What happens
when Ferrocene is combined with semiconductors?

Ferrocene and semiconductors

In some publications, Fc has been used to quench excited states of semiconductors,
especially nanoparticles like CdSe or CdS.[?%4-2071 On the one hand, the distance of the
Fc moiety is significant for the PET, since the length of the spacer determines the
quenching degree of the system.[?21] On the other hand, chemical oxidation and reduction
of the Fc ligands allows reversible on and off switching of the PL.[?2

Regarding Fc in combination with perovskite
materials, only few publications exist up to
date. With inorganic perovskite particles
(CsPbBr3) it was possible to proof
photocatalytic properties of the perovskite
particles by reducing Fc* to Fc. As well, PL
guenching was observed when Fc was
present.[?13 Interestingly, Fc can also be used
as recovery shuttle for defects in hybrid
perovskites.?4 In both cases, however, no
direct connection was established between
the two compounds (e.g. with a linking
headgroup).

In 2020 Zhang et al. were the first to present
Figure 15 - Crystal structure of ferrocene 3 Fc containing, semiconducting perovskite
containing 1D  perovskites of @) phase, shown in Figure 15. They used
(FMTMA)PbIs b) (FMTMA)PDBT:I and c) (ferrocenylmethyl) trimethylammonium
(FMTMA)PBCLI. Taken from ref. [205]. (FMTMA) salts for the integration of the

organometal into the lead halide network. They obtained face-sharing octahedra with
varying halide composition (Cl, Br, 1), which showed extraordinary piezoelectric
properties. The anionic chains aligned along the b axis, resulting in a polar structure, that
gives rise to the piezoelectricity. Via halide exchange they could even improve the
piezoelectricity due to structural distortions.?5] However, they did not investigate
emission properties nor did they exploit the redox activity of the compound.
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2.3 Preliminary Work

Prior to this work, a glycol-based precursor synthesis was established by Tom Kollek for
the synthesis of hybrid perovskite nanoparticles with the composition CHsNHsPbls
(MAPbI3) and CH3NH3PbBrz (MAPDbBr3).[118.216-218] Triethylene glycol (TEG) serves as
solvent for the starting materials CHsNHszX and PbXz (X =Br, I), which can then be
reacted in various synthetic pathways. Both single-source precursor are solid at room
temperature, thus their crystal structure could be determined via single crystal X-ray
diffraction.[?16.218] Figure 16a shows the crystal structure of the crystallized precursor with
bromine having a composition of (TEG)(CHsNH3)PbBrs. The structure consists of 1D
chains of face-sharing lead-bromide octahedra forming a hexagonal packing, analog to
the CsNiBrs crystal structure.[?9

Figure 16 - a) Crystal structure of (TEG)2(CHsNH3)PbBrs (structure can be found at CCSD,
number 1538521). Hydrogen atoms have been removed for clarity. b) Two TEG molecules
chelating the MA™ cation.

The distinctive feature of the precursor lies in the TEG molecules located in the space
between the inorganic lead-bromide chains. Two of the uncharged molecules are able to
chelate the methylammonium cation (see Figure 16b), which allows controlled
conversion. The crystal structure of MAPDbI3(TEG)z is reminiscent to the shown above and
can be found in T. Kollek et al.l?6] Both precursor phases are solid at room temperature
(Tmp(Br) = ~35-40 °C and Tmp(l) = ~70 °C). In the melted state short chains of [PbBr3]» are
assumed to be randomly distributed in the solution.

Since 2015 a couple of techniques were developed for the conversion of the precursor to
obtain micro- to nanosized perovskite particles. Thus, the precursor can either be
converted via inverse temperature crystallization??7218l or a classical antisolvent
synthesis.!118.2161 Both approaches will be discussed separately.
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Antisolvent synthesis

The transformation of solid MAPDI3(TEG)2 into MAPbIz could be initiated via a
crystal-to-crystal reaction. Differential solubility is the key for the transformation. Using a
suitable antisolvent, usually dichloromethane (CH2Cl2; DCM), the soluble TEG molecules
are removed from the precursor phase, retaining the insoluble MAPDbIs. This approach
leads to porous particles, which unfortunately could not be further characterized
(concerning their porosity) due to the low stability of the crystal phase and the porous
structure.[?1®l Precipitation in DCM of the diluted precursor solution (typically 0.1 M) gave
poorly defined NPs with the composition MAPDbIs. Adding a crystallization inhibitor to the
antisolvent, the long-chain dodecylammonium iodide (Ci2H2sNHsl; DAI), enabled shape
control, so that small cubic particles were obtained. When increasing the concentration
of DAI plate-like particles were obtained, which formed RPPs. They exhibited quantum
confinement effects as the dimensionality was restricted by the crystallization inhibitor. [216]
The conversion of the MAPDbBr3(TEG)2 precursor was also investigated as part of a
bachelor thesis. Here, the same effect was achieved by using a crystallization inhibitor
(dodecylammonium bromide = Ci12H2sNH3Br; DABT).1220] |n the scope of a Master thesis it
was found that, depending on the solubility of the capping agent in the antisolvent, a
dynamic exchange of ligands takes place at the surface of the growing particles. If there
is low solubility, coordination of the ligands to the surface is preferred and particularly
defined, large particles are formed. If the solubility is high, small particles are more likely
to be formed, since the structures can dissolve and reform during particle growth.
Therefore, the solubility, but also the concentration of the ligand in the antisolvent is
crucial for the particles shape. For example, by changing the temperature, increased or
decreased solubility can be achieved and the shape of the particles can be influenced.

The NPs obtained with DAI resulted in electrically insulting surfaces that hinders
electronical communication between the particles. Therefore, it was obvious to develop a
more functional crystallization inhibitor. A thiophene derivative with methylammonium
headgroup and a hexyl chain (shown in Figure 17a) significantly improved the
conductivity between the particles.[118]
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Figure 17 - a) chemical structure of DAI (top) and the thiophene derivative, b) micrometersized
MAPDI; particles applied on a sensor, ¢) conductivity measurements of MAPbI; with surface
functionalized particles (D = DAI, C0+C4 = thiophene capper with low (CO) and high (C4)
concentration)
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Since the solubility of the new capping agent is comparatively lower, micrometer-sized
particles are obtained, seen in Figure 17b. The functionalized particles were then used
in a photodetector device to investigate charge carrier transport between the particles.
The particles indeed show reduced conductivity compared to the alkyl-functionalized
particles (see Figure 17c¢).l1%8 Further investigations with these particles revealed, that
the capping agent enables surface passivation.[?21]

Inverse temperature crystallization

Hybrid perovskites show the unusual phenomenon of retrograde solubility and therefore
the inverse temperature crystallization, usually applied for large single crystal growth.[22]
For this thesis this mechanism will not be exploited, but for the sake of completeness the
results will be mentioned here.

The phenomenon of inverse
temperature crystallization was
likewise  observed for the
MAPbX3(TEG)2 precursor
phases. In a microwave assisted
synthesis, hollow MAPDI3
particles in the micrometer range
were  obtained, shown in
Figure 18a.1217] In an

Figure 18 - Crystals obtained via a) a microwave

assisted (scalebar = 5 um) and b) aerosol assisted
aerosol-assisted  crystallization,  (scalebar = 1 pm) inverse temperature crystallization.
the MAPDBr3(TEG)2 precursor

yielded micrometer-sized particles with unusual shape, as seen in Figure 18b.
Observation of the photoluminescence revealed crystal-facet dependent lifetime of the
photo-generated charge carriers.??Yl Further insights into the surface chemistry of the
particles revealed the facet-dependent photoluminescence properties. A higher defect
density in the (110)-facet of the crystals leads to faster radiative recombination and
therefore shorter lifetimes.[?23l
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2.4 Analytical Methods

2.4.1 UV/Vis spectroscopy

The absorption of photons in the UV to visible spectral range is one of the most important
properties for semiconductor materials and conjugated molecules. The UV/Vis absorption
spectroscopy probes the light absorption of a sample in the range of typically
300-1200 nm (depending on the experimental setup). Thereby, the excitation source is a
visible and IR light emitter, usually a tungsten lamp, and a source for UV-light, a
deuterium lamp. For absorption measurements, samples may be liquid (in a solution or
dispersion) or thin films on a substrate. The easiest way to measure absorption is the
transmission-mode, were excitation light passes the sample. Then, the intensity |1 after
transmission is compared to the incident intensity 10.1224]

Absorption occurs when electromagnetic waves initiate the excitation of electrons from
their ground state to a higher level. This can either be absorption bands, as observed in
molecules with discrete molecular orbitals or quantum confined semiconductors with
discrete energy levels. In bulk semiconductors, however, an absorption edge is present
where photons can be continuously absorbed above a certain energy. This energy is
given by the band gap, i.e. the distance between valence band maximum (VBM) and
conduction band minimum (CBM). The energy of a photon is given by the equation:

h-
Egap= @

When measuring in transmission, two major issues have to be considered. First,
scattering of light or reflection reduce I1, which is therefore not only a function of the light
absorbed. Baseline measurements (with empty cuvettes or cuvettes, filled with only
solvent) can help to reduce measurement errors. However, strongly scattering samples
are measured in an integration sphere, which is covered with a white reflective coating.
Small holes provide the entrance and exit of light for detection. The light is scattered
multiple times by the reflective coating, which allows a homogeneous light distribution.
Second issue is the over- or underestimation due to the thickness of thin films. If the film
is in the order of the used wavelength, interference effects may occur./?24 To overcome
the above issues, Paul Kubelka and Franz Munk developed a theory for the reliable
measurement of thin films.[?2° The thin films are measured in reflection in an integration
sphere. The determination of the band gap is then determined with:

e (2)

With: F = Kubelka-Munk factor
K = light absorption coefficient
S = scattering coefficient
Rw = reflectance of an infinitely thick layer
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The thickness of the layer is negligible since K-S is assumed to be constant. When
plotting the Kubelka-Munk function F* (a = 0.5 for direct semiconductors) against the
energy of photons (in eV), the intersection of the inflectional tangent with the
approximated function F® = 0 indicates the energy of the band gap.[?2¢!

A further method for the estimation of the band gap is the Tauc-method, which
corresponds to the absorption spectra of the sample. However, since this method was
not used in the thesis, it will not be discussed in detail here.

It must be mentioned here that simplifications are made in both methods, so the band
gap can only be estimated approximately. When they are applied to semiconductors
which show absorption below their band gap Eg, further caution is required.??” This can
be the case when a dye is applied to the surface or integrated into a semiconductor.
Therefore, the absorption/reflectance of the dye must not be mistaken for the band gap.

2.4.2 Transient absorption spectroscopy

A powerful technique for the time-dependent dynamics in semiconductors is the transient
absorption spectroscopy (TAS). In particular, with TAS it is possible to monitor charge
transfer processes and exciton dynamics on the femtosecond scale. The pump-probe
technique uses two fs laser pulses (commonly a titanium:sapphire (Ti:Sa) laser) with a
defined temporal offset in order to probe ultrafast dynamics. Typically, excitation pulses
last 100 fs with a wavelength between 670 nm and 1070 nm. Using a pulse compressor,
the duration of the pulse can be reduced on timescales below 10 fs. The wavelength can
be altered using an optical amplifier which generates two photons with adjustable energy
ratio, or a second harmonics generator (SHG) can be used to double or triple the energy
of the photons. Figure 19a shows the schematic experimental setup for TAS
measurements.
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Figure 19 - a) Schematic experimental setup for transient absorption spectroscopy experiments.
b) Example for the most common TA signals, which are ground-state bleach (GSB), stimulated
emission (SE) and photoinduced absorption (PIA). Figures taken from ref. [224].

The excitation pulse is first split by a beam splitter, which defines the pump and probe
light paths. The pump beam is then guided through a SHG (in this example) to create
blue light. It is then focused on the sample with a preceding mechanical chopper (typically
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with a frequency of 1 kHz). The probe beam is guided through a delay stage, were the
light travels through aligned mirrors and is held there for a defined duration. The
adjustment of the mirrors allows to control the duration and length of the path, and
therefore the time delay between pump and probe. The probe beam is further guided
through a white light generator for the creation of a continuous broadband pulse. This
allows to measure the absorption of the sample across the whole UV/Vis spectrum after
excitation with a defined pulse. The differential transmission signal AT/T for the cases
with and without pump pulse are then determined.[??4

With the above demonstrated setup it is possible to measure solid thin films and liquid
samples, such as solutions or dispersions of NPs. The obtained TA signals then depend
on the process observed. The most common observed processes are shown in
Figure 19b. A ground-state bleach (GSB) originates from the reduction of available
ground-states due to the pump pulse, which excites charge carriers in a chromophore or
semiconductor for a certain time. The bleach can be a good hint for the lifetime of charge
carriers or excited states and can easily be determined by comparing to the initial
absorption measurement without excitation. A stimulated emission (SE) is always
red-shifted to the GSB and resembles the steady-state photoluminescence spectrum.
After excitation of the material by the pump pulse, radiative recombination can occur. The
emitted photons are detected as well, leading to a positive net differential transmission.
Further, photoinduced absorption (PIA) can be detected. Charge carriers in excited states
can absorb light and be transferred to even higher states.[?24]

The interpretation of TA spectra often proves to be very difficult, since several signals can
overlap. For chromophore-semiconductor systems in particular, very complex charge
carrier dynamics are observed. Nevertheless, the method gives significant results about
the communication of two electronically independent systems.

2.4.3 Photoluminescence spectroscopy

The photoluminescence (PL) spectroscopy is an efficient tool to further characterize the
optical and electronical properties of semiconductors or chromophores. Samples can be
measured as solid thin films or liquid in solution or dispersion. The measurement is
performed by exciting the sample with a defined wavelength. The excitation source may
be a white-light emitting lamp (usually an Xe-lamp) with a monochromator, or a laser
(diode) with a single wavelength. Photons with sufficiently high energy are absorbed by
the emitting medium and can induce radiative recombination. Emitted photons are
detected in a 90° angle to the excitation source.??8 For dispersed or solid samples, filters
are often used to eliminate the scattered excitation wavelength. The emitted wavelength
gives information about the emitting species in the material.

In addition to steady state measurements, time-resolved PL spectroscopy gives insights
in time-dependent radiative dynamics. Therefore, a pulsed excitation source (a laser or a
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fast, pulsed diode) is needed. PL decays can then be recorded at a specific wavelength,
giving information about the lifetime of excited states.[??*l This technique is a good
complement to TA measurements, as it provides information about radiative
recombination.

2.4.4 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is based on the photoelectric effect, the interaction of
photons with solid matter. Photons with a sufficiently high energy or frequency,
respectively, are able to dislodge electrons from their bonds in atoms, valence bands or
conduction bands. The electrons thus extracted are called photoelectrons and provide a
large amount of information about the observed material. Which type of electrons is
examined depends mainly on the wavelength used. PES is divided into the fields UV
photoelectron spectroscopy (UPS), angle resolved photoelectron spectroscopy (ARPES)
and X-ray photoelectron spectroscopy (XPS). UPS provides information about the
electronical properties of a material, such as Fermi level, valence band (VB) or highest
occupied molecular orbitals (HOMO). With ARPES it is possible to determine band
structures of semiconductors.??°! Since XPS uses photons with higher energy, electrons
can be removed from the atomic cores, which carry information about the elemental
composition of the solid sample. For this thesis, especially the oxidation state of iron is of
interest. With XPS it is, for example, possible to distinguish between Fe?* and Fe3*.

Furthermore, in this thesis a facilitated method of PES is used, PES on air (PESA).
Usually photoelectron spectroscopy is measured in ultra-high vacuum, but in PESA a
simplified measurement setup is used, which allows to determine the energy of the VB
maximum of semiconductors and HOMOs of chromophores.

2.4.5 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a method for qualitative and quantitative crystal phase
determination of fine crystalline solid samples. A powdered sample is irradiated with a
characteristic X-ray radiation, typically from a Cu source with A = 1.5406 A (Cu-Kq) or a
Mo source with A = 0.70926 A (Mo-Kad). A major part of the photons passes through the
crystal unhindered. However, some are reflected from the crystal. These photons are
diffracted and show constructive interference, when the Bragg’s law is valid, which is
given by:

nA = 2d sin © 3

With: n = diffraction order
d = lattice plane distance
© = glancing angle
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Bragg diffraction is observed when a periodic arrangement of scattering objects i.e.
electron density of atoms, is given. As a result of the Bragg condition, constructive
interference only occurs when the path difference 2d sin © is an integer multiple of the
wavelength A. Every angle © can then be assigned to a specific lattice plane dnk. The
lattices planes are defined by the Miller indices (hkl), a definite designation of crystal faces
or planes in the crystal lattice. The constructively reflecting crystal planes are
characteristic for the present crystal system of a sample. Thus, not only can PXRD identify
the crystal system of the sample, but the intensity and shape of the reflections can also
be used to determine properties such as size or anisotropy of the sample. The full-width
half-maximum (FWHM) of a reflection correlates with the size of the crystals, described
with the Debye-Scherrer equation:

_ KA
L _A(ZG)-COSG (4)
With: L = expansion of the crystal perpendicular to the lattice plane
A(20) = FWHM
K = Scherrer shape factor

This permits the identification of crystallite sizes of the observed sample. Diffraction
patterns may further be refined using the Rietveld method. Initially developed as a tool
for structure refinement it is now widely used for quantitative phase analysis (e.g. when a
phase mixture of crystals is present) or the measurement of stress and strain in the
crystals. Such information is mainly obtained from the shape of the reflections.

Furthermore, the ratio between the reflections gives hint to the orientation of the crystals
on a substrate. If the particles are elongated in one crystal direction, there are many lattice
planes perpendicular to this direction at which diffraction may occur. The intensity of the
corresponding reflection increases, compared to the others.

2.4.6 Cyclic voltammetry

Cyclic voltammetry (CV) is a versatile technique for studying electron transfer processes
in redox-active species. In inorganic and organic chemistry, the kinetic of electron transfer
processes provide information about the electrochemical properties of the material. CV is
increasingly used to study potential-dependent interface reactions such as adsorption
processes, electrocrystallization phenomena, and charge transfer reactions at
semiconductor electrodes. A typical setup consists of three electrodes which are placed
in a suitable electrolyte, seen in Figure 20a.

Redox processes proceed at the working electrode (WE) which in the example shown
above is a solid film of the sample on a suitable substrate. An initial potential is applied to
this electrode, which is changed linearly. The WE potential always refers to a non-
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polarized reference electrode (RE), typically an Ag/AgCl or saturated calomel electrode
(SCE). The current to build up the voltage, which corresponds to the electrochemical
processes, is provided with the help of the counter electrode (CE). All electrodes are
connected to a potentiostat, which allows to regulate the applied voltage. To guarantee
conductivity, salts are added to the solvent, which are inert with the species under
investigation.[?3% Figure 20b shows a typical cyclic voltammogram of a reversible single
electron process with Eoxred the oxidation/reduction potential and a half-wave potential
E12. The half-wave potential provides information about the present species.
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Figure 20 - a) Setup of a typical CV measurement with a reference electrode (RE), a counter
electrode (CE) and the working electrode (WE) which are placed in an electrolyte. b) Current
signal of a reversible single electron process.

For the measurement of solid samples, the substrate used for the WE should be inert to
electrochemical reactions. In the case of hybrid perovskites, the electrolyte also plays a
major role. The polar material dissolves in most electrolytes, as aqueous or polar solvents
are usually used. Hasan et al. were the first to present a suitable electrolyte for the
electrochemical characterization of hybrid perovskites (CH3NHsPbls).[?31 An electrolyte
based on hydrofluoroether (HFE), which is normally used in lithium-ion batteries, has
proven to be very suitable.
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3 Challenges and Objectives

Hybrid lead halide perovskites proved to be a suitable candidate for intrinsic
functionalization of semiconductors. Due to their ionic character and high structural
flexibility, organic cations with ammonium unit can be incorporated with an ease.['?l Thus,
periodically arranged layered materials can be obtained, which have alternating layers of
inorganic lead halide sublattices and organic molecules as an integral part of the
structure. This sets them apart from other semiconductors, which can only be
functionalized on the surface. If the organic part is given a special feature, highly
functional materials can be obtained. Understanding the interactions and the synergistic
cooperation of the organic and inorganic part of the structure is still the most important
guestion to be solved. Would it be possible to actively influence the energy transfers
between the two components?

This purpose requires a component that can respond to external stimuli, for instance,
which can be enabled with organic switchable molecules. Schematically, this can be
described as a kind of energy valve, as shown in Figure 21.
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Figure 21 — Schematic representation of the architecture of the energy levels in layered hybrid
perovskite with functional organic molecules. Different scenarios for energy transfers from the
perovskite phase to the functional molecule: a) no energy transfer due to closed valves, b) partial
energy transfer with one valve opened and c) full energy transfer from the perovskite to the
organic moiety due to both valves opened. Note that the energy levels are not to be considered
guantitatively.

Three different scenarios are possible: a) the transfer of both charge carriers (holes = h*
and electrons = e°) is not allowed. Recombination (radiative or non-radiative) of the
excited charge carriers takes place in the excited species. b) Only one charge carrier is
transferred and separated. Recombination is not possible for any component. And c) both
charge carriers are transferred and recombination occurs in the non-excited species.
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In this thesis, the main focus is on layered hybrid perovskites and Ruddlesden-Popper
phases with functional surfactants, tailored to the materials and possessing a certain
switchability to implement the above mentioned energy valves. Various functional organic
molecules are used for this purpose, which are both conductive and switchable. These
are tailored via organic synthesis routes to be incorporated as an integral component in
layered hybrid perovskites. After incorporation, it should be examined whether their
functionality is available and whether or how the charge carrier dynamics behave. For the
synthesis of hybrid perovskites, an antisolvent synthesis based on the precipitation of a
liquid precursor solution has proven suitable for functionalized nano- to micrometer sized
partic|es_[118,216,232]

In the first part of the thesis, photoswitchable azobenzene ligands will be developed,
that allow a simple and fast isomerization around the azo-bond from the trans- to the
cis-conformation by irradiation with UV light. Isomerization ensures modification of the
energetic landscape after incorporation of the ligands. As a conjugated Tr-system,
azobenzene is conductive and might also interact electronically with the semiconducting
layers. Therefore, the head group length is varied to understand possible distance-
dependent energy dynamics between the two components. The photoswitchability of the
integrated ligands will be verified and, if present, possible energy dynamics in the
photoswitched state will be investigated. In addition, pure surface effects of the
photoswitching will be investigated on functionalized 3D perovskite particles.

The second part of the thesis will deal with redox-active ferrocene ligands that can be
modified by a simple electronic oxidation of the iron central atom (Fe**—Fe3*). Since
ferrocene also exhibit a conjugated 1-system, electronic transfers are expected. The
length of the head group of the ligands will be varied in order to investigate whether a
distance-dependent energy exchange exists. Furthermore, the redox activity of the
incorporated ferrocene ligands will be examined. Since oxidation affects the electronic
system of the ferrocene derivative, a change in electronic dynamics in the crystalline
material is expected. For this purpose, the redox activity of the incorporated ligands must
be verified. Two approaches will be investigated here: electrochemical oxidation, by
applying a voltage, and purely chemical oxidation by using a suitable oxidant. Thus, the
materials will be examined for possible energy transfers, before and after oxidation.

In the third part of the thesis, heterocyclic conductive ligands are embraced in which
the heteroatom is varied (furan (= O), thiophene (= S) and selenophene (= Se)). Although
these ligands cannot be modified by an external stimulus, they provide valuable
information about the interplay between organic ligands and inorganic crystal phase. The
ligands used have a similar molecular structure and differ only in the heteroatom, thus,
the crystal phases formed are comparable. Varying the heteroatom changes the
aromaticity of the ligands and can lead to improved or worsened energy transfer. Again,
possible energy transfers will be investigated in relation to the ligand used.
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4 Results and Discussion

This chapter outlines the synthesis and characterization of tailor-made surfactants for the
functionalization of semiconducting hybrid perovskite materials in form of particles in the
micrometer range. The main focus in this work is on switchable molecules such as
azobenzene (photoswitchable) and ferrocene (redox-switchable), which show an
electronic change due to external stimuli, but also conductive ligands based on five-ring
heterocycles with varying heteroatom. Hybrid perovskites serve as a model system for
the investigation of possible effects such as directional charge transfer or recombination
dependent on the electronic state of the molecules. Due to the TT-conjugation of the
organic molecules, charge carriers are allowed to migrate between the organic and
inorganic part of the structure.

Crystals of 2D and 3D hybrid perovskites are used for the investigations. Both show
semiconducting properties but mainly distinguish due to their periodical crystal structure.
2D layered hybrid perovskites (LHPs) are characterized by a periodic arrangement of
layers of organic integrated ligands and inorganic semiconducting lead halide layers. 3D
hybrid perovskites, on the other handy, can only be functionalized with organic ligands
on the surface of the crystal phase. Exploiting the high surface of micrometer sized
particles, these systems are highly suitable for investigating the impact of the organic
ligands on the semiconducting properties of the perovskites.

In each case, a series of ligands is synthesized to investigate possible interactions with
the perovskite phase and the impact of external stimuli to the compound. Variations
include changing the length of the head group (azobenzene and ferrocene) and changing
the aromatic system (heterocycles). Both can have influences on the charge transport
between the 1-conjugated system and the semiconducting lead bromide phase.

The first part of the chapter deals with surfactants based on azobenzene and their
photoswitchablity in LHPs. Here, 2D perovskites with integrated surfactant as well as 3D
perovskite particles with functionalized surface were prepared. A specially developed
combination of UV/Vis and *H-NMR is used to investigate the photoswitching properties
of the free molecules and the molecules on the functionalized particles. Photoswitchability
was observed for surface-positioned azobenzene surfactants, which was actually
enhanced by the coordination with the semiconductor compared to the free ligand. In
contrast to literature,'??l however, the photoswitchability of integrated ligands was
suppressed by steric hindrances. Most of the data represented in this sub-chapter was
published in: “Interfacial Charge Transfer Processes in 2D and 3D Semiconducting
Hybrid Perovskites: Azobenzene as Photoswitchable Ligand’1?33]

The second part of this chapter deals with surfactants based on the redox-switchable
ferrocene. A systematic series of surfactants reveals the structure directing properties of
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ferrocene and the importance of the length of the head group. Besides LHPs, more exotic
lead bromide crystal phases are obtained, which is revealed by 3D electron diffraction.
With the obtained phases, the redox activity of the incorporated ferrocene can be
demonstrated. Chemical and electrochemical oxidation lead to the oxidized state of the
material, which shows extraordinary properties due to the change of the electronic
system. Most of the data represented in this sub-chapter was published in “Design of
Active Defects: 3D Electron Diffraction revealed novel Organometallic Hybrid Bromide
Semiconductor Phases containing Ferrocene as Redox Switches 1234

Finally, conductive heterocyclic based surfactants, namely furan, thiophene and
selenophene were synthesized for integration into LHPs. Within the scope of an internship
and a bachelor thesis 2D perovskites as well as quasi-2D phases (Ruddlesden-Popper
phases = RPPs) were prepared and characterized. By changing the heteroatom (O, S,
Se) in the five-membered ring, the properties (such as aromaticity) of the heterocycle can
be altered and thus the electro-optical properties of the LHPs can be changed.

4.1 Azobenzene as functional surfactant

The molecular switch azobenzene is mainly characterized by its conformational change
from trans to cis upon irradiation with UV-light (see chapter 2.2.1). The switchability of
these molecules is often exploited to design surfaces and interfaces as desired.[1%2 The
advantage of azobenzene is that the photoswitching process is fully reversible, by
irradiating blue light or heat treatment. Since the conformational change generates a
dipole moment (Utrans = 0.0 D to peis = 3.0 D) in the molecule and a changed absorption
behavior (due to symmetry-forbidden transitions), azobenzene is highly interesting for
optical applications. Furthermore, the conformational change leads to a significant
change in the length of the molecule, resulting in distorted materials.[74

When integrating chromophores such as azobenzene into LHPs, the conjugated
-system is expected to interact with the semiconducting phase electronically.[112115.117]
Charge carrier dynamics between organic and inorganic structures are known to be highly
distance dependent, since a hopping process occurs between the two components. In
order to adjust the distance of the chromophore to the semiconducting phase, the head
group can be adapted, which consists of a terminal ammonium group, coordinating to the
perovskite phase and an alkyl chain as spacer in between. Therefore, four ligands with
varying spacer length between the azobenzene and the head group are synthesized to
investigate possible distance-dependent charge transfer processes. The obtained phases
are further irradiated with UV-light to analyze their geometrical and optical behavior upon
the conformational change.
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4.1.1 Synthesis and characterization of photoswitchable surfactants

In order to provide different distances between the azo group and the semiconducting
perovskite phases, four different ligands are synthesized, shown in Figure 22. To ensure
coordination of the ligands to the perovskite phase, a head group (-NH3Br) with spacers
of different lengths (methyl = C1, ethyl = Cz, butyl = C4, dodecyl = C12) is attached to the
azobenzenes (Azo). The synthesis strategy of the short chained AzoCi (=1-(4-
(phenyldiazenyl) phenyl)methyl-1- ammonium bromide) and AzoC: (= 2-(4-
(phenyldiazenyl)phenyl)ethyl-1-ammonium bromide) ligands was previously developed
as part of a master's thesis.[?32 These are obtained by azo coupling of nitrosobenzene
and a Fmoc-protected diamine in acidic medium (a detailed synthesis strategy is found

in chapter 6.1).
NHBr
NH,Br J—F
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Figure 22 - Systematic series of azobenzene derivatives for the synthesis of hybrid perovskites.

NH3Br
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The medium to long chained derivatives AzoCa (= 4-(4-(phenyldiazenyl)phenoxy)butyl-1-
ammonium bromide) and AzoCi2 (= 12-(4-(phenyl-diazenyl)phenoxy)dodecyl-1-
ammonium bromide) are prepared via a Williamson ether synthesis starting from 4-
phenylazophenol. The exact experimental details are provided in chapter 6.1. The
ligands are characterized by molecular spectroscopy using NMR (*H and 3C) and
electron spray ionization mass spectrometry (ESI-MS), as shown in
Figure Al-Figure A4. The obtained spectra confirm the successful synthesis of the
desired ligands.

To understand the photoswitching process of the ligands, their photoswitchability is
examined in solution. Thus, the dynamics of the photoswitching process can be studied
in absence of a semiconductor and can be compared to subsequent photoswitching
experiments when integrated into the LHPs. In a typical experiment, a solution of AzoCn
(n=1,2,4,12) in purified water with the concentration 1.0x10° M is irradiated with 313 nm
to force the isomerization. Irradiation of the compounds causes the switching from the
ground state, the trans-isomer to the excited state, the cis-isomer (see Figure 23a).
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Figure 23 — a) Scheme of the photoswitching reaction the azobenzene ligands, when irradiating
with UV-light (A1) a conformational change from trans- to cis-conformation occurs. Blue light (A2)
or heat (AT) cause the reverse reaction, b) UV/Vis kinetic measurement of AzoC; in purified H-O.
The solution was irradiated with 313 nm, black: beginning of the reaction, light-grey: ending of the
reaction, c) absorption at 325 nm during a time period of 2600 sec. d) Energy scheme of
azobenzene with the singlets So (HOMO), S1 (LUMO) and S, and possible transitions, responsible
for the absorption bands at 425 nm and 325 nm in b).

Immediately after the irradiation, the UV/Vis absorption of the solution is measured. For
simplicity, Figure 23b+c only shows the results of the photoswitching experiment with
AzoCa. All other ligands are found in Figure A5.

Figure 23b shows a typical UV/Vis kinetic measurement of an AzoC: solution in water.
In the ground state (black) two absorption features at 425 nm (2.92 eV) and at 325 nm
(3.81 eV), respectively, mark the symmetry forbidden n—1" transition (So—S:1 2
HOMO-LUMO transition) and the symmetry allowed m—m" transition (So—S2).
Figure 23d shows the arrangement of the molecular orbitals So, S1 and Sz and the
possible transitions. Excitation of the So—S2 transition with irradiation at 313 nm (3.96 eV)
causes the photoinduced isomerization from trans- to cis-isomer.l'*2 The So—S>
transition is much more pronounced for the trans-isomer, which can be seen by the
decreasing intensity in the region from 275 nm to 375 nm during the irradiation. Strikingly,
the maximum of this transition shifts to smaller wavelengths to 309 nm for the cis-isomer.
This is due to a subtle shift in the relative energies of the molecular orbitals of
azobenzene.l’%8] At the same time, the absorption of the So—S:1 transition between
400 nm and 450 nm increases with continuous irradiation. This can be explained with the
conformational change and associated symmetry breaking, which makes the So—S1
transition more likely for the cis-isomer.
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In Figure 23c, the maximum absorbance of the So—S: transition between 325 nm and
309 nm is plotted versus the time of irradiation. The photostationary state is reached, as
soon as the slope of the curve approaches 0. For AzoC: in water this is after
approximately 1200 seconds (~20 minutes). The behavior of AzoCi and AzoCs is
comparable to that shown here, AzoCi2, however, shows a clearly decelerated
photoswitching (see Figure A5f). Here, the photostationary state is reached only after
4800 seconds (~80 minutes). Presumably, this is attributed to the much longer alkyl chain,
which may form a local non-polar environment around the azobenzene, destabilizing a
polar transition state.[?3% Therefore, the thermal relaxation reaction responsible for the cis
to trans-isomerization (which competes with the photoinduced trans to cis-isomerization)
is suppressed and the photostationary state is reached much later. Therefore, a higher
fraction of photoswitched molecules is expected for AzoC12 than for the other ligands.

For the quantitative evaluation of the photostationary state, a method must be applied in
which the trans and cis-isomer can be clearly distinguished. Therefore, *H-NMR of the
ligands is measured in the photostationary state, since the chemical environment of the
aromatic hydrogen atoms changes significantly with the isomerization. Figure 24a shows
the relevant region between 8.2 ppm and 6.8 ppm of the *H-NMR of AzoC2 in MeOD
before (top) and after irradiation (bottom) with 313 nm for 4 hours. A triplet at 7.95 ppm

a and a multiplet between 7.6 ppm and
7.5ppm are assigned to the
trans-isomer. After irradiation a multiplet

M between 7.4 ppm and 7.2 ppm and
another multiplet at 6.9 ppm arise

}M (marked in grey), which can be
2 B:D 7:8

intensity / [a.u.]

assigned to the cis-isomer. Before

irradiation (upper *H-NMR spectrum), a

M n‘ small amount of cis-isomer is already

, ' . . found in the sample, indicating that
7.6 7.4 7.2 7.0 6.8 i i

5/ [ppm] photoswitching has already occurred.
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due to solar irradiation or some other
UV light source.
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Figure 24 — a) 'H-NMR of AzoC, in MeOD determined. For AzoC2 a DOI of 39.4%
before (top) and after (bottom) irradiation at is determined. Figure 24b illustrates
313 nm for 4 h. b) DOI of AzoC, determined the DOIs for all ligands, which are also
from *H-NMR. investigated by  !H-NMR  (see
Figure A6). As already evident from the
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UV/Vis kinetic measurements, the highest DOI is found for AzoCi2, which is attributed to
the fact that the back reaction is suppressed by the long chain.[?3% Interestingly, AzoC4
shows a lower DOI than AzoC2, which is presumably due to the ether linkage, since the
photoinduced isomerization is strongly influenced by the substituents. [156]

Up to now, photoswitchability has been shown for all ligands prepared, allowing a DOI
from 22 % to 51 % depending on the length of the spacer and the linkage of the head
group. In order to classify the geometrical changes of the ligands, the structure of the free
ligands was calculated and the isomers were compared.

DFT calculations of the ligands revealed the geometrical properties and spatial
dimensions of the ligands. Figure 25 shows the
DFT calculated trans- (a) and cis-isomer (b) of
AzoC2. DFT calculated structures of the other
ligands are provided in Figure A7.

Tablel - DFT calculated distances from the )
ammonium head group (-NH3") to the terminal carbon b
group (C4) of the azobenzene moiety.

AzoC1 AzoC» AzoCs AzoCi2

drans | 11.1A 127A 16.4A 266A
deis ‘ 89A 100A 129A 226A Figure 25 - DFT calculated structure

Ad ‘ 22 A 27A 3.5 A 4.0 A of AzoC: in a) trans conformation and
b) cis conformation.

Table 1 lists the distances between the terminal nitrogen atom of the ammonium head
group and the carbon atom of the aromatic ring in para position to the azo-bond found for
the trans- and cis-isomers of the ligands. Interestingly, the change of the distance (Ad)
between the headgroup and the opposite carbon of the azobenzene ring increases with
increasing spacer length of the ligand. This is attributed to the increased flexibility of the
alkyl chain, which is significantly higher for twelve methylene groups.

When integrating the azobenzene ligands into the semiconductors, it is inevitable to
determine the relative energies of the molecular orbitals of the azobenzene derivatives
with respect to the semiconductor. For further investigations of possible charge or energy
transfers the exact position of the relative energy levels is important. To identify the
relative energy of the HOMO (So), photoelectron spectroscopy on air (PESA) is measured
as dried film of the azobenzene ligand on a glass substrate. In combination with UV/Vis
spectroscopy the remaining molecular orbitals (S1 and S2) can be sorted energetically.

Table 2 summarizes the resulting energies. PESA measurements of the ligands are given
in Figure A8.
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Table 2 — Relative energy of molecular orbitals of the azobenzene ligands determined and
calculated using PESA and UV/Vis measurement.

AzoC1 AzoC2 AzoOCa4 AzoOCu12
So (HOMO) -5.37 eV -5.46 eV -5.40 eV -5.36 eV
S1(LUMO) -2.46 eV -2.55 eV -2.48 eV -2.08 eV
S2 -1.50 eV -1.65 eV -1.78 eV -1.51 eV

Since charge carrier dynamics often appear in the form of radiative recombination, the
emissive properties of the free ligands are investigated. To understand possible transfers
between the semiconductor and the azobenzene, fluorescence spectra of the ligands
were recorded, shown in Figure A9. Even though azobenzene shows only low
fluorescence quantum yield, a signal is found for all ligands. Upon irradiation at 405 nm,
a signal around 500 nm is found for all ligands. The fluorescence is attributed to radiative
recombination from the S1—So state, thus a HOMO-LUMO transition.[?3¢! The slight
red-shift is attributed to a typical Stokes-shift.
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4.1.2 Layered hybrid perovskites with photoswitchable surfactants

Only a few LHPs based on azobenzene surfactants and lead halides are known from
literature.[119.120l Two techniques were applied to gather the crystal phases. Era et al. used
a Langmuir-Blodgett technique, were the amphiphilic azobenzene salts formed a
monolayer at the interface of an aqueous solution. With the addition of PbBr2 they were
able to isolate a single layer of the n=1 LHP.[*1% However they treated the azobenzene
as an ‘ordinary’ chromophore and did not investigate photoswitchable properties of the
single layered material. Sasai et al. used a classical antisolvent synthesis, were they
dissolved the starting materials in dimethyl formamide (DMF), PbBr2 and the azobenzene
saltin aratio of 1:2, as precursor solution. By adding it to an antisolvent, namely acetone,
they obtained flat particles with a composition (azo-salt)2PbBrs4, which complies to a n=1
LHP.[1201 The photoswitching properties of the particles were investigated using a
combination of UV/Vis absorption and PL spectroscopy.

They stated an improved photoswitchability of the integrated ligands, however they could
not explain the observed results. Furthermore, they did not investigate any structural
changes or changes in layer periodicity due to the photoswitching event. Here it would
have to be assumed that the basal distance between two n=1 layers decreases due to
isomerization. Whether the chromophore is electronically connected (meaning charge
carrier transfers or hopping processes) to the PbBrs-layers is not addressed as well.
Therefore, the following questions arise:

e Can the ligands (AzoCi, AzoCz, AzoCs and AzoCi2) presented above be
incorporated as integral components in LHPs?

¢ What happens when the integrated ligands are isomerized by irradiation?

e Does mechanical distortion of the crystals occur?

e Andis it possible that charge carriers are transferred?

In order to obtain LHPs from the photoswitchable azobenzene surfactants, the starting
materials are dissolved in a suitable solvent to form a liquid precursor solution. The crystal
phases can then be precipitated via an antisolvent process, yielding particles in the
micrometer range. For the antisolvent process, a precursor based on triethylene glycol
(TEG) was established in the group (see chapter 2.3). Thus, the starting materials were
dissolved in TEG with a ratio of AzoCn:PbBr2 = 2:1 (n=1,2,4,12) and precipitated in
dichloromethane (DCM). Surprisingly, crystalline precipitates are formed only for AzoCz,
Az0C4 and AzoCi2. AzoC1 cannot be integrated into the LHPs. Considering the structure
of AzoCi the methylene spacer between the ammonium head group and the azobenzene
does not provide enough space for a structured arrangement of the organic molecules
between the PbBrs-layers. For the incorporation of the ligands into LHPs, there must be
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an interlayer arrangement of the ligands. Presumably, the planar molecules are too rigid
for intercalation, which is why no LHP can form with AzoCa.

A first hint that 2D LHPs have formed comes from the scanning electron microscopy
(SEM) images, taken from the particles, shown in Figure 26a-c. Flat particles are
obtained, which show a lateral extension of several micrometers and a thickness in the
nanometer range. It is noticeable that, the longer the head group, the less pronounced
the individual particles. This is probably due to stacking defects of the layered crystal
phase. If the chain becomes longer, its degree of freedom increases and thus also the
possible arrangements between the lead bromide layers. For simplification the phases
are named 2D-AzoCx in the following.
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Figure 26 —SEM images of a) 2D-AzoC; b) 2D-AzoC, and c) 2D-AzoC;, with scalebar =1 pm.
d) PXRD patterns of the obtained precipitates. e) Scheme of the resulting 2D LHPs.

Possible stacking disorders can be detected when considering the crystallinity and the
lamellar periodic structure of the particles. The crystal structure of the resulting particles
is determined with powder X-ray diffraction (PXRD), shown in Figure 26d. The diffraction
patterns show a typical alignment of the reflections for an n=1 LHP.I””1 The first intensive
reflection marks the (001) lattice plane of the layered structure and indicates the basal
distance between two PbBrs-layers. A crystal structure as shown in Figure 26e is
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assumed, similar to other literature known 2D LHPs.[1191201 | gyer thicknesses of
dor = 2.48 nm for 2D-AzoC2, do1= 2.85 nm for 2D-AzoCs and do1) = 3.40 nm for
2D-AzoC12 are found, respectively. The basal distances were further confirmed using
small angle X-ray scattering (SAXS), which are shown in Figure A10. In Table 3 the basal
distances determined with PXRD and SAXS are summarized.

Table 3 - Basal distances of 2D-AzoCi (n = 2,4,12) phases determined with PXRD and
SAXS.

2D-AzoC2 2D-Az0C4 2D-AzoC12
d(001),PXRD ‘ 2.48 nm 2.85nm/2.46 nm  3.40 nm

d(001),5AxXS ‘ 2.47 nm 2.82nm/2.42nm  3.10 nm

Two things are striking regarding the found distances of the LHPs. First, a relatively large
discrepancy is found between the layer spacing determined in SAXS and that determined
in PXRD for 2D-AzoCi2 (Ado1 = 0.30 nm). Very broad reflections are found in both
methods, suggesting low crystallinity of the lamellar stacking order. This is probably due
to a large degree of stacking disorder. The high degree of freedom of the dodecyl-chain
(AzoCi2) leads to various possible arrangements of the chain. Therefore, the soft
character of the organic layers leads to a high degree of defects in the stacking and
therefore a broad distribution of reflections is found in X-ray scattering methods. Second
striking point is that two reflections are found for 2D-AzoCa. Since both reflections are
sharp, there are probably two different crystal phases. This can on one hand be due to
contamination of the sample with other ammonium salts, that form LHPs as well. On the
other hand, regarding the distances this could as well be the cis-isomer. However, this
would be surprising, since *H-NMR measurements confirm the high conformational purity
of the ligand before the synthesis of the LHPs (see Figure A3a). It is also possible for the
ligand to arrange itself in various ways, so that no superordinate lamellar layered structure
can develop. In this case however, a broad reflex is more likely to be expected, since
different layer thicknesses are more likely to be statistically distributed in the material. So
far it is not evident why a second reflex is obtained, but this can be investigated in future
electron diffraction measurements on individual particles.

To understand possible photoswitching effects in the LHPs, the next step is to synthesize
a material in which there is an intrinsically high proportion of cis-isomers. In the optimal
case, a material with exclusively cis-isomers is obtained. Thus, it is verified, that both
isomers can be incorporated into the LHPs and possible intermediate stages can be
investigated.
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Therefore, the precursor can be irradiated with 313 nm to induce photoswitching before
particle synthesis. Since 2D-AzoC2 showed the best crystallinity and clearest results this
phase was chosen to prove the integration of cis-azobenzene. Since it is important to
know the DOI before precipitation, *H-NMR of the precursor is measured using a capillary
with benzene. Thus, an exact ratio between trans- and cis-isomer can be determined.
Figure 27a shows the 'H-NMR measurements of the precursor solution during the
irradiation.
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Figure 27 - a) 'H-NMR of the precursor during the irradiation with 313 nm measured with a
capillary with benzene. The DOI after 530 minutes is 9.9 %. b) PXRD patterns of the resulting
particles after irradiation with 313 nm of the precursor.

Peaks at 7.8 ppm and 8.2 ppm are attributed to the trans-isomer. Before irradiation, only
signals from the trans-isomer are found. With continuous irradiation at 313 nm, peaks at
7.5 ppm and 7.15 ppm reveal the presence of the cis-isomer. The signals are found not
before 210 minutes, which might be due to the relatively high concentration of the
precursor. In typical irradiation experiments, the concentration of the ligand is
approximately at 10-°>M, which is low, compared to the precursor solution at 0.1 M.
However, after 530 minutes (8.8 h) of irradiation a DOI of 9.9 % is achieved, which should
affect the crystal formation. Simultaneously to the 'TH-NMR measurement, a part of the
precursor is precipitated in DCM. The particles yielded show no significant differences in
shape or size (see Figure All). The crystallinity and phase of the particles was
determined with PXRD, shown in Figure 27b. Two scenarios are possible, regarding the
formation of LHPs. Either, the basal distance decreases with increasing percentage of
cis-conformation, when both ligands are incorporated into the structure. Or, the cis-isomer
forms a separate crystal phase, resulting in a second reflection at higher 26 angles.
Considering the PXRD patterns with increasing content of cis-isomer, no significant
changes are found in the basal distance, given by the (001) reflection. This could be due
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to the bent structure of the organic molecule, which cannot be integrated into the LHPs
due to its steric nature. This would mean, that it was not possible to obtain a LHP with
solely cis-AzoCz. To verify this, the initial
material is irradiated with 313 nm as solid
flm on a glass substrate. Since the
inorganic PbBra4 layers have already formed,
only the distance between these should
change upon irradiation of the organic

azobenzene ligands. However, after six

J A hours of irradiation, no significant changes
t A of the (001) reflection is determined (see

norm. intensity / [a.u.]

Figure 28). If the irradiation causes
photoswitching and therefore
conformational change of the azobenzene
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Figure 28 - PXRD of 2D-AzoC, before

(black) and after (grey) 6 hours of irradiation
at 313 nm.

molecule, a smaller distance would be
expected. Here, again a larger angle of 26
would mark the successful photoswitch
between the perovskite sheets.

Since no method (irradiation before and after precipitation) yielded a different
crystal phase the question is, what happens during irradiation of the initial material
with integrated trans-ligand?

Sasai et al. claim to observe photoswitching of the integrated azobenzene ligands. They
support their statement on optical absorption measurements.['20] Therefore, to
understand the present mechanisms in our systems, the particles were characterized in
terms of their optical absorption during the irradiation.

Similar to the photoswitching experiments with the dissolved azobenzene ligands
(Figure 23), the particles can be dispersed and irradiated with 313 nm. Figure 29a shows
the UV/Vis absorption spectrum of the dispersed particles with the crystal phase
2D-AzoCo. Initially a broad absorption band at 328 nm and a sharper absorption band at
409 nm are found. The broad absorption band is attributed to the AzoC: (see
Figure 23b), the sharp one is attributed to the excitonic absorption band of the
[PbBrs]-layers. Absorption at approximately 410 nm (3.1 eV) is well known for LHPs
based on PbBrs layers.[*32l The maxima of the absorption of the dispersed particles is
then evaluated over the time of irradiation with 313 nm. As expected the absorption at
328 nm decreases over the period of the irradiation, since the proportion of
trans-azobenzene in the material decreases. However, the absorption at 409 nm
decreases as well. Presumably, the dispersion is destabilized by the conformational
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change of the azobenzene ligands at the surface. As the polarity of the surface changes,
destabilization occurs in the dispersant and the particles sink down. To determine the
photostationary state, the absorption at 328 nm is thus referenced to the absorption at
409 nm, since the concentration of [PbBra]-layers should not change due to irradiation.
Figure 29b shows the referenced absorption at 328 nm over a period of 1200 sec (2 h).
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Figure 29 — a) UV/Vis absorption measurement of dispersed particles of 2D-AzoC, during the
irradiation with 313 nm. b) Intensity of absorbance maximum of AzoC, (328 nm) referenced to the
absorption of the PbBr, layers (409 nm). ¢) *H-NMR of 2D-AzoC; (top), 2D-AzoC,4 (middle) and
2D-AzoCi, (bottom) after irradiation dissolved in MeOD. DOI is 2.5%, 12.3% and 7.8 %
respectively. d) Schematic representation of the crystal phase during irradiation at 313 nm.

The photostationary state is reached after approximately 300 seconds. This is
significantly earlier than for the free ligand in solution (see Figure 23c). For 2D-AzoCs4
and 2D-AzoCi2 the same effects are observed upon irradiation (see Figure A12).
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It is concluded that the photoswitching of the azobenzene ligands is indeed
possible. However, the photostationary state is reached much earlier than for the
free ligands.

Two effects may be the reason for this observation. Either the photoswitching event is
much faster, or only a small fraction of the ligands is available for photoswitching. For a
quantitative analysis, the particles are dissolved in MeOD after irradiation for 1200
seconds and 'H-NMR is measured. Since PbBrz is insoluble in MeOD, the inorganic
phase can be separated from the solution and only the azobenzene ligand is detected.
Figure 29c¢ shows the relevant region from 8.0 ppm to 6.8 ppm of the H-NMR spectrum
of the dissolved particles. Signals at 7.2 ppm and 6.9 ppm can be assigned to the
cis-isomer, highlighted in grey. The DOI is determined by the ratio between the integrated
signals of the trans- and cis-isomer. For 2D-AzoC:z a very low DOI of 2.5 % is found.
2D-AzoCsand 2D-AzoCi2 show slightly higher DOIs with 12.3 % and 7.8 %. In all cases,
the DOl is significantly smaller than for the free ligands (see Figure 24b).

Since the layer thickness does not change significantly and a very low DOI is found after
the irradiation of the LHPs, it is assumed that the azobenzene ligands between the layers
are not available for photoswitching (see Figure 29d). However, the a small fraction of
the ligands which are located at the surface show a photoinduced conformational change,
which is verified with *H-NMR and UV/Vis spectroscopy. It can be concluded, that no
structural changes are induced by the irradiation between the [PbBri]-layers, contrary to
Sasai et al. stated in their publication.[2!

Although it is not possible to exploit the photoswitchability of the azobenzene within
the layered structure, the chromophore can still serve as an electronic component
of the LHPs.

Charge carrier dynamics like electron or hole hopping are possible and need to be verified
for the present phases. To identify presumptive electronic processes, the quantum well
structure of the phases must be identified (compare Figure 6). Therefore, the relative
energies of the valence band maximum (VBM) and the conduction band minimum (CBM)
are determined. The combination of UV/Vis absorption spectroscopy and PESA already
yielded the relative energies of the azobenzene ligands (see Table 2). This method is
also applicable on the 2D-LHPs, revealing the relative energy of the VBM from PESA and
the CBM from the band gap Eg (Ecem=Evem+Eg), shown in Figure 30 and summarized in
Table 4. For the determination of Eq UV/Vis reflectance spectroscopy is performed. A
Kubelka-Munk analysis then yields the energy of the band gap Eg.
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Figure 30 — Energy level diagram of 2D-AzoC,, 2D-AzoOC,4 and 2D-AzoOC;2 in dependency to
the distance between the perovskite layer and the azobenzene moiety. UV/Vis and PESA
measurements are provided in Figure A13.

Table 4 - Summary of relative energies of the VBM and CVM, determined with a combination of
UV/Vis reflection with Kubelka-Munk analysis and PESA of all 2D LHPs with AzoC,. Spectra are
found in Figure A13.

2D-Azo0C2 2D-Az0Ca4 2D-AzoCa2
VBM (PESA) -5.57 eV -5.42 eV -5.52 eV
CBM -2.54 eV -2.36 eV -2.48 eV
Eg (UV/Vis) 3.03 eV 3.06 eV 3.04 eV

Since possible interactions (charge carrier or energy transfer) are highly distance
dependent, the relative energies are plotted against the length of the spacer between the
head group and the azobenzene moiety of the ligands. Interestingly, the relative energies
are comparable for all ligands. Both VBM and So, the highest occupied states of the two
components, and CBM and Si, the lowest unoccupied states, are relatively at the same
energetic levels. This situation makes electronic hopping processes between the
inorganic and the organic component very likely. Therefore, only the distance has an
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influence on the dynamics occurring in the phases. In this context, PL spectra of the LHPs
give additional information about radiative recombination and therefore also the charge
carrier dynamics. It is well known from literature, that the PL of LHPs with integrated
chromophore is dependent on the energy level alignment,[*'? since charge carriers can
migrate from one species to the other. Figure 31 shows the PL spectra of the LHPs
excited below the bandgap at 350 nm. Regarding the UV/Vis spectra of the dispersed
particles (see Figure 29a and Figure Al2a+c), a wavelength of 350 nm is sufficient to
excite both, the azobenzene and the semiconducting perovskite phase.
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Figure 31 — PL spectra of a) 2D-AzoC;, b) 2D-AzoC,4 and c¢) 2D-AzoC:» excited with an Xe-lamp
at 350 nm.

A local maximum at approximately 410 nm is found for all phases, which is attributed to
a radiative recombination near the band edges of excitons in the semiconducting phase.
Surprisingly, 2D-AzoCi12 shows an additional emission between 450 nm and 550 nm,
which indicates the fluorescence of the integrated azobenzene moiety (see Figure A9d).
2D-AzoC2 and 2D-AzoC4 do not show this feature. This observation can be explained as
follows. The ligands in 2D-AzoC2 and 2D-AzoCa4 provide only a small distance between
the [PbBrs]-layers and the azobenzene moiety. Here, a charge carrier or energy transfer
occurs from the azobenzene to the perovskite phase, presumably through a hopping
process, thus no PL of the ligand can be detected. For 2D-AzoC12 however, the distance
between the azobenzene moiety and the [PbBrs]-layers is increased, therefore the excited

charge carriers from the azobenzene cannot or can only partially migrate to the
VBM/CBM.
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To summarize, it can be stated that the integration of three out of four of the
synthesized azobenzene ligands in between the layers of a 2D perovskite is
possible.

AzoCi could not be integrated due to a too short spacer length between the head group
and the azobenzene moiety. However, the elongation of the spacer by one methylene
unit already leads to the incorporation of the ligands. An ordered arrangement between
the perovskite sheets can therefore only be achieved from a certain chain length and thus
from a certain flexibility of the ligands. The spacer length is further responsible for the
crystallinity of the yielded particles, confirmed with PXRD. 2D-AzoC2 showed the highest
crystallinity, since the chain has the lowest degrees of freedom and the arrangement of
the ligands is clear. Thus, for high crystallinity of LHPs, the flexibility of the incorporated
ligands is of great importance. This must not be too low, otherwise the incorporation will
be prevented, but also not too high, otherwise stacking faults will occur. Irradiating the
2D-LHPs revealed, that only surface bound ligands are available to a conformational
change, the integrated ligands are sterically hindered. As well, irradiating of the precursor
did not result in an LHP with integrated cis-isomer, which is presumably due to the steric
hindrance of the tilted structure of the azobenzene moiety.

Figure 32 - Schematic overview of the observed PL in LHPs based on azobezene ligands. The
excited state of the ligand is quenched by an electron (or energy) transfer to the PbBr, layers,
when the spacer length is short (AzoC. and AzoC,). A long spacer suppreses the quenching event
and emission of the azobenzene is observed (AzoCiy).

As for the electronic structure of the quantum wells, charge carrier transfers are possible
for all LHPs, since the band edges of the VBM and CBM lie favorably to the MOs of the
azobenzene ligands. However, in 2D-AzoCi2 no or only a partial transfer is possible,
which is confirmed by the PL spectra. Emission of the azobenzene is suppressed due to
a charge transfer, when the chain between the chromophore and the [PbBra]-layers is
small (2D-AzoCz and 2D-AzoCis). However, if the interstitial space is increased
(2D-AzoC12) the ligand emits as well. Figure 32 shows a schematic overview of the PL
observed.
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The intensive study of the LHPs with photoswitchable ligands revealed that
observation of optical data alone may lead to erroneous conclusions about the
photoswitchability of the integrated ligands.

Conclusively, a distinction must be made between surface-bound and integrated
azobenzene ligands. The extent to which electron transfer between the organic and
inorganic species plays a role in photoswitching is yet unclear. To study surface effects
solely, a system is needed in which the azobenzene coordinates only at the surface. The
coordinating ligands have a much higher degree of freedom at the surface, which should
facilitate the conformational change. If this is possible, it can be assumed that the
photoswitching in LHPs is suppressed only due to steric effects.
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4.1.3 3D hybrid perovskites with surface coordinating azobenzene ligands

3D hybrid perovskites, unlike LHPs, contain only the small cation MABr in their structure.
This means that ligands can only be located on the surface of the particles. In order to
verify the photoswitching of azobenzene ligands on the surface, the ligands are used to
synthesize hybrid perovskites with 3D crystal structure. Since 3D hybrid perovskites are
direct semiconductors, possible electron or charge transfer can be observed, similar to
LHPs. Therefore, a mixture of a small cation, in this case methylammonium bromide
(CHsNHsBr = MABr) and an azobenzene ligand are used for the synthesis of hybrid
perovskite nanoparticles (NPs). All components are dissolved in TEG as a precursor
solution, which is then precipitated in DCM at room temperature (for details see
chapter 6.2.1). All precursors yield orange precipitates which were investigated with
SEM, shown in Figure 33. The precipitate consists of cubic shaped particles with sizes
between 100 nm and 300 nm.

Figure 33 - SEM images of MAPbBrz; NPs from the antisolvent synthesis with a) AzoC,, b) AzoC,,
¢) AzoC, and d) AzoCi,. Scalebar = 1 um.

4 Results and Discussion 51



The cubic shape of the particles is a first hint, that the 3D perovskite (CH3sNH3)PbBrs3
(MAPDBr3) is obtained. For simplicity, the precipitates are denoted as 3D-AzoCn
(n=1,2,4,12) from now on. The PXRD measurement of 3D-AzoCz, shown in Figure 34a
demonstrates the presence of phase-pure MAPbBr3 particles. This is also confirmed by
the PXRD patterns for the other particles, shown in Figure Al4.
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Figure 34 - a) PXRD measurements of 3D-AzoC; (black) with reference taken from 2371, b) Fourier
transform infrared (FT-IR) spectra of non-functionalized MAPbBr3; phase (black), AzoC; (red) and
3D-AzoC; (blue). Wavenumbers at 2991 cm?, 832 cm?, 765 cm?, 727 cm? and 685 cm™ are
highlighted in grey as significant vibrations for the azobenzene. c) Schematic representation of
surface functionalized 3D-AzoC; and d) normalized UV/Vis absorption spectrum of 3D-AzoC;
dispersed in toluene (black) and AzoC:; in H.O (grey, dashed). Signals of azobenzene (yellow)
and MAPDBr; (blue) are highlighted.
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To verify that the ligands really coordinate to the surface of the particles, a combination
of Fourier-transform infrared (FT-IR) spectroscopy and UV/Vis absorption spectroscopy
is applied. Figure 34b depicts the FT-IR spectra of pure unfunctionalized MAPbBr3
particles (black), the solid ligand AzoC: (red) and 3D-AzOC: (blue). As reference for
non-functionalized MAPDbBTr3, particles were synthesized without any surface-coordinating
ligand (see chapter 6.2.1). Spectra of the other particles are provided in Figure A15. A
significant signal at 2991 cm™ is attributed to the N-H-stretching bond vibration of the
ammonium head-group, which vanishes completely for 3D-AzoC2. Such vibration is
known to vanish, if the amine is coordinated to the surface of the particle.[?38! Furthermore,
signals at 832 cm, 765 cm, 727 cm™ and 685 cm can be associated with the aromatic
vibrations of the azobenzene moiety and are also found for 3D-AzoC:. In addition, UV/Vis
absorption spectroscopy is recorded for the characterization of the optical properties,
shown in Figure 34d (3D-AzoC2) and Figure A15 (3D-AzoCi, 3D-AzoCas, 3D-Az0C12).
Since the azobenzene-ligands cannot be dissolved in toluene any detected absorption
comes from the dispersed, functionalized particles. Two absorption bands at 328 nm and
526 nm are found for the dispersed patrticles of 3D-AzoC:. The sharp absorption band at
526 nm is assigned to the excitonic bandgap of the perovskite particles.®”1 The broader
absorption band at 328 nm is assigned to the AzoC: ligand, which is shaded in yellow.
Note that the absorption spectrum of AzoC: is recorded in H20 (Figure 23b), which is
why the maximum is slightly shifted. However, from IR and UV/Vis absorption
spectroscopy it can be assumed that the ligands coordinate to the surface of the particles
(see Figure 34c) and not only form a solid mixture with the perovskite phase.

Concluding, the 3D-AzoCn (n=1,2,4,12) are perfectly suited for the observation of
photoswitching effects on the surface of a semiconductor. Furthermore, the
variation of the spacer length between the azobenzene moiety and the
semiconductor allows the investigation of distance dependent effects, such as
energy or electron migration through a hopping process. The steric constraints
compared to the 2D LHPs are expected to be much lower for the 3D phases.

Regarding literature, different scenarios can be expected for the photoswitchability of the
ligands at the surface of the semiconducting MAPDbBr3 particles. On the one hand, a very
fast charge transfer from azobenzene to the conduction band of TiO2 (a wide-band gap
semiconductor) was simulated by Rego et al. After the transfer, they observed a strong
vibronic relaxation that excites the N-N-stretching mode. They stated, that due to this
effect no conformational change can occur at the surface of TiO2.['8¢] On the other hand,
an improved trans to cis-isomerization of the azobenzene ligands was observed by Saeed
et al. They used CdTe quantum dots for their observations.?3? The two semiconductors
differ mainly in their band structure, which may be a reason for the different behavior of
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the azobenzene at their surface. Therefore, the quantitative arrangement of the bands for
MAPDbBr3 and the azobenzene ligands is determined below.

To reveal the band structure of the 3D-AzoCn phases, similar to 2D-AzoCn, UV/Vis
reflectance spectroscopy is performed in combination with PESA. The resulting spectra
are given in Figure A16 and combined in Figure 35. Determination of the relative
energies of the VBM, CBM and the band gap Eg are summarized in Table 5.

0

]
-—
. 1 2

¥
N
[
w

IN

1
(3}
1 o

relative energy / [eV]
&

| ]
(=}]
L

]
N

Figure 35 — Energy level diagram of 3D-AzoCi, 3D-AzoC;, 3D-AzoOCs and 3D-AzoOC;; in
dependency to the distance between the perovskite phase and the azobenzene moiety. UV/Vis
and PESA measurements are provided in Figure A16.

Table 5 — Summary of relative energies of the VBM and CBM, determined with a combination of
UV/Vis reflection with Kubelka-Munk analysis and PESA of all functionalized particles. Spectra
are found in Figure A16.

3D-AzoC1 3D-AzoCz2 3D-AzoCa4 3D-AzoCa2
VBM (PESA) -5.50 eV -5.56 eV -5.50 eV -5.40 eV
CBM -3.20 eV -3.27 eV -3.18 eV -3.10 eV
Eg (UV/Vis) 2.30 eV 2.29 eV 2.32eV 2.30 eV
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As seen in Figure 35, the relative energies of the band edges of all particles are
comparable, thus only the distance between the perovskite phase MAPDbBrs and the
azobenzene moiety plays a role in the possible charge carrier dynamics. The VBM is
energetically similar to the ground state So of azobenzene, which allows charge transfer
of excited holes. Furthermore, the CBM lies favorable between the So and Si states of
the azobenzene, allowing the transfer of excited electrons from the azobenzene to the
perovskite. Therefore, it is concluded, that electronical communication between the two
components would be possible. How this affects the photoswitching properties of the
coordinated ligands is considered in the following.

To evaluate the availability of the photoswitching of the azobenzene ligands at the
surface, the particles were dispersed and subsequently irradiated with 313 nm. Again,
the optical UV/Vis absorption is recorded, to verify the photoswitching of the ligands,
similar to the LHP. Subsequent dissolving in MeOD and *H-NMR measurements revealed
the DOI of the ligands. Figure 36 shows the results representative for 3D-AzoCo.
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Figure 36 - a) UV/Vis absorption spectra of 3D-AzoC, during the irradiation at 313 nm.
b) Absorption maximum at 328 nm of AzoC, at the surface of MAPbBr; particles (black) and in
solution (grey; compare Figure 23c) ¢) *H-NMR spectra of dissolved 3D-AzoC; before (top) and
after irradiation at 313 nm for 600 sec (bottom).

4 Results and Discussion 55



Before the irradiation (black), two absorption bands at 328 nm and 526 nm are found
which refer to the AzoC: ligand and the perovskite phase. Figure A17 show the UV/Vis
absorption kinetics for 3D-AzoCi1, 3D-AzoC4 and 3D-AzoCi2, where similar absorption
bands are found, which is why only 3D-AzoC: is discussed here. Upon irradiation, the
absorption decreases throughout the observed range, which is attributed to two different
effects. The particles show slow sedimentation in the earths gravitational field, even
without irradiation (see Figure A18). However, it is observed that irradiation accelerates
this process. Upon irradiation, the dipole moment of azobenzene changes from 0 Debye
for the trans-isomer to 3 Debye for the cis-isomer.124% Thus, the polarity of the particles
surface is affected by the conformational change. Due to the decreased polarity, particles
tend to precipitate, which was also observed for other systems. 241l

To exclude precipitation effects, the signal at 328 nm was referenced to the signal of the
excitonic absorption band at 526 nm, to determine the photostationary state (see
Figure 36b). After reaching the photostationary state, the particles are dissolved in
MeOD. In 'H-NMR, the soluble components (AzoC2 and MABr) can then be detected and
the DOI determined by integrating the signals, shown in Figure 36¢ (and Figure A17).
MABTr does not show signals in the significant region, which is why it can be neglected.
Interestingly, the DOI is significantly increased for the ligands attached to the surface of

the particles (Figure 37), compared to the
-ig;gz“ocn free ligands in  solution. The

photoswitching in azobenzene occurs by

80 +
photonic excitation of the So—S2 transfer.
60 1 Coordination of the ligands to the
semiconductor somehow enhances this
7 transfer, which results in an improved
204 photoswitching. A possible explanation
for the enhanced photoswitchability is an
energy or electron transfer, presumably a

AzoC, AzoC, AzoC, AzoC,,

100

DOI / [%]

hopping process from the semiconductor

Figure 37 - DOI of the azobenzene ligands to the ligand. The irradiation at 313 nm

attached to the MAPbBr3 particles (blue) and (3.96 eV) is sufficient to excite the

in solution (orange). MAPDbBrs, which has a continuous band

gap at 2.3eV.”l Thus, the excited

semiconductor can transfer energy to the azobenzene moiety which undergoes a
conformational change.

To observe possible energy or electron transfers between the semiconductor and the
azobenzene ligands, time-dependent measurements are required. PL signals of the
particles reveal an emission at approximately 530 nm, which is attributed to the excitonic
recombination near the band edges (see Figure A19). In comparison to NPs synthesized
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with alkyl ligands, the emission of the particles is enormously reduced (see Figure 38,
photographs). Unfortunately, quantitative measurements were not possible, since no
integration sphere was available for the measuring setup. However, quenching of excited
radiative states is a first hint, that the ligand has an influence on the electronic dynamics
of the semiconductor. In time-resolved PL spectroscopy, it is possible to observe the
lifetime of excited radiative states. Figure 38 shows the lifetimes of the radiative states at
530 nm of the surface functionalized particles.
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Figure 38 — Time-resolved PL decay of dispersed particles in toluene of 3D-AzoC; (black),
3D-AzoC; (dark-grey), 3D-AzoC. (grey) and 3D-AzoC:. (light-grey). Radiative recombination at
530 nm of the semiconductor phase is observed. Photographs of dispersed particles under UV-
irradiation with AzoC: (left) and dodecylammonium bromide (DABr) at the surface.

Since various charge carrier dynamics like (surface) defects or photo-recycling influence
the PL signal, no (bi)exponential fit could be found.%62421 However, the lifetime of the
excited radiative states of the particles increases with increasing spacer length between
the azobenzene moiety and the MAPbBr3 phase. This is attributed to the altered distance
between the semiconducting phase and the dye.

Short distances, as in AzoC1 or AzoC2, enable fast transfer of excited charge
carriers, which greatly shortens lifetimes. A larger spacing, as in AzoCs or AzoCiz,
increases the lifetimes significantly, since the hopping process becomes less likely.
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As mentioned before, there are many influences on the radiative recombination, so the
result is verified with transient absorption spectroscopy (TAS). The following
measurements are the result of a cooperation with Tobias Seewald from the AG
Schmidt-Mende from the University of Konstanz. TAS is a very versatile technique to
observe rapid charge carrier dynamics (see chapter 2.4.2) in chromophore-
semiconductor systems. It is observed how the absorption behavior of the particles
change after excitation, allowing conclusions to be drawn about the length and nature of
the excited state. Therefore, the particles are applied to a glass substrate and measured
as a solid film. Then, the particles are excited at 398 nm with a laser pulse and the
absorption spectra are recorded. The resulting TA spectra are shown in Figure 39.
Measurements of 3D-AzoCs failed due to a low stability of the particles and were
unfortunately not repeated.
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Figure 39 — TA spectra with excitation at 398 nm of a) 3D-AzoCi, b) 3D-AzoC, and
c) 3D-AzoC1,. d) Decay of the ground-state bleach after the excitation at 398 nm for 3D-AzoC:
(at 533.5 nm, in black), 3D-AzoC; (at 500 nm, in dark grey) and 3D-AzoCi» (at 515 nm, in light

grey).
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TA spectra are measured in the range between 480 nm and 570 nm, where the band gap
of the semiconducting MAPbBrs phase can be observed, which is identified as the
radiative species. A typical ground-state bleach red-shifted to the band gap is observed
for all particles (AT/T positive, between 520 nm and 550 nm), as the absorption at the
band gap decreases due to the excited states. A negative AT/T signal (between 500 nm
and 520 nm) is attributed to a change of the refractive index, which is caused by a change
of the band gap.?*3 Time-dependent observations of the ground-state bleach at 522.5 nm
(3D-Az0C1), 500 nm (3D-AzoC2) and 515 nm (3D-Azo12) reveal longer lifetimes for an
increasing spacer length. Typically, the ground-state bleach is accelerated when the
recombination of the excited carriers is faster, e.g. due to trap states at the surface, most
probably Pb?* ions.[244.245]

Here, however, a fast charge carrier transfer from the excited semiconductor phase
to the dye is proposed. A short spacer length is responsible for a very fast
recombination of the charge carriers.

The extension of the spacer leads to a longer ground-state bleach. Similarly, the transfer
is responsible for obtaining higher DOIs for surface-bound ligands. The performance of
the photoswitching is therefore improved by the excited semiconductor.

4 Results and Discussion 59



integrated surface-bound

E/[eV]

o+rFr-- - - - —-—-——-=-—---

Irradiation
with 313 nm

Figure 40 — Schematically overview of the photoinduced isomerization of the synthesized
azobenzene ligands between the perovskite layers (left, 2D phase) and on the surface of hybrid
perovskite particles (right, 3D phase). When integrated into the semiconductor phase, no
photoswitching is available due to steric hindrance. However, surface bound ligands show an
improved photoswitching reaction due to a charge carrier transfer from the perovskite to the
ligands.

In conclusion azobenzene based surfactants are suitable for the synthesis of surface
functionalized NPs of the phase MAPbBrs. The photoswitching process of the surface
bound ligands is possible and even improved by the connection to the semiconductor.
Electron hopping is proposed to be responsible for the improved photoswitching. It is
revealed, that the distance between the dye and the semiconductor particles is highly
responsible for the time-scale of the hopping process. Figure 40 best summarizes the
results of this chapter. The integration of the ligands into LHPs limits their degree of
freedom to such an extent that photoswitching is no longer possible (Figure 40, left). Only
in the case of surface bound ligands a conformational change can be induced by
irradiation. This effect is even amplified, if the ligands are attached to the 3D phase
MAPDbBr3. Thus, charge carrier transfer is possible, which improves the photoswitching
process (Figure 40, right).

Therefore, azobenzene in its ground state (trans-isomer) is highly suitable as functional
ligand for the synthesis of hybrid perovskites, both, the 2D phases with layered character
and the 3D phases with functionalized surface. However, with the photoinduced
conformational change the optical or electronical properties of the material cannot be
altered. Therefore, no energy valve or similar is possible as previously expected.
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4.1.4 Ruddlesden-Popper phases with photoswitchable surfactants

Besides LHPs and 3D hybrid perovskites, Ruddlesden-Popper phases (RPPs) with
variable layer thicknesses should as well be possible (compare Figure 5), using
azobenzene based surfactants. These materials are characterized by a modified band
gap due to quantum confinement, which allows the energy levels to be adjusted. In the
scope of a Bachelor thesis, different attempts were made to produce RPPs with the
surfactant AzoCz. For this purpose, AzoC2 and MABTr have to be integrated in a certain
ratio, with the formula (AzoCz2)2(MA)n-1PbnBrs+1 (with n=1,2,3,4, ...).

First, varying proportions of AzoC2 (0.3 eq, 0.5 eq, 0.7 eq) are added to the commonly
used precursor with a ratio of PbBr2:MABr = 1:1.3 for the antisolvent process at room
temperature. Experimental details are given in chapter 6.2.1. By varying the proportion
of the large cation, layer thicknesses should form with a composition of n>1. Figure 41a-c
show SEM images of the resulting precipitates. With high equivalents (0.7 eq, 0.5 eq) of
AzoC2, a mixture of small cubic particles and larger flat particles are obtained. With a
small ratio of AzoC: only cubic particles are obtained.
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Figure 41 — SEM images of precipitates with a) 0.7 eq AzoC,, b) 0.5 eq AzoC; and c) 0.3 eq
AzoC,. Scalebar =1 um d) PXRD patterns of the precipitates with 0.7 eq AzoC; (top), 0.5 eq
AzoC; (middle) and 0.3 eq AzoC; (bottom). e) Overview of the found band gaps determined with
UV/Vis reflectance spectroscopy using the Kubelka-Munk analysis (see Figure A20).
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For simplicity the particles will be named RPPRTeq -AzoC2 from here on. Regarding the
PXRD patterns two phases can be identified for RPPRTo.7-AzoC2 and RPPRTo5-AzoCo.
The precipitate consists of a mixed phase of 2D-AzoC2 and 3D-AzoC: as the reference
pattern show (Figure 41d, bars at the bottom). According to SEM and PXRD, the crystal
structure of RPPs does not seem to be present, but rather the formation of the n=1 2D
LHP and the 3D phase MAPDBr3 is observed. UV/Vis reflectance spectroscopy reveals
the band gap of the precipitates (see Figure 41e and Figure A20). For particles with a
high AzoC: content, two band gaps at 2.3 eV and 3.1 eV can be determined. This also
suggests that a mixture of the two phases is obtained.

The question now arises as to how the observed phase separation occurs. Considering
the growth mechanism of RPPs in the antisolvent process, the solubility of the large cation
plays a major role.[?32 The solubility of the ligand can be adjusted by the temperature of
the antisolvent. Thus, precipitation is carried out at room temperature, -10 °C and -20 °C
with 0.5 eq of AzoC2. PXRD patterns again indicate the precipitation of the layered 2D
LHP with n=1 and the 3D phase MAPDbBr3 for all temperatures, demonstrated in
Figure 42a. It is striking that with decreasing temperature the proportion of 3D phase
increases, as can be seen in the (001) reflection at 26=15° and the (002) reflection at
206=30° (gray background). By lowering the temperature, the formation of the 3D phase
is thermodynamically favored.l?*! However, no additional phase is found for the
precipitates.
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Figure 42 - a) PXRD patterns if RPPRTy5 -AzoC; (top, black), RPP1° ;s -AzoC, (middle, dark
green) and RPP2°C,s -AzoC, (bottom, light blue). SEM images of b) RPPRT45-AzoC,, c)
RPpP-10 cCo_5-AZOC2 and d) RPP-20 oCo_s-AZOCz.
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Figure 42b-d show the SEM images of the obtained particles. Since no change in size
or shape is observed, it is concluded, that temperature has no influence on the formation
of the particles.

Further investigations of the optical properties of the particles reveal, that again only two
band gaps are found for the precipitates. Figure 43a summarizes the band gaps
determined from UV/Vis reflectance spectroscopy with subsequent Kubelka-Munk
analysis (see Figure A21). Here, in addition to the absorption properties, the emission
was also determined (see Figure 43b).
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Figure 43 - a) Overview of the band gaps for the particles obtained at varying temperature.
Determination occurs with UV/Vis reflection spectroscopy with subsequent Kubelka-Munk
analysis (see Figure A21). b) PL spectra of the dispersed particles in toluene which were
synthesized at varying temperatures. Excitation occurred with an Xe-lamp at 380 nm.

When excited at 380 nm, three emission peaks between 410 nm and 425 nm, at 465 nm
and at ~530nm are obtained for RPPRTo5-AzoC> and RPP10°Cys5-AzoC2. For
RPP-20°Cy5-AzoC2 only one emission peak at 543 nm is found. Emission at approximately
530 nm is attributed to radiative recombination of the excited states near the band edges
of the 3D phase MAPbBrs. Emission between 410 nm and 425 nm is attributed to the
radiative recombination of the excited states near the band edges of the LHP 2D-AzoC,
with n=1. However, an emission peak at 465 nm does not occur for the two mentioned
phases. Since the band gap for RPPs (n>1) is larger compared to the 2D LHP with n=1,
it is possible that the observed emission can be assigned to a layer thickness with n>1.
Since the emission of the particles raises the question whether RPPs with n>1 are present
in the material, an explanation for the observed signals must be found.

RPPs consist of a periodic array of independent layers. The incorporation of MABr should
add more [PbBra]-layers so that a larger layer spacing can be found in the PXRD. Since
PXRD strongly depends on periodicity, many layers of the same thickness must follow
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each other to detect a periodic arrangement. However, if there are only occasional thicker
layers in the particles, they may not be detected in the PXRD.

Optical measurements are not dependent on the periodicity of the layered structure.
Therefore, UV/Vis reflectance spectroscopy and PL spectroscopy allow the determination
of all band gaps present in the material. For the materials investigated above, UV/Vis
spectroscopy reveals two distinct band gaps, while emission spectra yield three. Since
charge carrier transfers (by tunneling or hopping) between layers are possible, the PL
signals can be falsified.[?4” This means that generated charge carriers are transferred to
layers with the smallest band gap, where they then recombine radiatively.l?#8l This can
quickly lead to the false conclusion that a high number of thicker layers (n>1) with smaller
bandgaps are present. Therefore, it is assumed that only a very small fraction of thicker
layers with n>1 are present in the particles, that are responsible for the observed emission
properties.

Other approaches (e.g., increasing or decreasing the AzoC:z concentration the precursor,
irradiation of the precursor before conversion, change of precursor solvent or antisolvent,
respectively) also failed to achieve RPPs. Presumably, this is due to very strong
interactions of the ligands with each other, so that no MABr can be incorporated after the
formation of an n=1 layer. Due to the extended conjugated system, it is possible that
TT-interactions arise between the ligands. Since the AzoC: is poorly soluble in non-polar
solvents, the interactions are probably too strong to dissolve ligands from the interface.
Consequently, MABr does not intercalate between the layers and therefore forms only
the 3D phase MAPDBTrs.

In summary, it is very difficult to obtain RPPs with AzoC2. However, initial results
show that it should be quite possible. Further approaches and investigations need
to be made here.
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4.2 Ferrocene as functional surfactant

In addition to molecular photoswitches such as azobenzene, there is a further class of
molecules that can actively be influenced by an external stimulus. Organometallic
complexes mostly contain a redox-active metal center, such as iron(ll) in ferrocene (Fc).
Fc and its derivatives are characterized by a unique and reliable redox chemistry, which
is provided by a simple one-electron process. Due to the reliability of the process, Fc is
popularly used as a standard in electrochemistry.['8 Surfaces of non-conductive
materials can be made conductive by functionalization with Fc, for instance.2971 Thus,
they find application in various materials such as electrocatalysis, membrane fuel cells or
batteries.[201.202]

The chemistry behind Fc, which has now been established for over 70 years, allows the
synthesis of a wide variety of derivatives. This enables to prepare also cationic surfactant-
like derivatives, making them suitable for the synthesis and functionalization of hybrid
perovskites. However, so far there is only one known lead halide crystal phase containing
ferrocene. Zhang et al. observed the formation of one-dimensional (1D) face-sharing lead
halide octahedra, when integrating (ferrocenylmethyl)trimethylammonium iodide, a
commercially available Fc derivative. They describe semiconducting properties and
observe extraordinary piezoelectricity.[?'5 Surprisingly, however, they do not exploit the
redox activity of the ligand.

Hence, it has already been shown that the incorporation of Fc into hybrid perovskites is
beneficial to the material.[?'% The following questions arise from these observations:

e |Is it possible to prepare 2D layered hybrid perovskites (LHPs) with a chemically
adapted Fc ligand? How should the chemical structure be adapted to achieve this?

e Are there electronical interactions between the ligands and the semiconducting
lead halide phases?

e |Is it possible to influence the phases optically and electronically by oxidation?

4.2.1 Synthesis and characterization of redox-active surfactants
For the investigation of redox-active hybrid
perovskites five novel Fc derivatives are synthesized.

®
- Ot
Their chemical structure is shown in Figure 44. . n

Starting from ferrocenyl carboxylic acid, head groups F.e o

with different spacer lengths (alkyl chain) are attached =

to the Fc via ester coupling. A detailed synthesis  Figure 44 - Chemical structure
protocol can be found in chapter 6.1. Different lengths  of Fc ligands with n=2,3,4,5,6

of the head group provide the investigation of distance

dependent interactions and structure-directing properties of the ligands. For simplicity,
the ligands will be named FcCn (n=2,3,4,5,6) from now on. The ligands are characterized
with *H-NMR, 3C-NMR and ESI-MS (see Figure A22+Figure A23 and chapter 6.1).
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Infrared (IR) transmission spectroscopy confirmed the successful synthesis of the ligands
(see Figure A24).

To investigate and understand possible interactions with the semiconducting lead halide
phases, the ligands are analyzed for their absorption in the UV/Vis region before and after
oxidation. Figure 45a shows the UV/Vis absorption spectrum of FcC2Br before oxidation.
Absorption bands at 446 nm (2.78 eV), 359 nm (3.55 eV) and 311 nm (3.98 eV) are
present. The absorption band
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HOMO-LUMO transition from

the bonding molecular orbital
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Figure 45 — a) UV/Vis spectrum of FcC.Br in H,O with
energy scheme of the MO alignment. The HOMO-LUMO
transition at ~450 nm occurs from the a;g MO to the e'i4

changes its color from
originally orange to
green/blue. For simplicity, only
is shown here,

MO. b) Schematic representation of the
oxidation/reduction process of Fc derivatives and c) FcC2Br
UV/Vis spectrum of FcCzBr in H.O after oxidation with —however, other ligands behave
Ce(S04)2. A new absorption band is found which is similar and the spectra can be
attributed to a transition from a deeper lying MO into the  found in Figure  A25-
emerging SOMO ez, which now lies above the initial  Figure A28.

HOMO dig.
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4.2.2 Crystal structure of ferrocene containing lead bromide phases

After complete molecular characterization, the Fc ligands are used to synthesize hybrid
perovskites in the form of crystalline particles in the micrometer range. For this purpose,
a precursor solution is prepared, which is precipitated in an antisolvent. Since only a small
amount of the Fc ligands are soluble in triethylene glycol (TEG), dimethylformamide
(DFEM) is used as a solvent for the FcCnBr ligands (n=2,3,4,5,6) and PbBr2. The exact
synthesis protocol of the particle synthesis is given in chapter 6.2.2. From all antisolvent
processes, a precipitate can be separated. A first indication of a successful particle
synthesis is given by SEM images of the precipitates, which show particulate systems,
shown in Figure 46.

Figure 46 — SEM images of precipitations with PbBr. and a) FcC:Br, b) FcCsBr, ¢) FcCaBr,
d) FcCsBr and e) FcCeBr. Scalebar = 1 um.

The largest resulting particles from the antisolvent process are lateral in the micrometer
range and nanosized in thickness (see Figure 46). The particles obtained with FcC2Br
have an oval, flat shape, indicating a layered character of the crystal structure. Needle-
shaped patrticles are obtained with the FcCsBr ligand. Their length is in the micrometer
range, but they are much narrower, i.e. previously the particles with FcC2Br. Particles
formed with the FcC4Br ligand have a flat shape and are elongated in one direction.
Interestingly, with FcCsBr the particles get very round and shapeless. With FcCeBr, on
the other hand, very large flat particles are obtained, suggesting a layered character of
the obtained crystal structure.
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Thus, it can be shown that it is possible to crystallize a solid phase with all ligands,
although they already show significant differences in their particles shape and size. Larger
structures form with FcC2Br, FcCaBr and FcCeBr, indicating enhanced crystal growth of
the resulting particles. The round shape of the particles with FcCsBr suggests that there
is no good crystallinity of the phase. This can be due to the inability of the ligand to be
well incorporated into the phase because of its steric nature. To verify this, the crystal
phase of the particles must be determined. For the determination of the crystal phase and
crystallinity, PXRD measurements are obtained, shown in Figure 47 and Figure A29.
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Figure 47 — Experimental PXRD patterns of precipitation products with PbBr, and FcCBr
(bottom, blue), FcC.Br (middle, dark green) and FcCeBr (top, light green). Reflections were
indicated based on the crystal structure analysis, which will be described later.

It is striking that FcCsBr and FcCa4Br, as well as FcCsBr and FcCsBr show very similar
diffraction patterns (see Figure A29). This can be attributed to a very similar crystal
structure of the inorganic lead bromide framework. The arrangement of the lead and
bromide ions is very similar, but the Fc ligands arrange themselves slightly differently,
due to the changed spacer length of the head group. Therefore, distortions occur, which
are represented by modified diffraction patterns. The lowered crystallinity for crystal
phases with FcC3sBr and FcCsBr can be attributed to comparatively poorer packing of the
ligands between the lead bromide frameworks. These phases will not be considered for
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future studies, as structure elucidation is significantly more difficult due to the lower
crystallinity. In addition, it can be assumed that a very similar crystal structure can be
expected.

The first intensive reflections ((001) and (200) respectively) confirm the formation of
layered structures, since they can be assigned to the basal distance. Regarding the
diffraction patterns of the crystalline phases, only the particles with FcCsBr can be
assigned to a typical LHP with a layer thickness of n=1.I"1 However, the other diffraction
patterns are too complex for an unambiguous characterization of the crystal structures
solely from PXRD.

One possibility for structure elucidation is the preparation of (large) single crystals, which
can be measured by single crystal X-ray diffraction (SCXRD). Discrete point diffractions
which are obtained from a single crystal can be used to determine the exact crystal
structure. When attempting to produce single crystals (e.g. via slow evaporation of the
solventl?1®]), large single crystals are obtained, which, however, do not correspond to the
phases obtained via the antisolvent process. Investigation of the single crystals with
SCXRD gives a novel phase with the composition Fe(CsH7NO)sPb2Brs. The crystal
structure is shown in Figure 48a, crystal data is given in Table 16 and fractional
coordinates in Table 17 (see appendix). SCXRD analysis reveals a structure in which
Fe?* is coordinated octahedrally by six DMF ligands, best seen in Figure 48b. The charge
of the cationic complex is balanced by 1D chains of anionic lead bromide pyramids, which
are connected at their edges and form a zig-zag like chain.

Figure 48 — a) Crystal structure of Fe(CsH;NO)sPb2Brs viewed from the b-direction. Hydrogen
atoms were removed for clarity. b) Fe?* cation which is coordinated octahedrally by six
dimethylformamide (CsH;NO = DMF) solvent molecules. In solution, a ligand exchange takes
place due to an excess of DMF.

In the precursor solution there is an excess of DMF, thus, a slow ligand exchange occurs,
so that large crystals precipitate after about 7 to 10 days. Ligand exchange presumably
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occurs from about 5-6 hours after dissolution of the starting materials, as indicated by a
color change from orange to brown. Unfortunately, UV/Vis spectra do not show any
change of the absorption of the precursor solution, so it can only be judged by eye. For
precipitation of particles in the antisolvent process, the precursor solution was therefore
always prepared fresh and reacted immediately after dissolution of the substances.

Since preparation of single crystals is not possible due to the above-mentioned effect,
another technique is applied for crystal structure analysis. The recently developed
technique of 3D electron diffraction (3D ED) exploits the diffraction of electrons at crystals
in the beam of a transmission electron microscope (TEM). Thus, it is now possible to
solve crystal structures from small crystals down to the nanoscale.[?°0-2521 The dynamic
scattering at single crystals even allows the detection of hydrogen atoms and a precise
structure refinement.[?53254 However, beam-sensitive materials are still difficult to
measure because they can decompose in the electron beam.

Using 3D ED, the prepared crystals with FcC2Br and FcCaBr can be structurally
elucidated and refined. However, the precipitate with FcCeBr is unfortunately too beam
sensitive and decomposes after a short exposure in the electron beam. Since the PXRD
pattern indicates that it is an LHP, a structural model is calculated. All structural
determinations were made by Yasar Krysiak. More details of the structure determination
can be found in the publication and will not be discussed in detail here.l?3* The
composition for the phases are (CisHisFeNO2)PbBrs (= (FcC2)PbBrs),
(C1sH20FeNO2)4PbsBrio (= (FcCa)aPbsBrio) and (Ci7H2aFeNO2)2PbBra (= (FcCe)2PbBra),
respectively. The crystal structures are shown in Figure 49-Figure 51, the crystal data of
the phases is represented in Table 6. In the following, the novel crystal structures are
discussed and how the Fc ligands influence the formation of the crystal phases.
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Figure 49 — Crystal structure of (FcC,)PbBr; viewed from the a) b-direction, b) c-direction and
¢) a-direction (without Fc ligands). Hydrogen atoms are removed for clarity.

Probably the most exotic structure is formed by the ligand FcC2Br with lead bromide. A
1D “ribbon” structure with edge-sharing octahedra, which form polymeric [PbBrs]-chains
(Figure 49a+c) has not yet been observed in literature. The ribbon is reminiscent of the
well-known (NH4)CdClz structure type,[25% which also contains edge-sharing octahedra.
Four octahedra are connected to form a tetramer via their edges, similar to the
(NH4)CdCls type, best seen in Figure 49b. A staggered arrangement of the tetramers
leads to a zig-zag like structure of the [PbBrs]-ribbons, which extend along the c-axis (see
Figure 49c). This unusual structure is attributed to the Fc ligands, which possess a strong
structure-directing character. Two adjacent Fc moieties are arranged perpendicular to
each other, which is very similar to the arrangement in the crystalline structure of
non-functionalized solid Fc.[?°¢1 The arrangement of the Fc moieties thus also strongly
influences the arrangement and extension of the chain.

When considering the position of the Fc ligands, a distinction is made between two
configurations of the ethyl ammonium head group. On the one hand the ammonium group
coordinates the ribbons from above (Ni; see Figure A30), on the other hand it extends
deeper in between two [PbBrs]-ribbons (N2). This is best seen in Figure 49b: a pair of
two Fc-units that appear to overlap here coordinate the lead bromide phase either above
the ribbon or between two ribbons. The head group N1 is furthermore connected to the
ester group of an adjacent ligand by hydrogen bonding (N1-H-O3). The head group Nz is
only coordinated to the [PbBrs]-ribbons. Since the crystal structure of lead bromide
phases is strongly dependent on the formation of hydrogen bonds,8! this competing
hydrogen bond formation influences the crystal structure. The hydrogen bond formed
between the head group N1 and the Os of the ester group therefore competes with this
interaction and a very exotic inorganic framework is observed (see Figure A30).
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Figure 50 — Crystal structure of (FcCa.)sPbsBrio viewed from the a) a-direction, b) b-direction and
¢) c-direction (without Fc ligands). Hydrogen atoms are removed for clarity.

Extending the head group to FcC4Br (or FcCsBr) results in a layered structure, analogous
with the structure of CssMgsF10.[2571 The inorganic lead bromide sheets of (FcCa)4Pb3zBrio
contain trimers of face-sharing octahedra linked through bridging bromides to adjacent
trimers (see Figure 50c). The same inorganic sublattice was observed before, containing
phenyltrimethylammonium bromide (CeHsN(CHz)3Br)[?%8] and trimethylsulfonium bromide
((CH3)3SBI)?9 as templating organic cation. Compared to these structures, the
connecting Pb-Br-Pb bridge of the trimers are more tilted with an angle of 157.70(8)°.
This is attributed to the increased distortion of the lattice due to the strong templating
properties of the Fc ligand. Considering the position of the Fc ligands, the packing
appears to be less complex than for (FcC2)PbBrs.

Here, the packing of the ligands plays a crucial role for the structure formed. Two different
configurations of the head group of the FcCa4Br ligand can be distinguished. The Fc
moieties are also perpendicular to a ligand of the next layer (best seen in Figure 50a).
For FcC2Br, coordination always takes place to the nearest ligand along its “own” ribbon.
In one configuration, the alkyl spacer is extended to its full length. Here the Fc unit is
farther away from the lead bromide phase. In the other configuration, the alkyl chain folds
slightly, which is due to a hydrogen bond between the ester group and an ammonium
head group of the adjacent Fc ligand (best seen in Figure 50b). However, the longer
chain allows more degrees of freedom in the structure, which is why the inorganic
framework extends in two dimensions (a and b) and a stronger layered character is
achieved.

To compare the observed structures, a parameter for the packing density of Fc ligands is
defined as the distance between two iron atoms (dre-re, See Table 6). In comparison to
(FCC2)PbBrs (dre-re = 6.35 A), the Fc moieties are closer together for (FCCa)aPbsBrio
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(dre-re = 6.24 A), which is attributed to the more flexible chain and therefore a higher
degree of freedom of the ligands. The packing of the metalorganic component of the
structure is therefore more efficient, when the length of the head group is extended by
one (FcCsBr) or two (FcC4Br) methylene groups.

If the alkyl spacer between the ammonium head group and the Fc unit is extended even
further, the crystal phase of the particles changes again. For the ligands FcCsBr and
FcCeBr, an LHP results, so that these phases can now be assigned to a true perovskite
phase of the Ruddlesden-Popper type. With this assumption, a possible crystal structure
can be calculated by approximations and converged to the experimental PXRD via
Rietveld refinement. A detailed description of the calculation can be found in the
publication.[234

b

o c
tbb T—ba
Figure 51 — Crystal structure of (FcCe)2PbBrs viewed from the a) a-direction, b) b-direction and c)
c-direction (without Fc ligands). Hydrogen atoms are removed for clarity.

For the ligand FcCeBr, a typical LHP with the composition (FcCe)2PbBr4 is obtained, as
the diffraction pattern already suggests. The inorganic lattice consists of distorted
corner-sharing octahedra (see Figure 51c). A similar arrangement of the Fc-dumbbells
is observed, with the ligands slightly closer together with dre.re = 6.14 A. This results in
an oblique, folded position of the chain of every second ligand between the [PbBr4]-layers
(see Figure 51b). In addition, the longer alkyl chain now prevents the formation of
hydrogen bonds between the ammonium head group and the carboxyl group, which
results in a less densely packed structure.
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From crystal structure analysis, it is clear that both the functionality and the length
of the head group have strong effects on the inorganic framework of the resulting
lead bromide phase.

Based on these studies, it can be stated that the chemical structure of the ligands,
especially the nature of the head group, plays a major role in the formation of new crystal
phases. Especially the formation of hydrogen bonds is essential for hybrid perovskites,[10°]
which is why competing groups such as the ester group can have a major influence. At
the same time, the flexibility of the head group determines how well the ligands can be
packed. Due to these many requirements that must be fulfilled, a true LHP can only be
obtained from a chain length of 6 methylene groups.

However, similar to azobenzene, the functionality of the ligand, in this case Fc, also has
an influence as these also adopt a preferred arrangement, namely perpendicular to each
other. Apart from weak Van-der-Waals interactions, observed in alkyl-based perovskites,
stronger TT-interactions (e.g. T-stacking) are present in these conjugated systems.
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Table 6 - Crystal structure data determined for precipitates with FcC.Br and PbBr,. Crystal
structures for n=2,4 were determined with 3D ED. Crystal structure of n=6 was modelled using

DFT calculations.

precursor salt
empirical
formula

formula weight

(g/mol)
crystal system
space group
z

a[A]

b [A]

c[A]

V A3

a B vl
p [g/cm?]
dre-re [A]
Egap [€V]

(FcC2)PbBr3

@O

Ee 0
=

(C13H16FeN02)PbBr3

721.03

Monoclinic
C2/c
16
41.6677(13)
12.7153(4)
14.0140(4)
7333.9(4)
90, 98.9741(11), 90
2.61
6.35(5)?

3.51»

(FcCa)aPbsBrio

NH3Br

@~
ﬁ@e o]

(C15H20FeN02)4Pb3BI'10

2630.44

Monoclinic
P2i/a
2
22.3384(10)
8.43444(19)
20.6965(7)

3877.3(2)

90, 96.109(3), 90

2.25
6.24(5)

3.279

(FcCs)2PbBr4

J\/\ﬁNWB'
< °
Fe b
-

=

(C17H24F6N02)2Pb5r4

1187.88

Triclinic
P-1
2
8.287(5)
8.284(4)
31.09(3)

2113(3)

81.97(16),90.62(9),89.83(5)

1.86
6.14(4)

3.06"

3) For the structure determination at 97 K.

b) Energy of the band gap was determined by reflectance spectroscopy with a Kubelka-Munk plot
provide in Figure A31.
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4.2.3 Electronic and optical properties

In order to be able to make statements about a possible electron or energy transfer
between the Fc ligands and the semiconducting lead halide phases, the quantum well
structure must be elucidated. For this, the determination of the band gap and the relative
energies of the VBM and CBM is essential. The semiconducting properties of hybrid
perovskites and their structural relatives depend strongly on the connectivity of the lead
halide octahedra. It is well known from literature, that the band gap follows the trend
“corner sharing < edge sharing < face sharing”.[87.%l To determine the relative energies
of the VBM and the CBM of the phases, a combination of UV/Vis reflectance spectroscopy
with subsequent Kubelka-Munk analysis (see Figure A31) and PESA is recorded (see
Figure A32). Figure 52a shows the band gap alignment of the relative energy levels of
the VBM and CBM of the crystal phases with the FcCnBr ligands (n=2,3,4,5,6).

For (FcC2)PbBrs, which is composed of edge-sharing octahedra (best seen in
Figure 49c), the largest band gap is found with 3.51 eV. For the phases (FcCs)4PbsBrio
and (FcCa4)4PbsBrio, band gaps of 3.32 eV and 3.27 eV are found, respectively, which is
in good agreement with the literature.?>° Interestingly, these phases with a mixture of
face and corner sharing octahedra (best seen in Figure 50c) have a smaller band gap
than the edge sharing (FcC2)PbBrs. As expected, the obtained Ruddlesden-Popper
phases (FcCs)2PbBra and (FcCe)2PbBr4, containing only corner sharing octahedra
(Figure 51c) show the smallest bandgaps with 3.11 eV and 3.06 eV, respectively. These
values are in good agreement with the literature as well.[?5% Regarding the energy level
alignment shown in Figure 52a, the energies of the VBM of the materials remain almost
constant, while the energy of the CBM varies with the band gap.
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Figure 52 - a) Energy level alignment of the obtained particles with FcC.Br (n=2,3,4,5,6,). UV/Vis
reflectance spectroscopy with Kubelka-Munk analysis and PESA measurements are provided in
Figure A31 and Figure A32. b) UV/Vis absorption spectra of the particles dispersed in toluene.
The color coding corresponds to that from a).
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Besides UV/Vis reflectance spectroscopy it is also possible to study the absorption
behavior of the particles in dispersion, shown in Figure 52b. For this purpose, the
particles are dispersed in toluene, which is suitable as dispersant on the one hand
because of its non-polar properties and on the other hand because of the poor solubility
of the ligands in it. This prevents the decomposition or dissolution of the particles. At the
same time, it does not absorb in the relevant UV/Vis region. The absorption of Fc can
barely be detected, since Fc has a very low extinction coefficient.[*®? Only a slight
shoulder in the region between 450 nm and 500 nm is found, which represents the
HOMO—LUMO transition (compare Figure 45a).

A near-band-edge absorption of the inorganic phase with strong resonance peaks is
found for all compounds. The absorption maximum, but also the width of the absorption
peaks provide information about the excitons and their binding energy. The peaks of the
excitonic resonance are clearly separated from the continuous absorption, suggesting
strongly bound excitons. Excitonic bandgaps for (FcC2)PbBrs showing a maximum at
337 nm, for (FcCs)4PbsBrioand (FcCa)aPbsBrio with maxima at 351 nm and 357 nm and
for (FcCs)2PbBrs and (FcCs)2PbBra with maxima at 399 nm and 405 nm are found.
Interestingly, (FcCs)4PbsBrioand (FcCa)4PbsBrio show a blue shifted maximum at 323 nm
which is attributed to material defects in the structure. 2>

It is noticeable that the peaks become narrower and sharper with a longer head group of
the Fc ligand. Based on the peak shape, conclusions can be drawn about the exciton
binding energy. Mainly two effects define the excitonic binding energy in low-dimensional
organic-inorganic materials: the quantum confinement and the dielectric confinement.
Since the spatial dimension of the inorganic framework increases with elongated head
group, the quantum confinement of generated charge carrier decreases. From the
ribbons of (FcC2)PbBrs, over the perovskite-like (FcCa)aPbsBrio to the layered
Ruddlesden-Popper type (FcCs)2PbBra, the exciton binding energy shrinks and the peak
shape becomes narrower. On the other hand, the Fc ligands also define the dielectric
environment and influence the screening of the Coulombic attraction between the
exciton’s hole and electron. The length of the head group plays a crucial role for the
proximity to the inorganic phase and thus also the influence of the dielectric constant of
the organometallic molecules. The closer the Fc ligands are to the inorganic phase, the
stronger the confinement of the excitons and the broader the peak.

It is found that the ligands not only have a strong structure-directing effect on the
phases, but also have an extraordinarily large influence on the excitonic
absorption.
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Based on the excitonic absorption and the direct band character of the phases, intense
luminescence in a broad range could be expected.[*32 The PL can be strongly red-shifted
to the band gap and also very broad, so that white light is emitted.[83.84 White-light emitting
occurs, when the excitons are strongly bound and self-trapped due to phonon-exciton
coupling (see chapter 2.1.3). However, no PL signal can be detected for the crystalline
phases with FcCnBr (n=2,3,4,5), only for (FcCe)2PbBras (see Figure A33) a signal is
observed. A weak emission at 416 nm (2.98 eV) of (FcCes)2PbBr4 shows a slight Stokes
shift compared to the band gap (3.06 eV) and is attributed to the radiative recombination
of excitons near the band edges.

Now the following questions arise for the novel lead bromide phases:
e How does the PL quenching occur?

e What is the arrangement of electronic energy levels (quantum well type)?

The answer to the quenching mechanism lies in the nature of ligands. Ferrocene is
well-known for quenching luminescent states efficiently by photoinduced electron transfer
(PET).['%] Through a hopping process or similar, excited charge carriers migrate to the
Fc and luminescence is suppressed. Thereby, PET is strongly distance dependent,?1]
which is why PL can only be detected for the longest spacer of FcCeBr.

The suppression of PL is a first hint, that the ligands and the semiconducting phases are
connected electronically. A quantum well-like arrangement of energy levels of the organic
and inorganic compounds is expected, where charge carriers can hop between the
energy levels. For this purpose, the energy level alignment of the Fc ligands is determined
using a combination of UV/Vis absorption spectroscopy and PESA (see Figure
A25-Figure A28 and Figure A34). Since the relative energies of the VBM and CBM are
already detected (see Figure 45), the energy levels are directly compared to each other.

Figure 53 shows the quantum-well structures found for the VBM/CBM and the
HOMO/LUMO of the materials (with FcCn, n=2,4,6) . Independent from the headgroup
length, relative energies of HOMO and LUMO of the Fc ligands remain almost constant.
The head group does not contribute to the conjugated 1T-system, which is responsible for
the energy of the MOs. (FcC2)PbBrs is a classical type Il quantum well, were the relative
energies show a staggered arrangement. This is also the case for the other two phases,
but here the energy difference between VBM and HOMO is only marginal with 0.04 eV
for (FcCa)4aPbsBrio and 0.03 eV for (FcCs)2PbBra. The lowest energy state for holes and
electrons is thereby on different species of the structure, which allows charge separation
and therefore quenching of excited luminescent states in the semiconductor.
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Figure 53 - Quantum well structures of the obtained materials for (FcC2)PbBrs, (FCC4)4PbsBrig
and (FcCe)2PbBr4 (left to right). VBM, CBM, HOMO and LUMO levels were calculated using a
combination of UV/Vis reflectance spectroscopy and PESA.

In summary, the Fc ligands not only have a structure-directing effect on the novel
phases, they are also electronically part of the semiconducting material. Due to
the arrangement of relative energy levels, charge transfer between the inorganic
and organic parts of the structure is possible.

Upon excitation of the semiconducting part, they react with an energy or electron transfer,
which suppresses the excitonic luminescence. The conditions for an energy transfer are
therefore given.
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4.2.4 Redox-activity of ferrocene containing lead bromide phases

After the complete crystallographic and electrooptical characterization of the obtained
materials, it is obvious that the ligands have a strong influence on the semiconducting
lead bromide phases. The incorporation of Fc should now allow oxidation of the integrated
ligands within the crystalline particles.

Therefore, the following points should be clarified:

e Is it possible to oxidize the integrated Fc ligands?
e How does oxidation influence the energy transfers in the material?
e Does oxidation affect the PL properties of the material?

In the following chapter, the oxidation of a selected phase ((FcC2)PbBr3) is performed and
possible changes in the electronic processes are investigated.

Ferrocenium (Fc*), the oxidized species, does not quench excited luminescent states and
shows a color-change due to the rearrangement of MOs (compare Figure 45).1195.249]
Rearrangement of MOs will also affect the quantum well structure and can have influence
on the optoelectronic properties of the material. Therefore, the redox-activity of the Fc
inside the structures has to be proven and persistent oxidation must be achieved to
observe the optical properties.

To investigate the redox-activity of Fc in combination with a semiconductor, different
methods can be adopted: electrochemical oxidation by applying a voltage or chemical
oxidation with a suitable oxidant. Both approaches are investigated for (FcC2)PbBrs.
Since (FcC2)PbBrs turns out to be the most stable phase against external influences, only
this material is used for the observation of the redox-activity and possible effects on the
semiconductor. At the same time, the distance between the Fc ligand and the inorganic
lead bromide phase is smallest, which is why the greatest effect on the energy transfer is
expected for (FcC2)PbBrs.

To investigate the electrochemical properties and electron processes in a material, cyclic
voltammograms (CV) are recorded for (FcC2)PbBrs. Therefore, a suitable electrolyte must
first be identified. The electrolyte may not dissolve the material but has to be sufficiently
conductive for CV measurements. Typically, aqueous or acetonitrile-based electrolytes
are used to measure electrochemical properties from solid fiims e.g. MOFs.[207.261]
Preliminary tests showed that (FcC2)PbBrs dissolves in all common electrolytes, as
perovskite materials are known to be highly soluble in polar solvents. Hasan et al. were
the first to present a suitable electrolyte for the electrochemical characterization of hybrid
perovskites (CHaNH3Pbl3).[231 An electrolyte based on hydrofluoroether (HFE), which is
normally used in lithium-ion batteries, has proven to be very suitable for (FcC2)PbBrs as
well.
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For the CV measurement, a conductive substrate is required to provide current flow at the
electrodes. Therefore, the particles shown in Figure 46a are deposited on a conductive
indium tin oxide (ITO) substrate. Then, CV measurements (see Figure 54a) are recorded
using an Ag/AgCl reference electrode, a platinum counter electrode and the coated ITO
substrate as working electrode (for a detailed measurement protocol see chapter 6.3).
The measurement setup is also shown in Figure 20a.

Bare ITO is measured to exclude the possibility of electrochemical processes taking place
on the substrate (Figure 54a, light blue). For (FcC2)PbBrs redox peaks centered at 0.45 V
are found, indicating that the Fc molecules inside the crystalline structure are
electrochemically addressable. The signal of the oxidation at 0.65 V as well as the signal
of the reduction at 0.24 V show no asymmetries, which indicates a simple electron
transfer between the electrolyte and ferrocene.[?61]

To verify whether the material is reversibly oxidizable and reducible, 10 cycles of the CV
measurement were carried out (see Figure A35a). The shape of the CV curve obtained
remains the same, but the current applied increased over the period of the measurement
(see Figure A35b). The increase of the current can be explained by different
mechanisms. On the one hand, the application of a voltage can result in degradation of
the presented material. On the other hand, the material consists of micrometer-sized
particles, which may realign on the substrate due to the voltage and present a higher
surface area.
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Figure 54 - a) Cyclic voltammogram (CV) of (FcC,)PbBrs (black) on ITO (lightblue) at scan speed
of 10 mV/sec in 0.1 M LiTFSI in HFE:DEC=(97:3). (b) Current vs. time for sixth cycle (10 cycles
see Figure A35).

By integrating the current signal over time, the charge consumed can be determined,
shown in Figure 54b. Indeed, a higher charge is consumed during oxidation, than during
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reduction. PXRD measurements confirm decomposition of the material due to the
repeated CV measurement (see Figure A35c). Additional reflexes, that can be assigned
to PbBr2 and the free ligand FcC2Br are found after 10 cycles. It was experimentally not
possible to electrochemically treat the materials under inert gas, therefore, it cannot be
excluded that degradation occurs during the measurement due to atmospheric oxygen.

Since the ligands are now known to be electrochemically addressable, it is possible to
oxidize (FcCz)PbBrs persistently. By applying a voltage at 0.65 V for 1800 sec, the
oxidation of the FcC:2Br ligands incorporated into the hybrid material occurs (see
Figure A36a). Only small changes in the PXRD pattern and in SEM images are observed,
indicating that the particles are stable during the oxidation process (see Figure A36b-d).
With the oxidized material, it is possible to investigate the optical properties with Fc*
integrated. Therefore, UV/Vis reflectance spectroscopy and PL measurements are
recorded on the substrate, shown in Figure 55.

As already evident, the color of the material changes after the oxidation (see photographs,
Figure 55a). This observation is confirmed in the reflectance spectrum in Figure 55a. In
the range between 400 nm and 500 nm the reflection increases, whereas it decreases
between 600 nm and 650 nm, which is attributed to the emergence of Fc* (also see
Figure 45c).
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Figure 55 - a) Normalized UV/Vis reflectance spectra of the particles before (red) and after (blue)
oxidation. Inset: Photographs of the ITO substrates coated with (FcC,)PbBrs. b) PL spectra of
(FcC2)PbBrs; on ITO before (red) and after (blue) oxidation with emission maximum at 494 nm.
Excitation at 310 nm with an Xe-lamp.

Beside the absorption, luminescent properties of the oxidized material change as well. In
contrast to the initial (FcC2)PbBrs, the electrochemically oxidized material shows a weak
emission at 494 nm (Figure 55b, blue) upon excitation at 310 nm (4.00 eV). An emission
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signal between 350 nm and 400 nm is attributed to the ITO substrate, which can as well
be found for the bare ITO (see Figure A37b). The emission at 494 nm can be attributed
to the oxidized Fc* ligand, which, in contrast to Fc, shows a weak emission at
approximately 500 nm. However, the excitation spectrum of Fc* suggests that the
emission cannot be stimulated at 310 nm (emission and excitation spectra see
Figure A37a). Radiative recombination is thus not possible by direct photonic excitation
at this wavelength, but proceeds in a detoured way.

With the excitation wavelength used, nevertheless, it is possible to excite the
semiconducting [PbBrs]-ribbons.

Excited electron-hole pairs can presumably migrate from the semiconductor’'s
bands to the MOs of the Fc* ligands, where they recombine radiatively.

A detailed explanation of the mechanism follows after investigation of the chemical
oxidation of the particles.

The electrochemical approach (CV) is suitable to prove the redox-activity of the system,
however only a small amount of the sample is affected by the oxidation. To control the
oxidation ratio is rather difficult because of the poor connection of the particles to the
electrode. Therefore, chemical oxidation of dispersed (FcC2)PbBrs particles in a solvent
(CHCI3) with a suitable oxidant (iron(ll) perchlorate = Fe(ClOa4)3) is attempted. For this
purpose, different equivalents (eq; 0.1, 0.2, 0.5, 1.0, 2.0) of oxidant are added to the
dispersed particles. A detailed experimental description is provided in chapter 6.3.

In order to verify that the particles phase and shape remain stable during the oxidation,
SEM images are taken, shown in Figure 56. The shape of the particles is preserved up
to 1.0 eq of oxidant. At the surface, small holes are visible with increasing oxidant
concentration, indicating a partial degradation of the particles. At high concentrations,
however, they lose their shape and form long needles. The ions of the oxidant can
presumably intercalate into the structure, destroying the morphology of the particles. The
oxidant enters the structure through a tunnel provided by the Fc molecules (see
Figure 49b). As counter anions (ClO4)™ are attached to the surface by the oxidation, they
split the particles into long needles. However, phase and composition remain unaltered,
proofed by PXRD and EDX shown in Figure A38.
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Figure 56 - SEM images of the particles a) before oxidation and after oxidation with b) 0.1 eq c)
0.2 eq,d) 0.5 eq, e) 1.0 eq and f) 2.0 eq of the oxidant. a)-e) Scalebar = 1 um, f) Scalebar = 2 um.

After the stability of the particles has been verified, they can be examined more closely
for their degree of oxidation. In order to determine a degree of oxidation, the content of
Fc* is investigated using X-ray photoelectron spectroscopy (XPS). With XPS the content
of Fe?* (Fc) and Fe®* (Fc*) can be determined and thus a degree of oxidation of the Fc
ligands is revealed. A signal at 710 eV can be assigned to Fe3* and a signal at 704 eV
can be assigned to Fe?*, shown in Figure A39. The integration of the signals gives the
amount of the species included. The evaluation of the spectra is given in Table 7.

With chemical oxidation it is possible to adjust the degree of oxidation from 10.8 %
with 0.1 eq oxidant up to up to 63.3 % with 2.0 eq of the oxidant.

In the following, the electronic and optical properties that depend on the degree of
oxidation are investigated.

Table 7 - Content of Fe*" of the particles after oxidation.

[Fe(ClOa4)3] 0.0 eq 0.1eq 0.2 eq 0.5eq 1.0 eq 2.0eq

Fe3*-content | 0 % 10.8 % 18.2 % 46.4 % 57.8 % 63.3 %
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A color change of the dispersed patrticles is visible due to the oxidation, which is best
seen when the particles are dried on a glass substrate, shown in Figure 57a. This is
attributed to the oxidized Fc ligands, which have another absorption band in the red
region, giving the material a greenish appearance. Furthermore, it is observed that in
dispersion the particles tend to sink to the ground with an increasing amount of oxidant.
The dispersibility of the particles is lowered, due to a change in polarity and an additional
charge at the surface (ClO4™ counter anion) caused by oxidation. In a non-polar solvent
this results in the destabilization of the dispersed particles. This is also evident in film
formation during the drying process, since a continuous film can no longer be produced
because the particles repel each other during the drying process (compare Figure 57a,
0 % and 63.3 %). After the visual observations, the optical absorption and the emission
properties of the dispersed particles are investigated, shown in Figure 57b+c.

a o b . Cc

——0.0% Fe®*
10.8% Fe**

12 \ 18.2% Fe®*
’ \ 46.4% Fe¥
\ 57.8% Fe>*

——63.3% Fe®*

Int/ [a.u.]

IR VAYES

46.4% 63.3%

& ®

Figure 57 - a) Photographs of glass substrates with a film of dried particles. b) UV/Vis absorption
spectra of the dispersed particles in toluene with varying Fe** content. The color coding of the
varying Fe3* contents is used for further diagrams and is no longer specified there. c) PL emission
spectra of dispersed particles with 0.0 % (orange) and 63.3 % (green) Fe** with excitation at
310 nm.
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UV/Vis absorption spectra reveal that the oxidation has impact on the excitonic absorption
maximum of the excitons in the inorganic semiconducting ribbons at 337 nm. The
excitonic peak for the oxidized species is broadened, which can be explained by the
change of the dielectric environment.l?*® The anions that accumulate as a result of
oxidation create a polar double layer at the surface, which leads to a change in the
polarization of the ligands. Therefore, the inorganic phase and the excitons become even
more confined as the relative permittivity of the ligand is altered. The increased absorption
above 450 nm is attributed to the emergence of Fc*, which absorbs at 630 nm (see
Figure 45c). At the same time, similar to the observation that was made for
electrochemical oxidation (see Figure 55b), emission at 494 nm upon excitation at
310 nm can be found, which is attributed to the Fc* ligands.
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To investigate the influence of the oxidation to the band gap of the material, UV/Vis
reflection spectroscopy with subsequent Kubelka-Munk analysis is performed.
Figure 58a shows the evaluated spectra exemplary for particles with Fe3* content of 0 %,
10.8 % and 63.3 %. Other spectra are found in Figure A40.
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Figure 58- a) Normed Kubelka-Munk plots of the (oxidized) particles with evaluation of the band
gap. Two linear regression lines are fitted to the slope and the baseline. b) Band gap vs. Fe®*
content in the particles determined with XPS.

Indeed, a change in the optical reflectance spectrum is observed when the oxidation
degree is varied. A high oxidation degree (63.3 % Fe®*) results in a signal at about 2.0 eV
(620 nm), which is attributed to the emergence of Fc* in the particles. The observed color
change can as well be attributed to that signal. The broad signal at 2.75 eV (450 nm)
decreases due to the oxidation, which is attributed to the decreasing Fc content in the
material. However, the band gap at 3.51 eV of the semiconducting [PbBr3]-ribbons is
altered as well. It is evaluated by fitting two linear regression lines to the slope and the
baseline of the spectrum and determining the intersection of the lines. Interestingly, the

evaluation results in a narrowing of the band gap from 3.51 eV to 3.27 eV for the highest
oxidation degree (see Figure 58b).

The evaluation of all Kubelka-Munk plots suggests that above a content of about

50 %, the electronical situation of the semiconductor seems to change
tremendously.

To find an explanation for this, the electronic states must be considered. A change in the
electronic situation of a semiconductor and the narrowing of its band gap is usually
observed for heavily doped semiconductors, where discrete states of doping atoms inside
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the band gap evolve an independent band, which can overlap with the VBM or
CBM.[?62-264] However, in this case, an abrupt change above a critical concentration of Fc*
ligands is observed. Therefore, the observed effect must be attributed to the Fc ligands.

From literature it is known, that oxidized Fc* and unoxidized Fc species can interact
intramolecularly with each other.[2072611 That means, that they can oxidize/reduce each
other, creating a kind of electron flow in the material without external influence. The
ligands appear to exhibit a cooperative effect through oxidation. At low degrees of
oxidation, the phase shows an emission of the incorporated Fc* ligands, which can be
considered as the creation of a defect state. Would it be possible that, similar to heavily
doped semiconductors, a defect band is created at high oxidation degrees?

For the observation of electron hopping processes, computational calculations of the
structure were performed in cooperation with Henning Kuper from the AK Becker from
the Leibniz University of Hannover. For a detailed description of the method used refer to
the publication. 234

For simplicity, only the surface area of (FcC2)PbBrs is calculated, which corresponds to a
Helmholtz layer model. Thus, four Fc ligands are represented at the surface, shown in
Figure 59a. Oxidation then is simulated by addition of one or two ClO4 anions
(Figure 59b+c), same counter anion as for the experimental chemical oxidation. Note
that the representation shows two or four anions, which are symmetrically equivalent.
Therefore, the simulations cover a degree of oxidation of 25 % which represents a low
degree of oxidation and 50 % which represents a turning point from which cooperative
effects are expected.

It is expected that the electron spin of the Fe sites changes, since Fe3* has a spin of %.
Thus, spin density calculations make the visualization of the location of the spins possible
(blue isosurfaces, Figure 59b+c). It is apparent that already in the case of one ClO4" anion,
the spin is not localized on a single Fe site, but delocalized on adjacent Fe sites. When a
second CIlO4 anion is added to the model, the delocalization is almost uniformly
distributed over the Fe centers. It is assumed, that the delocalized charge and spin
density in the oxidized state could correspond to a significant electron transfer for an
electron from the Fe?* site to the Fe3* site. Electron hopping can be explained using the
Marcus model, as well explained in the publication.[234

The calculations show, that oxidation indeed induces a cooperative effect between
the ligands. Delocalized spin density of the iron centers indicates an electron
hopping process.

Thus, a type of electronic band is created between the Fc ligands that contributes to the
electronic structure of the hybrid material. If the relative energies of the oxidized materials
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are now considered, electronic processes result which explain the observed change in
the band gap and the luminescence well. Excitation from the emerged band results in the
narrowing of the band gap from 3.51 eV to 3.27 eV (transition see Figure 59c).
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Figure 59 - Representation of the ab initio calculations using the BAND code for a) the intrinsic
(FcC2)PDbBrs, b) with 25% of the ligands oxidized with (ClO4), c) with 50% of the ligands oxidized
with (ClO4)". The location of the unpaired paramagnetic spin was calculated and made visible with
spin density calculations (blue isosurface). Hydrogen atoms were removed for clarity;
Experimentally determined band structure of (FcC2)PbBrs d) in the intrinsic state showing why
PET occurs upon excitation (Exc) at 310 nm, e) after the oxidation with (ClO4) at low oxidation
degrees, where radiative recombination/emission (Em) occurs due to the new energy alignment
of the single occupied molecular orbital (SOMO) and f) at high oxidation degrees with the
emergence of the new SOMOgand.
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The arrangement of the relative energy levels and possible transitions are shown in
Figure 59d-e. In the ground state (d) PET occurs due to a staggered arrangement of the
VBM/CBM and the HOMO/LUMO levels. Both, the HOMO and the LUMO lie below the
VBM and the CBM, respectively, which allows excited electrons to migrate to the LUMO,
but holes may not migrate to the HOMO. Thus, recombination does not occur by radiation,
but presumably by the excitation of phonons.

Oxidation changes the electronic situation depending on the degree of oxidation. Due to
the oxidation, a SOMO evolves, which lies above the VBM. The altered arrangement now
allows the migration of excited holes and electrons from the semiconductor to the Fc*
ligands. The excited charge carriers are therefore no longer separated and are collected

in one species. At low degrees of oxidation (e) this results in the emission of the Fc*
ligands at 494 nm. At high degrees of oxidation (f), electron hopping between oxidized
Fc* and non-oxidized Fc ligands occurs. Due to a cooperative effect, an electronic band
emerges from which excitation into the CBM is observed.

Figure 60 - Schematic overview of the observed effects in (FcC,)PbBrs. In the ground state, no
radiative recombination is observed, similar to an indirect semiconductor. When oxidized,
however, radiative recombination is possible.

Figure 60 best summarizes the effects of oxidation observed in the novel hybrid phase
(FcC2)PbBrs. Before oxidation, electron transfer from the semiconducting phase to the
organometallic Fc ligand occurs, therefore no radiative recombination is observed. This
behavior is similar to classical indirect semiconductors like silicon. However, oxidation
allows radiative recombination, since the quantum well structure alters due to a
rearrangement of the MOs of the Fc ligands. Furthermore, a new defect-like band
emerges, due to cooperative effects between the oxidized and unoxidized Fc ligands.
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4.2.5 Ruddlesden-Popper phases with ferrocene-based ligands

Besides single-layered materials (LHPs, n=1), multilayered perovskites, i.e. RPPs
(n=2,3,4,5), can also be produced thanks to the incorporation of MABr. This allows the
band gap to be varied and the electronic band structure to be adjusted. By changing the
quantum well structure, other electronic processes can be observed if required.

Crystal structure analysis revealed, that FcCeBr in combination with PbBr2 form a typical
LHP. A general formula of the composition of multilayered RPPs is formulated with
(FcCs)2(MA)n-1PbnBran+1 for n=1,2,3,4,5. Since it proved difficult to obtain RPPs with
azobenzene-based ligands, this will now be tested with FcCesBr, in combination with MABr
and PbBr2. This part of the chapter is a preliminary set of results that will provide the basis
for future studies.

For the synthesis of RPPs, DMF precursors with defined concentrations of the cations
are prepared and precipitated in an antisolvent (toluene). For experimental details see
chapter 6.2.2. Table 8 lists the ratio of the salts used for the precursors. The
precipitations obtained from these precursors are called RPPvas from now on, referring
to the ratio of MABr in the precursor.

Table 8 - Ratios of the precursors used for the formation of RPPs.
Sample name: RPPos RPP1.0 RPP2.0

ratio (MABr : FcCesBr : PbBr2) (0.5:2:2) (2:2:2) (2:2:3)

Different layer thicknesses show an altered quantum confinement, resulting in different
absorption maxima (see Figure 5). Compared to the absorption of a single [PbBr4]* layer,
the absorption of thicker layers with n>1 is red-shifted.[’”! Therefore, kinetic UV/Vis
absorption measurements are a versatile method to observe the formation of RPPs during
the synthesis. Using an immersion probe, UV/Vis absorption spectra can be recorded
directly in the reaction vessel. Figure 61a shows the records of the precipitation of RPPos
with a baseline measurement in yellow and the final measurement after 35 minutes in
red. The temporal sequence of the measurement is from black to white. In the beginning
of the measurement an absorption peak at 325 nm (3.81 eV) is visible, which decreases
very fast. This signal is attributed to the free FcCeBr ligand in solution (see Figure A28a).
The rapid decrease of the signal indicates that ligands are incorporated into the nascent
hybrid RPPs shortly after addition of the precursor into the antisolvent. In the end of the
measurement, two absorption peaks at 402 nm (3.08 eV) and 434 nm (2.86 eV) are
found. An absorption at 402 nm is attributed to the n=1 layer thickness of the LHPs
(compare Figure 52b). An absorption peak at 434 nm is attributed to a layer thickness
with n=2. Figure 61b depicts the normed absorption at 402 nm (blue) and 434 nm (green)
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over the period of the measurement. At first, the absorption at 402 nm decreases but
increases rapidly again after 120 seconds. Since the ligand FcCesBr also absorbs at
402 nm, the absorption first decreases as the free ligand in solution is depleted by
incorporation into LHPs. Then the absorption of the n=1 layer takes over and a rapid
increase is observed which is finished after 500 seconds. From this point on, the
absorption is almost constant. At the same time, the absorption at 434 nm increases as
well but much slower than the absorption at 402 nm. After about 900 seconds, there is a
bend in the curve and the increase is even slower than before, but steady.
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Figure 61 - a) UV/Vis absorption spectra recorded during the reaction of RPPg s in DCM. Baseline
before addition of the precursor = yellow, final measurement = red. Temporal sequence of the
spectra is from black to white. b) Normed absorption at 402 nm (blue) and 434 nm (green) over
the timescale of 2100 sec.

The results of the UV/Vis kinetic measurements for RPPo.s suggest, that RPPs are indeed
possible for FcCsBr. However, the formation of n=1 layers seems to be preferred,
compared to the n=2 layers. The single layer n=1 is the thermodynamically most stable
phase, therefore, it is preferably formed.[?46] Since the ligand is slightly soluble in toluene,
a dynamic growth mechanism is possible and MABr is integrated after the formation of
n=1 layers and thicker layers (i.e. n=2) are formed.[?32

The investigation of the UV/Vis absorption spectra of the dried and redispersed patrticles
(see Figure A41) shows, that with increasing MABr concentration also thicker layers of
n=3 with an absorption maximum at 456 nm (2.72 eV) and n=4 with an absorption
maximum at 492 nm (2.52 eV) are achieved. For RPP2.0 even a continuous band edge at
530 nm (2.30 eV) is found, which can be assigned to the layer thickness n=5. In addition
to the RPPs, a reference sample was prepared consisting of only surface functionalized
MAPDBT3 particles (see Figure A42). This serves as a reference 3D phase for all phases
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with n=5. With a band gap of 2.29 eV, this agrees well with the results found for the RPPs.
All results are summarized in Table 10. However, none of the used precursors results in
a phase pure RPP with a defined periodicity of layer thickness, which is also observed in
literature for antisolvent processes.[67]

This finding is also evident from PXRD measurements shown in Figure A43. A first reflex
at small angles marks the basal distance of the layered structures. Based on the n=1
layer, the layer distances for n>1 can be approximately calculated by adding the height
of one unit cell of the MAPDbBrz structure (~5.9 A). The calculated values are listed in
Table 9.

Table 9 - Calculated layer thicknesses for (FCCe)2(MA)n-1PbnBran+1.

Layer thickness n 1 2 3 4 5
distance d 30.6 A 36.5 A 42.4 A 48.3 A 54.2 A

angle 2© 2.89° 2.42° 2.08° 1.83° 1.63°

With a basal distance of 32.9 A (2.68°) for RPPo s a superposition of n=1 and n=2 is found.
RPP10 and RPP20 behave similarly with basal distances of 37.1 A (2.38°) and 42.8 A
(2.06°), respectively. It is assumed, that the layers with different thicknesses stack on top
of each other in a disorderly manner. Therefore, a basal distance is found, which is the
average of the existing distances.

Besides their crystalline structure, the shape and size of the particles are investigated
with electron microscopy, shown in Figure 62. Very large, layered structures are
observed for RPPos and RPP1.0with no defined shape. A side effect of the drying of the
particles is that the layered particles align parallel to the substrate and thus overlap each
other. Therefore, no defined interfaces are detected in the SEM. The patrticles with the
highest concentration of MABr, RPP2.,0, are even too small to be observed in the SEM,
which is why transmission electron microscopy (TEM) is used. The particles show a cubic
and plate-like shape in a size regime of 5 nm to 25 nm. Surprisingly, the smallest particles
form with the thickest layered structure. Presumably, the growth direction of the particles
is influenced both by the MABr and the FcCesBr concentration. At high FcCeBr and low
MABTr concentration, growth direction is preferably parallel to the layers. A large number
of large cations cover the surface of the emerging particles, therefore, the small crystals
preferably grow lateral. At low FcCeBr and high MABr concentration, growth direction is
preferably vertical to the layers, since a smaller amount of large cations cover the surface.
Thus, it is assumed that FcCeBr acts like a classical crystallization inhibitor in c-direction,
similar to alkyl ligands.[?16]
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MABr-concentration

Figure 62 - SEM images of a) RPPos with scalebar = 1 um and b) RPP1, with scalebar = 2 ym
and TEM images of c) RPP2, with scalebar = 100 nm.

Due to the changed crystalline structure and the larger layer thicknesses, a change in the
luminescent properties is to be expected as well. Investigations of the LHP (FcCe)2PbBra
with the layer thickness n=1 have already shown a weak emission for the inorganic phase
at 416 nm (2.98 eV). Therefore, the RPPs are examined for their emission properties,
represented in Figure 63a. The emission maxima found are listed with the absorption
maxima already determined in Table 10.

In comparison to the UV/Vis absorption maxima, PL emission is slightly red-shifted, which
is attributed to a classical Stokes shift. Analogous to UV/Vis absorption spectra, multiple
emission maxima are found for RPPos (blue). An emission maximum at 423 nm (2.93 eV)
is attributed to the n=1 layer, an emission maximum at 450 nm (2.76 eV) is attributed to
a n=2 layer and a shoulder at 477 nm (2.60 eV) is attributed to a n=3 layer. RPP1.0 (dark
green) shows only one broad emission maximum at 478 nm (2.59 eV) which is attributed
to a n=3 layer and RPP2, (light green) shows as well only one emission maximum at
505 nm (2.45 eV) which is attributed to the n=4 layer. Due to the mixed crystalline phases,
one could expect multiple emission peaks. However, here again the effect of exciton
migration to the phase of the smallest band gap (i.e. thickest layer thickness) is
observed.?*8 Thus radiative recombination occurs preferentially when the excited charge
carriers have reached the phase with the lowest band gap, meaning, that they are
collected there and recombine. By considering the arrangement of the relative energy
levels, this effect can be well explained.
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Figure 63 - a) Normed PL spectra of RPPgs (blue), RPP1o (dark green) and RPP- (light green)
with excitation at 310 nm. b) Band gap alignment of the RPPs based on UV/Vis absorption
measurements and PESA measurements shown in Figure A44a-c. HOMO and LUMO levels of
FcCeBr are calculated from PESA measurements shown in Figure A44d and UV/Vis absorption
measurement shown in Figure A28a.

Table 10 - Band gap found from UV/Vis and PL for varying layer thicknesses.
band gap Eg n=1 n=2 n=3 n=4 n<5

UV/Vis 402 nm 436 nm 456 nm 492 nm 529 nm
(3.08eV) (2.84eV) (2.72eV) (252eV) (2.34eV)
PL 416 nm 450 nm 478 nm 505 nm 525 nm
(2.98eV) (2.76eV) (259eV) (2.45eV) (2.36¢eV)

For the investigation of the quantum-well structure, the alignment of the bands is
determined using PESA, shown in Figure A44, in combination with the band gaps
determined from UV/Vis absorption spectroscopy listed in Table 10. It should be noted
that this is an approximation, since the exact band gap can only be defined by means of
Kubelka-Munk evaluation. However, this approach is sufficient to observe a trend and
explain the observed emission.

Figure 63 clearly shows the change of the CBM and thus the reduction of the band gap
with increasing layer thicknesses. The VBM, determined from PESA, is nearly constant.
The step-like arrangement of the energy levels of the bands shows well why the migration
of excited charge carriers to the structures with the smallest band gap occurs. Excited
electrons can flow in the CBs into the energetically lower state of the thickest layers. For
the holes, there seems to be only a small barrier between the VBs, which is why they also
migrate. Radiative recombination then occurs in the thickest layer present in the material.
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Regarding the position of the MOs of FcCeBr, an interesting trend emerges. For layer
thicknesses with n=1,2 a step-like arrangement results and thus a quantum-well type II.
From n=3, however, VBM and CBM lie within the HOMO-LUMO gap, hence a
quantum-well type | is obtained (compare Figure 6). Accordingly, other electronic
properties related to the Fc ligand are expected for phase-pure RPPs with film
thicknesses of n23.

In summary, FcCeBr allows the preparation of RPPs with all layer thicknesses known from
the literature.[’”]

These materials seem to be quite interesting since different quantum well
structures are obtained depending on the layer thickness. The energy and electron
transfer could behave differently for the different layers.

Since it has not yet been possible to obtain phase-pure RPPs, energy and electron
transfer processes cannot be studied. However, the preliminary results are very
promising and should be followed up in the future.

4 Results and Discussion 95



4.3 Heterocycles as functional surfactant

Preliminary work already demonstrated increased conductivity between surface
functionalized (CHsNHz3)Pbls particles, when using a thiophene based surfactant (see
chapter 2.3).1118.221] However, the derivative used in this approach could not be integrated
into the perovskite phase due to the short methylammonium head group, which plays a
major role for the integration into LHPs. The relatively rigid head group allows little room
for the arrangement of functional groups between the perovskite layers.

For the investigation of RPPs on the base of thiophene derivatives, the length of the head
group is increased by a further methylene group. The longer ethylene ammonium head
group (CH2CH2NH3*) ensures enough space for the integration and the arrangement
between the perovskite sheets. Beside thiophene (S), the ligand is systematically studied
by variation the heteroatom from the smaller oxygen (O) to the larger selenium (Se) and
the resulting phases are examined for the following properties:

e How does the heteroatom influence the structure and electronic situation of LHPs?

¢ |s the synthesis of RPPs with heterocycles possible and how is the quantum well
type affected by the varying layer thicknesses?

¢ |s a continuous halide exchange possible and does it affect the electronical and
optical properties of the LHPs?

The idea is that the frontier orbitals of the heteroatoms alter the conjugated TT-system, so
different molecular orbital (MO) energies are expected. Given the similar steric very
similar crystalline phases are expected, with only slight differences. Thus, electronic
processes of different ligands can be studied at isostructural crystal phases.

For band gap engineering, the synthesis of RPPs is investigated, as well as the influence
of the halide anion. Both, lead bromide ([PbBr4]*) and lead iodide ([Pbl4]?>) layered
perovskites and their halide mixtures should be adopted for the incorporation of the
thiophene derivative. The change in the composition should provide varying quantum-well
structures and thus altered electronic processes in the materials.

This chapter will help to better understand the interaction between ligands and a layered
perovskite phase. Since the three chosen ligands are structurally very similar, only little
influence of the structure on the electrooptical processes is expected.
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4.3.1 2D layered hybrid perovskites with heterocycles

To provide surfactants based on five-ring heterocycles, three derivatives with an ethyl
ammonium head group and a varying heteroatom (O, S, Se) are synthesized, shown in
Figure 64. Here, the LHPs based on lead bromide (PbBr2) are investigated, which is why
the bromide-based ammonium salts are produced. 2-thiophene ethylammonium bromide
(S-EABr) and 2-furane ethylammonium bromide (O-EABr) are provided by the
acidification with HBr of the commercially available amine derivatives (see chapter 6.1).

“NH; NH, ONH,

O S Se

Structural formula: \ \ \ /
Atomic radius: OI73 pm 1102 pm O]:’”G pm

Designation: O-EABr S-EABr Se-EABr

Figure 64 - Structural formula and designation of the three surfactants based on heterocycles
with varying hetero atom. Atomic radii of the heteroatoms suggest that there is little change in the
size of the functional group.

Since selenophene derivatives are rarer and only few compounds are commercially
available 2-selenophene ethylammonium bromide (Se-EABr) is synthesized via a
three-step synthesis, described in chapter 6.1. Since up to the present time unexplained
partial decomposition of the molecule occurs in the last step of the synthesis, this also
influences the synthesis of the LHPs. All ligands were characterized using *H-NMR
spectroscopy (see chapter 6.1). Since O-EABr and S-EABr are commercially available,
no further examinations were performed.

For the synthesis of the 2D LHPs, PbBr2 and the appropriate heterocycle (ratio = 1:2) are
dissolved in dimethylformamide (DMF) and converted in an antisolvent-process. The
detailed experimental procedure is described in chapter 6.2.3. The obtained phases will
be named 2D-X-EABr (with X = O, S, Se) in the following.

A combination of PXRD and SEM confirms the preservation of LHPs with a general
formula (X-EA)2PbBrs, shown in Figure 65. The arrangement of reflections of the
precipitated particles of 2D-O-EABr (top) and 2D-S-EABr (middle) suggests a typical
diffraction pattern for n=1 LHPs.I”” The first reflection of the (001)-lattice plane is marked
in color and gives the basal distance between the [PbBra]-layers, which is 15.5 A
(26 = 5.70°) for 2D-O-EABr and 15.8 A (26 = 5.60°) for 2D-S-EABr. The latter is already
known in literature and agrees well with the values found here.[?65 However, for
2D-Se-EABr (bottom) a very poor crystallinity and stacking order is found for the resulting
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particles, even after purification (purification process see chapter 6.3). Only the first
reflection (marked in grey) and the succeeding higher orders can be detected, suggesting
a layered structure with n=1 layer thickness as well. Here, the basal distance is
15.9 A (26 =5.56°). The tendency of the increasing basal distance from O-EABr to
Se-EABr correlates with the atomic radius of the heteroatom. Although the heterocycles
are very similar in terms of their chemical structure, the choice of heteroatom therefore
has major influence on the basal distance and crystallinity of the LHPs. The size and
shape of the particles give an indication of the integrability of the ligands into the LHPs.

d

L Ld

intensity / [a.u.]

10 20 30 40 50
20/ [°]

Figure 65 - a) PXRDs of 2D-O-EABTr (top), 2D-S-EABr (middle) and 2D-Se-EABr (bottom). The
basal distance of the n=1 LHP is colored. SEM images of b) 2D-O-EABr, c) 2D-S-EABr and
d) 2D-Se-EABr with scalebar = 5 pm.

Observation in the SEM reveals flat particles with layered character, confirming the
preservation of LHPs. However, the particles appear very distinct for the different
heterocycles. O-EABr yields very large particles up to 25 um with an undefined shape
(see Figure 65b). It seems as if several particles overlap and form these undefined
structures. With S-EABF flat particles with defined rectangular morphology are obtained.
They are much smaller than 2D-O-EABr and range from 1 um to 3 um (see Figure 65c).
The situation changes again for Se-EABr and particles of about 2 um with an ill-defined
shape are obtained (see Figure 65d). In addition, a lot of (presumably organic) impurity
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is found around the particles, which is a result to decomposition during the final synthesis
step of the ligand. EDX measurements confirm the presence of an n=1 LHP, but a large
fraction of organic decomposition products is also detected (see Figure A45 and
Table 19).

Although the chemical structure of the ligands based on the three heterocycles furane,
thiophene and selenophene differs only slightly, the particle formation behaves very
differently. All three ligands are incorporated in between the layers, but different particle
morphologies and sizes indicate crucial differences in the formation mechanism of the
particles. Very large planar particles for O-EABr indicate decelerated crystal growth in the
z-direction of the particles. However, the growth takes place preferentially in the lateral
direction, which is why large particles are obtained. This could indicate that the organic
layer is poorly able to pack because the ligands are unfavorably aligned with each other.
For S-EABr, on the other hand, very defined crystalline particles are obtained, which
indicates a uniform growth. Smaller particles suggest improved nucleation compared to
O-EABT. In contrast, the stacking order seems to be significantly improved for 2D-S-EABT,
which is best seen at the full-width half-maximum (FWHM) of the first reflection of the
(001)-lattice plane. A FWHM of 0.09° is found for 2D-S-EABr and a FWHM of 0.15° is
found for 2D-O-EABr. A broader reflection indicates larger stacking disorders for
2D-O-EABr. Therefore, it is assumed, that the organic layer of 2D-S-EABr can be
arranged more efficiently.

It is yet not possible to make a clear conclusion about 2D-Se-EABr, because too many
organic impurities are present. The size of the patrticles is in the range of the 2D-S-EABr
particles, but the morphology is less pronounced in comparison.

However, it is indeed possible to integrate Se-EABr into the LHPs, which is a
promising first step towards the comparative study of the integration of the three
heterocycles

Based on the crystallographic investigation, very similar optoelectronic properties are
expected, since the inorganic layers are present in all phases. Differences are attributed
to the ligands solely. Therefore, a combination of UV/Vis absorption spectroscopy and
PESA is applied. The evaluation of the spectra gives the energy level alignment and the
quantum-well type, with EHomo or Evem from PESA measurements and ELumo or Ecsm
from UV/Vis absorption spectra (see Figure A46-Figure A49). The results are
summarized in Figure 66.

The relative energy of the VBM of the three LHPs increases minimally by 0.1 eV from
2D-O-EABr to 2D-Se-EABr. Since the band gap is about 3.02 eV for all layered materials,
the energy of the CBM behaves identical. This value is in good agreement with
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literature.?® The energy of the HOMO of the heterocycles is the same for all ligands and
iIs about -5.6 eV. The relative energy level of the LUMO, on the other hand, strongly
increases from O-EABr to Se-EABr for the conjugated ligands, which is attributed to the
heteroatom. The heterocycles from furan to selenophene have a decreasing aromaticity,
which is due to a lower overlap of the frontier molecular orbitals. While the 2p electrons
of oxygen in furan have a good overlap with the 2p electrons of carbon, the overlap with
the 3p electrons of sulfur and the diffuse 4p electrons of selenium becomes worse.[256]
Accordingly, decreasing aromaticity also affects the arrangement of molecular orbitals
and increases the HOMO-LUMO gap.

0 L s P ose

U (O—EA)ZPbBr,,é U (S-EA)ZPbBr,,E U (Se-EA),PbBr,

Figure 66 - Alignment of energy levels of 2D-O-EABTr (left, blue), 2D-S-EABr (middle, yellow) and
2D-Se-EABr (right, black) determined from UV/Vis absorption spectroscopy and PESA given in
Figure A46-Figure A49.

The order of the energy levels yields two different quantum-well types. 2D-O-EABr and
2D-S-EABr show a staggered arrangement with the VBM and CBM, respectively below
the HOMO and the LUMO, respectively, resulting in a type Il quantum-well. For
2D-Se-EABr the HOMO and LUMO lie outside of the bandgap, resulting in a type |
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quantum-well (compare Figure 6). Therefore, the emission properties of the phases
should change from 2D-O-EABr to 2D-Se-EABr. Figure A46 shows the PL received upon
excitation at 350 nm. All phases show emission at ~410 nm, which is attributed to
radiative recombination of excited states in the semiconductor near the band edges.

Here it should be mentioned that in no case a bright visible emission can be
observed. Since PL is strongly quenched for 2D-O-EABr and 2D-S-EABt, it can
be assumed that charge separation occurs.

The excitation at 350 nm is enough to excite both the inorganic and organic species, so
excited charge carriers are expected in both parts of the layered structure. Excited
electrons from the heterocycle may migrate to the CBM and are accumulated in the
semiconducting phase. Excited holes from the semiconductor can migrate to the
heterocycle and accumulate in the organic phase. Therefore, no or a largely quenched
radiative recombination should occur. For 2D-Se-EABTr, on the other hand, it is difficult to
make a concrete statement, since here impurities probably do not result in a clear signal.
Here, visible emission from the semiconducting layers should be expected, since all
generated charge carriers can accumulate and recombine there. In the future, further
experiments such as time-resolved PL spectroscopy or transient absorption spectroscopy
(TAS) should be carried out in order to make accurate statements about charge carrier
mechanisms.
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4.3.2 Halide variation in 2D layered hybrid perovskites with heterocycles

As mentioned earlier, preliminary work was done with the iodine-containing analog of
hybrid perovskites (CHsNHz)Pblz.['18 Here, the thiophene ligand could not be
incorporated into a layered material, probably due to the hexyl group, which was added
to solubilize the ligand in non-polar solvents. The use of iodine-containing perovskites
ensures the change of the band gap due to a halide exchange. To verify whether the
thiophene ligand S-EABr can be incorporated into the iodine-containing analogue, it is
first reacted with HI instead of HBr (see chapter 6.1). By using varying ratios of bromide
and iodide in the DMF precursor, it is also tested if mixtures of the halide can be obtained
via the antisolvent process and how this affects the band gap and the band alignment of
the resulting particles. An experimental description is given in chapter 6.2.3. To verify
that the ratio used in the precursor corresponds to the ratio obtained the exact
composition of the particles is examined. For the exact evaluation of the iodine ratio, EDX
spectra are recorded and shown in Figure A50. Table 11 summarizes the experimentally
found compositions.

Table 11 - Composition of the mixed halide LHPs with S-EAX ligand. lodine ratio is determined
with EDX, shown in Figure A50.

Initial precursor Experimental composition lodine ratio
(S-EA)2PbBr4 (S-EA)2PbBr4 0%
(S-EA)2PDbBr3l (S-EA)2PDbBrs.52l0.48 12 %
(S-EA)2PDbBr2l2 (S-EA)2PDbBr2sli.2 30 %
(S-EA)2PbBrl3 (S-EA)2PbBr16l2.4 60 %
(S-EA)2Pbl4 (S-EA)2Pbl4 100 %

The iodine content found in EDX varies greatly from the concentration used in the
precursor. Presumably, the smaller bromine anion is preferentially incorporated into the
[PbX4]-layers. Therefore, the overall composition of a particle can be determined.
However, it must be clarified whether phase separation occurs. This could be, for
example, if individual layers would have a composition of [PbBrs] or [Pbl4] solely. This
would mean that a single particle, which is composed of several n=1 layers, is composed
of different layers with respect to the halide. Whether the observed patrticles are a genuine
mixture of crystalline [PbXa4]-layers can be investigated by means of PXRD.

lodine incorporation occurs without phase separation, which can be determined by
PXRD, shown in Figure 67a. Considering the first reflection of the lattice plane (001) (see
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Figure 67b), which is marked in green, the basal distance of the layers does not change
significantly. This distance is given by the organic cation S-EA*, which packs similar for
both phases. However, with respect to the (110) lattice plane (marked in grey; see
Figure 67c), the distance d(10) increases significantly for increasing iodine content in the
crystal phase. This lattice plane is much more dependent on the size of the anions, which
is why it increases quasi-linearly, best seen in Figure 67d. Since a continuous diffraction
pattern is obtained for all intermediate phases (12%, 30% and 60%) it can be assumed
that no phase separation occurs.
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Figure 67 - a) PXRD of the particles with varying lodine content from 0 % (top) to 100 % (bottom).
b) (001) lattice plane marked in green and c) (110) lattice plane marked in grey. (see also a))
d) Distance d of the (110) lattice plane in dependency of the iodine content.

In addition, the crystallographic analysis, the particles are also examined for their size
and morphology in the SEM (see Figure A51). The size of the particles remains in a
regime between 1 um and 3 pum as observed before for 2D-S-EABr. However, particles
with a high iodine content have less pronounced edges and corners, as previously
observed for 2D-S-EABr (see Figure 65c). Deteriorated morphology indicates a slower
growth mechanism of the particles during the antisolvent process. This confirms the
previously established hypothesis that bromine is better incorporated into the
[PbX4]-layers than iodine.

Beside to crystallographic changes of the lattice planes, a change in optical and
electronical properties is expected as a result of halide exchange. This is already evident
from the color of the particles after the synthesis, shown in a photograph in Figure 68a.
The materials color ranges from white for the iodine-free composition (S-EA)2PbBr4 to a
bright orange for the bromide-free composition (S-EA)2Pbls. UV/Vis absorption
measurement confirm the altered band gap of the materials, displayed in Figure 68b.

All materials show a sharp absorption maximum ranging from 413 nm (3.02 eV) to
524 nm (2.37 eV). The values found are in good agreement with literature.[26%!
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Figure 68 - a) Photograph of particles with varying
lodine/Bromine ratio (increasing from left to right) b)
UV/Vis of dispersed particles with iodine content of 0%,
12%, 30%, 60% and 100% (from left to right), and c)
Band gap determined from absorption spectra (black)
and PL spectra (grey) (see Figure A52). lodine and
bromine ratio are determined from EDX measurements
shown in Figure A50.

For mixed bromine/iodine phases,
the absorption maximum is slightly
broader than for the pure phases.
The broadening of the excitonic
absorption peak indicates more
constrained excitons. For mixed
halide phases of the 3D perovskite,
such an effect is due to lower
rotational degrees of freedom for
the CHszNHs* cation.*3! H-bonds
form preferentially with larger
anions, since they show a greater
polarizability. Therefore, the
dielectric environment of the
excitons is affected. Whether this
effect can be extended to the
H-bonding of larger ligands at the
surface is yet not known. However,
it could be indicative of the
broadened absorption spectra
observed above.

The much larger cation S-EAX may
of course not rotate in the structure,
but the head group could be more
fixed to the inorganic [PbX4]-layers
due to H-bonding. Since the organic
part is strongly responsible for the
dielectric confinement of excitons in
the inorganic layers, halide
exchange and thus an increased
stiffness of the organic interlayer
due to increased H-bonding can
have an influence on the dielectric
confinement and therefore on the
width of the excitonic absorption
band.

This hypothesis is confirmed when
considering the PL and the excitonic
band gap of the particles (see
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Figure A52a). The excitonic band gap (black dots) is determined by the absorption
maximum using UV/Vis absorption spectroscopy. As expected for the PL, the emissions
(grey dots) are redshifted compared to the absorption bands (see Figure 68c). However,
the redshift is more pronounced for mixed halide phases. A redshift is attributed to more
strongly confined excitons.[*3? Therefore, the halide exchange does not only affect the
band gap, but also the generated excitons in the inorganic lead halide layers.

To validate the relative energy landscape of the crystalline phases as a function of the
halide composition, PESA measurements in combination with UV/Vis absorption
spectroscopy provide information about the alteration of the energetic level of the band
edges. The results are combined in Figure 69.

It is already known from the literature that the energetic composition of the VB has a
strong halide character, which is why the relative energy of the band edge in particular is
changed by the halide exchange.”® The relative energy of the CBM remains
approximately at the same level. If the band edges are presented next to each other, the
result is a step-like arrangement of the bands. This could be especially interesting for
gradient materials, which could function as a kind of energy funnel. Charge carriers would
be collected in the material
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carriers can accumulate on

the semiconducting bands of the perovskite phase.
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The adjustability of the band gap of the semiconducting inorganic phase becomes
particularly interesting when the MOs of the organic chromophore are in the range of the
band gap change due to halide exchange.

These initial studies show, that the variation of the halide anions (Br, I) is
continuous for LHPs with S-EABr as ligand.

Thus, the composition seems to affect the quantum well type formed. Therefore, the type
can be adjusted as needed via the halide concentration.

4.3.3 Ruddlesden-Popper phases with thiophen-based surfactants

Besides halide exchange, there is also the possibility of layer thickness adjustment.
Again, starting from the same chromophore, different quantum well types can be obtained
without changing the organic cation. Since the layer thicknesses differ in their
arrangement of the bands and thus also in the band gap due to the quantum confinement,
different charge carrier dynamics are expected.

In addition to LHPs with a single lead halide layer (n=1), the incorporation of MABr will
induce the formation of quasi-2D RPPs (n=2,3,4,5) with altered band gap. As already
investigated for AzoC2Br and FcCesBr, S-EABr will be used for the synthesis of RPPs. A
general formula gives the composition of the phases with (S-EA)2(MA)n-1PbnBran+1 (with
n=1,2,3,4,5). In the scope of a Bachelor thesis different attempts were made to synthesize
and characterize RPPs based on S-EABr. The goal was to understand the synthesis via
antisolvent process to ultimately generate phase-pure RPPs. Not all experiments are
summarized here, but the most insightful results are presented.

To obtain a first indication of the formation of RPPs with S-EABTr, the synthesis of a
supposed n=2 layer is investigated by UV/Vis kinetics measurement, displayed in
Figure 70a. For this purpose, the conversion of the precursor is studied using a UV/Vis
probe during synthesis. For the synthesis, the starting materials are dissolved in DMF in
a specific ratio (n=2 — (1:2:2) for (MABr:PbBr2:S-EABr)) and precipitated in an
antisolvent. The exact experimental procedure is described in chapter 6.2.3.

Shortly after addition of the DMF precursor, two discrete absorption bands evolve at
409 nm (3.03 eV), attributed to a n=1 layer and 433 nm (2.86 eV), attributed to a n=2
layer. During the course of the reaction, another absorption band is formed at 456 nm
(2.72 eV), which is attributed to a n=3 layer, and a band edge at 530 nm (2.33 eV), which
is attributed to the 3D phase (n=5). In principle, it is possible to prepare RPPs with layer
thicknesses of n>1, similar to that for FcCeBr (see chapter 4.2.5). Nevertheless, UV/Vis
absorption suggests, that there is more than one layer thickness present in the
precipitation.
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Figure 70 - a) UV/Vis kinetic measurement of DMF based precursor with specified ratio of starting
materials for the precipitation an RPP with n=2. First measurement (blue) and last measurement
(red) are colored. b) UV/Vis absorption (black) and PL spectra (grey) of particles after synthesis
dispersed in toluene. Excitation occurred at 350 nm c¢) SEM image of particles. d) PXRD
measurement of the particles (black, top) with reference of MAPbBr3; (green) and (S-EA)PbBr.,
(blue).

After purification of the precipitated particles, a UV/Vis absorption spectrum and an
emission spectrum are recorded to ensure that the composition of the particles remains
unchanged during purification. Since it is a dynamic growth process, changes may occur
during the washing processes. This is particularly the case if the ligand is highly soluble
in the antisolvent, so that layers can partially dissolve again and form new layers. The
normalized spectra are shown in Figure 70b. All three previously determined absorption
bands of the n=1,2 and 3 layers and also the absorption edge are found, so it is assumed
that the purification process has little or no effect on the phase of the particles. For the
PL measurement, emission bands at 414 nm (2.99 eV), 440 nm (2.81 eV), 466 nm
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(2.66 eV) and 530 nm (2.30 eV) are found, which are in good agreement with the
absorption bands found previously. The values of the absorption and emission maxima
for the RPPs established in chapter 4.2.5 (RPPs with FcCesBr), Table 10, can also be
transferred for phases with S-EABT, since only the inorganic layers contribute to excitonic
absorption/emission.

Investigating the precipitation in the SEM, as shown in Figure 70c, it is clear that different
particles are generated during synthesis. There are larger, flat particles in the um range
and small particles in the range from 50 nm to 100 nm, which seem to grow on top of the
large particles. Based on the crystal structure, large, flat particles are probably RPPs,
which are formed at the beginning of precipitation. Due to a heterogeneous nucleation at
the emerging surface of the large particles, smaller particles of the 3D phase grow on the
surface. This hypothesis also explains a delayed appearance of the continuous band
edge at 530 nm in the observation of the absorption during the precipitation (see
Figure 70a).

From UV/Vis, PL and SEM it is already evident, that the precipitate contains mixed
crystalline phases. Thus, PXRD is used to determine the crystal structures of the mixture
to confirm these results, shown in Figure 70d. Reference diffraction patterns of an n=1
(S-EA)2PbBr4 (blue) layered structure and the 3D phase MAPbLBrs (green) are given
below. Reflections between 15° and 50° are a superposition of the two references given,
confirming that two distinct phases are present. A reflection of the lattice plane (001), the
basal distance at 26 = 5.6° (15.8 A) indicates the presence of the n=1 layer. For layer
thicknesses n>1, a larger distance is expected, i.e. reflections at smaller angles. By
adding the height of a unit cell of the 3D perovskite MAPbBrs (~5.9 A), approximately all
of the following thicknesses (n>1) can be calculated theoretically from the n=1 layer. The
calculations are summarized in Table 12.

Based on the optical characterization, a material with multiple layer thicknesses is
expected. The absence of other reflections at low angles is probably due to the statistical
distribution of layers in the material. If there are occasional layer thicknesses with n>1,
these are not detected in the PXRD because there is no periodicity of the lattice. These
can nevertheless be detected in UV/Vis and PL, since this is not a cooperative property
of the layered phases.
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Table 12 - Calculated layer thicknesses for (S-EA)2(MA)n.1PbnBran+1.

Layer thickness n 1 2 3 4 5
distance d 15.8 A 21.7 A 27.6 A 33.5A 39.4 A

angle 2© 5.60° 4.07° 3.20° 2.64° 2.24°

The studies show that it is indeed possible to obtain RPPs with S-EABr via the antisolvent
route, but not phase-pure. The n=1 layer thickness, as well as the 3D phase, are very
prominently present in the precipitate despite the adjustment of the composition of the
precursor. To ensure precipitation of phase-pure materials, the conditions for crystal
growth must be well understood and adjusted.

As a result of the previous investigations, further approaches of a similar kind (solvation
of all starting materials as precursor in varying ratios) were attempted, but this did not
lead to the desired phase-pure product. UV/Vis kinetic measurements showed that the
3D phase emerges late as they grow on large particles of the 2D phases. In addition, it
can be assumed that nanoplatelets of individual layers are present in the synthesis at the
beginning and that these arrange themselves into larger particles by stacking. Therefore,
a new approach is developed in which the starting materials are added at different times
(see chapter 6.2.3) and the reaction time is greatly reduced. Initially, the growth of the
n=1 layer is induced specifically by adding PbBr2 and S-EABr. Then MABr is added in the
early stage of growth so that it can attach between two existing layers. Indeed, the
approach shows the preparation of a phase-pure n=2 RPP with the composition
(S-EA)2(MA)Pb2Br7. Figure 71 summarizes the results for the obtained particles.

The diffraction pattern (Figure 71a, top) of the obtained particles shows a reflection at
4.07°, which clearly confirms an n=2 layer (see Table 12). At the same time, no other
reflection at low angles is found indicating the complete conversion of the n=1 layers
produced in the nucleation phase. Particles produced with this approach are significantly
smaller than particles of the n=1 RPP, which can be seen in SEM images (Figure 71b+c).
This is due to the shortened reaction time, as presumably no Ostwald ripening or similar
processes can take place. Furthermore, optical absorption and emission spectroscopy
are recorded to characterize of (S-EA)2(MA)Pb2Br7 exclusively, displayed in Figure 71d.
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Figure 71 - a) PXRD of (S-EA)2(MA)Pb.Br7 (top) and (S-EA).PbBrs (bottom). Reflection of the
basal distance (do1)) are colored; SEM images of b) (S-EA).(MA)Pb.Brz and c) (S-EA).PbBr,with
scalebar = 1 ym and d) UV/Vis absorption (black) with Amax = 443 nm (2.80 eV) and PL emission
(grey) spectra with Amax = 445 nm (2.79 eV) of (S-EA)2(MA)Pb,Br5.

The absorption spectrum (black) shows an absorption peak at 443 nm (2.80 eV), which
is in good agreement with the previously found values for the n=2 crystal phase. However,
a shoulder at 470 nm (2.64 eV) and 526 nm (2.36 eV) indicate the presence of layers with
n>2 and 3D phase. Considering the PL spectrum (grey), a weak emission band is found
at 446 nm, which is attributed to the n=2 layer and an emission band at 525 nm, which is
comparatively stronger and is attributed to the 3D phase. Although it is clear from PXRD
and UV/Vis that the particles contain significantly more n=2 phase, the PL spectrum
confounds the results. This phenomenon is best explained via energy transfer between
the layers. In a multi-phase layered perovskite, excited charge carriers migrate across an
inhomogeneous energy landscape. However, charge carriers are concentrated to the
smallest band gap, where they recombine radiatively.[?*8] Therefore, no quantitative
statement of the film thickness distribution can be obtained via the PL spectrum.

In summary, it is clear that S-EABr is also suitable for the preparation of RPPs,
but the synthesis of phase-pure particles via the antisolvent-process cannot yet be
well guaranteed.

A new approach in which nucleation and growth are separated in time shows promising
results, which still needs to be optimized and reproduced. To date, there is no antisolvent
synthesis in the literature in which phase-pure RPPs can be selectively produced.
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5 Conclusion and Outlook

The present work was devoted to the investigation of 2D layered hybrid perovskites
(LHPs) and Ruddlesden-Popper phases (RPPs) with functional surfactants as an integral
component of the periodically ordered layered materials and their dependence on
external stimuli. The

investigations were carried out

on micrometer-sized particles A

obtained in an antisolvent
process by precipitation of the trans
desired phase. The synthesis

and incorporation of functional

molecules enables a variety of Yoy,
novel materials with the
semiconducting properties of

= z
the inorganic perovskite phase ’*‘7 AN f%
and the functionality of '90 Thi;‘zne
organics. Different ?o(, A PR L
functionalities were selected o) ) g

. v/ Selenophéne
which are, among other

features, conductive, but also
reversibly modifiable, such as
photoswitches or redox-active
organometallics (Figure 72).

Figure 72 — Overview of the functional ligands used for
the synthesis of 2D LHPs.

The first part of the thesis (chapter 4.1) was based on the synthesis and integration of
photoswitchable azobenzene ligands into 2D LHPs, RPPs with thicker layers and the
functionalization of 3D perovskite particles. The following points should be clarified:

e Is the incorporation of such ligands possible?
¢ How does the photoswitchability of the organic ligands behave in combination with
a semiconductor? Does this enable control of transfer of energy between the
layers?
Azobenzene, which undergoes a conformational change from trans to cis around the azo
bond due to irradiation (see Figure 72, yellow), was equipped with four head groups of
different lengths. These varied from a methyl and ethyl chain (AzoC1, AzoC2) providing
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short distances between the azobenzene moiety and the coordinating head group, over
a medium-length butoxy chain (AzoCa), to a long dodecyloxy chain (AzoCi2). The different
head group lengths are intended to provide variation in the distance of the azobenzene
group from the semiconductor to investigate distance dependent charge carrier
dynamics. The ligands were first characterized using standard chemical analysis, and
later tested for their intrinsic photoswitchability yielding a degree of isomerization (DOI)
between 20 % and 50 % depending on the length of the head group. The DOI here refers
to the photoswitching reaction to the cis-isomer.

In an antisolvent synthesis using a DMF based precursor in which the corresponding
azobenzene ligand and lead bromide (PbBr2) were dissolved, particles in the micrometer
range were precipitated. Powder X-ray diffraction (PXRD) revealed a layered character
of the resulting phases, confirming the presence of 2D LHPs with integrated azobenzene
ligand. The ligand with the shortest head group AzoC1 could not be incorporated between
the layers of the LHPs. This was attributed to an increased stiffness of the ligand and thus
worse packing between the inorganic layers. All particles show a plate like morphology,
confirming the layered character of the resulting crystal phase. The periodic layer spacing
between the inorganic [PbBra]-layers increased with the length of the spacer between the
azobenzene and the head group.

To verify the photoswitchability of the incorporated ligands, two approaches were used.
On the one hand, the precursor was irradiated before precipitation, on the other hand, the
synthesized particles were irradiated in dispersion. Due to the conformational change, a
variation in the basal distance of the 2D LHPs was expected for the irradiated phases.
For the first approach, *H-NMR measurements revealed a low DOI with a maximum of
about 10 % for the irradiated precursor solution containing PbBr2 and AzoCo..

The phases precipitated after the irradiation and illustrated no significant changes
in the basal distance between the [PbBrs]-layers, which disproves the assumption
of the incorporation of ligands in cis-conformation.

The second approach, in which the particles were dispersed and irradiated with 313 nm
for up to 6 h did neither yield a changed basal distance.

It was now questionable whether the conformational change between the layers was
suppressed due to a charge transfer from the photoexcited azobenzene ligand to the
semiconductor, as Torres et al. found for a charge transfer complex with TiO2 and an
azobenzene dye,[8¢ or due to steric hindrance between the perovskite layers. Indeed, a
combination of UV/Vis spectroscopic investigations with subsequent 'H-NMR of the
dissolved patrticles revealed a low DOI (2.5 % to 12.3 %) for the photoswitchable
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azobenzene ligands, confirming the conformational change for a small fraction of the
ligands.

It was therefore assumed, that a distinction must be made between surface
bound ligands, which are not sterically hindered and may therefore photoswitch
from trans- to cis-conformation, and incorporated ligands, which were not
available for photoswitching.

In order to detect a possible charge transfer between the organic and inorganic layers,
the relative energy levels of the different species were determined. Using a combination
of UV/Vis reflectance and PESA, the alignment of the VBM and CBM energy levels with
respect to HOMO and LUMO were determined. Both VBM and HOMO, as well as CBM
and LUMO each have almost the same energy level for all LHPs, allowing charge carrier
or energy transfer. PL analysis of the 2D LHPs revealed the distance dependency of the
charge carrier transfer from the azobenzene to the inorganic lead bromide phase. With a
short and middle-ranged head group (AzoC: and AzoCs), no fluorescence of the
azobenzene ligands was observed. However, a long-chained head group (AzoCi2)
showed fluorescence of the azobenzene moiety and confirmed only a partial charge
carrier or energy transfer.

Since LHPs contain both integrated and surface coordinating ligands, 3D perovskite
particles with the composition CHsNHsPbBrs (MAPDbBrs) were prepared to observe
surface-effects alone. The particles were in the size regime of 100 nm to 300 nm,
providing a high surface-to-volume ratio. Surface functionalization with the azobenzene
ligands was confirmed using a combination of UV/Vis spectroscopic and IR
measurements. With a combination of UV/Vis reflectance spectroscopy and PESA, the
band level alignment (VBM/CBM) in comparison to the molecular orbitals (HOMO/LUMO)
revealed a step-like arrangement of the energy levels. Thereby, the VBM and the HOMO
have an almost similar energy level and the CBM is below the LUMO, allowing charge
carrier migration between the two species. Irradiation experiments with 313 nm revealed
that, due to the coordination of the azobenzene ligands to the perovskite, there was a
significantly increased DOI compared to the free ligands. The improved photoswitching
is attributed to an energy transfer from the perovskite particles to the azobenzene ligand.

The improved photoswitching is attributed to an energy transfer from the
perovskite particles to the azobenzene ligand.

Lastly, by addition of MABr to the precursor, the synthesis of RPPs with layer thicknesses
of n>1 was attempted. Despite variation of parameters (composition, temperature,
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conformation of the ligand), no RPPs were obtained, but only mixed phases of 3D
perovskite particles and 2D LHPs. This was attributed to the nature of the ligands with
strong Tr-interactions and poor solubility of the azobenzene ligands in the antisolvent.
Thus, no MABTr could be intercalated between the inorganic lead bromide layers.

After it was shown that no significant change in energy transfer between the organic and
inorganic phase could be observed by photoswitching the azobenzene ligands, another
switchable system, based on redox-active organometals was developed, described in
chapter 4.2. Ferrocene (Fc) was chosen for this purpose, which is an excellent ligand
due to its simple, fast redox chemistry and its high stability under various conditions (see
Figure 72, red). With Fc as ligand the following points should be investigated:

¢ |s the integration into the perovskite phase possible?
e How do the optoelectronic properties behave depending on the distance between
the Fc ligand and the semiconductor?
e |s oxidation of the Fc ligand possible and how does it affect the optoelectronic
properties?
Starting from ferrocene carboxylic acid, five novel Fc ligands were synthesized by ester
coupling. The ligands differed in the length of their head groups, which ranged from an
ethylammonium (FcC2Br) up to a hexylammonium (FcCeBr) group, providing different
distances between the inorganic perovskite phase and the Fc unit. The ligands were
characterized using standard molecule analytical techniques (*H-/*3C-NMR, IR, UV/Vis).
The oxidized state (Fc*) of the ligands was observed by UV/Vis spectroscopy, as
oxidation causes a further optical absorption band and the color impression changes from
red to blue.

In an antisolvent process, the ligands were incorporated as integral component into the
hybrid lead bromide phases, yielding micrometer sized particles.

PXRD measurements suggested complex crystal structures for the precipitations

formed with PbBr2 and FcCz, FcCs and FcCa, respectively.

LHPs were obtained only with sufficiently long head group (FcCs and FcCe), which was
evident from the PXRD measurements by comparing to phases known in literature.
Strong structure directing properties of the ligands were revealed by 3D electron
diffraction (3D ED) with subsequent crystal structure refinement. This indicated that the
ester group can interact with the ammonium head group and thus compete with the
anionic lead bromide network. Moreover, the Fc units arrange similarly to the initial
structure of non-substituted Fc, leading to the formation of two novel exotic lead bromide
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phases with FcC2 and FcCs/FcCa. All phases are characterized by their semiconducting
abilities with band gaps between 3.51 eV and 3.06 eV and a staggered arrangement of
energy levels, similar to a quantum well type Il. Energy levels, as well as the band gap
were determined using a combination of UV/Vis reflectance spectroscopy and PESA.

As representative system (FcC2)PbBrs was used to study the redox activity using two
different approaches. Cyclic voltammetry (CV) was performed to verify the redox
activity of the incorporated ligands of the crystalline phase. A halfwave potential at
0.45V, typical of Fcs, was found, implying that the ligands are accessible to redox
processes. Permanent oxidation was achieved by applying a voltage at 0.65V, after
which the characterization of optical properties (UV/Vis and PL) was performed. On the
one hand, the color of the material changed, and on the other hand, the emission of the
oxidized Fc* ligand was detected. Radiative recombination was induced by electron and
hole migration from the excited lead bromide phase to the Fc* ligand where the charge
carriers recombine.

Therefore, it is assumed that the previously staggered arrangement of the
qguantum well type Il energy levels has changed due to the emergence of a
SOMO, that now lies above the VBM (similar to a quantum well type ).

Since only a small fraction of the ligands can be addressed by electrochemical oxidation,
the approach of chemical oxidation using a perchlorate-containing oxidant (Fe(ClOa4)3)
was used. PXRD and SEM measurements showed that the phases are stable against the
oxidant. Subsequent characterization of the optoelectronic properties using UV/Vis
reflectance spectroscopy confirmed the effects found for electrochemical oxidation. X-ray
photoelectron spectroscopy (XPS) allowed the determination of the exact degree of
oxidation. Depending on the concentration of the oxidant, a degree of oxidation of up to
63.3 % could be achieved. Above 50 %, a cooperative effect was observed and a new
band was formed from the periodically arranged SOMOs of the oxidized Fc ligands within
the hybrid phase. This was evident in a decrease of 0.24 eV of the band gap. Theoretical
calculations showed that electron spins are delocalized over several ligands, which is why
a hopping process between the ligands could be concluded and a novel band inside the
band gap emerged.

The oxidation of the ligands can therefore be seen as a kind of active defect,
which can be specifically turned on by the oxidation to tune the electrooptical
properties.

5 Conclusion and Outlook
115



Lastly, the synthesis of RPPs with the ligand FcCs was tested, which showed the
formation of periodically ordered LHPs (n=1) before. The addition of MABr resulted in
different RPPs (n=2,3,4,5), bit these did not have a uniform composition in terms of their
layer thickness n. Optical properties of the particles were composed of different layer
thicknesses randomly present in the particles. This effect is already known from synthesis
of hybrid perovskite nanoparticles in literature, where alkyl ligands were used.!67]

Finally, conductive ligands based on the heterocycles furan, thiophene, and selenophene
were developed for the synthesis of LHPs and RPPs (see Figure 72, green), described
in chapter 4.3. All ligands possessed an ethylammonium head group and differed only in
the heteroatom they contained (O, S, Se). The following questions are identified:

e |s the formation of LHPs and RPPs with the heterocycles possible?

e How does the heteroatom affect the electronic processes in the materials?

¢ How does halide change and the layer thickness, respectively, affect the quantum
well structure of the resulting materials?

Selenophene ethylammonium bromide (Se-EABr) was prepared in a three-step synthesis
and verified by H-NMR spectroscopy. The other ligands (furan and thiophene) were
commercially available. In an antisolvent process, the formation of 2D LHPs (n=1) was
observed and the emerging particles with the phase (X-EA)2PbBrs (X = 0O, S, Se) were
characterized using SEM and PXRD. Since in the final synthesis step for Se-EABr so far
uninvestigated decomposition took place, only particles with low crystallinity and poorly
pronounced morphology were obtained for this ligand.

Optical characterization by UV/Vis reflectance spectroscopy and PESA illustrated that the
change in relative energies for the HOMO and LUMO depends on the heteroatom, which
is due to a decreased aromaticity from furan to selenophene due to a lower overlap of the
frontier MOs.

Therefore, both a type | quantum well (for Se) and type Il qguantum wells (for O
and S) were obtained.

At the same time, VBM, CBM and the band gap at about 3.1 eV remained largely the
same, which is consistent with known values from the literature.[26%

Afterwards, the crystalline phases were adapted to tune the band gap using two different
approaches. On the one hand, the continuous substitution of bromide with iodide was
investigated, on the other hand RPPs with larger layer thicknesses were prepared. Here,
halide exchange proved to be a suitable method for tuning the optoelectronic
properties, namely the band gap, as continuous incorporation of the halides was
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observed. RPPs (n=2,3,4,5) proved to be much more difficult to prepare, since, on the
one hand, phase purity could not be achieved with respect to the layer thickness n and,
on the other hand, predominantly the thermodynamically most stable form of the n=1 layer
was obtained. The investigation of crystal formation during synthesis with UV/Vis kinetic
measurements showed that layer thicknesses with n>1 were indeed formed, but these
were only statistically present in the largest part of the material. RPPs of the composition
(S-EA)2(MA)Pb2Br7 (n=2) could only be obtained by an adapted synthesis.

This thesis provides insights into hybrid perovskite materials with a higher degree of
functionality given by the organic species. Concluding, all surfactants, especially the
redox-active Fc ligands, showed interesting results that should be pursued in future
research. Azobenzene ligands proved to be suitable for surface functionalization of hybrid
perovskites, however, integration suppressed the pronounced photoswitching process,
unlike previously reported in literature. Photoswitching of surface-adherent ligands
potential to be of particular interest for the controlled destabilization of hybrid perovskite
nanoparticle dispersions. For example, self-assembly processes may be monitored,
however, this was not relevant for this work. In addition, the conjugated molecule offers
the possibility of charge transfer and could improve the conductivity at the surface of the
particles, compared to typical alkyl-based ligands. In the future, conductivity
measurements (e.g. photodiode tests'8]) should be conducted for clarity.

Fc ligands proved to yield redox-active semiconductors, which is a completely new field
of functional hybrid perovskites and opens a variety of applications for the materials. The
presence of the paramagnetic spin of the Fe3* nuclei after the oxidation can result in
unusual effects in the magnetic field. Magnetic semiconductors may especially be
interesting for spintronics. Therefore, in the future, the focus should be on magnetic
measurements of the materials, before and after oxidation. Furthermore, it would be
interesting to investigate, whether single molecules are addressable to create point
defects. Therefore, thin-films should be prepared on a substrate, which is on the one hand
suitable for crystal growth and on the other hand non-magnetic, to investigate possible
magnetic properties of the material. Alternatively, the particle synthesis could be
improved and self-assembly of the particles could be performed. This would allow the
production of particle-based thin films.

Finally, the heterocyclic compounds must also be considered in more detail. In particular,
problems in the synthesis of Se-EABr and the subsequent particle synthesis should be
solved in order to be able to make exact statements about these systems. Furthermore,
first results show, that the synthesis of RPPs is possible with thicker layers (n>1).
However, synthesis parameters need to be improved (e.g. reaction time, concentration of
the precursor, addition of salts) to obtain phase pure particles reliably.
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6 Experimental Section

6.1 Synthesis of functional ligands

This chapter describes experimental details of the synthesis of the functional ligands
AzoCnBr (with n=1,2,4,12), FcCnBr (n=2,3,4,5,6) and X-EABr (with X = O, S, Se) used for
the material synthesis of hybrid perovskites.

Synthesis of AzoCiBr and AzoC:2Br
Step 1.

oL
e
HaN NEt3 NH

n HCI n
MeCN DMF

NH,
1

The azobenzene based ligands AzoCi1Br (n=1) and AzoC:2Br (n=1) are produced via the
same synthesis route. For the synthesis of compound 1, 30 mmol (4-aminomethyl) aniline
(n=1) respectively 2-(4-aminoethyl) aniline (n=2) was dissolved in 250 mL
dichloromethane (DCM). After adding 36 mmol Fmoc-Cl, trimethylamine (NEts) was
added dropwise under stirring. The suspension was stirred for 4 h at ambient
temperature. The solvent was removed and the remaining the residue solved in
ethyl acetate (EtOAc) and methanol (MeOH) (5:1) and filtered over silica gel. The solvent
was removed and a yellow powder was obtained.[?57]

'H-NMR (400 MHz, DMSO) n=1: & (ppm) = 7.88 (d, 2H, CH Fmoc-Cl), 7.69 (d, 2H, CH
Fmoc-Cl), 7.41 (t, 2H, CH, Fmoc-Cl), 7.32 (t, 3H, CH, Fmoc-Cl), 6.89 (d, 2H, CH,
2-(4-aminophenyl) methylamin), 6.50 (d, 2H, CH, 2-(4-aminophenyl) methylamin), 4.31
(d, 2H, CH2, Fmoc-Cl), 4.21 (t, 1H, CH, Fmoc-Cl), 4.00 (t, 2H, CH2) ; n=2 & (ppm) = 7.89
(d, 2H, CH Fmoc-Cl), 7.69 (d, 2H, CH Fmoc-Cl), 7.41 (t, 2H, CH Fmoc-Cl), 7.33 (t, 3H,
CH, Fmoc-Cl), 6.83 (d, 2H, CH, 2-(4-aminoethyl) aniline), 6.49 (d, 2H, CH, 2-(4-
aminoethyl) aniline), 4.29 (d, 2H, CH2, Fmoc-Cl), 4.20 (t, 1H, CH, Fmoc-Cl) 3.11 (t, 2H,
CH2), 2.52 (t, 2H, CH2)
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NH NO
n + —
@ CH;COOH N:N
40°C, 12 h @
NH,
1 2

For the azo coupling, compound 1 was then added to a solution of nitroso benzene
(1.25 eq) in glacial acetic acid. After stirring at 80 °C for 24 h about 100 mL purified water
was added and a brown precipitate was obtained. The solid was solved in DCM and
separated from the glacial acetic acid. After washing the organic phase once with purified
water and two times with brine, the organic solvent was removed.[?681 Chromatographic
purification with EtOAc and pentane (PE), (1:2) gave an orange solid. The product was
characterized with *H-NMR spectroscopy.

1H-NMR (400 MHz, DMSO) n=1: & (ppm) = 7.90-7.84 (m, 6H), 7.71 (d, 2H), 7.60 (d, 2H),
7.42 (t, 4H), 7.34 (m, 3H) 4.39 (d, 2H, CH2, Fmoc-Cl), 4.28 (t, 1H, CH, Fmoc-Cl), 4.03 (d,
2H, CHz); n=2: 5 (ppm) = 7.89-7.86 (M, 4H), 7.81 (d, 2H), 7.67-7.56 (M, 5H), 7.43-7.30
(m, 6H), 4.31 (d, 2H, CHz, Fmoc-Cl), 4.20 (t, 1H, CH, Fmoc-Cl), 3.28 (t, 2H, CHz), 2.83 (t,
2H, CH2)

Step 3:

Fmoc
/

DCM, 2 h N=N

NH NH,
n n
d Piperidin
e
N=N

2 3

For the alkaline deprotection of compound 2 the orange solid was solved in DCM. Under
stirring, piperidine was added dropwise. After 2 h at ambient temperature the solvent was
removed. The product was purified chromatographically with EtOAc:PE (1:1) and NEts
(5.0 %). The product was characterized with 'H-NMR.

1H-NMR (400 MHz, DMSO) n=1: & (ppm) = 7.90-7.82 (m, 4H), 7.63-7.51 (m, 5H), 3.82
(s, 2H, C-CH2-NHs*); n=2: & (ppm) = 8.04 (s, 3H, NHs*), 7.89-7.86 (m, 4H), 7.63-7.49 (m,
5H), 3.10 (M, 2H, CH2-CH2-NHs*), 3.01 (t, 2H, CH2-CH2-C)
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NH, -NH3Br
HBr

y
N:N Dioxan, 2 h N=N

O O

3 4

Compound 3 was then dissolved in 1,4-dioxane and treated with HBr (1.5 eq) to obtain
the ammonium bromide salt. The solvent was removed in vacuum and an orange to
brown solid is obtained. The salt is then solved in sufficient EtOH and reprecipitated with
diethyl ether (Et20). The powder was filtrated, washed with Et2O and dried in vacuum. All
products were stored under inert gas and characterized with 'H-NMR, *C-NMR and
ESI-MS (see Figure Al+Figure A2).

1H-NMR (400 MHz, DMSO) n=1: & (ppm) = 7.90-7.82 (m, 4H, CN=CH-CH), 7.63-7.51 (m,
5H), 3.82 (s, 2H, C-CH2-NH3"); n=2: & (ppm) = 7.90-7.82 (m, 4H, CN=CH-CH), 7.63-7.51
(m, 5H), 3.82 (s, 2H, C-CH2-NHs*)

Synthesis of AzoC4Br and AzoC12Br

Step 1.
OH o74>(
nBr
@ BrH,Br Q
—>

N=N

@ NaOH ( 1.0 M) @

The azobenzene based ligands AzoC4Br (n=4) and AzoCi2Br (n=12) were prepared
according to the synthesis of Sasai et al.l*?% For the synthesis of compound 1, 60 mmol
of 1,4-dibromobutane (n=4) respectively 1,12-dibromododecane (n=12) and 30 mmol
4-phenylazophenol were solved in 30 mL of aquaeous NaOH (1.0 M) and heated under
reflux over night. After cooling a brown solid precipitated which is filtered, solved in DCM
and washed with purified water for three times. The organic phase is dried over MgSOa
and the solvent is removed. To remove excess dibromo alkane the solid was washed with
n-hexane and dried under reduced pressure. Compound 1 was further characterized with
H-NMR.

1
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1H-NMR (400 MHz, DMSO) n=4: & (ppm) = 7.90-7.83 (m, 4H, CN=CH-CH), 7.59-7.52
(m, 3H, CH-CH=CH), 7.13 (d, 2H, CH-CH=CO), 4.12 (t, 2H, O-CH2-CH2) 3.62 (t, 2H,
CH2-CH2-Br), 1.99 (p, 2H, CH2-CH2-CH2), 1.88 (p, 2H, CH2-CH2-CHz); n=12 (400 MHz,
CDCl3) & (ppm) = 7.93-7.87 (m, 4H, CN=CH-CH), 7.52-7.41 (m, 3H, CH-CH=CH), 7.00 (d,
2H, CH-CH=CO), 4.04 (t, 2H, O-CH2-CH2), 3.41 (t, 2H, CH2-CH2-Br), 1.89-1.79 (m, 4H),
1.42 (m, 2H), 1.29 (s, 14H)

Step 2:

d:N DMF, 90°C, 3h

1 2

g% B g
P

Compound 1 was then dissolved in dimethyl formamide (DMF) and potassium
phthalimide (1.2 eq) was added. The solution was stirred and heated to 95 °C for 3 h.
After cooling the solvent was removed and the obtained solid was solved in DCM, washed
three times with purified water and dried over MgSOa4. An orange powder was obtained,
which was further purified chromatographically from PE:EtOAc E (9:1) to pure EtOAc, but
only for n=12. Compound 2 was then characterized with *H-NMR.

IH-NMR (400 MHz, DMSO) n=4: & (ppm) = 7.86-7.82 (8H, m), 7.58-7.49 (m, 3H,
CH-CH=CH), 7.09 (d, 2H, CH-CH=CO), 4.10 (, 2H, O-CH>-CH2), 3.65 (t, 2H,
CH2-CH2-N), 1.81-1.76 (m, 4H, CH2-CH2-CH2); n=12: (400 MHz, CDCls) & (ppm) =
7.92-7.87 (m, 8H), 7.51-7.42 (m, 3H, CH-CH=CH), 7.00 (d, 2H, CH-CH=CO), 4.04 (t, 2H,
O-CH2-CHy2), 3.40 (t, 2H, CH2-CH2-N), 1.88-1.82 (m, 4H), 1.48 (m, 2H), 1.29 (s, 14H)

Step 3.

074: : 074: f
SN N,H4°H20 NH,
0 '
N=N

THF/EtOH (80/20) N—N
80°C, 3 h @
2 3

Compound 2 was dissolved in tetrahydro furan (THF)/EtOH (8:2) and hydrazine
monohydrate (50.0 eq) was added dropwise. The reaction was stirred for 3 h at 80°. After
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cooling, the solvent was removed and yielded an orange powder and excessive N2Ha.
The product was then solved in DCM and washed with purified water three times. The
DCM was dried over MgSOa4 and reduced. The product for n=12 was chromatographically
purified in EtOAc/NEts (95:5). Compound 3 was characterized with tH-NMR.

1H-NMR (400 MHz, CDCls) n=4: & (ppm) = 7.93-7.87 (m, 4H, CN=CH-CH), 7.52-7.41 (m,
3H, CH-CH=CH), 7.00 (d, 2H, CH-CH=CO), 4.06 (t, 2H, O-CH2-CHz), 2.79 (t, 2H,
CH2-CH2-NH?2), 1.87 (p, 2H, CH2-CH2-CH>), 1.65 (p, 2H, CH2-CH2-CH2); n=12: & (ppm) =
7.91-7.86 (m, 4H, CN=CH-CH), 7.51-7.40 (m, 3H, CH-CH=CH), 7.00 (d, 2H,
CH-CH=CO), 4.03 (t, 2H, O-CH2-CH2), 2.75 (t, 2H, CH2-CHz2-NHz), 1.81 (m, 2H),
1.57-1.43 (m, 4H), 1.28 (s, 14H)

074:; 074: p
—_—

N=N 1,4-dioxane, 2 h N=N

Compound 3 is then dissolved in in 1,4-dioxane and treated with HBr (1.5 eq) to obtain
the ammonium bromide salt. The solvent was removed in vacuum and an orange to
brown solid is obtained. The salt is then solved in sufficient EtOH and reprecipitated with
diethyl ether (Et20). The powder was filtrated, washed with Et2O and dried in vacuum. All
products were stored under inert gas and characterized with 'H-NMR, 3C-NMR and
ESI-MS (see Figure A3+Figure A4).

'H-NMR (400 MHz, DMSO-d6) n=4: & (ppm) = 7.90-7.83 (m, 4H, CN=CH-CH), 7.59-7.50
(m, 3H, CH-CH=CH), 7.14 (d, 2H, CH-CH=CO), 4.21 (t, 2H, O-CH2-CH2), 2.89 (m, 2H,
CH2-CH2-NHs*), 1.84-1.71 (m, 4H, CH2- CH2- CH2); n=12: & (ppm) = 7.89-7.83 (m, 4H,
CN=CH-CH), 7.59-7.52 (m, 3H, CH-CH=CH), 7.12 (d, 2H, CH-CH=CO), 4.08 (t, 2H, O-
CH2-CH2), 2.77 (m, 2H, CH2-CH2-NHz*), 1.75 (m, 2H), 1.52-1.43 (m, 4H), 1.25 (s, 14H)
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Synthesis of FcCnBr
Step 1:

NHBoc
@\«OH DMAP, DCC 0@
: + HO@ NHBoc >~ ; "
n

Fe o) - Fe
! DCM, 0°C/45°C, 12h I O
- —

1

All Fc based ligands FcCnBr (with n=2,3,4,5,6) were synthesized with the same synthesis
stategy. 0.5 g (2.2 mmol) ferrocene carboxylic acid is dissolved in 50 mL DCM and
treated with ultrasound. With stirring, 2.2 mmol N-Boc alkylamine, 2.6 mmol
dimethylamino pyridine (DMAP) and 2.6 mmol 1-ethyl-3(3’-dimethylaminopropyl)carbodi-
imide hydrochloride (EDC-HCI) were added to the mixture. After addition of all reactants,
any remaining solids should have dissolved. The mixture is then heated under reflux at
50 °C for 12 h over night. The solvent is removed in vaccuum and a brown solid was
filterted with EtOAc over ~4 cm of silica gel to give a yellow solution. The solvent was
removed giving a yellow to orange solid. The product is then characterized with *H-NMR.

IH-NMR: (400 MHz, CDCls) n=2: & (ppm) = 4.81 (s, 2H, CH), 4.41 (s, 2H, CH), 4.29 (t,
2H, CH2), 4.23 (s, 5H, CH), 3.48 (s, 2H, CH2), 1.45 (s, 9H, CHa); n=3: & (ppm) = 4.89 (s,
2H, CH), 4.47 (s, 2H, CH), 4.31 (s, 5H, CH), 4.26 (s, 2H, CH2), 3.29 (s, 2H, CH2), 1.90 (s,
2H, CH2), 1.46 (s, 9H, CHa); n=4: & (ppm) = 4.85 (s, 2H, CH), 4.44 (s, 2H, CH), 4.26 (s,
5H, CH), 4.20 (m, 2H, CH2), 3.20 (s, 2H, CH2), 1.74 (s, 2H, CH2), 1.62 (s, 2H, CH2), 1.44
(s, 9H, CHa); n=5: & (ppm) = 4.87 (s, 2H, CH), 4.45 (s, 2H, CH), 4.28 (s, 5H, CH), 4.18
(m, 2H, CH2), 3.17 (s, 2H, CH2), 1.73 (s, 2H, CH2), 1.56 (m, 2H, CH>), 1.44 (s, 9H, CHa);
n=6 & (ppm) = 4.81 (s, 2H, CH), 4.39 (s, 2H, CH), 4.20 (m, 7H), 3.13 (s, 2H, CH2), 1.72
(s, 2H, CHz), 1.44 (m, 15H)

Step 2:
NH, NH,
©,\‘(ojv>)n TFA @\Y(OJ@\
Fe © DCM. 30 min Fe O
- ’ <
1 2

To remove the Boc protecting group, compound 1 was then dissolved in DCM and
deprotected with 30.0 eq trifluoroacetic acid (TFA) for 30 min (up to 1 h) at 50 °C under
reflux. Thin-layer chromatography is used to determine the end of the reaction, which is
quantitative for all compounds. After deprotection, compound 2 was immediately used for
step 3 without further purification or characterization.
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NH2 NH3Br
@(Oﬁn HBr @j{oﬁn
Fe O 1.4-di 0°C. 30 Mi T Fe 0
- 4-dioxane, 0°C, in -
2 3

Compound 2 was further solved in 1,4-dioxane and treated with HBr (1.5 eq) to obtain
the ammonium salt. The solvent was removed, the obtained brown solid was solved in
sufficient EtOH and reprecipitated with diethyl ether (Et20). The powder was filtrated,
washed with Et2O and dried under reduced pressure. All products were characterized
with *H-NMR and *3C-NMR (see Figure A22+Figure A23).

'H-NMR (400 MHz, DMSO-d6) n=2: & (ppm) = 7.95 (s, 3H, NH3), 4.87 (t, 2H, CH), 4.50 (t,
2H, CH), 4.29 (t, 2H, CHy), 4.23 (s, 5H, cp-ring) 3.16 (t, 2H, CH2); n=3: & (ppm) = 7.90 (s,
3H, NHs), 4.97 (s, 2H), 4.45-4.29 (m, 9H), 3.47 (s, 2H, CH2), 2.54 (s, 2H, CH2); n=4: &
(ppm) = 4.73 (t, 2H, CH), 4.48 (t, 2H, CH), 4.22 (s, 5H, cp-ring), 4.16 (t, 2H, CH2), 2.85
(s, 2H, CHz), 1.69 (m, 4H, CH2); ); n=5: & (ppm) = 7.59 (s, 3H, NHs), 4.89 (s, 2H, CH),
4.47 (s, 2H, CH), 4.31 (s, 7H), 3.43 (s, 2H, CH2), 2.36 (s, 2H, CH2), 1.99 (m, 4H, CHy)
n=6: & (ppm) =4.72 (t, 2H, CH), 4.47 (t, 2H, CH), 4.20 (s, 5H, cp-ring), 4.14 (t, 2H, CH>),
2.78 (s, 2H, CH2), 1.64 (p, 2H, CH2), 1.55 (m, 2H, CH2), 1.39 (m, 6H, CH2)

13C-NMR (400 MHz, DMSO-d6) n=2 & (ppm) = 170.14 (O=C-0), 71.09 (2C, CH-cp), 69.68
(CH2) 69.66 (2C, CH-cp) 69.27 (5C, CH-cp),65.93 (CH2); ); n=3 & (ppm) = 171.05, 71.91,
71.05, 70.22, 70.05 n=4 & (ppm) = 170.08 (O=C-O), 70.85 (2C, CH-cp),70.27 (1C, CH-
cp) 69.19 (2C, CH-cp), 69.07 (5C, CH-cp), 62.61 (CHz), 38.04 (CH2), 24.93 (CH2), 23.35
(CH2); n=5 & (ppm) = 170.04, 70.78, 70.40, 68.97, 27.65, 24.45 n=6 & (ppm) = 170.04
(O=C-0), 70.78 (2C, CH-cp),70.40 (1C, CH-cp) 69.14 (2C, CH-cp), 68.97 (5C, CH-cp),
62.63 (CH2), 39.73 (CHz), 27.65 (CH2), 24.44 (CHa)

ESI-MS of n=2 Expected 275.05 Observed 275.13; n=4 Expected 302.08 Observed
302.20; n=6 Expected 331.12 Observed 331.16

124 6 Experimental Section



Synthesis of X-EABr

The starting materials 2-thiophenethylamine and 2-furanethylamine were obtained
commercially and reacted as shown in the last step. Selenophene was prepared starting
from 2-selenophenecarboxaldehyde.

Step 1.
CH3NO,, FeCI3 (cat.)
O Piperidin Se
Se - g_/]/\/No2
\ / H Toluene, 120°C, 3 h

1

1 g (6.3 mmol) 2-selenophenecarboxylaldehyde was shipped from the supplier with a
stabilizer (hydroquinone, HQ), which is why it was filterted with 300 mL EtOAc over ~4 cm
of silica gel to give a colorless solution. The solvent was then removed and the resulting
liquid was dissolved in 10 mL toluene. 2 mL (37.8 mmol) nitromethane, 0.1 mL (6.3 mmol)
piperidine and 0.1 g (6.3 mmol) FeCls are added to the mixture. The reaction is then
stirred and heated to 120 °C for 3 h under reflux. The end of the reaction is determined
by thin layer chromatography. The solvent is removed and the product was
chromatographically purified in DCM/PE (1:1). After removing the solvent, a yellow liquid
was obtained. Compound 1 was characterized with *H-NMR. Yield: 62.8 %

1H-NMR: (400 MHz, CDCl3) & (ppm) = 7.86 (d, 1H, CH=CH-NO2), 7.79 (d, 1H, C-CH=CH),
7.70 (d, 1H, Se-CH=CH), 7.14 (d, 1H, HC-CH=C) 7.12 (g, 1H, CH=CH-CH)

Step 2:
Se LIAIH, Se
m/Noz - mNHz
THF, 0°C/70°C, 12 h
1 2

Compound 1 (4.0 mmol) was dissolved 20 mL dry tetrahydro furan (THF) in a 100 mL
flask and cooled to 0 °C for 10 min. 15.8 mL (16.0 mmol) LiAlH4 (1.0 M in Et20) was
dissolved in 60 mL dry THF in a separate flask. The mixture is then slowly dropped to
compound 1. After addition, the reaction is heated to 70 °C under reflux for 4 h and stirred
over night for another 8 h. The solvent is removed and the product is chromatographically
purified with EtOAC/NEts (95:5). After removing the solvent, a brownish liquid is obtained.
Compound 2 was characterized with *H-NMR. Yield: 30.5 %

'H-NMR: (400 MHz, CDClI3) & (ppm) = 7.70 (d, 1H, CH), 7.12 (d, 1H, CH), 6.90 (s, 1H,
CH), 2.69 (t, 2H, CH2), 2.22 (t, 2H, CHy)
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Step 3:
X HBr X

NH2 - (_7/\/NH3BF
U/\/ 1,4-dioxane, RT, 1 h W/

The corresponding amine is dissolved in 1,4-dioxane and cooled to 0 °C. Then, 1.5 eq

HBr (47 wt% in H20) was dropped slowly to the reaction under stirring. The reaction was
stirred for 1 h and allowed to warm up to RT. The solvent was removed to obtain the
ammonium salt.

Since Se-EABr showed a low stability, the salt was directly dissolved in DMF to give a

0.2 M solution. The solution was kept under inert gas.

6.2 Particle synthesis

6.2.1 Particles with AzoCnBr
Synthesis of 2D AzoCnBr perovskite phases

For the synthesis of 2D perovskite phases with azobenzene-based ligands, a 0.1 M stock
solution of PbBr2 was prepared in DMF. Then, 2.0 eq of the appropriate AzoCnBr ligand
was added to the solution. Under vigorous stirring 0.2 mL of the precursor solution was
added quickly into 30 mL antisolvent (DCM for n=2 and acetone for n=4, 12). The
suspension was stirred for 1 h, then the precipitation was centrifuged, transferred to a
small 3 mL vial and washed three times with the antisolvent. The sample was then dried
under reduced pressure and kept under inert gas atmosphere to prevent decomposition.

Svynthesis of 2D-AzoC2 with irradiation

For the synthesis of 2D-AzoC:2 with irradiation, the precursor was prepared as described
above and filled into a cuvette. The precursor was then irradiated under stirring for a
defined time period. The particle synthesis is performed as described above.

Synthesis of functionalized 3D-AzoChn perovskite phases

For the synthesis of functionalized 3D perovskite phases, a 0.1 M stock solution of PbBr2
in triethylene glycol (TEG) was prepared. For the preparation of the precursor MABr
(1.3 eq) and the appropriate AzoCnBr ligand (0.1 eq) were dissolved. Under vigorous
stirring 0.2 mL of the precursor solution was added quickly into 30 mL DCM. The
suspension was stirred for 1 h, then the precipitation was centrifuged, transferred to a
small 3 mL vial and washed three times with the antisolvent. The sample was then dried
under reduced pressure and kept under inert gas atmosphere to prevent decomposition.
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Synthesis of RPP with AzoC2Br ligand

For the preparation of RPPs with AzoC2Br, different precursor solutions in TEG were
prepared with 0.1 M regarding PbBrz, see Table 13. The particle synthesis then followed
the same synthesis protocol as for the 2D-phases with AzoCnBr.

For the preparation at different temperatures, the antisolvent was cooled using a
thermostat.

Table 13 - Precursor concentrations used for the synthesis of RPPs with AzoC,Br.

MABr PbBr2 AzoC2Br V(TEG)

m/[mg] n/[umol] m/[mg] n/[umol] m/[mg] n/[umol] V/[mL]
RPPo3 | 17.5 156 44.0 120 11.0 36 1.2
RPPos | 17.5 156 44.0 120 18.4 60 1.2
RPPo7 | 17.5 156 44.0 120 25.7 84 1.2

6.2.2 Particles with FcCnBr
Svynthesis of (FcC2)PbBrs phase

For the material synthesis of (FcC2)PbBrs a precursor solution with a concentration of
0.1 m in DMF was produced. 1 eq of PbBrz and 1 eq of FcC2Br were dissolved in dried
DMF. Under vigorous stirring 0.2 mL of the precursor solution was added quickly into
30 mL DCM. The suspension was stirred for 1 h, then the precipitation was centrifuged,
washed three times with 3 mL DCM and dried under reduced pressure. The samples
were kept under nitrogen atmosphere to prevent decomposition.

Synthesis of (FcC3)4PhsBrio and (FcCa)4PbsBrio phase

For the material synthesis of (FcCs)aPbsBrioand (FcCa)4aPbsBrio a precursor solution with
a concentration of 0.1 M in DMF was produced. Therefore, 3.0 eq of PbBr2 and 4.0 eq of
FcCsBr or FcCaBr, respectively were dissolved in dried DMF. Under vigorous stirring
0.2 mL of the precursor solution was added quickly into 30 mL DCM. The suspension was
stirred for 1 h, then the precipitation was centrifuged, washed three times with 3 mL DCM
and dried under reduced pressure. The sample was kept under inert gas atmosphere to
prevent decomposition.

Synthesis of (FcCs)2PbBra and (FcCe)2PbBra phases

For the material synthesis of (FcCes)2PbBrs a precursor solution with a concentration of
0.1 m in DMF was produced. Therefore, 1.0 eq of PbBr2 and 2.0 eq of FcCeBr were
dissolved in dried DMF. Under vigorous stirring 0.2 mL of the precursor solution was

6 Experimental Section 127



added quickly into 30 mL toluene or Et20. The suspension was stirred for 1 h, then the
precipitation was centrifuged, washed three times with 3 mL DCM and dried under
reduced pressure. The sample was kept under nitrogen atmosphere to prevent
decomposition.

Synthesis of RPPs with FcCeBr
For the synthesis of RPPs with FcCsBr, three different precursors in DMF were prepared,
see Table 14. For the particle synthesis 0.2 mL of the appropriate precursor was then

added to 30 mL toluene under vigorous stirring. The suspension was stirred for 1 h, then
the precipitation was centrifuged, transferred to a 3 mL vial and washed three times with
3 mL DCM. The particles were dried under reduced pressure and stored under inert gas
atmosphere to prevent decomposition.

Table 14 - Precursor concentrations used for the synthesis of RPPs with AzoC,Br.

MABr PbBr2 FcCeBr V(DMF)

m/[mg] n/[umol] m/ [mg] n/ [umol] m/[mg]  n/ [umol] V/[mL]
RPPos | 1.4 125 18.4 50 20.5 50 2.0
RPPio |11.2 100 73.4 200 54.7 200 0.5
RPP2o | 14.9 133 73.4 200 82.0 133 2.0

Synthesis of surface functionalized FcCs@MAPbBTr3

For the synthesis of functionalized FcCe@MAPDBr3, a 0.1 M stock solution of PbBr2 in
DMF was prepared. For the preparation of the precursor MABr (1.3 eq) and the FcCeBr
ligand (0.1 eq) were dissolved. Under vigorous stirring 0.2 mL of the precursor solution

was added quickly into 30 mL toluene. The suspension was stirred for 1 h, then the
precipitation was centrifuged, transferred to a small 3 mL vial and washed three times
with the antisolvent. The sample was then dried under reduced pressure and kept under
inert gas atmosphere to prevent decomposition.
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6.2.3 Particles with X-EABr
Svynthesis of 2D-X-EABr perovskite phases

For the synthesis of 2D-X-EABr, a 0.1 M precursor solution in DMF was prepared by
solving 1.0 eq PbBr2 and 2.0 eq X-EABr. Under vigorous stirring 0.2 mL of the precursor
solution was added to 30 mL antisolvent (DCM, toluene or CHCIs, for detailed description
see Bachelor thesis Katja Meyer). After 1 h of stirring, the precipitation was centrifuged,
transferred to a 3 mL vial and washed three times with 3 mL DCM. The sample was dried
under reduced pressure and kept under inert gas to prevent decomposition.

For the mixed halide perovskite phases with bromide and iodide, precursor solutions with
mixed halide salts were prepared, shown in Table 15.

Table 15 - Precursor concentrations used for the synthesis of mixed halide 2D-S-EAX phases.

PbBr2 Pbl2 S-EABr S-EAI

m/[mg] n/[mmol] m/[g] n/[mmol] m/[g] n/[mmol] m/[g] n/[mmol]
(S-EA)PbBra 367 1.0 416 20
(S-EA)2PbBrsl | 36.7 1.0 20.8 1.0 254 1.0
(S-EA)2PbBral2 | 36.7 1.0 50.8 2.0
(S-EA)2PbBrls 46.1 1.0 208 1.0 254 1.0
(S-EA)2PDbl4 46.1 1.0 50.8 2.0

Svynthesis of RPP with S-EABr

For the first approach, a 0.1 M stock solution of PbBr2 in DMF was prepared. Then, 1.0 eq
of S-EABr and 0.5 eq of MABr were added to the solution. 0.2 mL of the precursor was
then added quickly to DCM, which was stirred vigorously. The suspension was stirred for
1 h, then the precipitation was centrifuged, transferred to a 3 mL vial and washed three
times with 3 mL DCM. The particles were then dried under reduced pressure and stored
under inert gas to prevent decomposition.

For the second approach, a 0.1 M stock solution of PbBrz in DMF was prepared. Then
2.0 eq S-EABr were added to the solution. Another precursor solution with 0.05 M was
prepared, by adding MABr. For the particle synthesis, first 0.2 mL of the PbBrz-containing
precursor solution was added to vigorously stirred 30 mL DCM. After 30 sec, 0.2 mL of
the MABr-containing solution was added. The particles were then stirred for 5 min and
then centrifuged. The precipitation was transferred to a 3 mL vial, washed three times
with DCM and then dried under reduced pressure. They were kept under inert gas to
prevent decomposition.
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6.3 Methodology and analytical techniques

Results presented in chapter 4.1 were exclusively produced at the University of Konstanz
and results presented in chapter 4.2 and 4.3 were exclusively produced at the Wilhelm
Leibniz University of Hannover (the instrument in Konstanz was used for PESA
measurements for all chapters). Therefore, the analytical instruments are listed according

to their location.

University of Konstanz:

PXRD measurements were recorded with a Bruker AXS D8 Advance Powder
X-ray diffractometer with Bragg-Brentanon setup and Cukaq source (A = 1.54059 A),
equipped with a Lynxeye detector

SAXS measurements were recorded with a Bruker Nanostar

SEM measurements were taken with a Zeiss Crossbeam 1540XB and a Zeiss
Auriga Crossbeam electron microscope

UV/Vis kinetic measurements were recorded with a Varian Cary 50 equipped with
a submersible probe for light-guiding with 1 mm slit

UV/Vis measurements of solid samples were collected with an Agilent Cary 5000
with integration sphere for reflectance measurements

UV/Vis measurements of liquid (solution and dispersion) samples were obtained
with a Varian Cary 100

PL measurements (stationary and time-dependent) were recorded with a FluoTime
300 from PicoQuant equipped with an Xe-lamp and a 405 nm Laser

IR spectra were recorded using a PerkinElmer Spectrum 100 equipped with an
attenuated total reflection (ATR) unit

1H- and **C-NMR were recorded with a Bruker Avance Il 400 and a Bruker Avance
[l 600

TAS measurements were recorded with a self-build setup from the AG
Schmidt-Mende

PESA measurements were acquired with a Riken Keiki AC-2

Wilhelm Leibniz University of Hannover:

PXRD measurements were obtained using an X-ray diffractometer StadiP from
Stoe with Debye-Scherrer setup and Cuka radiation (A = 1.54059 A), equipped with
a Mythen 1K detector (Dectris) with angular range of 12.5°.

PXRD measurements of dropcasted particles were obtained using a ThetaTheta
from Stoe with Bragg-Brentano setup and Cuxaq radiation (A = 1.54059 A)
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e SEM images were taken with a Jeol JSM-6700F, equipped with an Oxford INCA
300 EDX detector

e UV/Vis measurements of solid samples were collected with an Agilent Cary 5000
with integration sphere for reflectance measurements and an Agilent Cary 4000
with Praying Mantis setup

e UV/Vis measurements of liquid (solution and dispersion) samples were obtained
with a Varian Cary 4000

e XPS measurements were obtained with a Versaprobe Il from Physical Electronics
GmbH

e PL measurements were obtained with a Cary Eclipse from Agilent

e CV measurements were obtained with a potentiostat Autolab, PGSTAT101 from
Metrohm

¢ IR spectra were recorded with a Bruker Tensor 27

e 1H- and 3C-NMR spectra were collected with a Bruker Ascend 400 MHz

UV/Vis measurements

For the investigation of optical absorption, different methodologies were used.

UV/Vis spectroscopy from liquid samples

Absorption of liquid samples (solution and dispersion) was measured in a region from
250 nm to 800 nm. Solutions were diluted to a concentration of about 10> M for optimal
measurement conditions. Solid samples were dispersed in toluene by ultra-sonification
for 1 to 10 minutes (depending on the sample). Baseline measurements were collected
before every measurement session. All samples were measured in a Quartz cuvette.

UV/Vis spectroscopy for recording reaction kinetics

By using an external probe which is immersed into the reaction medium, absorption
during a particle synthesis can be recorded. The absorbance of the solution is measured
within a slit with 1 mm width. Spectra from 200 nm to 900 nm can be recorded at a defined
speed and time period.

UV/Vis spectroscopy from solid samples

For the measurement, particles were dispersed in toluene using ultra-sonification and
applied to a glass substrate which was heated to 40 °C with a heat-plate via drop-coating.
For high-quality measurements, the film should be optically dense. The plates with
sample were stored in a glovebox under inert gas atmosphere to prevent decomposition.
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For the measurement in the integration sphere, the substrates were mounted on an
opening of the integration sphere (direct irradiation of the light-beam). For the
measurement in the Praying Mantis, the substrate was placed in the middle of the setup,
aligned between two mirrors. Spectra were recorded in reflectance mode (R%).

Band gaps were determined using the Kubelka-Munk analysis. Therefore, reflectance
spectra were adapted and linear regression lines from the baseline and the slope were
fitted using OriginPro.

Photoluminescence

Sample preparation of liquid and solid samples occurred identically as for UV/Vis
measurements. PL spectra of liquid samples were collected in a Quartz cuvette with four
transparent sides. With the FluoTime 300, additional filters were used to filter excitation
wavelengths and scattering.

Photoelectron spectroscopy on air

For PESA measurements, particle preparation followed the same procedure as UV/Vis
reflectance spectroscopy.

Powder X-Ray Diffractogram

For the measurement of PXRD pattern in a Bragg-Brentano setup, particles were
dispersed in toluene and applied to a silicon substrate at 40 °C on a heat-plate. The silicon
substrates were previously purified with soap-water, acetone and ethanol. They were
stored in ethanol and dried with compressed air before use.

For the measurement of PXRD pattern in a Debye-Scherrer setup, particles were applied
in a sample holder between two foils which show no scattering. In order to avoid obtaining
a preferred direction, the sample holder was rotated during measurement.

SEM measurements

For the investigation of samples in SEM, particles were applied to a silicon substrate,
similar as for samples measured in the PXRD with Bragg-Brentano setup. However,
dispersions are diluted to reduce the load of particles on the substrate.

'H-NMR

H-NMR spectroscopy of precursor solution was recorded using a capillary with
deuterated benzene as reference. For H-NMR measurement of irradiated particles, the
particles were first centrifuged, separated from the initial dispersion medium and then
dissolved in MeOD. Residual PbBr2 was centrifuged to record distinct spectra.
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Irradiation experiments

For irradiation experiments, the liquid sample (solution and dispersion) was put into a
self-build setup, equipped with a water-cooled sample holder, a water-cooled mercury
lamp and an optical filter at 313 nm. A shutter guaranteed the time of irradiation. The
sample was measured in a Quartz cuvette and stirred for the time of irradiation.

Chemical Oxidation of (FcC2)PbBrs

For the chemical oxidation of the (FcC2)PbBrs particles, iron (llI) perchlorate (Fe(ClOa4)3)
was dried for 24 h at 60 °C under reduced pressure. A stock solution of Fe(ClOa4)zin CHCI3
(10*M) was prepared. 1 mg of (FcC2)PbBrs (1.4 pmol) were dispersed in 3 mL diluted
solution of Fe(ClOa4)s with varying equivalents (0.1 eq, 0.2 eq, 0.5 eq, 1.0 eq and 2.0 eq)
of oxidant and treated with ultrasound for 10 minutes. The particles were centrifuged,
washed three times with 3 mL CHCIs and dried under reduced pressure. The samples
were kept under nitrogen atmosphere to prevent decomposition.

Cyclic voltammetry measurements

For CV measurements, 1.44 g Lithiumbis(trifluormethylsulfonyl)amid LITFSI (5 mmol; salt
was stored in a glovebox) were solved in 48.5 mL HFE and 1.5 mL diethyl carbonate
(DEC). To remove dissolved oxygen, the solution was flushed with nitrogen for 10
minutes. ITO substrates were ultrasonically cleaned in a soap solution, ethanol and then
acetone, 20 minutes each. The substrates were dried under a N2-stream. The coated ITO
substrate was prepared by drop-casting a concentrated dispersion of the particles in
toluene onto an area of about 1 cm x 1 cm. The solvent was evaporated on a heat-plate
at 40 °C. The counter electrode, a Pt-plate, was cleaned in H2SO4/H202, washed with
deionized water, ethanol and acetone. Before use, the Pt-plate was dried under a
N2-stream. For the measurement, all electrodes were contacted with alligator clips and
the electrodes were immersed in 30 mL of the electrolyte in a beaker. An Ag/AgCI
electrode was used as reference electrode. For oxidation experiments (30 minutes at
0.65 V) the electrolyte was slightly stirred.

Purification of 2D-Se-EABr

For the separation of 2D-Se-EABr particles from the amorphous impurities,
electrodeposition was used. Therefore, two cleaned ITO substrates were aligned parallel
into the particle dispersion (typically toluene), directly after precipitation of the precursor.
Then, a voltage of 136 V was applied for 2 h. PXRD and SEM of the particles was
measured directly on the substrate.

The same approach was used to obtain an increased layer order of (FcCs)2PbBra.
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Figure 23 — a) Scheme of the photoswitching reaction the azobenzene ligands, when
irradiating with UV-light (A1) a conformational change from trans- to cis-conformation
occurs. Blue light (A2) or heat (AT) cause the reverse reaction, b) UV/Vis kinetic
measurement of AzoC: in purified H20. The solution was irradiated with 313 nm, black:
beginning of the reaction, light-grey: ending of the reaction, c) absorption at 325 nm
during a time period of 2600 sec. d) Energy scheme of azobenzene with the singlets So

(HOMO), S1(LUMO) and Sz and possible transitions, responsible for the absorption

bands at 425 Nnm and 325 NM N D). ceeeueiiiii e 36
Figure 24 — a) 'H-NMR of AzoC: in MeOD before (top) and after (bottom) irradiation at
313 nm for 4 h. b) DOI of AzoCn determined from H-NMR............c..cccooveeiiiiieiiieeeee. 37

Figure 25 - DFT calculated structure of AzoC: in a) trans conformation and b) cis
(o0 ] {0 1 4 F= U1 o] o PP 38
Figure 26 —SEM images of a) 2D-AzoC:2 b) 2D-AzoC4 and c¢) 2D-AzoC12 with scalebar = 1
um. d) PXRD patterns of the obtained precipitates. €) Scheme of the resulting 2D LHPs.

Figure 27 - a) *H-NMR of the precursor during the irradiation with 313 nm measured with
a capillary with benzene. The DOI after 530 minutes is 9.9 %. b) PXRD patterns of the

resulting particles after irradiation with 313 nm of the precursor..........ccccccceeeeeieeeeeiennnn, 43
Figure 28 - PXRD of 2D-AzoC: before (black) and after (grey) 6 hours of irradiation at
31 15C 3 01 o o PPN 44

Figure 29 —a) UV/Vis absorption measurement of dispersed particles of 2D-AzoC:2 during
the irradiation with 313 nm. b) Intensity of absorbance maximum of AzoC: (328 nm)
referenced to the absorption of the PbBra4 layers (409 nm). c) *H-NMR of 2D-AzoC: (top),
2D-AzoC4 (middle) and 2D-AzoCi2 (bottom) after irradiation dissolved in MeOD. DOI is
2.5 %, 12.3 % and 7.8 % respectively. d) Schematic representation of the crystal phase
during irradiation @t 313 MM ....cooiii e e e e e e e e e eaees 45
Figure 30 — Energy level diagram of 2D-AzoC2, 2D-AzoOCs and 2D-AzoOCi2 in
dependency to the distance between the perovskite layer and the azobenzene moiety.

UV/Vis and PESA measurements are provided in Figure A13. .......cccvvviviiiiiiiiiiinnnnnn. 47
Figure 31 — PL spectra of a) 2D-AzoCz, b) 2D-AzoC4 and c) 2D-AzoCi2 excited with an
Xe-1ampP At 350 NIM. coeee e 48

Figure 32 - Schematic overview of the observed PL in LHPs based on azobezene

ligands. The excited state of the ligand is quenched by an electron (or energy) transfer to
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the PbBrs layers, when the spacer length is short (AzoC2 and AzoCa). A long spacer

suppreses the quenching event and emission of the azobenzene is observed (AzoC12).
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Figure 33 - SEM images of MAPbBrs NPs from the antisolvent synthesis with a) AzoCa,
b) AzoCa2, ¢c) AzoCs and d) AzoCi2. Scalebar = 1 UM......ccovvvviiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeee 51

Figure 34 - a) PXRD measurements of 3D-AzoC: (black) with reference taken from [237],
b) Fourier transform infrared (FT-IR) spectra of non-functionalized MAPDbBrs phase
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1, 727 cmt and 685cm™ are highlighted in grey as significant vibrations for the
azobenzene. c¢) Schematic representation of surface functionalized 3D-AzoC2 and d)
normalized UV/Vis absorption spectrum of 3D-AzoC: dispersed in toluene (black) and
AzoC:2 in H20 (grey, dashed). Signals of azobenzene (yellow) and MAPbBrs3 (blue) are
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Figure 35 — Energy level diagram of 3D-AzoC1, 3D-AzoC2, 3D-AzoOC4 and 3D-AzoOC12
in dependency to the distance between the perovskite phase and the azobenzene moiety.
UV/Vis and PESA measurements are provided in Figure ALG. .......cccccvvvvvvviiiiiiiinnnnnn. 54
Figure 36 - a) UV/Vis absorption spectra of 3D-AzoC: during the irradiation at 313 nm.
b) Absorption maximum at 328 nm of AzoC: at the surface of MAPbBTr3 particles (black)
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photoswitching is available due to steric hindrance. However, surface bound ligands show
an improved photoswitching reaction due to a charge carrier transfer from the perovskite
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Figure 41 — SEM images of precipitates with a) 0.7 eq AzoCz, b) 0.5 eq AzoC:2 and c)
0.3 eq AzoCaz. Scalebar =1 pm d) PXRD patterns of the precipitates with 0.7 eq AzoC:z
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Figure 45 — a) UV/Vis spectrum of FcC2Br in H20 with energy scheme of the MO
alignment. The HOMO-LUMO transition at ~450 nm occurs from the aig MO to the e"ig
MO. b) Schematic representation of the oxidation/reduction process of Fc derivatives and
c) UV/Vis spectrum of FcC2Br in H20 after oxidation with Ce(SOa4)2. A new absorption

band is found which is attributed to a transition from a deeper lying MO into the emerging

SOMO e2g, which now lies above the initial HOMO aig. .....oooovvviiiiiiiiiiieeccii e 66
Figure 46 — SEM images of precipitations with PbBr2 and a) FcC:2Br, b) FcCsBr, c)
FcCaBr, d) FcCsBr and e) FcCeBr. Scalebar = 1 M. 67

Figure 47 — Experimental PXRD patterns of precipitation products with PbBr2 and FcC2Br
(bottom, blue), FcCaBr (middle, dark green) and FcCeBr (top, light green). Reflections
were indicated based on the crystal structure analysis, which will be described in the
FOHOWING. ... 68
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Figure 67 - a) PXRD of the particles with varying lodine content from 0 % (top) to 100 %
(bottom). b) (001) lattice plane marked in green and c) (110) lattice plane marked in grey.
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10 List of abbreviations

1D

2D
2D-Az0oCn
3D

3D ED
3D-AzoCn

ARPES
ATR
Azo
AzoC1
AzoCi2

Az0C:2
AzoCa4
Boc
CB(M)
CE

cp

CVv
DABr
DAI
DCM
DEC
DMAP
DMF
DMSO
DOl
EDC-HCI
EDX

€q
ESI-MS
Et20

one dimensional

two dimensional

layered hybrid perovskite with azobenzene ligands
three dimensional

three dimensional electron diffraction

surface functionalized hybrid perovskite particles with
azobenzene ligand
angle resolved photoelectron spectroscopy

attenuated total reflection
azobenzene
1-(4-(phenyldiazenyl) phenyl)methyl-1-ammonium bromide

12-(4-(phenyl-diazenyl)phenoxy)dodecyl-1-ammonium
bromide
2-(4-(phenyldiazenyl)phenyl)ethyl-1-ammonium bromide

4-(4-(phenyldiazenyl)phenoxy)butyl-1-ammonium bromide
tert-butyloxycarbonyl

conduction band (minimum)

counter electrode

cyclopentadienyl

cyclic voltammetry

C12H25NH3BTr; dodecylammonium bromide
C12H25NH3I; dodecylammonium iodide
dichloromethane

Diethyl carbonate

dimethylamino pyridine

dimethyl formamide

dimethylsulfoxide

degree of isomerization

1-ethyl-3(3’-dimethylaminopropyl)carbodi-imide hydrochloride

energy dispersive X-ray

equivalent

electron spray ionization mass spectroscopy
diethylether
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EtOAC
EtOH
FAX
Fc

Fc*
FcC2Br
FcCsBr
FcCaBr
FcCsBr
FcCeBr
Fmoc
FMTMA
FT-IR
FWHM
GSB
HFE
HOMO
IR

ITO
LARP
LED
LHP
LITFSI
LUMO
MAPbX3
MAX
MeOD
MeOH
MO
MOF
NC
NEts
NMR
OA
O-EABr

ethyl acetate

ethanol

CH(NH2)2X (with X=Br,I); formamidinium halide
ferrocene

ferrocenium

2-(ferrocene carboxyl)ethyl-1-ammonium bromide
3-(ferrocene carboxyl)propy-1-ammonium bromide
4-(ferrocene carboxyl)butyl-1-ammonium bromide
5-(ferrocene carboxyl)pentyl-1-ammonium bromide
6-(ferrocene carboxyl)hexyl-1-ammonium bromide
Fluorenylmethylcarbonyl protecting group
(ferrocenylmethyl) trimethylammonium
Fourier-transform infrared

full-width half-maximum

groundstate bleach

hydrofluoroether

highest occupied molecular orbital

infrared

indium tinoxide

ligand-assisted reprecipitation

light emitting diode

layered hybrid perovskite
Lithiumbis(trifluormethylsulfonyl)amid

lowest unoccupied molecular orbital
(CHsNHs3)PbXs (with X=ClI,Br,l); Methylammonium lead halide
CHsNHsX (with X=Br ,I); Methylammonium halide
CD30OD; methanol (deuterated)

methanol

molecular orbital

metal organic framework

nanocrystal

triethylamine

nuclear magnetic resonance

oleylamine

2-furane ethylammonium bromide
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OLABr
PE
PEA
PES(A)
PET
PIA

PL
PLQY
PXRD
QW

RE
RPP
SAM
SAXS
SCE
SCXRD
SE
S-EABr
sec
Se-EABr
SEM
SHG
SOMO
TA(S)
TEG
TEM
TFA
THF
UPS
uv
UV/Vis
VB(M)
WE
XPS

oleylammonium bromide

pentane

phenylethyl amonium
photoelectron spectroscopy (on air)
photoinduced electron/energy transfer
photoinduced absorption
photoluminescence
photoluminescence quantum yield
powder X-ray diffraction
guantum-well

reference electrode
Ruddlesden-Popper phases
self-assembled monolayer

small angle X-ray scattering
saturated Calomel electrode

single crystal X-ray diffraction
stimulated emission

2-thiophene ethylammonium bromide
second

2-selenophene ethylammonium bromide
scanning electron microscopy
second harmonic generator

single occupied molecular orbital
transient absorption (spectroscopy)
triethylene glycole

transmission electron microscopy
trifluoroacetic acid
tetrahydrofurane

UV photoelectron spectroscopy
Ultraviolet

Ultraviolet/Visible

valence band (maximum)

working electrode

X-ray photoelectron spectroscopy
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Figure A1 — a) H-NMR spectrum of AzoCi in DMSO-ds, H-atoms are marked.
b) 3C-NMR spectrum of AzoC1 in DMSO-ds, ¢) ESI-MS spectrum of AzoC1, black line:
experimental, red dashed line: calculated. For a quantitative evaluation of the spectra
refer to the experimental section in chapter 6.1.
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Figure A2 — a) 'H-NMR spectrum of AzoC2 in DMSO-ds, H-atoms are marked.
b) 13C-NMR spectrum of AzoC2 in DMSO-ds, c) ESI-MS spectrum of AzoC», black line:
experimental, red dashed line: calculated. For a quantitative evaluation of the spectra
refer to the experimental section in chapter 6.1.
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Figure A3 — a) H-NMR spectrum of AzoCs in DMSO-ds, H-atoms are marked.
b) 13C-NMR spectrum of AzoC4 in DMSO-ds, c) ESI-MS spectrum of AzoCa, black line:
experimental, red dashed line: calculated. For a quantitative evaluation of the spectra
refer to the experimental section in chapter 6.1.
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Figure A4 — a) H-NMR spectrum of AzoCs in DMSO-ds, H-atoms are marked.
b) ESI-MS spectrum of AzoCi2, black line: experimental, red dashed line: calculated.
For a guantitative evaluation of the spectra refer to the experimental section in
chapter 6.1.
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Figure A5 — UV/Vis absorption spectra during irradiation with 313 nm of a) AzoCa,
c) AzoC4 and e) AzoCi2. The groundstate is marked in black, the spectrum at the end
of the irradiation in light grey. Absorption of the maximum between 309 nm and 325 nm
during the irradiation with 313 nm of b) AzoCi, d) AzoC4 and f) AzoCi..

Appendix 161



i I T W A o
JML%.MMMJ&'MUU

8.2 8.0 78 76 74 72 7.0 B2 B0 78 76 74 72 70 6.8 82 8.0 78 78 74 72 70 6.8

3/ [ppm] 3/ [ppm] 3/ [ppm]

intensity f [a.u.]
intensity / [a.u.]

intensity / [a.u.]

Figure A6 - a) 'H-NMR from AzoC1 in MeOD from 8.0 ppm to 7.2 ppm, before (top)
and after irradiation (bottom) at 313 nm for 1 h. Highlighted in grey is the signal of the
cis-isomer. DOI is 21.7%. b) *H-NMR from AzoCa4 in MeOD from 8.0 ppm to 7.2 ppm,
before (top) and after irradiation (bottom) at 313 nm for 1 h. Highlighted in grey is the
signal of the cis-isomer. DOI is 25.1%. and c) H-NMR from AzoCi2 in MeOD from
8.0 ppm to 7.2 ppm, before (top) and after irradiation (bottom) at 313 nm for 1 h.
Highlighted in grey is the signal of the cis-isomer. DOI is 50.7%.

a

Figure A7 - DFT calculations of AzoCi in a) trans and b) cis conformation, AzoCa in c)
trans and d) cis conformation and AzoCi2 in e) trans and f) cis conformation. All
structures were created and measured with Jmol.
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Figure A8 - PESA measurements of a) AzoCi1 b) AzoC:, c) AzoC4 and d) AzoCi2
measured as solid film on a glass substrate. Linear regression lines are fitted to the
baseline and slope. The intersection of the linear regression lines gives the relative
energy of the HOMO. Results are listed in Table 2.
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Figure A9 - PL spectra of a) AzoC: excited at 405 nm (laser) with a filter at 420 nm.
An absorption maximum at 500 nm is found. b) AzoC: excited at 405 nm (laser) with a
filter at 420 nm. An absorption maximum at 485 nm is found. c) AzoCas excited at
405 nm (laser) with a filter at 420 nm. An absorption maximum at 517 nm is found d)
AzoCi2 excited at 405 nm (laser) with a filter at 420 nm. An absorption maximum at
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430 nm and a shoulder at 502 nm is found, respectively. Presumably, the maximum at
430 nm is attributed to the initial excitation wavelength.
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Figure A10 - Small angle X-ray scattering (SAXS) patterns of a) 2D-AzoC: with
g = 2.55 nm (do1) = 2.47 nm), b) 2D-AzoC4 with g1 = 2.23 nm™* (d(eo1) = 2.82 nm) and
g2 = 2.60 nm™ (d(o1) = 2.42 nm) and c) 2D-AzoC12 with g = 2.03 nm* (do1) = 3.10 nm)
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Figure A1l - SEM images of the particles which were synthesized with irradiated
precursor. Irradiation occurred at 313 nm for the marked time. Scalebar = 1 um
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Figure A12 — a) UV/Vis absorption measurement of dispersed particles of 2D-AzoCa
during the irradiation with 313 nm. b) Intensity of absorbance maximum of AzoCa
(328 nm) referenced to the absorption of the PbBrs layers (399 nm). c) UV/Vis
absorption measurement of dispersed particles of 2D-AzoC12 during the irradiation with
313 nm. b) Intensity of absorbance maximum of AzoCi2 (343 nm) referenced to the
absorption of the PbBr4 layers (400 nm).
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Figure A13 - a) UV/Vis and b) PESA measurement of 2D-AzoC2with Eq = 3.10 eV and
Evem = -5.57 eV. ¢) UV/Vis and d) PESA measurement of 2D-AzoCaswith Eg = 3.06 eV
and Evem =-5.42eV. e) UV/Vis and f) PESA measurement of 2D-AzoCi2 with
Eg=3.04 eV and Evsw =-5.52 eV. The results are summarized in Figure 30 and
Table 4.
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Figure Al4 — a) PXRD of 3D-AzoCz, b) PXRD of 3D-AzoOCs, c) PXRD of
3D-Azo0C12, all reflexes stem from the CH3NH3PbBrs (see Figure 34a), reflexes at
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166 Appendix



0.55

— 1
= 1
© [
‘E ! 0.50
.2 [} (]
wn 1 3
0 i 5
= 1 ~
» | g 0.45 4
& ' <
]
et 1
g : 0.40
[=] 1
< 1

11

1

T T T T T 0.35 T T T T T

3500 3000 2500 2000 1500 1000 300 350 400 450 500 550 600

wavenumber / [cm™] wavelength / [nm]

C d

0.7

0.6

0.5

Abs / [a.u.]

0.4

norm. transmission / [a.u.]

T T T T T 03 T T T T T
3500 3000 2500 2000 1500 1000 300 350 400 450 500 550 600

wavelength / [nm]

wavenumber / [em™]

0.7 4

0.6

0.5 4

Abs /[a.u.]

0.4 4

norm. transmission / [a.u.]

0.3+

0.2 : T r . T
3500 3000 2500 2000 1500 1000 300 350 400 450 500 550 600
wavelength / [nm]

wavenumber / [cm']

Figure A15 — a) IR spectrum of AzoC: (red), CHsNHsPbBrs (black) and 3D-AzoC1
(blue) b) UV/Vis absorption of 3D-AzoC: in toluene, c) IR spectrum of AzoOCa4 (red),
CHsNHsPbBrs (black) and 3D-AzoOC4 (blue) d) UV/Vis absorption of 3D-AzoOC4 in
toluene, e) IR spectrum of AzoOCi2 (red), CHsNHsPbBrs (black) and 3D-AzoOCi2
(blue) f) UV/Vis absorption of 3D-AzoOC:z2 in toluene.
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Figure Al16 — a)+b) UV/Vis reflection with Kubelka-Munk analysis and PESA of
3D-AzoCi1, c)+d) UV/Vis reflection with Kubelka-Munk analysis and PESA of
3D-AzoC2, e)+f) UV/Vis reflection with Kubelka-Munk analysis and PESA of
3D-Azo0OC4, g)+h) UV/Vis reflection with Kubelka-Munk analysis and PESA of
3D-Az0o0C12; intersection of baseline fit and slope fit give the band gap Eq respectively
the relative energy Evem of the valence band maximum. All values are listed in Table 5.
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Figure Al17 — a)+b) UV/Vis kinetic measurement of 3D-AzoC: in toluene over a
timescale of 600 seconds. Because the dispersion is not stable, the absorbance of
AzoC: at 326 nm is referenced to the absorbance of the excitonic band gap at 538 nm
and plotted against the time, ¢) *H-NMR spectrum of dissolved 3D-AzoC: before (top)
and after irradiation with 313 nm for 600 seconds (bottom), d)+e) UV/Vis kinetic
measurement of 3D-AzoOC in toluene over a timescale of 600 seconds. Because the
dispersion is not stable, the absorbance of AzoOC4 at 358 nm is referenced to the
absorbance of the excitonic band gap at 527 nm and plotted against the time, f)
H-NMR spectrum of dissolved 3D-AzoOC4 before (top) and after irradiation with
313 nm for 600 seconds (bottom), g)+h) UV/Vis kinetic measurement of 3D-AzoOCa12
in toluene over a timescale of 1200 seconds. Because the dispersion is not stable, the
absorbance of AzoOCi2 at 332 nm is referenced to the absorbance of the excitonic
band gap at 528 nm and plotted against the time, i) *H-NMR spectrum of dissolved
3D-AzoOC12 before (top) and after irradiation with 313 nm for 1200 seconds (bottom).
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Figure A18 — a) UV/Vis absorption kinetic of the particle dispersion without irradiation
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of the bandgap.

b

a

intensity / [a.u.]

intensity / [a.u.]

450 500

)

550
wavelength / [nm]

600

Q

500

550
wavelength / [nm]

600

intensity / [a.u.]

intensity / [a.u.]

450 500

550
wavelength / [nm]

600

450

500

550
wavelength / [nm]

600

Figure A19 — PL spectra of dispersed particles in toluene of a) 3D-AzoCi, b)
3D-Az0C2, c) 3D-AzoC4 and d) 3D-AzoCi2 with excitation at Aexc=405 nm. A cutoff filter
at 420 nm was used to filter the excitation wavelength. Signals at 460 nm stem from

toluene.
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Figure A20 - UV/Vis reflectance spectra with Kubelka-Munk analysis for a)
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Figure A21 — UV/Vis reflectance spectra with Kubelka-Munk analysis for a)
RPPRTo5-AzoC2 with Eg1=3.01eV and Eg2=2.30eV, b) RPP10°Cy5-Az0C2 with
Eg1=3.03 eV and Eg2=2.28 eV and c¢) RPP20°Cy5-AzoC2 with Eg1=3.02 eV and
Eg2=2.27eV.
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Figure A22 — 'H-NMR of a) C13H16BrFeNOz2 (= FcC2Br), b) C14H18BrFeNO2 (= FcC3Br)
c) CisH20BrFeNO:2 (= FcCaBr), d) CisH22BrFeNO:2 (= FcCsBr) and e) Ci7H24BrFeNO:2
(= FcCeBr) in CDCls. For a quantitative evaluation of the spectra refer to the
experimental section in chapter 6.1.
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Figure A23 — 13C-NMR of a) CisHi6BrFeNO2 (= FcC2Br), b) CisH20BrFeNO:2
(= FcCaBr), ¢) C17H24BrFeNO:2 (= FcCsBr) in CDCls. For a quantitative evaluation of the
spectra refer to the experimental section in chapter 6.1.
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Figure A24 — IR transmission spectra of a) FcC2Br with significant vibrations at
2930-2850 cm? (NHs stretching vibration), 1683 cm™* (C=0 stretching vibration),
1526 cm™? (O-CH:2 deformation vibration), 1273 cm?* (O-C=0 stretching vibration),
1144 cm™* (O-C=0 stretching vibration),767 cm™* +728 cm™* (cp C-H out-of-plane
vibration), b) FcC4Br with significant vibrations at 2970 cm™ (NHs stretching vibration),
1706 cm* (C=0O stretching vibration), 1459 cm* (O-CH2 deformation vibration),
1269 cm* (O-C=0 stretching vibration), 1129 cm (O-C=0 stretching vibration),
769 cm (cp C-H out-of-plane vibration) and c) FcCesBr with significant vibrations at
2931 cm (NHz stretching vibration), 1711 cm™ (C=0 stretching vibration), 1458 cm
(O-CH2 deformation vibration) 1273 cm™* (O-C=0 stretching vibration), 1134 cm
(O-C=0 stretching vibration), 773 cm™* (cp C-H out-of-plane vibration).
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Figure A25 — a) UV/Vis spectrum of FcCsBr in H20. Absorption bands at 446 nm
(2.78 eV), 359 nm (3.55 eV) and 311 nm (3.98 eV) are found. b) UV/Vis spectrum of
FcCsBr in H20 after oxidation with Ce(SOa4)2. A new absorption band at 631 nm
(1.97 eV) is found which is attributed to a transition from a deeper lying MO into the
emerging SOMO e2q, which now lies above the initial HOMO aaig (see Figure 45).
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Figure A26 — a) UV/Vis spectrum of FcC4Br in H20. Absorption bands at 431 nm
(2.87 eV), 350 nm (3.54 eV) and 307 nm (4.04 eV) are found. b) UV/Vis spectrum of
FcCa4Br in H20 after oxidation with Ce(SOa4)2. A new absorption band at 630 nm
(1.97 eV) is found which is attributed to a transition from a deeper lying MO into the
emerging SOMO e2g, which now lies above the initial HOMO aig (see Figure 45).
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Figure A27 — a) UV/Vis spectrum of FcCsBr in H20. Absorption bands at 430 nm
(2.88 eV), 350 nm (3.54 eV) and 306 nm (4.05 eV) are found. b) UV/Vis spectrum of
FcCsBr in H20 after oxidation with Ce(SOa4)2. A new absorption band at 631 nm
(1.97 eV) is found which is attributed to a transition from a deeper lying MO into the
emerging SOMO e2q, which now lies above the initial HOMO aig (see Figure 45).
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Figure A28 — a) UV/Vis spectrum of FcCeBr in H20. Absorption bands at 431 nm
(2.88 eV), 350 nm (3.54 eV) and 308 nm (4.02 eV) are found. b) UV/Vis spectrum of
FcCeBr in H20 after oxidation with Ce(SOa4)2. A new absorption band at 631 nm
(1.97 eV) is found which is attributed to a transition from a deeper lying MO into the
emerging SOMO e2g, which now lies above the initial HOMO aig (see Figure 45).
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Figure A29 — Experimental PXRD pattern of precipitations with PbBr2 and a) FcC3Br,
having a similar crystal structure as FcC4Br and b) FcCsBr, having a similar crystal
structure as FcCeBr (a true Ruddlesden-Popper phase).
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Table 16 — Crystal data for hybrid lead bromide phase with Fe(C3sH7NO)e2* complex

obtained from SCXRD.

empirical formula Fe(C3H7NQO)sPb2Brs
formula weight (g/mol) 1388.23
crystal system triclinic
space group P-1
a[A] 8.6723
b [A] 9.9748
c [A] 11.9205
V [A%] 978.3621
a, B,y [] 93.67(5), 105.89(7), 97.31(4)
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Table 17 — Fractional coordinates of crystal structure of Fe(CzH7NO)ePb2Brs.

Atom type Site label X y z Uiso [A?]

Pb PbO1 0.75768 0.98339 0.02910 0.033
Br Br02 0.56798 1.17524 0.12561 0.048
Br BrO3 1.07288 1.17166 0.11742 0.048
Fe FeO4 0.50000 0.50000 0.50000 0.025
Br BrO5 0.80549 0.83068 0.21100 0.091
(0} 0006 0.39870 0.54960 0.32820 0.044
0} 0007 0.68580 0.42200 0.44670 0.039
0} 0008 0.63550 0.69860 0.53430 0.042
N NO09 0.67870 0.92330 0.58900 0.045
N NOOA 0.88570 0.42290 0.36000 0.033
N NOOB 0.31490 0.54530 0.13240 0.040
C coocC 0.37600 0.49330 0.22910 0.035
H HOOC 0.40472 0.40704 0.22277 0.043
C CooD 0.76790 0.47460 0.38620 0.032
H HOOD 0.74368 0.55631 0.35756 0.038
C COOE 0.66090 1.03400 0.66670 0.071
H HOOA 0.58129 1.00300 0.70527 0.107
H HOOB 0.62653 1.10707 0.62203 0.107
H HOOE 0.76296 1.06536 0.72422 0.107
C COOF 0.61440 0.79820 0.59190 0.038
H HOOF 0.54806 0.78329 0.64078 0.046
C C00G 0.78570 0.95470 0.51750 0.081
H HOOG 0.75260 1.02802 0.47276 0.122
H HOOH 0.78100 0.87601 0.46512 0.122
H HOOI 0.89475 0.98086 0.56689 0.122
C COOH 0.97690 0.48870 0.28900 0.061
H HOO0J 0.94767 0.43865 0.21283 0.092
H HOOK 1.09074 0.49164 0.32575 0.092
H HOOL 0.95300 0.57958 0.28116 0.092
C Cool 0.92810 0.29400 0.40000 0.052
H HOOM 0.88798 0.27592 0.46587 0.078
H HOON 1.04392 0.29856 0.42296 0.078
H HO0O 0.88046 0.22246 0.33763 0.078
C C00J 0.26260 0.67510 0.13480 0.099
H HOOP 0.23730 0.69424 0.20716 0.149
H HO0Q 0.16772 0.67470 0.07018 0.149
H HOOR 0.34740 0.74360 0.12870 0.149
C COOK 0.28880 0.47240 0.01820 0.069
H HOOS 0.32879 0.38719 0.02756 0.104
H HOOT 0.34525 0.52552 -0.02670 0.104
H HOOU 0.17483 0.45612 -0.02192 0.104
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Figure A30 - Difference potential map of (FcC2)PbBrs based on the final model. Yellow
isosurfaces correspond to the expected locations of some hydrogen sites.
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Figure A31 - Kubelka-Munk analysis of reflectance measurements of a) (FcC2)PbBr3
with Eg=3.51eV, b) (FcCs)sPbsBrio with Eg=3.32eV, c) (FcCas)aPbsBrio with
Eqg=3.27¢eV, d) (FcCs)2PbBrs with Eg=3.11eV and e) (FcCe)2PbBrs with
Eg=3.06 eV.
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Figure A32 - Photoelectron spectroscopy in air (PESA) of a) (FcC2)PbBrs with
Evem =-5.27 eV, b) (FcCs)4PbsBrio with Evem =-5.32 eV, c) (FcCa)sPbsBrio with

Evem =-5.35 eV, d) (FcCs)2PbBra with Evem =-5.37 eV and e) (FcCe)2PbBra with
Evem =-5.45 eV,
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Figure A33 - PL emission spectrum of (FcCe)2PbBrs excited at 300 nm with an
Xe-lamp. Emission maximum is found at 416 nm (2.98 eV).
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Figure A34 - Photon electron spectroscopy in air (PESA) of (a) FcC:2Br with
Eromo = -5.44 eV, (b) FcCsBr with EHomo = -5.40 eV, (c) FcCaBr with Exomo = -5.39 eV,
(d) FcCsBr with Enomo = -5.50 eV, (e) FcCeBr with EHomo = -5.48 eV.
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Figure A35 - a) 10 CV scans of a (FcC2)PbBrs film on ITO at a speed scan of 10 mV/s
in 0.1 M LITFSI in HFE/DEC (97:3), b) current vs. time of the 10 CV scans. The
consumed current increases over the time of the measurement, c) PXRD patterns of
the (FcC2)PbBrs film on ITO before (top) and after (bottom) 10 CV scans. Reflexes
marked with (*) show a small degradation of the material (black = PbBrz, red = FcC2Br).
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Figure A36 - a) Current flow during the oxidation of (FcC2)PbBrsfor 1800 sec. b) PXRD
of (FcC2)PbBrs on ITO before (top) and after (bottom) oxidation. Realignment of the
particles lead to changed intensities of the reflexes. In addition, typical reflections of
PbBr2 are found after oxidation, which are marked with (*). SEM image of (FcC2)PbBr3
on ITO c) before oxidation and d) after oxidation.; Scalebar = 1 pum.
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Figure A37 - a) Excitation (grey) and emission (black) spectra of [FcC2Br]* in water,
oxidized with Ce(S0Oa)2. b) Emission of ITO upon excitation at 310 nm.
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Figure A38 - a) Energy dispersive X-ray (EDX) spectrum of the particles after oxidation
with 2.0 eq of oxidant. Elemental analysis of the EDX spectrum is given in Table 18.
b) PXRD spectrum of the particles after oxidation with 2.0 eq of oxidant. The crystal
phase remains even after rearrangement of the particles (see Figure 47).

Table 18 - Elemental composition of the particles after oxidation with 2.0 eq of oxidant
according to EDX. The Si signal stems from the substrate.

Atom C O Si Cl Fe Br Pb
[at%] 51.0 15.6 7.6 1.7 3.8 154 4.7
a b c
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e, 3
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Figure A39 - X-ray photon spectroscopy (XPS) fits of particles oxidized with a) 0 eq,
b) 0.1eq ¢)0.2 eq, d) 0.5eq e) 1.0eq and f) 2.0 eq of Fe(ClOa4)s. A detailed
experimental procedure of the oxidation is provided in chapter 6.3. Evaluation of the
XPS-spectra is provided in Table 7.
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Figure A40 - Kubelka-Munk plots of (FcC2)PbBrs oxidized with a) 0.0 % Fe3* with
Eg=3.51eV, b) 10.8 % Fe3" with Eg=3.51 eV, c) 18.2 % Fe3" with Eg=3.51 eV,
d) 46.4 % Fe®* with Eq = 3.49 eV, €) 57.8 % Fe3* with Eq = 3.33 eV and f) 63.3 % Fe3*
with Eq = 3.27 eV.
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Figure A4l - UV/Vis absorption spectra of a) RPPo.s with absorption maxima 402 nm
(3.08 eV), 436 nm (2.84 eV) and a shoulder at 456 nm (2.72 eV) b) RPP10 with
absorption maxima at 401 nm (3.09 eV), 436 nm (2.84 eV) and 457 nm (2.71 eV) and
c) RPP2,o with shoulders at 449 nm (2.76 eV), 493 nm (2.51 eV) and a band edge at
527 nm (2.35 eV) dispersed in toluene. Absorption of different layers are marked.
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Figure A42 - a) SEM image of the surface-functionalized particles FcCs@MAPDBr3,
scalebar = 1 um. b) energy dispersive X-ray (EDX) spectrum of the particles with Fe
(1.6%), Pb (9.1%), Br (20.0%), O (2.0%), N (19.4%) and C (47.8%) c) PXRD of the
particles. All reflexes agree with the literature reflexes. No additional reflections can be
detected, which shows that no phase impurities are present. d) normalized IR
transmission spectra of the particles (red), unfunctionalized MAPbBr3 (black) and the
ferrocene-ligand (orange). Significant vibrations of the ferrocene-ligand at 1700 cm™
(C=0 stretching vibration), 1275 cm (O-C=0 stretching vibration), 1134 cm (O-C=0
stretching vibration), 820 cm?, 774 cm? and 730 cm™? are found for the surface
functionalized particles. ) UV/Vis reflection spectra with Kubelka-Munk analysis giving
a band gap of Eg=2.29 eV f) PL spectrum of FcCe@MAPDLBrs with excitation at
350 nm and emission maximum at 525 nm (2.36 eV).

The experimental details of the preparation of the particles FcCe@MAPDBr3 is
described in chapter 6.2.2.
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Figure A43 - PXRD measurements of a) RPPos, b) RPP1o and c) RPP2.0. Reference

of MAPDBr3 is given at the bottom. The region marked in grey highlights the average
basal distance of the particles.
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Figure A44 - PESA measurements of drop casted particles on a glass substrate of a)
RPPos with Evem=-5.41eV b) RPPio with Evem=-5.38 eV and c) RPP2o with
Evem=-5.37 eV. d) PESA measurement of dried FcCsBr on a glass substrate with
Enomo = -5.48 eV.
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Figure A45 - a) EDX measurement of (Se-EA)2PbBr4 with b) SEM image of the patrticle
used for the EDX measurement. Evaluation of the EDX data is given in Table 19.
Table 19 - Elemental composition of (Se-EA).PbBr4 evaluated from EDX. The ratio between

Se (~2), Br (~4) and Pb (~1) corresponds to the chemical composition. However, a high
C-proportion suggests organic impurities.

Atom C O Na Se Br Pb
[at%] 59.0 32.3 2.0 2.2 3.7 0.8
186 Appendix



= )

norm. Abs /[a.u]
=

'm. PL Intensitat / [a,

(b

ul

)

norm. Abs / [a.u]
2

/ \
)\

() v

M. PL Intensitat/ [a.u

norm. Abs /[a.u]
T = 8 =

m. PL Intensitét / [a.u.]

380

400

420

440

Wellenlange / [nm] Wellenldnge / [nm]

Wellenlange / [nm]

Figure A46 - UV Vis absorption spectra (black) and PL measurements (grey) with
excitation at 350 nm of dispersed particles of a) 2D-S-EABr with Amax.abs = 408 nm
(3.04eV) and AmaxpL =413 nm (3.00 eV), b)2D-O-EABr with Amaxabs =408 nm
(3.04 eV) and AmaxpL =413 nm (3.00 eV) and b) 2D-Se-EABr with Amax,abs = 409 nm
(3.03 eV) and AmaxpL = 410 nm (3.02 eV).
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Figure A47 - UV/Vis absorption measurement of a) O-EABr with Aabs = 408 nm
(3.04 eV), b) S-EABr with Aabs = 364 nm (3.41 eV) and c) Se-EABr with a shoulder at
Aabs = 308 nm (4.03 eV) dissolved in MeOH.
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Figure A48 - PESA measurements of a) 2D-O-EABr with Evsum =-5.87 eV,
b) 2D-S-EABr with Evem = -5.75 eV and c) 2D-Se-EABr with Evem = -5.54 eV.
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Figure A49 - PESA measurements on a glass substrate of a) O-EABr with
Eromo =-5.60 eV, b) S-EABr

Eromo = -5.64 eV.
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Figure A50 - EDX spectra for particles with a) 12 %, b) 30 %, c) 60 % and d) 100 %
iodine content. A peak at 1.74 keV is attributed to the Ka absorption of the silicon
Substrate.
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Figure A51 - SEM images of particles with a) 12 %, b) 30 %, c) 60 % and d) 100

iodine content. Scalebar = 1 pm.
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Figure A52 — a) PL of mixed halide phases with (S-EA)2PbX4 (X=Br,I) with lodine ratio
of 0% (Amax=413nm; Eg=3.00eV), 12% (Amax=452nm; Eg=2.74¢V),
30 %(Amax = 475 nm; Eg =2.61 eV), 60 % (Amax =493 nm; Eg = 2.51 eV), and 100 %
(Amax =527 nm; Eg=2.35¢eV) from left to right. b) PESA of (S-EA)2Pbls with
Evem = -5.36 eV).
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