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Abstract I

Abstract

This dissertation deals with the syntheses, optical characterization and optical

application of metal-organic frameworks (MOFs).

In the first part of this thesis, different MOF single crystals were synthesized.
Different structures were investigated in which either the metal cations or the
organic linker molecules were varied. The organic linker molecules were also
modified by post-synthetic variation. In order to obtain precise refractive
indices of these MOF single crystals, the immersion method was used. To the
best of our knowledge, this method has not yet been used in the
characterization of MOFs. Consequently, besides the measurements itself, the

investigation of the suitability of the method was also part of the work.

The second part of this thesis deals with the syntheses of
Ce(IV)bdc-CsPbBr3-Si02 materials for use in light-emitting devices (LEDs). For
this purpose, different synthesis routes were investigated and the materials
obtained were subsequently tested for their stability and performance. For
stability testing, the materials were processed into films and exposed to high-
intensity illumination as well as elevated temperature and humidity. The aim
is to increase the stability of perovskite while still maintaining their highly

luminescent performance by embedding them into a MOF-material.

Keywords: Metal-organic frameworks, anisotropy, refractive index,

immersion method, single crystals, LED materials



11 Kurzzusammenfassung

Kurzzusammenfassung

In dieser Dissertation wird die Synthese, optische Charakterisierung und
optische Anwendung von metal-organischen Gertistverbindungen (engl.:

metal-organic frameworks, MOFs) behandelt.

Im ersten Teil dieser Arbeit wurden verschiedene MOF Einkristalle
synthetisiert. Hierbei wurden unterschiedliche Strukturen untersucht, bei
deren Zusammensetzungen entweder die Metallkationen oder organischen
Linkermolekiile variiert wurden. Die organischen Linkermolekiile wurden
hierzu auch mittels post-synthetischer Variation verandert. Um exakte
Brechungsindizes ebendieser MOF Einkristalle erhalten zu kénnen, wurde die
Immersionsmethode verwendet. Diese Methode fand unseres Wissens nach
bisher keine Verwendung in der Charakterisierung von MOFs. Folglich war
neben der reinen Messung auch die Untersuchung hinsichtlich der Eignung

der Methode Bestandteil der Arbeit.

Der zweite Teil dieser Arbeit befasst sich mit der Synthese von
Ce(IV)bdc-CsPbBrs3-SiO2 Materialien fiir die Verwendung in LEDs (engl.: light-
emitting devices). Dazu wurden verschiedene Synthesewege untersucht und
die erhaltenen Materialien anschliefend auf ihre Stabilitit und Leistung
getestet. Zur Stabilitdtsuntersuchung wurden die Materialien zu Filmen
verarbeitet und hoher Beleuchtungsintensitiat, sowie erhohter Temperatur
und Feuchtigkeit ausgesetzt. Ziel ist es, die Stabilitit der Perowskite zu
erh6hen und gleichzeitig ihre hohe Leuchtkraft zu erhalten, indem sie in ein

MOF-Material eingebettet werden.

Stichworter: Metall-Organische Gertstverbindungen, anisotroper

Brechungsindex, Immersionsmethode, Einkristalle, LED Materialien
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0D zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

A Angstrom, 10-10m

a refrpolaizability

a. u. arbitrary units

BET Brunauer-Emmett-Teller

BNaph 1-bromonaphthalene

°C centigrade

ca. around (lat.: circa)

CAU Christian-Albrecht University
CTAB Cetyltrimethylammonium bromide
y-CD y-cyclodextrin

d day(s)

DEF N,N-diethylformamide

DIM diiodomethane

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

eq Equivalent(s)

etal and others (lat.: et alii)

EDXS energy dispersive X-ray spectroscopy
etc. and others (lat.: et cetera)

e.g. for example (lat.: exempli gratia)
EtOH ethanol

© degree

g gram(s)

h hour(s)

H2bdc terephthalic acid

H2bdc(OH)2 2,5-dihydroxyterephthalic acid
H2bdc-NO2  2-nitroterephthalic acid

HbIm benzimidazole
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Hnlm 2-nitroimidazole

H2bzpdc benzophenone-4,4’-dicarboxylic acid

Hzpydc 2,6-pyridinedicarboxylic acid

HOT Hannover Centre for Optical Technologies

HKUST Hong Kong University of Science and Technology

HydroT hydrogenated terphenyl

I Intensity

IBU Inorganic building unit

IR infrared

A wavelength

K kelvin

m% mass percent

mg milligram(s)

min minute(s)

mL millilitre(s)

uL microliter(s), 106 L

pm micrometre(s), 10-® m

mmol millimole

MIL materials of the Lavoisier institute (fr.: Matériaux de I'Institut
Lavoisier)

MOF metal-organic framework

mol mole

MSE mean squared error

n refractive index

n/a not available

nm nanometre(s), 10-° m

NMR nuclear magnetic resistance

% percent

p pressure

PCP porous coordination polymers

PLQY photoluminescence quantum yield

PSM post-synthetic modification

Ra refraction (atomic)

RI refractive index
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rpm
S

SEM

TEM
TMB
TMOS
UiO
UTSA

XRD
ZIF
ZJU

rounds per minute

second(s)

Scanning electron microscopy
angle of incidence /reflection
temperature, transmission

time

transmission electron microscopy
1,3,5-trimethyl benzene
tetramethyl orthosilicate
university of Oslo (Universitetet i Oslo)
university of Texas at San Antonio
volume

mass concentration

X-ray diffraction

zeolitic imidazolate framework

Zhejiang University
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Introduction 1

1 Introduction

Due to the increasing demand towards advanced and multifunctional optical
technologies, materials that can fulfil these requirements are highly looked
after. Apart from challenges regarding, e.g., industrial usage or environmental
friendliness of the material, the way to identify and properly characterize
potential structures is a challenge within itself.

A highly sought-after material to potentially fulfil this demand are metal-
organic frameworks (short: MOFs). They are a special class within porous
coordination polymers. MOFs consist of metal ions that are connected via
linker molecules. MOFs offer a variety of one- to three-dimensional structures
with high porosities and accordingly high inner surface areas. Their main
advantage compared to other material classes lies within their wide
customizability as well as in their amenability. [1.21 Regarding the small pore
size distribution accompanied by the nearly infinite amount of possible
structures and compositions, MOFs have been studied for a variety of
applications. Possible application fields are catalysis[34], sensingl>-8], gas
storage and separation[32-11], petrochemistryl1213], drug-deliveryl1415] and
more.l1¢l There are already first commercial trials established.[171 The new,
optical application fields of MOFs include optical fibres for sensory
applications,[1819 electrode materials(?0] and electrochemical sensor
materials.[21] In particular, the refractive index (short: RI) plays a key role in
relation to modern technologies. In waveguides, for example, the change in the
RI of the porous MOFs used is exploited by the adsorption of the substance to
be detected.[!8] The RI is usually determined by ellipsometry on optical thin
films.

The main challenge concerning ellipsometry is that the results of MOF optical
thin films seem to be highly dependent on the film synthesis. As displayed in
Figure 1 the RI of the same material varies depending on how the film was
synthesized. An UiO-66 optical thin film synthesized by the layer-by-layer
approach exhibits a RI that is around 0.4 higher, than an Ui0-66 film
synthesized via dip-coating. Therefore, huge deviations of the measured Rls

for one and the same MOF are reported. This indicates a need to find a more
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reliable measurement technique for RIs of MOFs. In this work the immersion

method is investigated in order to determine precise, anisotropic Rls.[22]

1.6+

16 0 Treesieisie e - OTF-LBL

1.4
1 OTF-SA-2

= L T » OTF-SA-1

=L e e i i , OTF-SP
1.2 R ».A.‘.A;--_-.,-u_..._.‘..‘.;A,_..._.”A..._..._...'..._..:.._,..:‘,_,_,.__, ,,,,, . OTF-SA-3
" S OTF-DP-3
R T T T TR P P T S i i
* OTF-DP-1
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400 500 600 700 800 900

Wavelength (nm)

Figure 1: Efficient refractive index of MOF optical thin films (OTFs) (LBL = layer-by-layer;
SA = self-assembly; SP = spin-coating; DP = dip-coating)[22l.

The immersion method enables the determination of precise and even more
importantly anisotropic Rls. It is very well known within the field of
mineralogy!23] and has not been investigated as an applicable measurement
technique for MOFs, yet. The immersion method allows the user to rotate any
plane of the crystal into the microscope stage plane. This means, that each of
the up to three, anisotropic RIs can be measured using only one single
crystal.24] The aim of this work is to crystallise various MOFs in order to
determine the Rls of these materials. As a result, single crystals that are as
defect-free as possible and with a crystal size of at least 200 pm are required.
Their syntheses are a challenge within itself since most synthetic strategies
aim towards nano-sized MOFs. In contrast, the field of large single crystals

(sizes above 30 pum) is rather unexplored.[25]

As already mentioned, the role of optical applications for MOF materials
drastically increased over the last decade. Thus, the optical application of
MOFs is part of this work, too. In order to find new and suitable optical
materials, for light-emitting devices, MOF-perovskite materials are
investigated. Since perovskites are sensitive to light, oxygen and heat
exposure, their stability still is one of the main challenges regarding their

industrial application as light-emitting diodes.[26.27]
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To prolong the lifetime of perovskites, the porous framework structure of MOF
materials offers great stabilizing properties. By the confinement of perovskite
nanocrystals within a MOF structure, their ambient storage, thermal- and
photostability increase.[2829] Until this day, the search for a sufficient way to
stabilize perovskites while still maintaining good light emitting properties

continues.
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2 Current state of research

This chapter focusses on metal-organic frameworks. Especially their refractive
indices and its precise determination using the immersion method, as well as
their combination with perovskites for application in light-emitting devices

are described more in detail.

2.1 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are crystalline and porous solids which
form a subcategory within the class of porous coordination polymers (PCPs).
In general, MOFs consists of metal ions that are connected via linker molecules
(Figure 2). Metal ions or metal oxo clusters are, with regard to their
coordination by oxygen or nitrogen atoms, also referred to as so-called
inorganic building units (IBUs). MOFs were first discovered by Yaghi et al. in
1995 and can range from one-dimensional (1D) to three-dimensional (3D)
structures.3%1 The latter generally provide high porosity, large inner surface
areas and tuneable pore sizes. Additionally, this class of material offers the
unique ability to specifically tailor a MOF structure for a certain desired

application due to their enormous range of structure possibilities.[1.2]

o+ | —

Metal lons Organic Linkers
or Clusters or Struts Metal-Organic Framework (MOF)

o= 98k ¢
|-2=4 X

Figure 2: Schematic illustration of a three-dimensional (3D) MOF formation, consisting of

metal ions or clusters and organic linker molecules including diverse possibilities shown at

the bottom.[17]
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Organic linker molecules possess at least two functional groups in order to
coordinate to the metal ions. These groups are mostly electron-rich connection
groups, such as carboxylates, imides or nitriles. Different properties can be
implemented into the MOF structure by the utilization of additional functional
groups on the linker molecule. This can either be done prior to the synthesis,
by choosing a modified linker molecule or by post-synthetic modifications
(PSMs) via a second reaction step after the MOF structure is formed. The pore
sizes of MOF structures often correlate with the length of the incorporated
linker molecules. However, if the linker molecule exceeds a certain length,
interpenetration takes place and the porosity decreases. Interpenetration
describes the pore filling of a MOF with a second identical MOF structure.[31!
Zeolitic-imidazolate frameworks (ZIFs) form a sub-class within the group of
MOF materials. These materials are formed by zinc or cobalt ions which are
coordinated with imidazole or its derivatives. The naming of this subclass
results from the similar bonding angle between metal-imidazole-metal and the
one found in zeolites (silicon-oxygen-silicon). In addition, the overall structure
and topology exhibited by different ZIFs is highly similar to the ones found
within zeolites.[32:33]

With regard to the nearly infinite amount of possible structures and
compositions accompanied by a small pore size distribution, MOFs exhibit
great potential for a variety of applications, such as gas storage and
separation39-11],  drug-delivery[1415],  petrochemistryl1213],  catalysis[34],
sensing(>-8l and more.[1¢]

Even though there are already first commercial trials(!7l towards the
utilization of MOFs, their relatively low stability under thermal, mechanical
and chemical stress is still one of the main drawbacks when it comes to
industrial applications. The most prominent commercial attempt is water
harvesting. Currently Xu et al. are working on the creation of MOF-based
commercial water harvesting devices.[34] Apart from that some MOFs can now
simply be bought online. HKUST-1, MIL-53, UiO-66 and ZIF-8 are produced by
BASF and sold via Merck in quantities of up to 500 g.[3]
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2.2 MOFs and their refractive indices

This subchapter focusses on the refractive index (short: RI or n) itself,

different ways to influence the RI of MOFs and RI increments.

2.2.1 The refractive index

The RI can be described as the speed of light within a certain material in
relation to the speed of light in vacuum. An increased RI corresponds to slower
light propagation. Once two different media are involved, it can also be
referred to as the change of direction of the light beam (Equation 1).[36] When
the beam of light crosses the interface of two different media, it is refracted
away from or towards the interface-normal depending on the Rls of the two
media. If the RI of the second medium is higher, than the one of the first
medium, the light beam is refracted towards the normal (Figure 3), otherwise

the beam of light is refracted outwards.[3¢]

n1<n2

n = refractive index
3 = angle of diffraction

Figure 3: Schematic illustration of the light-beam refraction between two different media.
The angle of diffraction 9 can be determined by using SNELL'S LAw
(Equation 1).[37]

sindy _ vy

(1)

Sin192 B nq %)
By convention, the RI is measured at the sodium D-line (4 = 589.3 nm) and
under standard conditions (25 °C, 1 bar).38] Additional information regarding

Rl measurements is given in section 2.2.4.
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2.2.2 Refractive index variation within MOFs

The RI of MOFs is tuneable with regard to changing the composition of the
structure. Table 1 shows different ellipsometry measurements of different
MOFs. They are only comparable within their subgroup, since they were
carried out under different initial settings and at different wavelength.
However, the provided data is sufficient to provide an insight on the RI
tuneability of MOF materials in general.

The most common approach reported in literature to tune the RI of MOFs is
pore filling (Table 1a). By incorporating different liquids[39-41], gases[1842] or
solids[#3] into the MOF pores, the Rl increases. This RI change has also been
used for gas sensing applications, as reported by Kim et al.[8] Since all
literature investigations were carried out using ellipsometry, only one Rl value

was obtained for each sample.

Table 1: Different refractive indices of MOFs reported in literature.

MOF Refractive index Wavelength / nm

a) HKUST-1691 1.39 750

HKUST-1 (H20/EtOH)[3°] 1.52 750

b) MIL-89[44] 1.65 700

MIL-89 (H20)144 1.45 700

c) MIL-101 (Cr)isl 1.404 600

MIL-OH-101 (Cr)[43] 1.430 600

MIL-NH2-101 (Cr)[43] 1.434 600

MIL-NO2-101 (Cr)[#5] 1.519 600

MIL-(NO2)2-101 (Cr)5] 1.536 600

d) MIL-NH2-53 (Al)l4el 1.292 750
MIL-NH2-53 (Al)

PSM with pentanall“®l LA 750

e) MIL-100 (Cr)[#1l ~1.17 n/a

MIL-100 (Fe)*1 ~1.43 n/a

f) [{Fe3(ACTBA}2X-6DEF]. E1l47] 1.84 590

[{Fe3(ACTBA}2X-6DEF], E2147] 2.14 590
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In special cases the pore filling is accompanied by the so-called breathing
effect. One example is the MIL-89, where the adsorption of water causes the
framework to open and enlarge. As a result, the RI unexpectedly decreases
(Table 1b).[*4] Interpenetration and interweaving are further possible effects
to consider, when investigating the RI of a MOF. Hereby the spaces within one
MOF framework are filled with the same, identical network. As a result the
initially large pores are divided into smaller ones and the overall density and
stability of the framework increases.[“8!]

The RI of a MOF structure can additionally be influenced by the choice of linker
molecule. Yin et al.[4546] reported different mechanisms in order to modify the
linker molecule. In 2017 they investigated the effects of post-synthetic
modifications to the linker molecule (Table 1d). One year later they
determined the RIs of one and the same MOF structure synthesized with
different linker molecules (Table 1c). Both approaches showed that the choice
of the linker molecule and its modification have a great influence on the
measured RI. Lastly, as reported by Marquez et al.[#1], the RI of the same MOF
structure can be modified by the exchange of the metal ion (Table 1e). The
reported increase, by substituting Cr3* with Fe3+ ions, is also consistent with
thorough studies performed by Shannon and Fischer. Since Fe3* ions
reportedly exhibit a higher polarizability than Cr3+ ones, the Rl increases.[*]
In addition, Vinogradov et al. were able to investigate the RI change at different
positions (E1 and E2) of a MOF single crystal (Figure 4). Upon rotating the
single crystal by 90 °, they were able to achieve a Rl change of 0.3 (Table 1f).[47]

Figure 4: Positioning of the MOF single crystal synthesized by Vinogradov et al. during optical

measurements.[47]

Nevertheless, their positioning could be improved, since triclinic crystals

exhibits three, distinguishable RIs (section 2.2.4) and not two.
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2.2.3 Refractive index increment systems

The measurement of the RI used to be and still is an important field of
mineralogy. It is possible to identify most minerals simply by measuring their
RI. Shannon and Fischer investigated Rls and the polarizability of countless
inorganic materials and were able to establish a list of 1933 minerals and
additional 1000 synthesized compounds.*°l An excerpt of relevant

polarizabilities is given below.

Table 2: An excerpt of provided dynamic polarizabilities of cation by Shannon et al.[#9]

Cation Coordination number Dynamic polarizability
Al3+ 5 0.500
Cd?+ 6 2.700

Cs* 8 3.500
Hf#+ 8 3.100
K+ 8 1.400
Li+ 8 0.15
Na* 6 0.430
Rb* 8 2.020
In%+ 4 1.700
Zr#* 8 3.740

Whilst polarizabilities for cations are provided by Shannon and Fischer, values
for organic molecules can be found in older publications by Eisenlohr(>0]

(Table 3) and Vogell51152] (Table 4).

Table 3: Atomic refractions (Ra) after Eisenlohr.[5053]

Atom Ratomic,589nm Atom Ratomic,589nm

H 1.100 N primary amines 2.322

C 2.418 N secondary amines 2.502

0 in hydroxyls 1.525 N tertiary amines 2.840

O in ethers 1.643 Imides 3.776
O in carbonyl o

compounds 2.211 Nitriles 3.118

Cl 5.967 per double bond 1.733

Br 8.865 per triple bond 2.398

| 13.900 cyano group CN 5.415
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In contrast to the atomic refractions provided by Eisenlohr et al.[50.53] the list
published by Vogel et al.[51] provides more values. However, not all atoms are
represented by two systems, therefore both systems are needed to cover all

occurring atoms of molecules included in this work.

Table 4: Atomic refractions (Ra) after Vogel.[51]

Atom Ratomic,589nm Atom Ratomic,589nm

H 1.028 S (sulphide) 7.921

C 2.591 SH (thiol) 8.757
O in ethers 1.764 SCN (thioyanate) 13.400
0 in acetals 1.607 NCS (isothiocyanate) 15.615
OH in alcohols 2.546 CN (nitrile) 5.459
F 0.81 COs3 7.696

Cl 5.844 NOs3 9.030
Br 8.741 SO3 11.338
| 13.954 PO4 10.769
NHz2 (aliphatic) 4.438 S04 11.090
NH (aliphatic) 3.610 per 3-membered ring 0.614
NH (aromatic) 4,678 per 4-membered ring 0.317
N (aliphatic) 2.744 per 5-membered ring -0.19
N (aromatic) 4,243 per 6-membered ring -0.15
ONO (nitrito) 7.237 per double bond 1.575
NOz2 (nitro) 6.713 per triple bond 1.977

In order to determine the total atomic refraction of a molecule, the individual
atomic refractions of each occurring atom needs to be calculated with regard
to their stoichiometric factors (m;) (Equation 2).

Rlgtomictotat = LMy * Rlgromic(atom) (2)
Both, given polarizabilities of cations and atomic refractions are directly

proportional to the RI.
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2.2.4 Immersion method

In order to determine anisotropic and even more importantly precise Rls, the
immersion method was chosen. The spindle stage setup (see section 4.1.5)
enables the user to rotate any plane of the crystal into the microscope stage
plane. This means, that each of the up to three Rls can be measured using only

one single crystal (Figure 5).[24]

a) B b)

n

Figure 5: Indicatrix: a) cubic (e.g. ZIF-90), b) hexagonal (e.g. ZIF-68) and c) orthorhombic
(e.g- Zr-bzpdc) crystal system (n = refractive index, e = epsilon, e = omega).

Hereby, the number of RIs depends on the crystal system. All cubic crystals are
isotropic, also in terms of the RI which stays the same for any given orientation
of the crystal (Figure 5a). Tetragonal, trigonal and hexagonal crystals however
possess two Rls (epsilon and omega) that are perpendicular to each other.
Epsilon has a specific orientation within the crystal that needs to be
determined. nomega (No) has a perpendicular orientation to nepsion (ne). Within
the perpendicular plane to epsilon, omega does not change its RI value (Figure
5b). Orthorhombic, monoclinic and triclinic crystals exhibit three Rls (Figure
5¢) nx, ny and nz. These three Rls represent the infinite number of refractive
indices present in the anisotropic crystal system. The orientation of them can
occasionally match with the crystal habitus, but it does not have to. In all cases,
the RI of the n; is perpendicular to the area spread by the RIs of nx and ny.[>4]
To determine the exact positions of both the different Rls and the matching
orientation of the mounted single crystal, extinction data is required in order
to measure them successfully. By the use of a polarization filter, the points of
extinction along the spindle stage are measured (Appendix Figure 1). The data
is then recorded with the program excalibrw and the positions are calculated
(Appendix Figure 2).[55] Afterwards, the single crystals is oriented according

to the obtained angles and the RI is measured.[24]



12 Current state of research

The key aspect of this measurement technique is the immersion effect. When
the mounted single crystal is surrounded by a liquid that matches its RI, it

becomes invisible to the eye (Figure 6).

=

Figure 6: Pictures taken during an immersion measurement (left: RIs of the liquids and crystal

do not match; right: point of immersion - RIs match).

In order to find the point of immersion Becke lines can be used as an indicator.
If the microscopic stage is lowered, the enlightened outline moves towards the

medium with the higher RI (Figure 7).

N\ \ 4
=H— ]
r——(/—"h 0 S - 0
Ly £ )
\ / \ /l
n(:rystal > Nimmersion liquid ncrystal < Nimmersion liquid

Figure 7: Illustration of the Becke lines (the microscope stage is displayed by the purple line).
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2.3 MOF single crystals: Syntheses and structures

Synthesizing single crystals of MOFs is essential in order to precisely
determine their structure. The first MOF single crystals of MOF-5[2] and
HKUST-10656 were synthesized in 1999. These single crystals were large
enough to obtain structural information from single crystal x-ray diffraction
measurements. Larger, millimetre-sized MOF-5 single crystals were later
acquired by Han et al. in 2010.[57]

MOF single crystals can be obtained using different synthesis methods. The
most commonly used one is the modulated synthesis. Kitagawa et al.[58],
Schaate et al.%, Carmona et al.l[®0] and many more were able to use this
approach successfully to obtain MOF single crystals. In general, modulators
are molecules equipped with only one functional group that can connect to the
metal ion. E.g., if the MOF structure contains dicarboxylic acids as linker
molecules, the chosen modulators are usually monocarboxylic acids. The
competition between modulator and linker molecules slows down the
nucleation and thus favours the growth process (Figure 8). Besides,
modulators can temporarily block coordination sites at the metal ion. As a

result, it is much easier to control and tune the crystal growth.[58]

High concentration
of modulator

L4 .
4 Slow nucleation Big crystals

L
Low concentration
of modulator

Fast nucleation Small crystals

Figure 8: Illustration of the modulation approach (linker molecules are represented by black
lines, metal ions by green spheres, crystal nuclei by blue spheres and (single) crystals by red

squares).[58l
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Apart from the nucleation rate and crystal size, the crystal morphology is
tuneable by the modulation approach as well.58-611 However, when the
modulation approach is used for single crystal synthesis, defect formation also
needs to be considered. Since the linker molecule competes with the
modulator for coordination sites on the metal ions, increasing the amount of
modulator used also increases the number of missing linker defects.[62] In the
case of single crystal synthesis this effect is often unwanted. Nevertheless,
these defects are desirable in application fields like catalysis or particle
confinement.(63]

Another approach for single crystal synthesis is diffusion-controlled
nucleation and crystal growth. Since this synthesis method relies on diffusion
itis very slow. Reaction times can easily be several months. The advantages of
the diffusion-controlled syntheses are an uniform oversaturation combined
with an diffusion induced, constant layer-by-layer growth. Also, due to the long
reaction times and constant growth, the sufficient super-saturation for
nucleation to occur usually is not reached. This method can not only be carried
out at room temperaturel®, but also at high temperatures and under
solvothermal conditions[®sl. Details for a diffusion-controlled single crystal
synthesis are given in section 4.2.10, where Figure 23 also displays the used
reaction setup. Moreover, single crystals can be grown at a solvent interface.
Typically two solutions, one containing the metal source and one containing
the linker molecule, can be layered by using different solvents with different
densities.[®¢] Seeding is also reported in the literature to further induce single
crystal growth. Smaller, pre-synthesized particles are added into the reaction
mixture to induce heterogeneous nucleation. Over the course of the reaction
process, single crystals grow from these seeds.[6467]

In addition, most MOF syntheses exhibit a very narrow synthesis window for
single crystal formation. The ideal single crystal reaction conditions and
parameters need to be determined through accurate screening. The
parameters include the ideal metal-linker ratio, as well as the selected solvent,
reaction temperature, reaction time and more. Thus, there are a variety of
factors that need to be considered, which is why these parameters are often

researched by using high-throughput screening.[33]
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The following subchapters will describe each MOF structure of which we were
able to successfully synthesize single crystals later on. Unsuccessful MOF
syntheses and their structures were left out for clarity. A list of performed

syntheses and their outcome B34lcan be found in Table 5.
Table 5: Performed MOF single crystal syntheses with regard to the reported literature and

their outcome. Successful syntheses are discussed in subchapter 4.2.

MOF Reference Yield of single crystals
Al-pydc Wharmby et al.[68] Successful
Cd-bzpdc Qin et al.[®9] Successful
Hf-bzpdc adapted from[701[71] Successful
Sn(IV)-bzpdc adapted from[71] Unsuccessful
Zn-bzpdc Qin et al.[69] Successful
Zr-bzpdc Mohmeyer et Successful
al.[701[71]

Zr-bzpdc with various
Mohmeyer et al.l[’21  Loss of single crystallinity
PSM reagents

Crystals - unsuitable for

Ce2(NDC)3(DMF): Atorzi et al.[73]
Rl measurement
UTSA-25 Chen et al.[74] Unsuccessful
UTSA-36 Das et al.[7?] Unsuccessful
UTSA-38 Das et al.[76] Unsuccessful
UTSA-74 Bueken et al.[77] Successful
In-bdc-NH2 Kriiger et al.l8] Unsuccessful
In-bdc-H/NHz2 Kriiger et al.l8] Unsuccessful
In-bdc-NH2/NOz2 cubic Kriiger et al.[8] Unsuccessful
In-bdc-NHz2/NO2
vetahedral Kriiger et al.[78] Unsuccessful
K-a-CD MOF Sha et al.[79] Single crystals - not stable
Na-a-CD MOF Sha et al.[7%] Single crystals - not stable
Rb-a-CD MOF Sha et al.[7%] Single crystals - not stable
Ge,Li-B-CD MOF Brenner et al.[80] Unsuccessful
K-B-CD MOF Lu et al.[81] Single crystals - not stable

Mn,Li-B-CD MOF Brenner et al.[80] Unsuccessful
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MOF Reference Yield of single crystals
Na-f-CD MOF Lu et al.[81] Single crystals - not stable
Cs-y-CD MOF Kim et al.[64] Successful
K-y-CD MOF Kim et al.[64] Successful
Li-y-CD MOF adapted from [64] Successful
Na-y-CD MOF Forgan et al.[82] Successful
Rb-y-CD MOF Kim et al.[64] Successful
SrB2-y-CD MOF Forgan et al.[82] Unsuccessful
ImNaAl Ptak et al.[83] Unsuccessful
Ui0-66 adapted from!621[71] Successful once
Ui0-66-NO2 adapted from!62170] Successful once
Zr-cal Schulz et al.[®] Unsuccessful
Zr-FA Liang et al.[84] Unsuccessful
Zr-fum Furukawa et al.[85] Unsuccessful
Zn(3-ptz)2 Garfido et al.[86] Unsuccessful
SOD-ZMOF Liu et al.[87] Unsuccessful
ZIF-2 Banerjee et al.[88] Unsuccessful
ZIF-4 Banerjee et al.[88] Unsuccessful
ZIF-7 Park et al.[33] Successful
ZIF-8 Lee et al.[89] Successful
ZIF-10 Banerjee et al.[88] Unsuccessful
ZIF-11 Banerjee et al.[88] Unsuccessful
ZIF-14 Banerjee et al.[88] Unsuccessful
ZIF-60 Banerjee et al.[88] Unsuccessful
ZIF-61 Banerjee et al.[88] Unsuccessful
ZIF-62 Banerjee et al.[88] Unsuccessful
ZIF-64 Banerjee et al.[88] Unsuccessful
ZIF-68 Banerjee et al.[%0] Successful
ZIF-69 Banerjee et al.[701[90] Successful
ZIF-70 Banerjee et al.[%0] Successful
ZIF-71 Banerjee et al.[88] Unsuccessful
ZIF-72 Banerjee et al.[88] Unsuccessful
ZIF-78 Banerjee et al.[%0] Successful
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MOF Reference Yield of single crystals
ZIF-79 Banerjee et al.[? Unsuccessful
ZIF-80 Banerjee et al.[? Unsuccessful
ZIF-81 Banerjee et al.[?% Successful
ZIF-82 Banerjee et al.[?% Successful
ZIF-90 adapted from [°1] Successful
ZIF-91 Morris et al.[91] Unsuccessful
ZIF-92 Morris et al.[91] Unsuccessful
ZTIF-1 Wang et al.[92] Unsuccessful
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2.3.1 Al-pydc

The Al-pydc MOF consists of Al3* metal ions and 2,6-pydirinedicarboxylic acid
(Hzpydc) as linker molecule. This MOF consists of dimeric, edge-sharing
[Al(u-OH)(H20)(2,6pydc)]2 units (Figure 9 a). These dimeric units are then
connected via hydrogen bonds to form the MOF structure itself (Figure 9 b,c).
Each Al3*ion is coordinated by five oxygen atoms. Its structure is very densely
packed (Figure 9 c) and thus shows a low porosity. The Al-pydc MOF exhibits
a thermal stability of up to 325 °C.[68]

a)

Figure 9: The crystal structure of the Al-pydc MOF a) one dimeric unit, b) structure along the
010 plane (in perspective), c) overall structure density. Hydrogen atoms were left out. The
structure was illustrated with Diamond 3.1 software using the cif file provided by Wharmby

et al.[é8]
2.3.2 Cd- and Zn-bzpdc

The Cd-bzpdc and the Zn-bzpdc MOF both show the same crystal structure.[6°]

a) a‘j'

Figure 10: Crystal structure of Zn-bzpdc with a) 1D metal ion-carboxylate chains, b) 3D
packing of the wavelike 2D layers. Hydrogens atoms are not displayed to achieve higher
clarity. The structure was illustrated with Diamond 3.1 software using the cif file provided by

Qin et al.[69]
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One-dimensional chains of metal oxo clusters are connected by
benzophenone-4,4’-dicarboxylic acids (Hz2bzpdc) to wavelike 2D structures
(Figure 10). Each metal ion is coordinated by five oxygen atoms. Via hydrogen
bonds these 2D layers are then connected to a three-dimensional framework

(Figure 10 b). Both MOFs possess a thermal stability up to 370 °C.[6°]

2.3.3 Hf- and Zr-bzpdc

In 2018, a novel zirconium-based MOF was discovered by our work group.[71]
Since both Hf-bzpdc and Zr-bzpdc, exhibit the same XRD pattern and crystal
morphology and Zr#* and Hf** metal ions possess highly similar properties,
their overall crystal structure is assumed to be the same. Figure 11 a shows
the Zr-IBU. Here, six zirconium ions are coordinated by four linker molecules.
The remaining coordination sites are filled with hydroxy groups and one
modulator molecule. Each Zr#* ion is therefore coordinated by eight oxygen
atoms. The IBUs are connected by the linker molecules to 2D layers
(Figure 11b) which then build a 3D framework via hydrogen bonds
(Figure 11 c). The 1D-channel pore size is about 8 A.[71]

Figure 11: Illustrations of the crystal structure of Zr-bzpdc a) Zr-IBU, b) 2D layer structure
viewed along the a-axis, c) display of the 3D structure along the c-axis. The structure was

illustrated with Diamond 3.1 software using the cif file provided by Mohmeyer et al.[71]
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The MOF exhibits a great thermal stability of up to 400 °C and offers a rare
possibility to connect any molecule with a C-H-bond directly to the linker
molecule under UV-irradiation (Figure 12).[71.72,93,94]

R R R
o o* R-C-R OH -
; R-C-R
hv H : ’ B
0 ™ w0 O O o — — 5
HO OH HO. OH HO OH HO OH
o [¢] o (o} o 0o ] (o}

Figure 12: Schematic reaction mechanism for the PSM of the Hf- or Zr-bzpdc MOFs. The

reaction scheme is directly taken from literature.[71]

2.3.4 Ui0-66 and UiO-66-NO:

Ui0-66 (Universitetet i Oslo-66) refers to a MOF build from Zr#* ions and
terephthalic acid (H2bdc).[51 Ui0-66-NO2 exhibits the same overall structure,
but instead of Hzbdc it is built with its 2-nitroterephthalic acid derivative
(Hzbdc-NO2). Figure 13 a displays the Zr-IBU [Zrs04(OH)4(CO2)12] which
contains six Zr%* ions. Each one is square-antiprismatically coordinated by
eight oxygen atoms.[?3] If the structure is broken down to IBUs, it can also be
seen as a cubic closest packing (Figure 13 b,c).[?¢ Ui0-66 possesses a thermal
stability of up to 375 °C.[97] Its pore diameters are 11 A for the octahedral pore
and 8 A for the tetrahedral one.[%8]

Figure 13: Ui0-66 crystal structure: a) Zr-IBU, b) view along the b-axis, c) overall view of the
unit cell. Hydrogens atoms are not shown for clarity. The structure was illustrated with

Diamond 3.1 software using the cif file provided by Trickett et al.[62]
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2.3.5 UTSA-74

The UTSA-74 (University of Texas at San Antonio-74) is built from Zn2* metal
ions and benzene-1,2,4,5-tetracarboxylic acid (Hzbdc(OH)z2).

Figure 14: Crystal structure of the UTSA-74 a) view along the a-axis, b) view along the c-axis.
Hydrogen atoms are not shown to increase the clarity. The structure was illustrated with

Diamond 3.1 software using the cif file provided by Bueken et al.[77]

Within the UTSA-74 structure, two coordination states for the zinc cation are
present (Zn?* and Zn3%). Zn3" is tetrahedrally coordinated by four oxygen
atoms and Zn3* is octahedral coordinated by eight oxygen atoms. Both zinc
ions form a binuclear IBU. Upon incorporation of the linker molecules, the IBUs
are connected to form a 3D framework (Figure 14). Its 1D channels along the

c-axis (Figure 14 b) have a diameter of about 8 A.[%]
2.3.6 y-CD MOFs (Cs, K, Li, Rb)

The y-cyclodextrin (y-CD) MOFs use y-CD as the linker molecule which is
connected by different cations (Figure 15). For monovalent caesium,
potassium, lithium and rubidium cations, the formed structures are almost
identical, with only very slight variations in their lattice parameters (less than
10 %). The pore size of these structures is determined by the diameter of y-CD,
which is about 7.8 A. Every cation is coordinated by 8 oxygen atoms. In general
y-CD MOFs exhibit an overall rather weak temperature and chemical

stability.[64]
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Figure 15: Crystal structure of the y-CD MOFs viewed along c-axis. Hydrogen atoms are not
displayed. The structure was illustrated with Diamond 3.1 software using the cif file provided

by Kim et al.[64]

2.3.7 Na-y-CD MOF

In contrast to the y-CD MOFs described in section 2.3.6, the Na-y-CD MOF does
not exhibit a cubic symmetry. Instead it features a triclinic crystal system.
However, the pore size is still restricted by the size of the linker y-CD
(Figure 16 b) and therefore cannot exceed 7.8 A.y-CD molecules are connected
via monovalent sodium cations to a 3D network (Figure 16a). Each sodium

cation is coordinated by six oxygen atoms. [82]

Figure 16: Crystal structure of the Na-MOF y-CD viewed a) along c-axis and b) along a-axis.
Hydrogen atoms are not included. The structure was illustrated with Diamond 3.1 software

using the cif file provided by Forgan et al.[82]



Current state of research 23

2.3.8 ZIF-7

Zeolitic imidazolate frameworks (ZIFs) are a sub-category of MOFs. In contrast
to regular MOFs, ZIFs can only contain imidazoles as linker molecules.[32.100]
Their name corresponds to their similarities with zeolites. Both exhibit
tetrahedrally coordinated metal ions, as well as a similar binding angle of
about 145 ° (subchapter 2.1).[33:88101] The MOF structure of ZIF-7 is a distorted
form of the sodalite topology found in zeolites and in ZIF-8. Benzimidazole
linker molecules are connected by Zn2?* cations to from a 3D framework. Its
pores (Figure 17 a) are bridged by 4.3 A sized windows (Figure 17 b). Each

zinc ion is tetrahedrally coordinated by four nitrogen atoms.[33I

Figure 17: The crystal structure of ZIF-7 a) view along the c-axis and b) along the b-axis.
Hydrogen atoms are not displayed. The structure was illustrated with Diamond 3.1 software

using the cif file provided by Park et al.33

2.3.9 ZIF-8 and ZIF-90

As mentioned, ZIF-8 crystallizes in the zeolite topology sodalite (Figure 18).
ZIF-8 and ZIF-90 both exhibit the same structure with the exception that ZIF-8
uses 2-methylimidazole as linker molecule and ZIF-90 2-imidazole-
carboxaldehyde. ZIF-8 pores demonstrate a 11.6 A diameter and are
connected by 3.4 A windows (Figure 18).133] The pores of ZIF-90 are connected

via 3.5 A windows and show a diameter of 11.2 A.[91]
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Figure 18: The crystal structure of ZIF-8. No hydrogen atoms were displayed for clarity. The
structure was illustrated with Diamond 3.1 software using the cif file provided by Morris et

al.[102]

2.3.10 ZIF-68 to ZIF-70, ZIF-78, ZIF-81 and ZIF-82

In contrast to ZIF-7, -8 and -90, these ZIFs consists of two linker molecules.

Figure 19: ZIF-68 crystal structure (gmelinite topology) viewed along the c-axis. Hydrogen
atoms are not displayed to increase clarity. The structure was illustrated with Diamond 3.1

software using the cif file provided by Morris et al.[88]

All of them contain 2-nitroimidazole, whereas the second linker molecule
varies (ZIF-68: benzimidazole, ZIF-69: 5-chlorobenzimidazole, ZIF-70:
imidazole, ZIF-78: 5-nitrobenzimidazole, ZIF-81: 5-bromobenzimidazole,
ZIF-82: 4-cyanoimidazole). Their structure exhibits larger pores along the
c-axis with a diameter of about 7.8 A (Figure 19). In addition, along the a- and

b-axis, smaller pores can be found.[103]
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2.4 Perovskites

Perovskite materials possess an ABXs3 structure, where A and B represent
cations and X represents anions. B cations are octahedrally coordinated by six
X anions each. The so-formed octahedras are corner-shared and form a
three-dimensional framework. Within the cavities of the built framework,
A-site cations are located (Figure 20). The first perovskite to be discovered was
CaTiOs, which was named in honor of Lev Perovski. Depending on the
perovskite composition, properties like ferroelectricity(104.105],
magnetoresistancel196107] and superconductivity[1081091 can be exhibited.
Besides 3DI[110] perovskite structures also 2D [111]) 1D [112] and QD [113.114]
structures of perovskites were researched.[115-117] Besides the ABX3 structure,
also zero-dimensional A4BXs structures (Figure 20) are known and also exhibit
e.g. luminous properties.[118]

Perovskites can also be formed by using monovalent A-site cations, such as
Cs*, CH3NH3* (MA) or HC(NH2)2* (FA). B-site cations can moreover be replaced
by a variety of divalent cations (e.g., Pb2*, Ge2*, Mg2+, Sn2+, Sr2+, CaZ*, Ni2* or
Cu?*). For X-site cations usually halides or pseudohalides are chosen. The
so-formed perovskites can exhibit excellent optical properties and are
especially applicable for the fields of light-emitting devices[11°-121] and solar
cellsl122123] Perovskites containing MA, FA, etc. cations are referred to as

organic-inorganic perovskites, whereas perovskites with A-site metal-cations

are known as all inorganic.[115]

CsPbBr, Cs,PbBrg

Figure 20: [llustration of the perovskite crystal structure of CsPbBr3 (left) and Cs4+PbBrs
(right).[118]
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With regard to light-emitting devices, perovskites (especially halide
perovskites) are considered to be the next-generation of emitting
materials.[124-127] Their narrow half-width maximum combined with the high
colour purity and tunable emission wavelength makes them excellent
candidates for lighting devices and displays. In addition, perovskites exhibit a
high photoluminescence quantum yield (PLQY) close to unity (100 %) and
their fabrication comes at a relatively low cost compared to other established

lighting devices (such as cadmium-based quantum dots).[128]

2.5 Perovskite-MOF materials

One of the main challenges regarding perovskites is their sensitivity to light,
oxygen and heat exposure.[2627] [n order to prolong the lifetime of perovskites,
the porous framework structure of MOF materials offers great protection
properties. By the confinement of perovskite quantum dots and nanocrystals
within a MOF structure, the storage abilities under ambient conditions
increase significantly. Furthermore, the thermal- and photo-stability could be
increased, too. Another problem for mixed halide perovskite is anion exchange
or anion migration. Upon the incorporation of differently composed
perovskites in MOF materials, no anion migration took place within the
investigated timeframe as reported by Ren et al.[2829] The stability increase
will be described more in detail later on.

Apart from metal-organic frameworks, other materials, such as mesoporous
silica, polymers, zeolite and metal oxides were tested for perovskite
confinement. [129-135] Due to their diversity and tunability, MOFs are
considered to be a great choice when it comes to the selection of the protecting
structure of perovskite confinement.[136-1421 Due to the combination of the
diverse properties of the perovskite materials and the tunable assets of the
MOF host matrix, the created hybrid materials can also find applications in
other fields, such as information security[143-145], photocatalysis[146.147.148]
detection and sensingl124149-156] However, Perovskite-MOF materials are a

very young research field and further progress needs to be made.[157]
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In general, the synthesis strategies for perovskite-MOF composite materials
can be subdivided into the so-called ship-in-bottle approach and

bottle-around-ship approach (Figure 21).[136.137]

a_ . \ ~

| -~ S
Sequential deposition

P 4 | J& S

Direct conversion
=a———

Physical mixing
- e .

b & ©® Bottle-around-ship
= ——————3
Ll

@ Metal ions of MOF " Ligand of MOF [ Perovskite NCs

& Monovalent cations @ prb ¢ Halide
Figure 21: Strategies for the syntheses of perovskite-MOF materials: (a) ship-in-bottle
approach, (b) bottle-around-ship approach.[157]

When using the ship-in-bottle strategy, perovskite precursors or pre-formed
nanocrystals are directly inserted into the already built MOF structure. The
formation of perovskites within the MOF structure can either be obtained by
sequential deposition or in-situ deposition. For the sequential deposition, the
MOF is already pre-synthesized and the perovskite is formed in a post-
synthetic procedure. In-situ deposition considers the formation of both MOF
and perovskites form a mixture of their components simultaneously.

The most common-used ship-in-bottle method is the sequential deposition. So
far, it has been performed for a series of MOFs, such as HKUST-1, UiO-66,
Ui0-67, Z]JU-28, etc.[28143,146,149,158-163] The sequential deposition method will
also be used for the studies in this work. Apart from the deposition techniques,
physical mixing and direct conversion approaches were also used for

perovskite confinement. In the direct conversion method, the MOF structure
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itself is used as a partially sacrificial porous template. Zhang et al. synthesized
a Pb-MOF structure where the lead ions were removed from the framework
structure by the MAPbBr3 perovskite formation in the second synthesis step.
Whilst decreasing the stability of the MOF host matrix through the partial
destruction, the direct conversion method offers an effective and fast way to
incorporate a large amount of perovskite nanocrystals into the MOF. This
approach therefore results in a high loading capacity. [144164] Physical mixing
can be applied, when the chosen MOF structure already exhibits mesopores.
In order to create mesopores within a microporous MOF structure, templating
syntheses can be used. [158] However, there still are some limitations to be
considered, when choosing the ship-in-bottle approach. On the one hand, the
diffusion resistance lowers the overall diffusion rate and increases the
probability for heterogeneous nucleation. So, the formation of perovskite
nanocrystals on the MOF surface instead of the MOF interior is favoured. On
the other hand, it is still very difficult to control the size, shape and location of
the formed perovskite nanocrystals inside the MOF structure.[157]

For the bottle-around-ship approach, the pre-synthesized perovskite
nanocrystals are coated with the MOF matrix. Nevertheless, only a few MOF
synthesis routes exhibit the necessary properties for this method. Since
stabilized perovskite nanocrystal still exhibit a relatively low temperature
stability and are sensitive to polar solvents, most MOF synthesis routes are too
harsh and would destroy the pre-synthesized perovskite nanocrystals. Only
MOFs, which can be synthesized under mild conditions are suitable for the
bottle-around-ship method. So far, perovskite nanocrystals were coated with
ZIF-8, ZIF-67 and Eu-btc.[147.150]

In order to achieve satisfactory PLQY values, a perovskite size between 10 and
20 nm is ideal. Therefore, mesopore-sized defects need to be introduced into
the MOF structure. Defect-engineering can be performed by the addition of
formic acid. Linker vacancies are created, due to the competition between the
linker molecule and formic acid, which both possess a carboxylic group to
connect to the zirconium cation. If these linker vacancies increase, they also
lead to missing cluster defects and thus create mesopores.[1651(28158] [arger

pores also include the advantage of an increased loading capacity, which also
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corresponds to a higher photoluminescence intensity. Furthermore, the large
diffusion resistance of the microporous MOF structures can be decreased by
the creation of defects and thus larger pores. The purification of the
as-synthesized MOF structure also plays an important role, since remaining
solvent, modulator or precursor molecules not only take up valuable space,

but perovskites are also very sensitive to these polar substances.[166-168]
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Figure 22: Schematic illustration of the synthesis strategy for mesoporous MOF-5 crystals,

including perovskite confinement.[158]

Additional purification should be carried out after the perovskite confinement
procedure, since a high percentage of perovskites are formed on the MOF
surface and therefore are not protected by the framework. These perovskite
nanocrystals should be removed by e.g. additional washing for better optical
properties and a more precise characterization of the overall material.[157]
Apart from various defect-engineering approaches, different methods for the
as described sequential deposition techniques were investigated, too.
Ren et al. crystallized perovskites at high temperatures (160 °C) into the MOF
pores.[28] In contrast to the high temperature perovskite confinement, Cha et
al. introduced a procedure at room temperature and under ambient conditions
for perovskite confinement.[161]

Apart from the creation of MOF-perovskite materials, MOFs can also be
implemented into perovskites as a sacrificial, defect-healing agent as
published by Oh et al.[16¢°] Upon the decomposition of ZIF-8, zinc ions can
passivate uncoordinated defect sites. Hou et al. furthermore used liquid phase
sintering of MOFs and perovskites to improve the perovskite phase stability.
The MOF glass interface passivates the perovskites surface defects and enables

a high stability even when immersed into water for several hours.[170]
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3 Objectives

The main objective for this work was to measure reliable, precise and
anisotropic refractive indices (short: RIs) of MOFs.

With the start of the cluster of excellence PhoenixD (Photonics, Optics,
Engineering Innovation across Disciplines) at the Leibniz University of
Hanover, the need for optic materials with a broad range of RIs was desired.
The huge variety among MOF structures and their components leads to
enormous possibilities with regard to the above-mentioned requirement. The
main method to measure the RI of MOFs so far is the ellipsometry method.
However, results of this method do not seem to be consistent, as reported in
literature.[22] Therefore, the above-mentioned need for a reliable
measurement method was established. Herein, the immersion method was
investigated as a possible, new method to obtain precise and in addition to
ellipsometry also anisotropic Rls.

Apart from the main objective of optical characterization of MOF materials,
their optical application was also of interest within PhoenixD. The second part
of the thesis therefore investigates the optical application of MOF materials
within light-emitting devices. MOF-perovskite materials were investigated

with regard to their stability and structural composition.

Summarizing the main objectives of this work are:

e Syntheses of a broad range of large MOF single crystals

e Anisotropic RIs measurements of MOF single crystals using the
immersion method

e Verification of the usability of the immersion method towards RI
measurements of MOF single crystals

e Investigation if immersion liquids enter the MOF framework,
influencing the intrinsic RI

e Optical application of MOF-perovskite materials as LEDs
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4 Experimental Section

This chapter is split into three subchapters. The first one describes each
analytical method used in this work. The second and the third one focus on the

synthesis of the used materials.

4.1 Analytical Methods

In the following subchapter, the chosen analytical methods for the
characterization of the synthesized materials are described. For commonly
used characterization methods in this research field only the measurement

parameters are given.

4.1.1 Powder X-Ray Diffraction

By using the powder X-ray diffraction (p-XRD) measurement, the crystallinity,
crystal structure and the phase purity of different compounds can be
investigated.[178]

P-XRD measurements of MOF single crystals: As for the preparation, the sample
was placed between two X-ray amorphous films. If only a small amount of the
product was obtained, vacuum grease was used to prevent the material from
moving out of the X-ray beam focus region. All measurements were performed
with a STADI P diffractometer of STOE in transmission geometry. The
diffractometer used Ge(111)-monochromatised Cu-Kai-rays (A = 1.5406 A).
For the measuring range 2 — 50° 26 was chosen, as well as a step size of
0.1° 26-steps. The measuring time per step was 10 s. The backscattering was
detected with a positional sensitive detector. For evaluation of the measured
diffractograms the program WinXPow 1.08 by STOE was used.

P-XRD measurements of materials for LED application:

All measurements were carried out and evaluated by employees of the
Material Analysis Centre of Seoul National University using the D8 ADVANCE
diffractometer by Bruker with Cu-Kai-rays (A = 1.5406 A). For the measuring
range 2 — 50° 20 was chosen with a step size of 0.02° 26-steps. The measuring
time per step was 4 s. All diffractograms were displayed with the help of the

OriginPro 2019 software by OriginLab.
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4.1.2 Light-Optical Microscopy

With the use of light-optical microscopy, magnified images of the synthesized
MOF single crystals could be obtained.

The single crystals were positioned on a glass microscopic slide on top of the
black background of the microscopic stage. Optical images were collected at
the Hanover Center of Optical Technologies (HOT) with a VHX-7100 digital
microscope by KEYENCE. All images were further modified with the software

Image].

4.1.3 Physisorption

Physisorption measurements were carried out for the determination of
porosity. With DFT-calculations, further information about the pore sizes and
pore size distribution could be gained.

All samples were activated at 120 °C for 24 h under vacuum prior to
measurements, to eliminate possible guest molecules. As measuring gas,
nitrogen was used. Measurements were performed by employees of the
Behrens group using the Autosorb-3 by QUANTACHROME INSTRUMENTS and
3Flex instrument from micromeritics. The Autosorb.3 data was further
analysed with the model of BRUNAUER, EMMETT and TELLER (BET-Model). The
software ASiQwin 2.0 by QUANTACHROME INSTRUMENTS was used. The
3Flex data was analysed with the associated software from micromeritics
(Version 5.02). All physisorption isotherms were displayed with the help of
the OriginPro 2019 software by OriginLab.

4.1.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (short: NMR spectroscopy) is one
of the most important analysis methods used in organic chemistry. It can be
used to obtain the structure of organic molecules or to be more specific, used
to determine the closest chemical environment of certain atoms, as well as
their molecular constitution.[17°]

All NMR-investigations were carried out at the Institute of Organic Chemistry

of the Leibniz University of Hanover with a BioSpin spectrometer by BRUKER.
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The measurements were performed at room temperature at 400 MHz. 10 mg
of the sample substance were dissolved in 700 uL. DMSO-d® and 50 pL D2S04—
dé and filled into an NMR-tube. The obtained spectra were analysed with the
software MestReNova by Mestrelab Research and displayed with

OriginPro 2019 software by OriginLab.

4.1.5 Immersion method

As described in section 2.2.4, the immersion method is used to obtain the
anisotropic refractive indices (short: RIs) of single crystals. This measuring
technique is well established in the field of mineralogy and crystallography.

Immersion measurements were performed at the University of Bremen with a
modified Leica DM RXP microscope. The single crystals were mounted onto a
glass fiber using red nail polish, which then was attached to the goniometer
head. The immersion liquids were purchased from Cargille with RI steps of
0.002 and an accuracy of £+ 0.0002 from 1.4-1.7 and with 0.005 steps and +
0.0005 accuracy from 1.3-1.4 and 1.7-1.8. The known main substances of the
immersion liquids are listed down below (Table 6). However, some

components are not revealed due to the business secret.

Table 6: Listed main components of the immersion liquids and their RI range.

Rl range Main components
1.300 - 1.395 Perfluorocarbons, Chlorofluorocarbons
1.400 - 1.458 Silicone, Aliphatic and Alicyclic Hydrocarbons
1460 - 1570 Aliphatic and Alicyclic Hydrocarbons, Hydrogenated
Terphenyl
1.572 - 1.656 Hydrogenated Terphenyl, 1-Bromonaphthalene
1.658 - 1.698 1-Bromo- and 1-lodonaphthalene
1.700 1-Iodonaphthalene, Sulphur
1.705-1.735 Hydrogenated Terphenyl, Dilodomethane
1.740 - 1.780 Diiodomethane, Sulphur

1.785 - 1.800 Diiodomethane, Sulphur, Tin lodide
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All measurements were performed at the University of Bremen in cooperation
with Professor Reinhard X. Fischer. For non-cubic single crystals extinction
curves were determined prior to the measurement to obtain the crystal
positions for Rl measurements by using the excalibrw software. Pictures were

taken with a camera and the software IC Measure.

4.1.6 Ellipsometry

Apart from measuring the RI of single crystals, also optical thin films can be
measured. However, the precise determination of anisotropic refractive
indices is not possible with this method.

Ellipsometry measurements were carried out at the Hanover Center of Optical
Technologies (HOT) with a Sentech SE850 from SENTECH by Dr. Emil Agocs.
The measuring range was set from 280 nm to 850 nm with 1 mm apperture.
The measured data were obtained at incidence angles of 70, 60, 55 and
50 degree. The data was analyzed with the software CompleteEASE from

Woollam.

4.1.7 Scanning electron microscopy

In order to receive information about the topology of a sample, scanning
electron microscopy (SEM) is commonly used for micrometer- to
nanometer-sized structures.l180] Furthermore, energy dispersive X-Ray
spectroscopy (EDX) can deliver information on the sample composition,
regarding its chemical elements. Samples were prepared using conductive
carbon adhesive tape to secure the sample onto the SEM sample holder.

SEM measurements were performed using the field-emission SEM SU-70 from
Hitachi by Dr. Jae-Il Kim. Images were modified with the software Image]. All
measurements were performed with 5 kV acceleration voltage and a working

distance of 8 mm. Magnifications ranging from 600 to 10.000 were chosen.
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4.1.8 Transmission electron microscopy

Structures with sizes in the lower nanometer range or less are difficult to
resolve with SEM analysis. Therefore, transmission electron microscopy
(TEM) was carried out to receive more detailed information about these
structures. All TEM images were performed with a FEI Tecnai F20 by Dr. Jae-

Il Kim. Images were modified with the software Image].

4.1.9 Photoluminescence spectroscopy

Photoluminescence measurements were performed by Dr. Jae-Il Kim using a
FP-8500 fluorescence spectrometer by JASCO. For a measuring range of 400
to 800 nm an excitation wavelength of 410 nm was selected. Measurements
ranging from 350 - 650 nm used an excitation at 365 nm. Photoluminescence

quantum yields (PLQYs) were calculated using the software SpectraManager.

4.1.10 60-90 stability testing

In order to test the stability of the perovskite-containing films against higher
temperature and high humidity, the as-prepared films were placed into a
temperature and humidity chamber TH3-ME by Jeiotech, which was set to
60 °C and 90 % humidity. PLQY measurements were carried out after different

exposure times.

4.1.11 High flux testing

To test the stability of different perovskite-containing films, high flux testing
was carried out. Therefore, the freshly prepared films were placed into a honle
UV technology LED cube 100 IC and irradiated with high intensity light
(460 nm, 240 mW/cm?). PLQY measurements were carried out after different

exposure times.
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4.2 MOF single crystals syntheses

In order to obtain refractive index (short: RI) data by the immersion method,
different MOF single crystals were synthesized. Their syntheses are listed in
the following subchapters.

If not further described, all solvothermal reactions were carried out in a
100 mL screw cap borosilicate glass bottle. For weighing, a laboratory scale
with an accuracy of + 1 mg was used. Liquids were measured with standard
Eppendorf pipettes. Deionized water with a conductivity less than
0.055 uS/cm was obtained by using the water purification system MicroPure
by Thermo Electron GmbH. All chemicals were used without further
purifications. All single crystals were immersed in methanol for five days. Each
day, the methanol was exchanged against fresh one. Afterwards the single
crystals were dried at room temperature for at least three days.

For the IH-NMR investigations, 10 mg of the purified MOF single crystals were
incubated with the chosen immersion liquid component for three hours.
Afterwards the samples were quickly washed twice with ethanol to remove
excess components from the MOF surface. Afterwards the samples were dried

at room temperature.

Only successful MOF single crystal syntheses are reported in this subchapter,
unsuccessful syntheses were left out in order to increase the clarity of this

section. Also see Table 5 in subchapter 2.3.
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4.2.1 Al-pydc

Al-pydc MOF single crystals were synthesized according to Wharmby et al.[68]
In brief, 0.375 g of aluminium nitrate nonahydrate were dissolved in 4.5 mL of
deionized water and 0.5 mL dimethylformamide (DMF). 0.167g of
2,6-pyridinedicarboxylic acid (Hzpydc) were added and the mixture was

placed in a convection oven at 120 °C for 15 h.

4.2.2 Cd-bzpdc

Cd-bzpdc MOF single crystals were obtained according to Qin et al.[69] In brief,
62 mg of cadmium nitrate tetrahydrate were dissolved in 6 mL deionized
water. 28 mg of benzophenone-4,4’-dicarboxylic acid (Hz2bzpdc) were added
while stirring. Afterwards the mixture was transferred to a 30 mL Teflon-lined
steel autoclave and heated in a convection oven to 170 °C for 3 days. The
product could only be synthesized successfully once. All other syntheses
yielded mixtures of different micro-crystalline phases, that could not further

be identified

4.2.3 Zn-bzpdc

Zn-bzpdc single crystals were obtained using a synthesis route similar to the
above-mentioned Cd-bzpdc MOF single crystals.[®°] In brief, 60 mg of zinc
nitrate hexahydrate and 27 mg of Hz2bzpdc were dissolved under stirring in
6 mL deionized water. The mixture was then transferred to a 30 mL teflon-

lined steel autoclave and heated in a convection oven to 170 °C for 3 days.

4.2.4 Hf-bzpdc

Single crystals of the Hf-bzpdc MOF were discovered by screening of different
synthesis conditions (here: amount of added formic acid).[”01 The ideal, found
parameters are given in brief. 0.166 g of hafnium(IV)chloride were dissolved
in 20 mL DMF and 2.925 mL formic acid. 0.279 g of H2bzpdc were added and
the mixture was heated to 120 °C using a convection oven. The solution was

keptat 120 °C for 3 days.
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4.2.5 Zr-bzpdc

As reported by Mohmeyer et al.l’ll 0.167 g of zirconium oxychloride
octahydrate were dissolved in 20 mL DMF and 1.95 mL formic acid. 0.279 g of
H2bzpdc were added and the reaction mixture was kept for 3 days at 120 °C in

a convection oven.

4.2.6 Zr-bzpdc with post-synthetic modifications

Zr-bzpdc single crystals were obtained by the synthesis procedure described
in section 4.2.5. The MOF was purified, as mentioned in subchapter 4.2. The
post-synthetic modifications (PSMs) were carried out, as previously reported
by Mohmeyer et al.[72] In this study water, methanol, ethanol, 1-propanol and
1-butanol were used as reactants, already introduced by the author. In
addition, benzyl alcohol, 2-propanol, 3-chloro-1-propanol and 3-nitro-
1-propanol were newly introduced as well-functioning modification reagents.
Unfortunately, 2,2,3,3-tetrafluoropropan-1-ol did not show a full and
consistent modification and 3-amino-1-propanol lead to crystal dissolving
resulting in a gel-like residue.

50 mg of Zr-bzpdc single crystals were incubated in 5 mL of the selected PSM
reactant in a quartz glass tube for 16 hours. After the incubation the mixture
was purged with argon for 1 hours. The quartz glass tube was sealed and
irradiated for 24 hours with UV light using a LED spot lamp by LUMIMAX
(A = 365nm, 207 W/m?2) within a distance of 4-5cm. The ensure the
homogeneous irradiation of all single crystals and their exposure the reactant,
the quartz glass tubes were placed in the multi-vortexer Multi Reax by
heidolph at 800 rpm. The post-synthetically modified Zr-bzpdc single crystals

were again purified, as mentioned in subchapter 4.2.
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4.2.7 UiO0-66

The UiO-66 single crystal synthesis is a modification of the procedure
published by Trickett et al.[62] 54 mg of zirconium tetrachloride (ZrCl4) and
31 mg of terephthalic acid (Hzbdc) were dissolved separately in 6.25 mL of
diethylformamide (DEF) each. After mixing both solution, 12.5 mL formic acid
were added, as well as 100 uL of a pre-synthesized Ui0-66 seed solution
(30 mg of UiO-66 in 6 mL DEF). The dispersion was placed in a convection
oven at 135 °Cfor 7 days. The UiO-66 seeds were synthesized by mixing 48 mg
ZrCls, 12.5 mL DMF, 36 mg H2bdc and 410 pL of formic acid. The solvothermal

synthesis was then carried out at 120 °C for 24 hours.[7%

4.2.8 Ui0-66-NO:

Ui0-66-NO: single crystals were synthesized according to Trickett et al.[62]
with modifications. For this synthesis 54 mg ZrCla and 40mg of
2-nitroterephthalic acid (Hz2bdc-NO2) were dissolved separately in each
6.25 mL of DEF. Both solutions were mixed together and 12.5 mL of formic
acid and 150 pL of a pre-synthesized UiO-66-NO2 seed solution (30 mg of
Ui0-66-NO2 in 6 mL DEF) were added. The dispersion was then placed in a
convection oven at 135 °C for 7 days. Ui0-66-NO2 seeds were obtained by
mixing 48 mg ZrCls, 12.5 mL DMF, 46 mg H2bdc-NO2 and 1.01 mL of formic
acid. The resulting solution was then was placed in a convection oven at 120 °C

for 24 hours.[70]

4.2.9 UTSA-74

1 g of zinc acetate dihydrate and 0.5 g of benzene-1,2,4,5-tetracarboxylic acid
were dissolved in 50 mL of dimethyl sulfoxide (DMSO). The mixture was

placed in a 110 °C convection oven and heated for 3 days.



40 Experimental Section

4.2.10 Cs-y-CD MOF

For the diffusion-controlled crystallization of the y-CD MOFs the setup, shown
in Figure 23, is used. In contrast to the reported literature, the agarose and
parafilm sealing of the inner container was substituted by a plastic snap-cap

vial lid with punctured holes.

l«——— Screw cap vessel

Snap-cap vials
(cap with 3-5 holes)

« T Reaction mixture

*—w— Methanol

Figure 23: Illustration for the modified diffusion-induced crystallization setup of the

y-CD-MOFs.[64]

All diffusion-induced crystallizations were carried out at room temperature
and took about one to two months until crystals of millimetre size were
formed. Cs-y-CD MOF single crystals were synthesized according to Kim et
al.l64l In brief, 0.269 g of caesium hydroxide and 0.259 g of y-cyclodextrin
(y-CD) were dissolved in 4 mL of deionized water. The reaction mixture was
then transferred into a 10 mL snap-cap glass vial. Three to five holes were put
into the cap using a cannula. The vial was then placed into a 1 L screw-cap glass
vessel, which was previously filled with 10 mL of fresh methanol. The screw-
cap of the vessel was tightened and the crystallization setup was left

undisturbed.

4.2.11 K-y-CD MOF

For the synthesis of the K-y-CD MOF the setup and procedure from section
4.2.10 was used.[64 As for the reaction mixture 90 mg of potassium hydroxide
and 0.259 g of y-CD were dissolved in 4 mL deionized water. The rest was

carried out as described earlier in section 4.2.10.
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4.2.12 Li-y-CD MOF

The reaction setup and the procedure for the Li-y-CD MOF synthesis is shown
in section 4.2.10. The synthesis was newly investigated and the resulting, ideal
parameters are given. 76 mg of lithium hydroxide monohydrate and 0.259 g
y-CD were mixed with 4 mL of deionized water. Apart from lithium hydroxide
monohydrate, the unhydrated form (lithium hydroxide) was also tested. Both
reactants yielded single crystals, however, the crystals obtained with lithium
hydroxide monohydrate were of an overall larger size. Afterwards, the
reaction mixture was transferred into a 10 mL snap-cap glass vial. One to two
holes were put into the cap using a cannula. The vial was then placed into a
large screw-cap glass vessel, which was filled with 10 mL of methanol. The
screw-cap of the vessel was tightened and the crystallization setup was left

undisturbed.

4.2.13 Rb-y-CD MOF

The Rb-y-CD MOF was synthesized using the same setup described in
section 4.2.10.[64] By mixing 0.164 g of rubidium hydroxide and 0.259 g of y-CD
with 4 mL of deionized water, the reaction mixture was created. Further

reaction steps were identical to the ones reported in section 4.2.10.

4.2.14 Na-y-CD MOF

The synthesis of the Na-y-CD MOF was reported by Forgan et al. [82] and used
an identical setup to the one described in section 4.2.10. In brief, the reaction
mixture was prepared by dissolving 64 mg of sodium hydroxide and 0.259 g
of y-CD in 4 mL of deionized water. The rest of the procedure is identical to

section 4.2.10.

4.2.15 ZIF-7

ZIF-7 single crystals were synthesized according to Park et al.33] In brief,
0.34 g zinc nitrate hexahydrate and 0.1 g benzimidazole (HbIm) were
dissolved in 3 mL of DMF. For this synthesis a programmable oven was used.
The oven was heated with a rate of 5 °C/min to 130 °C. The temperature was
held for 48 h and finally cold down to room temperature with a rate of

0.4 °C/min. The product could only be obtained successfully once.
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4.2.16 ZIF-8

Single crystals of ZIF-8 were synthesized according to Lee et al.[9] In brief,
0.67 gzinc nitrate hexahydrate, 0.167 g of 2-methylimidazole were mixed with
50 mL of DMF. The resulting solution was heated to 140 °C for 24 hours.

4.2.17 ZIF-68

ZIF-68 single crystals were obtained according to Banerjee et al.[88] 0.268 g
zinc nitrate hexahydrate were dissolved in 5 mL DMF (solution A) and
separately dissolving 0.204 g 2-nitroimidazole (Hnlm) and 0.213 g of HbIm in
10 mL DMF (solution B). Solution A was then added dropwise into solution B
under stirring. After stirring for an additional 20 min the reaction mixture was

heated to 85 °C for 52 hours.

4.2.18 ZIF-69

ZIF-69 single crystals were synthesized according to Banerjee et al.[88] In brief,
0.178 g of zinc nitrate hexahydrate, 0.136 g of Hnlm and 0.183g of
5-chlorobenzimidazole were dissolved in 12 mL of DMF. The solution was then

heated for 3 days at 100 °C in a convection oven.

4.2.19 ZIF-70

Single crystals of ZIF-70 were synthesized according to Banerjee et al.[88] In
brief, three separate solutions were created. Solution A contains 0.4 g of zinc
nitrate hexahydrate in 2 mL of DMF, solution B contains 92 mg of imidazole,
0.144 g of Hnlm in 2 mL DMF and solution C consists of simply 6.8 mL of pure
DMEF. Solution B and A were dissolved using an ultrasonic bath. Then solution
B was added to solution A and afterwards solution C was added. The resulting
mixture was placed in an ultrasonic bath for two to three minutes and then

transferred into a 110 °C vacuum oven and kept there for 4 days.
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4.2.20 ZIF-78

ZIF-78 single crystals were synthesized according to Banerjee et al.[88] In brief,
0.238 g zinc nitrate hexahydrate were dissolved in 4 mL DMF (solution A).
Separately, 0.113 g Hnlm (solution B) and 0.163 g 5-nitrobenzimidazole
(solution C) were dissolved in each 5 mL of DMF. Then solution B and C were
mixed and added to solution A. The obtained mixture was then heated to

100 °C and kept for 4 days at that temperature.

4.2.21 ZIF-81

Single crystals of ZIF-81 were synthesized according to Banerjee et al.[88] In
brief, three separate solutions need to be prepared. Solution A contains 0.238 g
of zinc nitrate hexahydrate dissolved in 4 mL of DMF. Solution B contains
0.113 g of Hnlm and 5 mL DMF and solution C was created by mixing 0.197 g
of 5-bromobenzimidazole with 5 mL of DMF. Solution B and C were mixed and
then solution A was added. The solvothermal reaction time were 4 days at

100 °C.

4.2.22 ZIF-82

The synthesis of ZIF-82 single crystals was carried according to Banerjee et
al.[881 In brief, three different solutions were created and then mixing them and
heating them to 100 °C for 4 days. Solution A was obtained by mixing 0.238 g
zinc nitrate hexahydrate with 4 mL DMF. 0.133 g Hnlm (solution B) and 93 mg
of 5-cyanoimidazole (solution C) were each dissolved separately in 5 mL DMF.
Then the solutions B and C were mixed and solution A was added. The

resulting mixture was heated as mentioned earlier.

4.2.23 ZIF-90

Single crystals of ZIF-90 could be obtained using a modified procedure of the
one reported by Morris et al.[°ll. The initially reported method did not yield
single crystals, therefore the optimal synthesis parameters were determined
as follows. 57 mg of zinc nitrate hexahydrate and 83 mg of Imidazole-2-
carboxyaldehyde were dissolved in 3 mL of DMF. The solution was then heated

to 80 °C for 36 hours.
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4.3 Perovskite-Ce-MOF materials

This subchapter contains the reproduction and modification of the Ce(IV)bdc

MOF-perovskite-SiO2 material introduced by Ren at al. in 2022.[29]

4.3.1 Ce-MOF syntheses

For the Ce(IV)-MOF 1 g of Pluronic F-127, 4.494 g of sodium perchlorate
monohydrate and 2.4 mL of acetic acid were dissolved in 48 mL of deionized
water at 50 °C. Afterwards, 4.388 g of cerium(IV) ammonium nitrate and
1.33 g of terephthalic acid were added and the mixture was stirred at 70 °C for
20 min. Then the product was collected by centrifugation (3 min at 8000 rpm)
and washed three times with water, twice with dimethylformamide, and once
with ethanol. After each washing step the powder was collected by
centrifugation (3 min at 8000 rpm) and the solvent was exchanged. The
Ce-MOF was soaked in ethanol over night at 50 °C in a convection oven and

dried overnight at 50 °C in the vacuum oven.

4.3.2 Perovskite confinement after Ren et al.[29]

9.175 g of lead(Il)bromide were dissolved in 0.25 mL of oleic acid, 0.25 mL of
oleylamine and 50 mL of DMF at 80 °C. Then, 1 g of Ce-bdc MOF were added
and stirred for 6 h at room temperature under vacuum. The powder was
afterwards collected via centrifugation (3 min at 5000 rpm) and redispersed
in 50 mL of toluene. Separately, 1.06 g of caesium bromide were dissolved in
50 mL of methanol at 60 °C. The so-formed solution was added to the Ce-MOF
toluene dispersion under stirring for two minutes. After that the MOF-
perovskite material was collected by centrifugation (3 min at 5000 rpm) and
redispersed in 50 mL of toluene. After carrying out the silica shell synthesis

described in section 4.3.4, this sample will be referred to as sample S1.
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4.3.3 Perovskite confinement after Wu et al.[181]

12.23 goflead(Il)bromide were dissolved in 667 mL of DMF at 60 °C. Then, 1 g
of Ce-bdc MOF were added and immersed for 1 h at 60 °C. The powder was
afterwards collected via centrifugation (3 min at 8000 rpm) and washed with
DMF and ethanol. The powder was air dried afterwards. Separately, 7.09 g of
caesium bromide were dissolved in 333 mL of methanol. The so-formed
solution was added to the treated Ce-MOF. After 24 h the MOF-perovskite
material was collected by centrifugation (3 min at 8000 rpm) washed with
ethanol and air dried afterwards. After carrying out the silica shell synthesis

described in section 4.3.4, this sample will be referred to as sample S3.

4.3.4 Perovskite-Ce-MOF with SiOz-shell synthesis

2.5 mL of TMOS (Tetramethyl orthosilicate) were added to the obtained
dispersion from section 4.3.2. The mixture was stirred at room temperature
and under air for 4 h, to allow the hydrolysis of TMOS. The product was

collected and dried in a vacuum oven at 50 °C over night.

4.3.5 Film fabrication

Different amounts of the MOF (0.4 g and 0.2 g) were each mixed with 3.8 g of
a special, premanufactured SNU-polymer especially designed for film
fabrication. For mixing a blade homogenizer by LK Lab Korea was used.
Afterwards a film of the homogenized mixture with approximately 75 pm
thickness was created between two barrier films (TBF1004, i-components).
The resin was then cured for 6 min using a 36 W UV Lamp (nail hardening
device). Each film was cut into several pieces for high-flux (section 4.1.9 ) and

60-90 (60 °C, 90 % humidity, section 4.1.10) testing.
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5 Results and Discussion

Within this thesis the results are presented in five main subchapters. The first
subchapters, including 5.1 to 5.3, will discuss the results regarding different
MOF single crystal synthesis and their refractive index (short: RI)
measurements. The following subchapters, including 5.4 and 5.5 focus on the
creation of MOF-perovskite materials, their characterization and stability

testing.

5.1 MOF single crystals

This subchapter contains information regarding the outcomes of different
MOF single crystal syntheses. In order to secure a successful reproduction,
XRD and digital optical microscopy measurements were performed and

evaluated. Only successful MOF crystal syntheses are described here.

5.1.1 Successful single crystal syntheses based on literature

The following Figure 24 provides an overview of single crystal syntheses
directly adapted literature without any further modification. The obtained
results match the literature ones, so that no detailed, further discussion is

needed.
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Figure 24: Obtained digital optical microscope images and XRD patterns of MOF single crystals
compared to literature. A: Al-pydc, XRD literaturel¢8]; B: UTSA-74, XRD literaturel’7]; C: ZIF-7,
XRD literaturel33l; D: ZIF-8, XRD literaturel8l; E: ZIF-68, XRD literaturel(88l; F: for ZIF-69, XRD
literaturel®8l; G: ZIF-70, XRD literaturel88l; H: ZIF-78, XRD literaturel88l; I: ZIF-81, XRD
literature(88]; J: ZIF-82, XRD literaturel88l; K: Cs-y-CD MOF, XRD literaturel®4]; L: K-y-CD MOF,
XRD literaturel64; M: Rb-y-CD MOF, XRD literaturel64; N: Na-y-CD MOF, XRD literaturel82,
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Al-pydc MOF single crystals were successfully synthesized according to
Wharmby et al.[68] Figure 24 A shows matching XRD data and an image of the
obtained single crystals. The displayed single crystal topology is an oblique
rectangular prism. The collected XRD data of the UTSA-74 MOF matches the
literature well (Figure 24 B). Moreover, single crystals with sizes between 100
and 200 um, showing a hexagonal prismatic shape, could be synthesized. The
ZIF-7 single crystals show an octagonal prismatic shape (Figure 24 C) and
their obtained diffraction pattern matches the one reported in literature.
Thereby, the reproduction of the ZIF-7 single crystals can be considered a
success. The ZIF-8 single crystals exhibit the typical cuboctahedron-shape. In
addition, both literature data and measured data contain identical reflex
positions and similar intensities (Figure 24 D). The single crystals of ZIF-68
exhibit a hexagonal bipyramidal prismatic shape, which is typical for these
gmelinite type ZIF frameworks (Figure 24 E). In addition, the well matched
XRD data of the experiment with the literature indicates a successful
reproduction of the single crystals. Single crystals of ZIF-69 possess a
hexagonal bipyramidal prismatic shape (Figure 24 F). Apart from the
matching crystal shape, the obtained diffraction pattern also matches the
literature. The obtained diffraction pattern of ZIF-70 agrees well with the
literature (Figure 24 G). In addition, the synthesized single crystals exhibit the
typical hexagonal bipyramidal prismatic shape (Figure 24 G). Like the
previous single crystals, ZIF-78 single crystals exhibit hexagonal bipyramidal
prismatic shapes, as well (Figure 24 H). Literature and experimental XRD
patters also match quite well. ZIF-81 single crystals possess the typical
hexagonal bipyramidal prismatic topology of these gmelinite type ZIFs (Figure
24 1). In addition, the reflex positions of the experimental data match the
literature very well. The gained diffraction pattern of the ZIF-82 fits the
literature (Figure 24 J). In addition, the synthesized single crystals exhibit the
hexagonal prismatic shape. The measured diffraction pattern of the Cs-y-
CD MOF is highly similar to literature one (Figure 24 K). The millimetre-sized
single crystals show a cubic shape. Crystals this large cannot always fit the
measurement cell therefore these single crystals were forcefully cracked, so

that a smaller crystal fragment could be measured. Similar to the Cs-y-
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CD MOF, the K-y-CD MOF also yields cubic shaped single crystals in the
millimetre range (Figure 24 L). The obtained XRD pattern further proves that
the synthesis of the K-y-CD MOF was successful, as it matches well with the
literature. The single crystals of the Rb-y-CD MOF exhibit a cubic shape. The
measured XRD pattern corresponds well with the literature data. The crystal
shape of the Na-y-CD MOF is similar to the previous discussed y-CD MOFs
(Figure 24 N). Also, the obtained XRD data matches with the literature. The
high background noise is caused by the aging process of the crystals. Under

ambient conditions the crystal turns into an amorphous solid over time.

5.1.2 Unusual shaped single crystals

The following Figure 25 provides an overview of single crystal syntheses
directly taken from literature without any further modification. The obtained
results mostly match the literature ones. Nevertheless, the synthesized single
crystals can still be used for the immersion method and can be considered a
successful reproduction.

Schistose-like Cd-bzpdc MOF single crystals (Figure 25 A) were obtained with
the same crystal morphology, as described in the literature.[®°] Their single
crystallinity was further checked with polarization microscopy and confirmed
to be sufficient. The XRD pattern furthermore matched the one observed by
Qin et al.l®9 Cd-bzpdc was successfully reproduced. Due to the crystal
morphology the intensities of the (100) and (200) reflections are diminished.
Zn-bzpdc single crystals were obtained in a similar manner to the Cd-bzpdc
MOF single crystals. As well as for Cd-bzpdc single crystals, their morphology
is schistous (Figure 25 B). Their single crystallinity was also confirmed with
polarization microscopy. The collected XRD pattern also matched the
literature.[%] The intensities of the (100) and (200) reflections are diminished

for the Zn-bzpdc due to the crystal morphology.
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The Zr-bzpdc single crystals exhibit the rhombus shape. In addition, the
matching XRD patterns indicate that the synthesized MOF is indeed the
Zr-bzpdc MOF (Figure 25 C). However, the small-angled corners are rounded
and not as sharp as observed by Mohmeyer et al. Nevertheless, the XRD
pattern and the shape only exhibits slight deviations, the synthesis can be

considered a success.
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Figure 25: Obtained digital optical microscope images and XRD patterns of MOF single crystals
compared to literature. A: Cd-bzpdc, XRD literaturel®®]; B: Zn-bzpdc, XRD literaturel®9];

A: Zr-bzpdc, XRD literaturel71l.
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5.1.3 Modified literature syntheses routes

The following Figure 26 shows single crystals synthesized via modified

syntheses routes. All synthesized single crystals were later used for

immersion measurements.
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Figure 26: Obtained digital optical microscope images and XRD patterns of MOF single crystals

compared to literature. A: Hf-bzpdc, XRD literaturel7!]; B: UiO-66, XRD literaturel6270.182]; C:
Ui0-66-NO2, XRD literaturel6270.182]; D: Li-y-CD MOF, XRD literaturel¢4; E: ZIF-90, XRD

literaturel91l.

Hf-bzpdc single crystals exhibit the typical rhombus shape (Figure 26 A). The
measured XRD pattern corresponds to the literature. Therefore, the Hf-bzpdc
MOF could be obtained.[7] Apart from cubic Ui0-66, hexagonal Ui0-66 was
found to be a side product (Figure 26 B). However, the hexagonal phase did
not interfere with the cubic one and could be clearly distinguished by optical
microscopy according to their shape (octahedral crystals for cubic UiO-66 see
Figure 26 B).16270] As already observed for the UiO-66, the hexagonal phase
could be identified for Ui0-66-NO2 as well (Figure 26 C). However, the amount
of the formed side product is much smaller here. Ui0-66-NO2 single crystals
also possess an octahedral crystal shape. The Li-y-CD MOF exhibiting the cubic
crystal shape, as well. However, in general the obtained crystals were slightly
smaller than other y-CD MOFs. Apart from the deviating size, the XRD pattern
matches well with the literature data (Figure 26 D). Like the sodalite type ZIF-
8 single crystals, ZIF-90 single crystals exhibit the typical cuboctahedron
shape, as well (Figure 26 E). Literature and experimental XRD patters also

match very well.
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5.1.4 Zr-bzpdc with post-synthetic modifications

As already investigated by Mohmeyer et al.[71.7294] Zr-bzpdc single crystals
were modified with different reagents. In this study water, methanol, ethanol,
1-propanol and 1-butanol were used as reactants, already introduced by these
authors. In addition, benzyl alcohol, 2-propanol and 3-chloro-1-propanol were
chosen in this work. The physisorption measurements show the drastic
decrease of the pore volume (Figure 27) which proves the successful addition

of the reactant to the linker molecules.
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Figure 27: Physisorption data from post-synthetically modified Zr-bzpdc single crystals (next

to the graph the modification reagents are listed).

XRD measurements (Appendix Figure 3) furthermore confirm the successful
reproduction, which according to Mohmeyer et al. can be seen by the shift of

the main reflex towards larger angles.
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5.2 Refractive index measurements of MOF single crystals

All RI immersion measurements were performed at 589 nm with an error of
+ 0.0032. Above 1.7 and blow 1.4 the error increased to + 0.008. Follow-up
investigations regarding the entering of immersion liquids into the MOF
frameworks and thereby the reliability of the obtained results are displayed in
subchapter 5.3. All immersion measurements were obtained in cooperation

with Professor Reinhard X. Fischer’s group at the University of Bremen.

5.2.1 bzpdc-MOF single crystals

In Table 7 the obtained immersion measurement results are listed. Table 7 a)
compares the Rls of the Cd- and the Zn-bzpdc MOF. Both MOFs possess the
same framework structure and show a fivefold coordination of the metal
ion.[183] The values for a sixfold coordination were compared, since there was
no dynamic polarizability data provided for fivefold coordinated CdZ2+.
Cd-bzpdc (Cd2+: 2.70 A3) should thereby possess an overall higher RI than Zn-
bzpdc (Zn%*: 1.70 A3), due to the dynamic polarizability being directly
proportional to the RL[9 This is also in agreement with the immersion
measurement results (Table 7). Zn-bzpdc’s mean RI of 1.667 is lower than the

one of Cd-bzpdc (>1.694 ).[4°]

Table 7: Rl immersion measurements of different bzpdc-MOFs.

MOF RlImeasured
a) Cd-bzpdc nx=1.524 ny > 1.8 n;=1.7575
Zn-bzpdc nx=1.760 ny = 1.640 nz=1.602
b) Hf-bzpdc nx=1.658 ny =1.578 nz=1.590
Zr-bzpdc nx=1.680 ny = 1.580 nz=1.604

Zr-bzpdc and Hf-bzpdc each exhibit eightfold coordination.l71184]1 Once
comparing the dynamic polarizability of octahedrally coordinated Zr** (3.74
A3) and Hf** (3.10 A3) Zr-bzpdc should possess an overall higher RI than Hf-
bzpdc. This matches with the results of the immersion measurements (Table
7 b)), where Zr-bzpdc exhibits an overall higher mean RI of 1.621 in
comparison to Hf-bzpdc (1.609).
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5.2.2 y-CD MOF

Table 8 a) lists the RlIs of the y-CD MOFs with the cubic crystal system. the
dynamic polarizability increases from Li*(0.15A3)to K*(1.443) to
Rb* (2.02 A3) to Cs* (3.5 A3), which also correlates with the measured RI
values.[*9] Considering the different crystal systems between the Na-y-CD MOF
(Table 8 b)) and the other y-CD MOFs, the values cannot be directly compared.

Table 8: Refractive index immersion measurements of different y-CD MOFs.

MOF Rlmeasured
a) Li-y-CD MOF 1.515
K-y-CD MOF 1.518
Rb-y-CD MOF 1.520
Cs-y-CD MOF 1.525
b)  Na-y-CD MOF nx=1.510 ny = 1.515 n,=1.514

Due to the large size of these single crystals it was possible to confirm the
immersion measured RlIs by ellipsometry measurements (Table 9). However,
the quality of the ellipsometry results was poor (MSEs around 24;
subchapter 8.4). Therefor the obtained results can only be used for a brief
confirmation of the overall RI-range of these single crystals. Indeed, they were
able to prove that the y-CD MOFs exhibit RIs around 1.5. In addition, they also
affirm the RI increase from the Rb-y-CD to the Cs-y-CD MOF (Table 9 a)).

Table 9: Comparison of different refractive index measurements for y-CD MOFs.[185]

MOF <Rlimmersion> Rlellipsometry
a) Li-y-CD MOF 1.515 -
K-y-CD MOF 1.518 -
Rb-y-CD MOF 1.520 1.49
Cs-y-CD MOF 1.525 1.51

b) Na-y-CD MOF 1.513 1.48
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5.2.3 ZIF single crystals

Table 10 contains the measured RI data of the synthesized ZIF single crystals,
sorted by their crystal system and topology. Organic compound atomic
refraction values were investigated by Vogel et al.[18¢]. When comparing the
values of a methyl group (5.68 cm3) and a carbaldehyde group (5.74 cm?3) a
small RI increase is observed, once a methyl group is substituted with a
carbaldehyde group. This tendency can also be observed by the RI data in
Table 10 b). However, for the gmelinite type ZIFs the observed trend (RI: ZIF-
70 > ZIF-78 > ZIF-81 > ZIF-68 > ZIF-82 > ZIF-69; Table 10 c)) does not match
with the theoretical trend that should be observed (RI: ZIF-81 > ZIF-78 > ZIF-
69 > ZIF-68 > ZIF-82 > ZIF-70) according to literature.[5051,53]

Table 10: Refractive index immersion measurements of different bzpdc-MOFs.

MOF Rlmeasured

a) ZIF-7 nx = 1.628 ny = 1.639 nz = 1.654

b) ZIF-8 1.533
ZIF-90 1.588

c) ZIF-68 ne = 1.544 no = 1.551
ZIF-69 ne = 1.547 no =1.524
ZIF-70 ne = 1.624 no = 1.598
ZIF-78 ne = 1.587 no = 1.616
ZIF-81 ne = 1.603 no = 1.569
ZIF-82 ne = 1.536 no = 1.546

Because the RI values of the ZIF single crystals are very high compared to
previous reported values[4%.187]1 and the overall tendency for gmelinite type
ZIFs is not confirmed, TH-NMR investigations were carried out to investigate
whether the immersion liquid is able to enter the microporous MOF structure

or not.
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5.2.4 Other single crystals

Apart from the above-mentioned MOFs, also single crystals of UiO-66,
Ui0-66-NO2, Al-pydc and UTSA-74 were measured (Table 11). The Al-pydc
possesses the highest Rl change within the measured MOF single crystals.
Simply by changing the orientation of an Al-pydc single crystal an RI change of
up to 0.2565 can be observed (Table 11 a)). When comparing the atomic
refraction values of a nitro group (6.713 cm3) and a hydrogen atom (1.03 cm3)
a Rlincrease is indicated, once a hydrogen atom is substituted by an additional
nitro-group.[186] This has already been observed by Yin et al.[*°! and can also
be observed by the increase of the RI values from UiO-66 to UiO-66-NO2
(Table 11 c)).

Table 11: Refractive index immersion measurements of different MOF single crystals.

MOF Rlmeasured
a) Al-pydc nx=1.7025 ny = 1.446 n; = 1.684
b) UTSA-74 ne = 1.651 no = 1.542
c) Ui0-66 1.574
Ui0-66-NO2 1.594

5.2.5 Zr-bzpdc-MOF PSM single crystals

In order to determine the exact measurement positions for the immersion
method, an extinction curve needs to be measured first. For the PSM modified
Zr-bzpdc single crystals the determination of each maximal extinction point
became difficult since the degree of single crystallinity was reduced most likely
due to the PSM treatment. Figure 28 shows a comparison between the point of
maximal extinction observed for an unmodified Zr-bzpdc single crystals
(Figure 28 Left) that clearly shows single crystallinity to a PSM modified one
(Figure 28 Right) where no full extinction could be obtained. This further
indicated, that during the PSM treatment the single crystallinity of Zr-bzpdc
single crystals is diminished. Since total extinction (Appendix Figure 1, right)
could not be achieved the point of maximum partial extinction was selected
instead. Some examples of these maximum partial extinctions are given in

Figure 28.
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Figure 28: Pictures of two Zr-bzpdc single crystals during the extinction curve measurement
at the point of their maximum extinction; Left: PSM with Propane-2-ol, Right: unmodified
Zr-bzpdc.

In addition, due to the reduced degree of single crystallinity, the determined
measurement positions were not consistent, even though the crystals came
from the same batch. This was most likely caused by the loss of single
crystallinity, too. Therefore, all measurements in this subchapter were carried
out with regard to the measurement positions of the unmodified Zr-bzpdc
single crystal and thus will be referred to as geometric RI immersion
measurements. As a result, the overall accuracy decreases and the
measurement error was set to + 0.0052. Furthermore, the PSM reaction
mechanism is not yet proven. Apart from the proposed mechanism by

Mohmeyer et al. (Figure 12) other reaction paths (Figure 29) are possible and

most likely are responsible for the reduced single crystallinity.

Figure 29: Suggested mechanisms for the occurring PSM reaction taking place at the bzpdc
linker molecule. The mechanisms were taken from literaturel717294] and displayed using

Chemdraw software.
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Table 12 lists all the measurement results from the PSM Zr-bzpdc single
crystals. On the one hand different chain length of alcohols were investigated
(Table 12 a)). On the other hand, different functional groups were added to
propane and different positions for the hydroxy group were studied (Table
12 b)). If the chain length of the PSM reagent increases, the mean RI should
gradually increase as well. However, a gradual increase is only observed for
water, since the RI of samples modified with methanol and ethanol
increasingly decreases to a minimum of 1.612. Afterwards the RI almost
gradually increases with the exception of butan-1-ol. The largest RI increase
could be obtained by choosing water or benzyl alcohol as PSM reagent. The
lowest mean RI could be measured for the ethanol modified Zr-bzpdc single
crystals. Nevertheless, the mean RIs are all very close and stay within
deviations of + 0.009 or less. With the exception of water, nx notably
decreased for all modified samples. The ethanol modified Zr-bzpdc possesses
the lowest nx of all measured Zr-bzpdc PSM single crystals. This decrease is
accompanied by an increase of ny (Table 12). Here, the benzyl alcohol modified
sample shows the largest increase. For nz no particular trend is visible apart
from the modifications with water showing the highest decrease and with

benzyl alcohol showing the highest increase.

Table 12: RI ‘geometric’ immersion measurements of different bzpdc-MOFs (the value for

propan-1-ol was listed twice to improve the clarity of section b)).

PSM reagent Rlmeasured
None (as syn.) nx = 1.680 ny = 1.580 n: = 1.604
a) Water nx = 1.682 ny=1.612 nz=1.588
Methanol nx = 1.643 ny = 1.620 nz=1.607
Ethanol nx =1.634 ny = 1.606 n; = 1.596
Propan-1-ol nx = 1.644 ny=1.610 n;=1.598
Butan-1-ol nx = 1.645 ny = 1.609 nz=1.596
Benzyl alcohol nx = 1.649 ny =1.622 n;=1.612

b)

Propan-2-ol nx = 1.664 ny =1.614 nz =1.600
Propan-1-ol-3-chloride nx = 1.650 ny = 1.602 n;=1.598
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Looking into the different functional groups attached to propane, the mean RI
of the Zr-bzpdc single crystals with propan-1-ol and propan-1-ol-3-chloride
modification are the same, though the propan-2-ol treatment shows an
increased mean Rl value. However, the results for propan-1-ol and propane-2-
ol modification should be the same due to their identical composition, followed
by an increase when modified with propan-1-ol-3-chloride. Further trends
observed are a gradual increase of the nx values from propan-1-ol over
propan-1-ol-3-chloride to propan-2-ol treatment. At the same time a decrease
in the ny value can also be observed. The measured RI decreases from propan-
2-ol over propan-1-ol to propan-1-ol-3-chloride modification. The nz values

are similar (Table 12 b)).

Since the single crystallinity is diminished by the PSM treatment, the

measurement results are only intended for the readers interest.
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5.3 NMR investigations of MOF single crystals

In order to simplify the experiments, NMR investigations for
1-Iodonaphthalene were carried out with 1-Bromonaphthalene instead. All

molar ratios were calculated using Equation 3.

My _ L Ny (3)
M, L, N,

M, . .
M—x determines the molar ratio of the compounds x and y. I related to the
y

integral of the NMR peak and N describes the number of nuclei that
contributes to the signal. Finally, the mass percentages were calculated based

on the molar ratios.[188]

5.3.1 bzpdc-MOF single crystals

Since only small amount of Cd-bzpdc single crystals could be obtained, the
sample amount was insufficient for TH-NMR investigations. Therefore, the
results of the identical structured Zn-bzpdc investigations were used as
representative results. In addition, it was assumed, that if the immersion liquid
is able to enter the framework it will stay in a liquid state and thereby is

detectable by liquid-state NMR investigations.

Table 13: Calculated relative concentrations of immersion liquids for bzpdc-single crystals by
1H-NMR investigations (BNaph = 1-Bromonaphthalene, HydroT = hydrogenated terphenyl,
DIM = diiodomethane).

Relative m% of

MOF
BNaph HydroT DIM
a) Zn-bzpdc 0.6 1.3 0.4
b) Hf-bzpdc 0.9 0.4 -
Zr-bzpdc 1.0 0.7 -

Within all tested bzpdc-MOFs no significant amount of immersion liquid could
be detected, which indicates that none of the known and tested immersion
liquid substances were able to enter the frameworks (results: Table 13,
spectra: Appendix Figure 5 - Appendix Figure 7). The measured RIs were

therefore considered as valuable.
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These results thus confirm the studies by Mohmeyer et al. who showed that
only fairly small molecules up to the size of 1-butanol can enter the framework.

Larger benzene units are unable to fully enter the pore system.[72]

5.3.2 y-CD MOF

For the y-CD-MOFs no significant amount of immersion liquid could be
detected (results: Table 14, spectra: Appendix Figure 8). A possible
explanation for these results might be found in the highly hydrophilic
properties of the y-CD pore system that does not favour the hydrophobic
hydrogenated terphenyl.

Table 14: Calculated relative concentrations of immersion liquids for y-CD single crystals by

TH-NMR investigations.

MOF Relative m% of hydrogenated terphenyl
Na-y-CD 0.2
Li-y-CD 0.3
K-y-CD 0.5
Rb-y-CD 0.1
Cs-y-CD 0.2

5.3.3 ZIF single crystals

Table 15: Calculated relative concentrations of immersion liquids for ZIF single crystals by

TH-NMR investigations (BNaph = 1-Bromonaphthalene, HydroT = hydrogenated terphenyl).

Relative m% of

MOF
BNaph HydroT

ZIF-7 14.9 8.7

ZIF-8 16.2 7.7
ZIF-68 14.2 5.5
ZIF-69 19.0 9.4
ZIF-70 20.4 8.7
ZIF-78 20.5 6.7
ZIF-81 20.2 8.2
ZIF-82 26.7 8.0

ZIF-90 22.2 5.8
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All ZIF single crystals show a visible uptake in both 1-bromonaphthalene and
hydrogenated terphenyl (results: Table 15, spectra: Appendix Figure 9,
Appendix Figure 10). This is probably due to the large pore sizes compared to
the other investigated MOFs.

All obtained RIs were most likely measured with immersion liquids inside of
the MOF framework. The results are therefore misleading and require the use

of a different measurement method.

5.3.4 Other single crystals

Only a small amount of Ui0O-66-NO2 single crystals could be synthesized and
the synthesis was not reproducible. Since both UiO-66 and UiO-66-NO2
possess the same overall framework structure, the results for Ui0-66 were

discussed as representative results.

Table 16: Calculated relative concentrations of immersion liquids for different MOF single
crystals by 1H-NMR investigations (BNaph = 1-Bromonaphthalene, HydroT = hydrogenated
terphenyl, DIM = diiodomethane).

Relative m% of

MOF
BNaph HydroT DIM
a) Al-pydc 0.9 1.0 0.8
b) UTSA-74 21.4 0.6 -
c) Ui0-66 14.4 0.9 -

The TH-NMR investigations (results: Table 16, spectra:Appendix Figure 11 -
Appendix Figure 13) confirm that the immersion liquid can enter the UTSA-74
and UiO-66 framework structures. For Al-pydc no significant amount of
immersion liquid could be detected. These results are consistent with the
framework of these MOFs. Al-pdc possesses a very dense and closely packed
structure,[¢8] whereas the structures of UiO-66 and UTSA-74 show pores of up

to 11 A.1981
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5.4 Perovskite-MOF materials

This subchapter provides further information on the prepared MOF and MOF-
perovskite materials and their syntheses results. All data was obtained in
cooperation with the group of Professor Tae-Woo Lee at the Seoul National

University in South Korea.

5.4.1 Cerium MOFs

The Ce(IV)bdc-MOF was synthesized based on an adaption of the synthesis
reported by Ren et al.[2?] However, by simply following the given synthesis
route large amounts of unreacted terephthalic acid were obtained besides the
product. In order to prevent the residual reactant, additional washing steps
were added at the end of the synthesis route (section 4.3.1). The measured
XRD pattern obtained from the synthesis with additional washing steps now
matches well with the literature. In addition, both SEM (Appendix Figure 4)
and TEM images (Figure 30) now only show the characteristic octahedral

shape of the bdc-MOF.
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Figure 30: Left: XRD pattern, Right: TEM image of the obtained Ce(IV)bdc-MOF.

The mesoporous system within the Ce(IV)bdc-MOF was confirmed by
physisorption data (Figure 31). The Type IV curve clearly shows a hysteresis
which is caused by the mesoporous system and matches well with the
literature.[2°] Regarding all these factors the reproduction can be considered a

success when additional washing steps are implemented.
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Figure 31: Obtained physisorption data from the synthesized Ce(IV)bdc-MOF.

5.4.2 MOF-Perovskite-SiO: synthesized after Ren et al.

The synthesis of CsPbBr3 nanoparticles into the MOF structure, yielded a

different outcome compared to the one reported in literature.[?] Instead of

synthesizing pure-phase CsPbBrs nanoparticles, a mixture of CsPbBr3 and

Cs4PbBrs nanoparticles was obtained (Figure 32). The majority of the

perovskite components, was unreacted caesium bromide (CsBr).
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Figure 32: Diffractogram of the obtained hybrid material - synthesis after Ren et al(2°].
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Large amounts of unreacted CsBr crystals can be recognized within SEM
images, which matches well with the results obtained from XRD
measurements. In comparison to the octahedral MOF-perovskite particles,
CsBr particles are easily identified since they crystallize in a cubic shape

(Figure 33b).

Figure 33: SEM-images of the modified Ce-MOF according to Ren et al. [2°1 with different

magnifications.

The formation of perovskites within the MOF structure was carried out at
ambient conditions as reported by Ren et al.[29] However, the synthesis of
perovskites is highly sensitive to water and humidity. At the day of the
experiment the humidity was around 80 %, which can the cause to the
formation of the Cs4PbBre phase. Furthermore, upon cooling the CsBr solution
to perform the perovskite formation at room temperature, a large part of the
previously dissolved CsBr recrystallizes. This also results in the rather low
ratio of formed perovskites. Therefore, this synthesis route is not ideal for
future LED materials. Nevertheless, it was still further investigated to study
the impact of large amounts of CsBr impurities on the stability and the
materials stability and performance. As labelled in Figure 32, this sample will

be referred to as sample S1.

Since this synthesis route contains little to no washing after the perovskite
formation, another route that included washing steps was carried out. The

results are reported within section 5.4.3.
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5.4.3 MOF-Perovskite-SiO: syntheses after Wu et al.

In order to create a material with less residual CsBr, the perovskite
confinement step provided by Ren et al.[2°] was substituted by the one
reported by Wu et al.[181] As intended, the outcome of this synthesis route
yielded a material with smaller residue of CsBr (Figure 34) compared to
results reported in section 5.4.2 (Figure 32). In contrast to section 5.4.2, only

the CsPbBr3 perovskite phase could be identified.
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Figure 34: Diffractogram of the obtained hybrid material - modified synthesis.[?%.181]

As labelled in Figure 34, this sample will be referred to as sample S3.
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5.5 Characterization of Perovskite-MOF materials

The performance of the above described materials was evaluated with regard
to the photoluminescence quantum yield (short: PLQY) and stability under

specific circumstances. All materials were tested as films (section 4.3.5).

5.5.1 High flux testing

Both materials sample S1 and sample S3 were exposed to blue light irradiation
of 460 nm with high flux of 240 mW-cm-2 to test their stability. Figure 35
displays the PLQY spectra of sample S1 after irradiation with high flux blue

light for several hours.
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Figure 35: PLQY spectra of S1 after irradiation under blue, high flux light with varying time.
Since the shape of the curve consists of a main peak accompanied by a shoulder
one, the spectra indicates the presence of two phases. Phase one exhibits a
maximum emission at 511 nm, whereas the second, smaller peak appears
around 530 nm. Since the peak observed by Ren et al.[?9] for confined pure-
phased CsPbBrs3 was reported at 519 nm, the measured peak at 511 nm can be
ascribed to the CsPbBr3 perovskite phase. The second, less intense peak at

higher wavelength can therefore be ascribed to the Cs4PbBrs phase as

identified by XRD analysis (Figure 32).
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Values for Cs4PbBre emission peaks in literature are reported around
523 nm[189, which is close to the observed 530 nm shoulder peak. The
difference between the measured peak positions to the literature ones for
CsPbBr3 and Cs4PbBre perovskite phases can be caused by different particle

sizes[190.191] and slightly different excitation wavelengths.

The PLQY emission spectra for sample S3 are displayed in Figure 36.
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Figure 36: PLQY spectra of S3 after irradiation under blue, high flux light with varying time.
Compared to the data shown in Figure 35 sample S3 exhibits only one peak at
around 518 nm. This peak is very close to the one reported in literature
(519 nm)[29] and clearly indicates the sole presence of CsPbBr3 as the
dominating perovskite phase. In contrast to Figure 35 no second peak could
be identified in the measured wavelength range. Therefore, I can be assumed,
that no or no significant amounts of the Cs4PbBrs are present in sample S3.
Furthermore, no changes in the perovskite phase composition of the emitting
part of the samples are detectable via PLQY emission spectra data over the

course of the high flux testing.



72

Results and Discussion

Apart from the recorded emission spectra, the PLQY values were calculated.

Their change over time is displayed in Figure 37 for both sample S1 and

sample S3 undergoing high flux stress testing.
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Figure 37: Calculated PLQY for films exposed to high flux stability testing conditions over time.

It is clear, that both samples increase their PLQY performance over time.

Usually, films that undergo stability testing show a PLQY-decrease as can be

seen in Figure 38.[29]

-
e
h O

ormalized PL Intensity
= = = &
[
n D

ot
=
S

450 500

550

600

Wavelength (nm)

=& CsPbBr,
== CsPbBr,@Ce-MOF F2.0M ;
9~ CsPbBr,@Ce-MOF@SiO, *
t1.5M B
)
1.0M g
500.0ks>
0 16 32 48 64 e
Exposure Time (h) s &
2
r7; ~Q°
84 0\.
764
F24H N
&
S84
&
2 Q?
650 Q;p

Figure 38: Time-dependent PLQY spectra and data of CsPbBrs@Ce-MOF@SiOz material

undergoing photostability stress testing, as reported by Ren et al.[2°]
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The observed, unusual PLQY increase in Figure 37 is most likely caused by
favourable effects due to the illumination. However, we were unable to exactly
identify the occurring phenomena. Our main assumption is that under
irradiation, surface defects of the perovskite particles were most likely healed
which then leads to a PLQY increase.

Small amounts of added CsBr can induce beneficial effects. CsBr-CsPbBr3
composites or CsBr treated perovskites are reportedly able to induce a
high-level defect passivation.[192] Nevertheless, this effect was only observed
for small amounts of CsBr. Since CsBr itself has no significant luminous
properties, large amounts of added CsBr will very likely decrease the overall
performance of the LED material.

Still a hundred-times increase of PLQY, as it was measured for sample S3, is
very unusual. In addition, sample S3 outperforms the obtained PLQY values
from sample S1. As already mentioned above, this is most likely due to the high
CsBr impurities of sample S1, since CsBr itself does not emit light.
Furthermore, sample S3 contains a higher amount of CsPbBrs perovskite
particles, as can be seen from XRD measurements, which results in an
expected, higher PLQY performance. Cs4PbBre¢ is known to be a major
efficiency-limiting factor among perovskite synthesis, as a result the

performance of sample S1 decreases.[192]
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5.5.2 60-90 testing

In order to test the materials stability against heat and moisture, sample S1
and sample S3 were exposed to 90 % humidity and 60 °C (60-90 test). Their
emission spectra and PLQY values were determined after different exposure
times.

Figure 39 displays the emission spectra of sample S1 during the 60-90 testing.
As already observed and discussed in section 5.5.1, the shape of the spectra
indicates the presence of two perovskite phases. The first peak at around
513 nm can be assigned to the CsPbBrs phase. The second peak at around

530 nm is caused by the Cs4PbBrs phase.
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Figure 39: PLQY spectra of S1 after exposition to 60 °C at 90 % humidity with varying time.

Unlike the observed behaviour under high flux testing, the ratio of the peak
intensities does vary for the 60-90 testing. This indicates that during these
testing conditions, the perovskite phase composition changes. Over time a
considerable increase of the second peak, which corresponds to the Cs4PbBrs
phase, is measured. After 470 hours, the highest intensity peak is no longer

caused by the CsPbBr3 phase but by the Cs4PbBrs phase (Figure 39).
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The high humidity leads to an overall increase of the water content of the film,
resulting in a Cs* and Br- rich environment through dissolvement of the
residual CsBr.[193] The enriched environment then causes the formation of the

Cs4PbBrs phase via the reaction as follows.[194]
3CsBr + CsPbBr; — Cs4PbBryg (7)

In addition, the water molecules coordinate to the surface of the CsPbBr3 phase
inducing small structural changes of the outer layer. Especially, the increased
effective radius of the incorporated Cs* ions enables an easier formation of the

Cs4PbBrs phase later on.[194]

The PLQY emission spectra for sample S3 are displayed in Figure 40. Just like
the emission spectra obtained for high flux tests of sample S3 (Figure 36) the
material exhibits only one peak at around 518 nm. This peak is as already
mentioned very close to the reported literature onel2?l and clearly indicates

the presence of CsPbBrs.
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Figure 40: PLQY spectra of S3 after exposure to 60 °C at 90 % humidity with varying time.
However, for the measured emission spectra of the 60-90 testing, a peak-shift
from 518 to 524 nm occurred over the course of several hundred hours. The

shift could be caused by multiple phenomena like ageingl[195] or particle size

increasel190,191],
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Apart from the recorded emission spectra, the exhibited PLQY values were
calculated. Their change over time for both sample S1 and sample S3
undergoing 60-90 stress testing is displayed in Figure 42.
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Figure 41: Calculated PLQY for films exposed to 60-90 stability testing conditions over time.
Both curves show a PLQY-increase over the first 200 hours, which is then
followed by a decrease back to the initial PLQY.
Similar observed behaviour was also reported by Girolamo et al. First, the
performance of CsPbBrs particles exposed to humidity increases due to
improvement of the crystal structure, induced by particle growth and defect
healing. If the humidity exposure exceeds a certain timeframe, it has a negative
performance impact. Prolonged exposure to humidity causes the conversion
of the CsPbBr3 phase into possibly CsPb2Brs and/or Cs4PbBres-H20 resulting in
a lowered light-emitting performance.[1¢] This confirms the observed
increase of Cs4PbBrs determined from Figure 39.
An explanation for the increased stability can also be found in the protecting
MOF matrix and silica layer. Both exhibit insulating properties and prevent
heat propagation between the perovskites and the heating source. (1971 These
insulating effects counter the usual, thermally induced PLQY performance loss.
Moreover, the formed perovskite nanocrystals are most likely well dispersed
within the MOF host matrix. This inhibits heat-induced aggregation and

furthermore decreases the thermal damage.[198]
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6 Conclusion and Outlook

In this work, large single crystals of various metal-organic framework
compounds could be synthesized and characterized. Among other things, the
composition was varied with regard to the use of differently substituted
organic linker molecules and different metal ions. In particular, the chosen
method for refractive index (short: RI) measurements is suitable for the
determination of anisotropic Rls. The possibilities of the applicability of the
immersion method were further established and verified in this work. In
addition to the optical characterization, experiments were carried out towards
optical application of the materials. For this purpose, MOF-perovskite
materials were synthesized and investigated regarding their performance and
stability.

In order to obtain a variety of different, large MOF single crystals a lot of effort
was put into the search to find suitable syntheses. All in all, 22 different and
measurable large and transparent to lightly-coloured single crystals could be
synthesized, not including the post-synthetically modified ones. These single
crystals were then measured with the immersion method at the University of
Bremen. The obtained, Rls are listed below in Table 17. Since the immersion
method is suitable to determine anisotropic Rls, up to three RIs were
measured per single crystal. The number of RIs is determined by the specific
crystal system. The general trend of results depending on metal ion and/or
organic linker group variation in most cases also complies with literature
known calculation systems for minerals[*°l and organic compounds[50.51.53],
Further investigations concerning the usability of the immersion method for
RI measurement of MOF single crystals was carried out. The results showed,
that the immersion method cannot be applied to MOF structures with large
pore sizes, since the immersion liquid is able to enter the framework affecting
its inherent refractive properties. Also, a hydrophilic pore system is beneficial
to prevent the hydrophobic immersion liquids from entering. Nevertheless,
the evaluation could only be carried out for known immersion liquid
substances. Substances, that were not named due to trade secret could not be
investigated. As a result, the immersion method can be viewed as a first, novel

step towards precise anisotropic RI measurements of MOFs. The immersion
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method is able to precisely determine orientations for successful
measurements. Unfortunately, due to the absorbance of immersion liquids
into some MOFs the search for a more sufficient measurement method
continues. Apart from the search of a new measurement method, next steps
could be the creation of an increment system to predict the Rls of MOFs.
However, in order to prove such a system more Rl data is needed. A further
step would also be the creation of an optical device that makes use of the
directional dependence of the refractive index in certain MOF structures.

Table 17: Immersion method RI measurements of synthesized MOF single crystals at 589 nm.
Information given in grey lettering shows the Rls of MOF measured with immersion liquids
inside of the framework.

MOF RIimmersion method + 0.0032
Al-pydc nx: 1.7025 ny: 1.446 nz: 1.684
Cd-bzpdc nx: 1.524 ny: >1.8 nz: 1.7575
Zn-bzpdc nx: 1.760 ny: 1.640 nz: 1.602
Hf-bzpdcl70] nx: 1.658 ny: 1.578 nz: 1.590
Zr-bzpdcl70] nx: 1.680 ny: 1.580 nz: 1.604
Cs-y-CD MOF 1.525
K-y-CD MOF 1.518
Li-y-CD MOF 1.515
Rb-y-CD MOF 1.520

Na-y-CD MOF nx 1.510 ny: 1.515 nz 1.514
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Concerning optical applications, a Ce(IV)-MOF with a mesopore system was
synthesized. Perovskite nanocrystals were then formed in-situ and confined
within the mesoporous channel. Afterwards the MOF-perovskite hybrid
materials were coated with a thin silica shell. In comparison to the literature,
the already known synthesis route was refined with washing steps during the
MOF synthesis and a second perovskite confinement method was tested.
Despite these efforts the reported photoluminescence quantum yield (PLQY)
of 78 %[291 could not be reached. However, during the stability testing the
initially very low PLQY drastically increased. The observed increase was
highly interesting, since it did not match the decrease observed in literature

(s. Figure 42).
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Figure 42: Left) PLQY values of S1 and S3 under different conditions and over time;
Right; photostability test of CsPbBrs@Ce-MOF@SiO2 reported by Ren et al.[29]

The starting low PLQYs combined with the drastic initial increase is most likely
cause by surface defects of the synthesized perovskite nanoparticles, which
are then healed by exposure to humidity or high flux blue light irradiation.[196]
Overall sample S3, which was synthesized using an alternative perovskite
confining method that contains additional washing steps, clearly outperforms
sample S1, which was synthesized according to literature. This is due to the
fact, that during the synthesis of sample S1 apart from CsPbBrs also Cs4PbBrs
was formed. Since Cs4PbBrs is known to be a major efficiency-limiting factor
compared to pure-phased CsPbBrs, the performance thereby decreases.[192]

Despite the observed and very interesting phenomena, the performance is not
at a sufficient level. Apart from further investigation of the occurring PLQY
increase, the search for a highly stable and sufficient MOF-perovskite material

continues. One opportunity could lie in perovskite confinement within highly
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light-emitting MOF structures with PLQYs close to 100 %.[1991 These MOF
structures possess complex, light emitting linker molecules but oftentimes
suffer from a slight decrease in stability compared to other MOF structures.
However, with the addition of an outer silica layer on top of the MOF-
perovskite material, it could still show a great stability increase combined with
a tremendous PLQY increase. Next steps would be the in-depth investigation
of the observed efficiency and structural changes with frequent analysis steps
within the stress testing process. For example, tracking the structural change
with frquent XRD measurements. In addition, the effects of the used polymer
for the film formation need to be determined. Therefore, a comparison
between pure powder and film could provide useful information. For pure
powder, changes of the overall perovskite particle size might be resolved with

TEM imaging.
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8 Appendix

Appendix Figure 1: View during the determination of the extinction curve; Left: View during

measurement, Right: Point of extinction.

= Extinction Curve
o Extinction Curve +/- 90

Appendix Figure 2: Graphical output plotted by excalibrw, obtained from the exctionction data
of a MOF single crystal (AB = acute bisectrix, OB = obtuse bisectrix, ON = optical normal,

0A1 & OA2 = optical axes 1 and 2).
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8.1 Powder X-ray diffraction spectra
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Appendix Figure 3: Diffractograms of post-synthetically modified Zr-bzpdc single crystals (the

modification reagents are displayed within the diagram).

8.2 Scanning electron microscopy images

Appendix Figure 4: SEM images of the Ce(IV)bdc-MOF with different magnifications.
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8.3 1H-NMR measurements

L Zn-bzpdc
g: | Zr-bzpdc
| F ] Hf-bzpdc
M M w "”h “U bzpdc-MOF
] |“\ ‘llIUuhnL_/t\ BNaph
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o/ ppm

Appendix Figure 5: 1H-NMR 1-bromonaphthalene measurements for bzpdc-MOF single

crystals.
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Appendix Figure 6: TH-NMR hydrogenated terphenyl measurements for bzpdc-MOF crystals.
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Appendix Figure 7: 1H-NMR diiodomethane measurement for Zn-bzpdc MOF single crystals.
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Appendix Figure 8: 1H-NMR hydrogenated terphenyl measurements for y-CD single crystals.
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ZIF-8
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Appendix Figure 9: TH-NMR 1-bromonaphthalene measurement for ZIF single crystals.
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Appendix Figure 10: tH-NMR hydrogenated terphenyl measurement for ZIF single crystals.
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Appendix Figure 11: 1TH-NMR 1-bromonaphthalene measurement for different MOF single
crystals.
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Appendix Figure 12: TH-NMR hydrogenated terphenyl measurement for different MOF single

crystals.
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Al-pydc
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Appendix Figure 13: 1H-NMR diiodomethane measurement for Al-pydc MOF single crystals.
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8.4 Ellipsometry Measurements[185]

Results:
Table. Optical properties of grains at 589 nm and the measured square

errors(MSE) using Cauchz based model and BSpline based model:

Sample Cauchy based model BSpline based model
RI (refractive index) | MSE RI MSE
RbY (S1) 1,48603 25 1,48626 25
RbY (S3b) 1,49959 27 1,49910 27
NaY (54) 1,48380 11,4 1,48393 11,3
NaY (S5) 1,48405 23 1,48365 23
CsY (S6) 1,51154 25 1,51461 24

Opt. Const. of Cauchy vs. nm
1.54

<4 \
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0.04 ||
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~ 0.02}s1Bs m |
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-0.02
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Fig.: Refractive index (left) and extinction coefficient(right) of grains depend

on wavelength (Ca- from Cauchz model; SB- BSpline model)
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Optical model:

Substrate = Cauchy
A = 1.479 (fit) B = 0.00166 (fit) C = 0.00021713 (fit)
k Amplitude = 0.01428 (fit) Exponent = 0.00 (fit)
Band Edge = 400.0 nm

n(ﬂ»):A+%+ ¢

44
A

Jr= kamp . eexpd E—Bandedgd

Cauchy model

Substrate = B-Spline
Init. values: n=1.500 k =0.00 Starting Mat = RbY_s1_nk
Resolution (€V) = 0.300 10 Pts. (1.459-4.427 eV) Draw Node Graph
Fit Opt. Const. = ON
Use KK Mode = OFF
Query remote system for Opt. Const. = OFF
Show Advanced Options = OFF

BSpline model

In case of BSpline mode the optical properties of grains were described using

B-Spline function with 0.3 eV resolution. The KK Mode and the E2 force to be

positive were OFF.

Spectra:

Typical measured spectra and fitted spectra

Spectroscopic Ellipsometric (SE) Data

25 , 300
Psi, #1
Delta, #1 —
20H Psi, #2 p————
Delta, #2 -1200
Psi, #3 B s
15 H Delta, #3
— Psi, #4 s
Q@ Delta, #4 -{100 e
10H Model —
- -{0
5
hh""“ i onds it drad ok 1
0 -100
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