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Abstract

In this thesis, the structural characterization of functional, especially crystalline microporous
materials, was performed by electron diffraction tomography (EDT) technique using trans-
mission electron microscope (TEM) and supported in combination with complementary
methods. The structural elucidation of materials at the atomic level is a key step to under-
stand their chemical and physical properties and is therefore of great importance for the
development of specific applications and for the targeted design of novel materials with
desired properties.

Microporous materials show unique structural features - a periodic arrangement of cavities
and channels with high internal surface areas. This type of material is suitable for numerous
applications in industry as well as in daily life. Since microporous materials often emerge
with the factors of nano crystal size, disorder, multiple phase and low crystallinity, the
structural characterization of these materials is challenging with traditional and conventional
diffraction methods like single-crystal X-ray diffraction (XRD) or X-ray powder diffraction
(XRPD). The used method in this dissertation, namely automated diffraction tomography
(ADT), enables structure analysis directly from single nanosized crystals and can overcome
the mentioned challenges. In this work, the structural characterization started with an
electron beam stable ceramic (Al4B2O9) with a disordered structure and then focused on
several beam sensitive microporous materials. The first phase of structural analysis of
microporous materials comprises of crystal structure determinations of two metal-organic
frameworks (Zr-MOFs) with large lattice parameters and a novel zeolite (THK-2) in a
multiphase mixture. Subsequently, zeolites with industrial interests were structurally
investigated after targeted modifications. On basis of the known crystal structure, the crystal
disorder could be described for the metal interlayer expanded zeolites (M-IEZ-RUB-36) by
structural modelling and simulation of electron diffraction patterns in the program package
DISCUS. In addition, the positions of organic structure directing agents (OSDAs) in the
pore of the porous materials: SSZ-51 and SOD; the Cu atom position in a dehydrogenated
selective catalytic reduction (SCR) catalyst (Cu-chabazite) were determined from three-
dimensional ADT data. This work provides an important contribution to the overall structure
characterization of microporous nanomaterials including ab initio structure determination,
disorder analysis, determining the position of OSDAs in zeolites and detecting the metal
atom position in dehydrated zeolite, which would not be accessible to elucidate the structural
features with a reliable accuracy as shown in this work using the conventional methods.
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Zusammenfassung

In dieser Dissertation wurde die strukturelle Charakterisierung funktioneller insbesondere
kristalliner mikroporöser Materialen über Elektronenbeugungstomographie (EDT) mittels
Transmissionselektronenmikroskope (TEM) durchgeführt und in Kombination mit komple-
mentären Methoden untermauert. Die Strukturaufklärung von Materialien auf atomarer
Ebene trägt zum Verständnis chemischer und physikalischer Eigenschaften bei und ist damit
zur Entwicklung spezieller Anwendungen und für das gezielte Design neuer Materialien
mit den jeweils gewünschten Eigenschaften von großer Bedeutung.

Mikroporöse Materialien verfügen über eine einzigartige strukturelle Besonderheit - die
regelmäßige Anordnung von Hohlräumen und Kanälen mit großen inneren Oberflächen.
Solche Festkörper werden in der Industrie sowie im täglichen Leben für vielfältige An-
wendungen eingesetzt. Durch Faktoren wie Nanokristalle, Fehlordnung, Phasengemische
und geringe Kristallinität ist die Strukturaufklärung von mikroporösen Materialien mit
traditionellen und konventionellen Beugungsmethoden wie der Einkristallstrukturanalyse
(XRD) oder Röntgenpulverdiffraktometrie (XRPD) eingeschränkt. Die in dieser Disser-
tation verwendete Methode der automatisierten Elektronenbeugungstomographie (ADT)
erlaubt die die Strukturanalyse direkt an einzelnen Nanokristallen und hebt damit diese
Beschränkungen auf. Nach der Charakterisierung einer elektronenstrahlstabilen Keramik
(Al4B2O9) mit fehlgeordneter Struktur lag der Schwerpunkt auf der Strukturanalyse von
mehreren strahlempfindlichen mikroporösen Materialien. Zuerst standen zwei metallor-
ganische Gerüstverbindungen mit großen Gitterkonstanten sowie ein neuartiger Zeolith
(THK-2), der in einem mehrphasigen Gemisch vorlag. In einem zweiten Schritt wurden
industriell interessante Zeolithe nach gezielter Modifikation strukturell untersucht. Auf-
bauend auf der in diesen Fällen bekannten Kristallstruktur, konnte für die "metal interlayer
expanded zeolites" (M-IEZ-RUB-36) durch Strukturmodellierung und Simulation von Elek-
tronenbeugungsmustern im Programmpaket DISCUS die Fehlordnung beschrieben werden.
Außerdem gelang es, in den Poren der porösen Materialen SSZ-51 und SOD die Position der
organischen struktursteuernden Agenzien (OSDAs) sowie die Cu-Positionen im dehydrierten
SCR-Abgaskatalysator (Cu-Chabasit) aus dreidimensionalen ADT-Daten zu lokalisieren.
Diese Arbeit, die ab initio Kristallstrukturbestimmung, Fehlordnungsanalyse, Lokalisierun-
gen der OSDAs und Ermittlung der Position von Metallatom abdeckt, leistet einen wichtigen
Beitrag zur erweiterten Strukturcharakterisierung mikroporöser nanokristalliner Materialien,
was mit den üblichen Methoden zur Aufklärung von Festkörperstrukturen, in dem hier
gezeigten Umfang und der erreichten Genauigkeit, nicht möglich gewesen wäre.

iii





Contents

Abstract i

Zusammenfassung iii

1 Introduction 1

2 Principle and methods 5

2.1 Crystallographic basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Basic concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.2 Crystal systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.3 Reciprocal lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.4 Structure factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.5 Stacking disorder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Transmission electron microscope . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.2 TEM components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.3 Imaging system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.4 Electron diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.5 Scanning electron transmission microscopy . . . . . . . . . . . . . . . . 16

2.3 Electron diffraction tomography . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 Principle of ADT method . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.2 Precession electron diffraction . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.3 ADT data acquisition and processing . . . . . . . . . . . . . . . . . . . 19

2.3.4 Structure determination from ADT data . . . . . . . . . . . . . . . . . 20

2.4 Energy-dispersive X-ray spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 23

2.5 X-ray powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5.1 Bragg’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5.2 X-ray powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.5.3 Structure determination from XRPD data . . . . . . . . . . . . . . . . . 27

3 TEM and ADT 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Transmission electron microscope . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 TEM grid preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 TEM specimen holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

I



Contents

3.5 ADT data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.6 ADT data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.6.1 Data pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.6.2 Visual analysis of 3D reconstruction . . . . . . . . . . . . . . . . . . . . 39

3.6.3 Unit-cell determination . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.6.4 Intensity extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Introduction to investigated materials 41

4.1 Aluminium borate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1.1 Mullite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1.2 Mullite-type crystal structure . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.3 Aluminum borates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.4 Synthesis of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.5 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Metal-organic frameworks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2.1 Metal-organic frameworks . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2.2 Synthesis and structure properties . . . . . . . . . . . . . . . . . . . . . 46

4.2.3 Applications of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.4 Syntheses of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.5 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.3 Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.2 Metal-containing zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.3 Organic structure directing agent in zeolite . . . . . . . . . . . . . . . . 52

4.3.4 Information of investigated samples . . . . . . . . . . . . . . . . . . . . 53

4.3.5 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Experimental section 55

5.1 Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1.1 X-ray powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1.2 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1.3 Lattice parameter determination . . . . . . . . . . . . . . . . . . . . . . 57

5.1.4 Structure solution and refinements . . . . . . . . . . . . . . . . . . . . . 58

5.1.5 Structure modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2 Zr-MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.1 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2.2 Data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2.3 Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3 THK-2 zeolite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3.1 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3.2 Data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

II



Contents

5.4 M-IEZ-RUB-36 zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4.1 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4.2 Data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5 SSZ-51 and SOD zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5.1 Synthesis of samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5.2 Solid-state NMR spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 65

5.5.3 Thermal Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.5.4 X-ray powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.5.5 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5.6 ADT data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.6 CHA zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6.1 TEM experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6.2 Dehydration of CHA zeolites . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6.3 X-ray powder diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6.4 ADT data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6 Results and discussion 71

6.1 Order and disorder in Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.1.1 Sample overview and EDX analysis . . . . . . . . . . . . . . . . . . . . 72

6.1.2 ADT data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.1.3 Structure determination . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.1.4 Description of the crystal structure . . . . . . . . . . . . . . . . . . . . 76

6.1.5 HRTEM and HAADF-HRSTEM . . . . . . . . . . . . . . . . . . . . . . 79

6.1.6 Disorder analysis and simulation . . . . . . . . . . . . . . . . . . . . . 80

6.1.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2 Crystal structures of Zr-MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2.1 Sample overview of CAU-27 . . . . . . . . . . . . . . . . . . . . . . . . 86

6.2.2 ADT data analysis of CAU-27 . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.3 Structure determination of CAU-27 . . . . . . . . . . . . . . . . . . . . 87

6.2.4 HRTEM imaging of CAU-27 . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2.5 Crystal structure of CAU-27 . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.6 Sample overview of CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2.7 ADT data analysis of CAU-30 . . . . . . . . . . . . . . . . . . . . . . . 93

6.2.8 Structure determination of CAU-30 . . . . . . . . . . . . . . . . . . . . 94

6.2.9 HRTEM imaging of CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2.10 Crystal structure of CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . 98

6.2.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3 Crystal structure of THK2 zeolite . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.3.1 Sample overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.3.2 ADT data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.3.3 Structure determination . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.3.4 HRTEM imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

III



Contents

6.3.5 Crystal structure description . . . . . . . . . . . . . . . . . . . . . . . . 109

6.3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.4 Disorder in M-IEZ-RUB-36 zeolites . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.4.1 General information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.4.2 Interlayer expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.4.3 ADT data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.4.4 Structure solution for the average structures . . . . . . . . . . . . . . . 116

6.4.5 Disorder analysis and simulation . . . . . . . . . . . . . . . . . . . . . 117

6.4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.5 Organic template in SSZ-51 and SOD zeolite . . . . . . . . . . . . . . . . . . . 123

6.5.1 Sample overview of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . 124

6.5.2 Solid-state NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.5.3 Thermal stability of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . 126

6.5.4 Temperature-dependent XRPD of TMP-SSZ-51 . . . . . . . . . . . . . 126

6.5.5 Structure determination of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . 128

6.5.6 Structure description of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . 132

6.5.7 Organic template in PYS-SOD . . . . . . . . . . . . . . . . . . . . . . . 134

6.5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.6 Metal atom in the pore of CHA zeolite . . . . . . . . . . . . . . . . . . . . . . 138

6.6.1 General information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.6.2 Structure solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.6.3 Kinematical refinement . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.6.4 Dynamical refinement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7 Conclusion 145

References 149

Appendix 169

Appendix A: Supplementary data for Al4B2O9 . . . . . . . . . . . . . . . . . . . . . 169

Appendix B: Supplementary data for Zr-MOFs . . . . . . . . . . . . . . . . . . . . . 174

Appendix C: Supplementary data for THK-2 . . . . . . . . . . . . . . . . . . . . . . 177

Appendix D: Supplementary data for TMP-SSZ-51 . . . . . . . . . . . . . . . . . . 178

Appendix E: Supplementary data for dehydrated CHA zeolites . . . . . . . . . . . 179

Appendix F: Submitted manuscript about TMP-SSZ-51 . . . . . . . . . . . . . . . . 183

List of Publications 199

Erklärung 201

IV



List of Figures

1.1 Project overview of research on porous materials . . . . . . . . . . . . . . . . 4

2.1 Unit cell with lattice parameters and a lattice plane . . . . . . . . . . . . . . . 6

2.2 Scheme of the electron interaction with a thin specimen . . . . . . . . . . . . 10

2.3 Diagram of the main components of a conventional TEM . . . . . . . . . . . . 11

2.4 Schematic diagram showing the two basic operations in a TEM . . . . . . . . 13

2.5 Schematic presentation for the formation of a diffraction pattern . . . . . . . 15

2.6 Sketch of reciprocal spaces of a traditional tilt collection . . . . . . . . . . . . 17

2.7 Sketch of PED technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.8 Schematic representation of ADT acquisition and data processing . . . . . . . 19

2.9 Schematic illustration of X-ray emission during electron atom interaction . . 23

2.10 Schematic representation of Bragg’s law . . . . . . . . . . . . . . . . . . . . . . 24

2.11 Powder diffractometer with two geometry modes . . . . . . . . . . . . . . . . 25

2.12 An exemplary powder diffraction pattern . . . . . . . . . . . . . . . . . . . . . 26

3.1 Overview of TEM work process and possible applications . . . . . . . . . . . 29

3.2 Transmission electron microscopes . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Sheme of the procedures for preparation of a TEM grid . . . . . . . . . . . . . 31

3.4 TEM specimen holders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 Plasa cleaner and pump system . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 NED and PED patterns of Al4B2O9 viewed along c* direction . . . . . . . . . 34

3.7 A brief diagram of TEM calibration sequence for ADT . . . . . . . . . . . . . 36

3.8 Workflow of the program eADT . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.9 Electron diffraction pattern processing . . . . . . . . . . . . . . . . . . . . . . . 37

3.10 Three-dimensional reconstructed diffraction spaces . . . . . . . . . . . . . . . 39

3.11 Electron diffraction pattern processing . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Technical applications of mullites . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 The chain structure of 2:1 mullite . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3 Plot of potential phases in the SiO2-Al2O3-B2O3 system . . . . . . . . . . . . . 43

4.4 The general classification of porous materials . . . . . . . . . . . . . . . . . . . 45

4.5 Examples of organic linkers in MOFs . . . . . . . . . . . . . . . . . . . . . . . 46

4.6 Schematic illustration for the design of MOFs . . . . . . . . . . . . . . . . . . 47

4.7 Organic carboxylate linkers for the synthesis of CAU-27-BDC . . . . . . . . . 49

4.8 Linker for the synthes of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . 50

V



List of Figures

4.9 Building scheme of the crystal structure of CHA . . . . . . . . . . . . . . . . . 52

5.1 Pawley-fit plot of Al4B2O9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2 Basic structure components used for constructing superstructure. . . . . . . . 59

5.3 Thermogravimetric curve of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . 61

5.4 The organic SDAs used in this project . . . . . . . . . . . . . . . . . . . . . . . 64

5.5 XRPD diagrams of SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.1 STEM images of Al4B2O9 nonaparticles . . . . . . . . . . . . . . . . . . . . . . 72

6.2 EDX spectrum of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.3 3D reconstruction of reciprocal space and 2D slices of Al4B2O9 . . . . . . . . 74

6.4 Electron potential map of structure solution of Al4B2O9 . . . . . . . . . . . . . 75

6.5 Plot of Rietveld refinement for Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . 76

6.6 Coordinations of Al and B atoms in Al4B2O9 . . . . . . . . . . . . . . . . . . . 78

6.7 Building units of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.8 Crystal structure of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.9 HRTEM image of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.10 HAADF-HRSTEM image of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . 80

6.11 Single electron nano diffraction patterns of Al4B2O9 . . . . . . . . . . . . . . . 81

6.12 Single electron nano diffraction pattern and intensity profiles of Al4B2O9 . . 82

6.13 Experimental and simulated electron diffraction patterns of Al4B2O9 . . . . . 83

6.14 TEM images and crystal diameter distribution of CAU-27-BDC . . . . . . . . 86

6.15 Reconstruction of 3D reciprocal space and 2D slices of CAU-27-BDC . . . . . 87

6.16 Electron potential map of structure solution of CAU-27-BDC . . . . . . . . . 88

6.17 Plot of Rietveld refinement of CAU-27-BDC . . . . . . . . . . . . . . . . . . . 89

6.18 HRTEM image of Zr-CAU-27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.19 Crystal structure of Zr-CAU-27 . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.20 STEM images and EDX spectrum of Zr-CAU-30 . . . . . . . . . . . . . . . . . 92

6.21 3D reconstruction of reciprocal space and 2D slices of Zr-CAU-30 . . . . . . . 93

6.22 Electron potential map of structure solution of Zr-CAU-30 . . . . . . . . . . . 95

6.23 X-ray Powder diagrams of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . . 96

6.24 Plot of Rietveld refinement of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . 96

6.25 HRTEM image of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.26 Crystal structure of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.27 Schematic illustration for the assembly of Zr-CAU-30 . . . . . . . . . . . . . . 99

6.28 TEM and STEM images of zeolite THK-2 . . . . . . . . . . . . . . . . . . . . . 101

6.29 EDX spectrum of THK-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.30 3D reconstruction of reciprocal space of THK-2 (Cry1) . . . . . . . . . . . . . 103

6.31 3D reconstruction of reciprocal space of THK2 (Cry2) . . . . . . . . . . . . . . 103

6.32 3D reconstruction of reciprocal space of MTW . . . . . . . . . . . . . . . . . . 104

6.33 Electron potential map of structure solution of THK-2 . . . . . . . . . . . . . 105

6.34 Plot of combined Rietveld refinement of THK-2 and MTW . . . . . . . . . . . 106

VI



List of Figures

6.35 HRTEM image of THK-2 with corresponding structural model . . . . . . . . 107

6.36 HRTEM image of THK-2 with corresponding structural model . . . . . . . . 108

6.37 Structure segment of THK-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.38 Crystal structure of THK-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.39 General information about M-IEZ-RUB-36 . . . . . . . . . . . . . . . . . . . . 113

6.40 Schematic representation of the interlayer expansion . . . . . . . . . . . . . . 114

6.41 Overview of reconstructed reciprocal space of Ti-RUB-36 . . . . . . . . . . . . 115

6.42 Reconstructed reciprocal space of Ti-RUB-36 . . . . . . . . . . . . . . . . . . . 115

6.43 Electron potential map of structure solution . . . . . . . . . . . . . . . . . . . 116

6.44 Scheme for the process of disorder analysis . . . . . . . . . . . . . . . . . . . . 117

6.45 Superstructure modelling with ordered stack sequences . . . . . . . . . . . . 118

6.46 Simulated electron diffraction patterns . . . . . . . . . . . . . . . . . . . . . . . 119

6.47 Possible stacking on layer A and an example of constructed supercell . . . . 120

6.48 Simulated and recorded electron diffraction patterns of Zn-IEZ-RUB-36 . . . 121

6.49 Simulated and recorded electron diffraction patterns of Ti-IEZ-RUB-36 . . . . 122

6.50 STEM image and EDX spectrum of TMP-SSZ-51 . . . . . . . . . . . . . . . . . 124

6.51
13C-CP/MAS NMR spectra of TMP-SSZ-51 and PYS-SOD . . . . . . . . . . . 125

6.52 DSC/TG curves of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.53 Temperature dependent XRPD of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . 127

6.54 Reconstructed three-dimensional diffraction volumes of TMP-SSZ-51 . . . . . 128

6.55 Fourier potential map of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . 129

6.56 Plot of Pawley fit for TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.57 Plot of Rietveld refinement of SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . 131

6.58 Crystal structure of TMP-SSZ-51 . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.59 Reconstructed three-dimensional diffraction volumes of PYS-SOD . . . . . . 134

6.60 Reconstructed three-dimensional diffraction volumes of PYS-SOD . . . . . . 135

6.61 Plot of Rietveld refinements of PYS-SOD . . . . . . . . . . . . . . . . . . . . . 136

6.62 Possible translationsgleiche subgroups of SOD . . . . . . . . . . . . . . . . . . 137

6.63 XRPD diagram, STEM/TEM images and DTA-TG curve of CHA zeolites . . 139

6.64 Potential maps from structure solutions of CHA zeolites . . . . . . . . . . . . 140

6.65 Difference potential maps from kinematical refinements of CHA zeolites . . 141

6.66 Difference potential maps from dynamical refinements of CHA zeolites . . . 142

6.67 Crystal structure of dehydrated Cu-CHA zeolite . . . . . . . . . . . . . . . . . 143

VII





List of Tables

2.1 The seven crystal systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Wavelength of characteristic X-rays generated by different anode materials. . 25

3.1 Selected instrumental details of applied TEMs . . . . . . . . . . . . . . . . . . 30

5.1 ADT measurements details of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . 56

5.2 Lattice parameters of Al4B2O9 determined from ADT data . . . . . . . . . . . 57

5.3 Experimental details of structure solution of Al4B2O9 . . . . . . . . . . . . . . 58

5.4 Experimental details of ADT data collection for Zr-MOFs . . . . . . . . . . . 60

5.5 Experimental details of ADT data collection for THK-2 . . . . . . . . . . . . . 62

5.6 Experimental details of ADT data collection for M-IEZ-RUB-36 zeolites . . . 63

5.7 Parameters of structure solutions of M-IEZ-RUB-36 zeolites . . . . . . . . . . 64

5.8 Experimental details of ADT data collection for TMP-SSZ-51 and PYS-SOD . 66

5.9 Experimental details of structure solutions of as-synthesized zeolites . . . . . 67

5.10 Experimental details of ADT data collection for CHA zeolites . . . . . . . . . 68

5.11 Input parameters of reflection extraction in PETS . . . . . . . . . . . . . . . . 69

6.1 Quantitative EDX results of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . 72

6.2 Parameters of structure solution of CAU-27-BDC . . . . . . . . . . . . . . . . 88

6.3 Selected bond distances of CAU-27-BDC . . . . . . . . . . . . . . . . . . . . . 91

6.4 Lattice parameters of Zr-CAU-30 . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5 Parameters of structure solution of Zr-CAU-30 . . . . . . . . . . . . . . . . . . 94

6.6 Crystallographic data obtained from ADT . . . . . . . . . . . . . . . . . . . . 102

6.7 Parameters of structure solution of THK2 . . . . . . . . . . . . . . . . . . . . . 105

6.8 Selected results of Rietveld refinement of THK2 . . . . . . . . . . . . . . . . . 106

6.9 Selected bond lengthes of THK-2 . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.10 Average lattice parameters of M-IEZ-RUB-36 . . . . . . . . . . . . . . . . . . . 116

6.11 Element operation and corresponding shift vector between the layers . . . . 121

6.12 Quantitative EDX results of Al4B2O9 . . . . . . . . . . . . . . . . . . . . . . . . 124

6.13 Selected crystallographic data parameter of Rietveld refinement of SSZ-51 . . 130

6.14 Selected bond lengths and bond angles of SSZ-51 . . . . . . . . . . . . . . . . 133

6.15 Atomic coordination and occupation parameter of PYS-SOD . . . . . . . . . . 135

6.16 Selected parameters of Rietveld refinements of PYS-SOD . . . . . . . . . . . . 136

6.17 Parameters of structure refinements for CHA zeolites . . . . . . . . . . . . . . 141

6.18 Temperature factors in the refined structures of CHA zeolites . . . . . . . . . 143

IX



List of Tables

6.19 Selected bond lengths and bond angles of dehydrated CHA zeolites . . . . . 143

X



List of Abbreviations

XRD X-ray diffraction
TEM transmission electron microscopy
SEM scanning electron microscopy
STEM scanning transmission electron microscopy
SE secondary electron
BSE back scattered electrons
SAED selected area electron diffraction
HRTEM high-resolution transmission electron microscopy
ADT automated diffraction tomography
ED electron diffraction
EDX energy-dispersive X-ray spectroscopy
EELS electron energy loss spectroscopy
NED nano electron diffraction
PED precession electron diffraction
HAADF high angle annular dark field
BF bright field
ADF annular dark field
MRC Medical Research Council
PCPs porous coordination polymers
NMR nuclear magnetic resonance
TGA thermogravimetric analysis
DTA differential thermal analysis
MOFs metal-organic frameworks
1D one-dimensional
2D two-dimensional
3D three-dimensional
SUBs secondary building units
COFs covalent organic frameworks
CCD charge-coupled device
2K 2048 x 2048 pixel
4K 4096 x 4096 pixel
XRPD X-ray powder diffraction
Rwp weighted profile R factor
Rexp expected R factor

XI



List of Tables

gof goodness of fit
Biso isotropic temperature factor
FWHM full width at half maximum
OSDAs organic structure directing agents
DFT density functional theory
IZA International Zeolite Association
OSDAs organic structure directing agents
FEG field emission gun
SCR selective catalytic reduction
SOD sodalite
PYS-SOD pyrrolidine silica sodalite

XII



1 Introduction

Within last decades, the emergence and widespread application of new advanced solid-state
materials ranging from inorganic nano particles to biological macromolecules, have changed
the world and thus accelerated the development of human society. The changes cover almost
evry aspect of our daily lives as well as the industrial innovation. Scientists from academic
research institutes and industrial areas are making great efforts to look for novel materials
with the expectation of improved properties. [1,2] The accomplishment of these challenges
require the contributions from various fields including chemistry, biology, physics, earth
science, computer science, mathematics, engineering, etc. The interdisciplinary cooperation
leads to the emergences of plenty of novel materials with outstanding properties.

One of the crucially important tasks in material science lies on finding out the relationship
in among structure-property-performance of materials. [3–5] The properties of solids depend
not only on the chemical composition but also on the three-dimensional (3D) atomic
arrangement inside the matters. The relationship can be exemplified by the polymorphs
of diamond and graphite [6,7] which are made of the exact same chemical composition -
carbon exhibiting significantly different properties. So far, diamond is known as the hardest
substance found on earth and can be applied for cutting, grinding, etc. Graphite is extremely
soft and of pliable nature; thus it is widely used in lead pencils. The different structures,
namely the atomic arrangement of carbon atoms, result in the diverse physical properties. [7]

In diamond, the carbon atoms are sp3-hybridized to form a three-dimensional network of
strong covalent bonds. Whereas in graphite, each carbon atom shares electrons with three
neighbouring carbon atoms through a sp2-hybridization to build a two-dimensional (2D)
layered structure. The industrial catalysts aluminosilicate zeolites, consisting of the same
chemical composition, show also different properties due to their crystalline structures with
various pore sizes or pore styles. [8–10] Hence, the structural characterization of solids is a
key step to understand the physical properties in order to optimize the applications or to
design novel materials with desired features.

Most substances exist in the form of solids in the natural or in the synthetic state. Major
solids occur in crystalline phases, in which the atoms, ions or molecules are arranged
periodically in highly ordered structures with a spatially infinite extension. [11,12] Various
techniques on basis of modern instruments have been utilized to characterize materials in
order to obtain the insights into the atomic arrangement of the solid state. For instance, a lab
X-ray diffractometer can be used to identify different phases and deliver the crystallographic
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1 Introduction

information of a crystalline material. Alternatively, dedicated instrumentation can be used
to collect neutron diffraction or Synchrotron XRPD data. [13–18]. Utilizing electron radiation
like microscopic techniques [19–21], scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), can be performed for chemical or structural characterizations by
means of modern detectors. So far, an atomic resolution can be reached down to of 0.5 Å in
imaging mode with a corrected electron microscope. [22] Depending on the working modes
it can provide various information e.g. the chemical composition with energy-dispersive
X-ray spectroscopy (EDX), detecting and quantifying the elements present with electron
energy loss spectroscopy (EELS), the crystal structure by electron diffraction (ED), or even
direct imaging of the atomic arrangement using high-resolution transmission electron
microscopy (HRTEM). Depending on the research questions and the properties of materials,
electron microscopy is combined with other methods, e.g., solid-state nuclear magnetic
resonance (NMR), density functional theory (DFT), differential thermal analysis (DTA) with
thermogravimetric analysis (TGA), etc. to characterize materials. [14,23–30]

X-ray crystallography is a well-known and most conventional technique for crystal
structure determination often based on a lab X-ray diffractometer with radiations e. g.,
MoKα, CuKα. [31,32] X-ray diffraction including single-crystal XRD and XRPD, are applied
as the traditional approaches to gain the structural information at a atomic level. [18,31,33,34]

The major requirement for single-crystal XRD is the crystal size which must be at least
with a few micrometres. Plenty of crystal structures were determined from single-crystal
XRD data. [35,36] In fact, not all the crystals can be grown large enough for single-crystal
XRD measurements. XRPD is an alternative option for crystalline materials which are not
accessible for single-crystal XRD. [18] As a most-used technique, XRPD can identify the phase
of well-known structures as well as provide the crystal structure of an unknown phase. Until
now, numerous crystal structures were determined from XRPD data. [37–40] However, there
are some limits, e.g., peak overlapping and one-dimensional (1D) information, resulting in
the difficulties as impossible indexing for complex structure using XRPD approach.

As compared to the established approach for crystal structure determination by X-ray
powder diffraction, electron crystallography has been emerged as an important method
and showed its power in structural characterization of nanocrystalline materials. [41,42] The
method is based on two techniques, ED and HRTEM, using an conventional transmission
electron microscope. In comparison to the X-ray beam, electrons have a stronger interaction
with matters [21], enabling to elucidate the crystal structure of nanocrystalline material. An
unknown crystal structure can be solved from ED data and the atomic arrangement can even
be directly visualized in a HRTEM image. Since the last decade, several advanced techniques
have been developed to acquire and analyse three-dimensional electron diffraction data
focusing on single nano-scaled crystals. In general, the method for automatically collecting
3D data is named electron diffraction tomography (EDT). The first EDT method, named
ADT [43–47], enables a fully automated acquisition of 3D tomographic electron diffraction data.
The ADT technique was developed by U. Kolb and the co-workers in 2007 and combines
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nano electron diffraction, tilt series acquisition and precession electron diffraction (PED) to
derive the crystal structure from a single nano crystal. [45] The next emerged technology is
rotation electron diffraction (RED) [48–52] using a combination of beam tilt and crystal tilt.
Recently, new techniques, e.g. fast electron diffraction tomography [53] and ultra-fast electron
diffraction tomography [54], were developed on a continuous tilt of a selected crystal. The fast
EDT methods allow a fast collection of ED data using modern high-speed detection cameras
and are ideal for the structure determination of beam sensitive materials. [54–56] EDT methods
have been applied to plenty of complex crystal structures and become an efficient methods
in crystal structure characterization. [34,52,57–63] Dynamical effects are already significantly
reduced for ED data acquisition and can be further reduced by applying electron beam
precession. [64–66] The structural characterization of electron beam sensitive materials like
organic compounds and metal-organic frameworks (MOFs) are accessible by EDT methods
under mild electron beam radiation or sample cooling with liquid nitrogen. [67] In recent
years, ADT approach was applied to characterize various crystal structures with complicate
crystallographic features as low-crystallinity sample, multiphase, twinning, disorder, large
unit-cell, etc. [47,57,58,68–73]

In this dissertation, structural investigations using ADT and further complementary
characterization methods started with the ceramic material aluminium borate Al4B2O9

and focused on subsequently beam sensitive microporous materials - zeolites and MOFs.
Aluminum borates, members in the mullite-type family, are a series of silicon-free boron com-
pounds with various Al2O3:B2O3 ratios according to the binary Al2O3-B2O3 system. [29,74–79]

Aluminum borates can be synthesized from a mixture of Al2O3 and B2O3 by a solid-state
reaction at high temperatures [76,78], sol-gel synthesis, thermal evaporation and one-step
combustion. [29,74,77,80]. Due to the Al:B ratio and possible vacancy of oxygen atom, defects or
disorder often occur in the structure of aluminium borate. Aluminum borates are important
mullite-type ceramic raw materials with high thermal and chemical stability, outstanding
mechanical properties and low temperature expansion. [76,80–82]. Microporous crystalline ma-
terials are a class of solids with unique structural features and are constructed by secondary
building units (SUBs). The assembly of SBUs results in a periodic and porous network
containing pores or channels with high surface area and large pore volume. [8,83,84] Microp-
orous materials have pore sizes of less than 2 nm [85,86] and can be metal-organic compounds
MOFs, inorganic zeolites and even pure organic novel porous materials like covalent organic
frameworks (COFs) [87]. MOFs are a new class of organic-inorganic hybrid porous solids
constructed by metal ions/clusters with bridging organic linkers. [84,88] Zeolites are a series
of aluminosilicate minerals with a 3D framework constructed by interlinked TO4 tetrahedra
(T = Si, Al). [9,10,89] T site can also be B, P, Ga, etc. Zeolites occur originally from the nature
but are nowadays widely synthesized in the industry. Due to the architecture with pores
and changeable building units, microporous materials show the important applications in
various areas as catalysis, gas storage, drug delivery, etc. [88,90–102] Zeolites and zeolite-type
porous compounds are widely used as catalysts in petroleum cracking and selective catalytic
reductions (SCRs) as well as reforming processes. [91,92,103–111] The structural characterizations
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of these materials are always challenging with traditional X-ray crystallography due to the
following reasons: disordered structure in mullite-type compounds; low crystallinity and
large or extra-large unit-cell of nanocrystalline MOFs; stacking disorder, inter-growth, low
crystallinity, nano-scaled crystals and multiple phases in zeolites. ADT technique, as an
efficient structure characterization method, shows its power and advantage to solve these
complicate problems.

The research tasks of this thesis are the structural characterizations of crystalline materials
at atomic level by means of transmission electron microscope. The major objective is to solve
the crystallographic problems only accessible with ADT method and to deliver a proof for
the applicability of ADT to advanced structural investigation. The study of these structural
features may be supported by a combination of other methods as XRPD, HRTEM, EDX, TG,
structural modelling, simulation for an unbiased structural characterization.

• Aluminum borate: Al4B2O9. The structural order and disorder phenomena in Al4B2O9

should be described and elucidated by combined approaches including structure
determination, high-resolution imaging, structural modelling and disorder simulation.

• Microporous materials: Zr-MOFs, metal-containing zeolites and as-synthesized zeo-
lites. For a series of selected materials, important features like the framework topology,
including size and shape of the cavities as well as crystallographic faults, the position of
template molecules, or active centres in zeolite should be investigated. As summarized
in Fig. 1.1, the research questions consist of two topics: (1) arrangement of atom in
the framework on basis of ab initio structure determinations of beam sensitive MOFs
with large crystal lattice and a novel zeolite from polyphasic sample and disorder
elucidation of metal-containing zeolites; (2) arrangement of guest molecule or ion in
the pore on basis of determining the position of organic molecules in as-synthesized
zeolites and detecting the location of metal atom in dehydrated zeolite.

Figure 1.1: Project overview of research on porous materials in the dissertation. Projects about topic (1) marked
with green boxes and topic (2) with red bosxes.
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2 Principle and methods

This chapter comprises of crystallographic basics, the brief introduction to TEM including
its components and work modes, the description of ADT technique, EDX, X-ray powder
diffraction and the introduction to crystal structure determination from ADT and XRPD
data.

2.1 Crystallographic basics

2.1.1 Basic concepts

A crystal is a solid matter formed of a highly ordered three-dimensional periodic arrange-
ment of components which can be atoms, molecules or ions. [31,112] The description of
the arrangement is the crystal structure and a compound consisting of crystal particles is
considered as crystalline phase. Matters have the tendency to grow as crystals through
a nucleation and crystallization process, since the crystalline phase usually is the state of
lowest energy. [112] A solid without a long-range 3D structural periodicity is partly or fully
amorphous like glass. [113] The phenomenon that crystalline compounds are made of some
chemical compositions but exist in more than one crystal structure is called polymorphisms.

A crystal lattice, as a mathematical concept, describes the crystal structure as the geo-
metrical basic. A lattice is a 3D periodic arrangement of points, which own the same local
surroundings. Each lattice point can be generated from one to another by translation vector
r which can be described by equation 2.1:

r = n1a + n2b + n3c (2.1)

with n1, n2, n3 integers. [31] The independent vectors are called basis vectors: a, b, c describing
the translation of the basic unit along three main orientations of the lattice space. The
smallest 3D repeat unit in a lattice is the unit cell, as shown in Fig. 2.1. It must be noted that
each corner of the unit cell must own the identical surroundings. Since there is more than
one way to present the periodicity, the selection of the origin, the shape and size of unit cell
is highly arbitrary. The shape of a unit cell is decided by lattice parameters including a, b, c
(lattice constants = lengths of the basis vector) and α, β, γ (unit cell angles) as shown in Fig.
2.1. A crystal structure is generated through an ideal three-dimensional stacking of unit cell.
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2 Principle and methods

If the perfect periodic arrangement of unit cell is interrupted by factors like missing atoms,
the behaviour of deviation from an ideal crystal is called crystal defect. [112]

Figure 2.1: Unit cell with lattice parameters and a lattice plane (marked in green).

A lattice plane can be any plane passing through at least three nonlinear lattice points. [114]

A series of equivalent lattice planes creates a family of parallel planes. As illustrated in
Fig. 2.1, the green lattice plane intersects the three main axes at the lattice points: (1/h, 0,
0), (0, 1/k, 0), (0, 0, 1/l). The inverse values of the intercepts on the axes are called Miller
indices [31,112,115] (hkl) where h, k, l are three integers. Miller indices determine the lattice
plane orientation. If the lattice plane runs parallel to one axis, then the index on this axis
is zero. The distance between two neighbouring lattice planes is called interplanar distance
d(hkl), e. g. for the cubic crystal system with a = b = c and α = β = γ = 90

◦, d(hkl) can be
calculated with equation 2.2:

d(hkl) =
a√

h2 + k2 + l2
(2.2)

2.1.2 Crystal systems

Beside the periodic characteristic, the crystal may bear symmetry as another important
feature, which has direct influence on the physical properties of crystals. [116] The nature of
lattice constants and lattice angles defines the symmetry possibilities of a lattice. According
to the symmetric features, the lattice can be divided in seven crystal systems: triclinic,
monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal, and cubic (Table 2.1).
Based on the number of lattice points and their positions in a unit cell the lattice can
be distinguished with five lattice types: primitive (P), body centred (I), face centred (F),
base centred (A, B, C), rhombohedral (R). 14 Bravais lattices are resulted from the possible
combinations of seven crystal systems and five lattice types as concluded in Table 2.1. [11,114]

6



2.1 Crystallographic basics

Table 2.1: The seven crystal systems. [11,114]

Crystal system Lattice parameters Possible lattice type

triclinic a 6= b 6= c, α 6= β 6= γ P

monoclinic a 6= b 6= c, α = γ = 90°, β 6= 90° P, C

orthorhombic a 6= b 6= c, α = γ = β = 90° P, F, I, A (B, C)

trigonal a = b = c, α = γ = β 6= 90° R

hexagonal a = b 6= c, α = β = 90°, γ = 120° P

tetragonal a = b 6= c, α = γ = β = 90° P, I

cubic a = b = c, α = γ = β = 90° P, F, I

The operation (rotation, reflection and inversion) leaving an object identically after a move-
ment is a symmetry operation. The symmetry operation constitutes of symmetry elements: a
point (centre of inversion), a line (axis of rotation) or a plane (mirror plane). If these mentioned
symmetry elements combine with translation, two more symmetry elements: screw axis
(rotation + translation) and glide plane (reflection + translation) can be generated. The
combination of all symmetry elements results into 17 two-dimensional plane groups (also
referred to as Wallpaper groups) and 32 crystal classes (also called 32 point groups). [117] Further
combinations of the 32 crystal classes and the above mentioned 14 Bravais lattices produce
230 three-dimensional space groups. Various information about the crystallographic details
are summarized in the book International Tables for Crystallography: Space-Group Symmetry
(Vol. A) [116].

2.1.3 Reciprocal lattice

A supporting mathematical tool reciprocal lattice is introduced to describe the diffraction
phenomena of a crystal and represent the diffraction experiment in a simple way. [31] The
experimental diffraction pattern is an image of reciprocal lattice and is generated by a
Fourier transformation of crystal lattice. Each family of lattice planes in a crystal produces
a single point in reciprocal lattice, where the vector is perpendicular to the lattice planes.
Similar as in the direct space, a reciprocal unit cell can be defined using reciprocal axes
(a*, b*, c*,) and reciprocal angles among them (α*, β*, γ*). The construction relationships
between the direct and reciprocal lattices can be described as equation 2.3:

a∗ =
b× c

V
; b∗ =

a× c
V

; c∗ =
a× b

V
(2.3)
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where V is the volume of unit cell, a, b, c are the direct space lattice vectors, a*, b*, c* are
reciprocal basic lattice vectors. It is also fulfilled that a x a* = b x b* = c x c*= 1 and a x b* =
b x a* = 0.

Each reciprocal lattice vector h is perpendicular to plane (hkl) and can be described as a
linear combination of the three reciprocal vectors as equation 2.4:

h = ha∗ + hb∗ + lc∗ (2.4)

and the interplanar distance dhkl (see chapter 2.1.1) is the reciprocal value of magnitude |h|
(equation 2.5).

|h| = 1
dhkl

(2.5)

2.1.4 Structure factor

During the scattering process, the interaction of radiation with matter varies with the type
of incident waves. While X-rays, as electro-magnetic radiation, interact with the spatial
distribution of electrons, electron radiation, which are charged particles and interact by
coulomb forces, are scattered mainly by the atomic nuclei and by electrons. The scattering
power of a single isolated atom is the atomic form factor also known as atomic scattering
factor. It is proportional to the square root of the cross section, which depends on the atom
type, scattering angle and radiation type. The cross section increases with atomic weight,
thus, the atomic form factor is proportional to the atomic number. In addition, the atomic
form factor reduces with an increasing scattering angle. The structure factor Fhkl describes
the amplitude and phase of an incident wave scattered from lattice planes. [31] The structure
factor, as a parameter in reciprocal space, is dependent on the atom positions in real space
(or direct space) and the individual atomic form factors. It can be calculated for all atoms in
a unit cell by equation 2.6:

Fhkl = ∑
j

fj e2πi(hxj+kyj+lzj) (2.6)

where f j is the atomic form factor and xj, yj, zj are the positional coordinates.

In a diffraction experiment intensities of a scattered wave are measured and they are
proportional to the square of structure factor (equation 2.7):

Ihkl ∼ |Fhkl|2 (2.7)

In the kinematic diffraction theory, electron density ρ(x,y,z) (or more specific for electrons
function of scattering power) comprises the Fourier transformation of the scattering factors
and the phase information. It can be described by equation 2.8. The maxima in the electron
density map indicate the location of atoms in the unit cell. The phase problem, namely
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loss of phase information in the experiments, should be solved in the process of structure
solution.

ρ(x,y,z) =
1

VEZ
∑
hkl

Fhkl e−2πi(hxj+kyj+lzj) (2.8)

Equation 2.7 is an ideal case valid in kinematical diffraction theory which can be applied e.g.
for X-ray diffraction. However, due to a stronger interaction with matter multiple scattering
occurs violating equation 2.7 in the case of electron diffraction. Up to a certain level of
dynamical effect a crystal structure analysis is still possible and dynamical diffraction theory
can be applied for a better description of the structure.

2.1.5 Stacking disorder

During crystallization, many crystals do not always grow ideally to form an infinite periodic
dimension, irregular atomic arrangements in a crystalline matter. [118,119] Crystal defects are
classified by the defect dimension including following types: point defects, line defects,
planar defects and bulk defects. One kind of planar defects (two-dimensional defects) are
stacking faults [120] which exist in various materials, such as layered materials like graphite
und layered silicate, porous materials such as zeolite beta [73,121–123] and ITQ-39

[124] or organic
pigments [70]. The basic construct units are structurally well-defined layers, which can be
stacked on top of each other by a stacking sequence. The layers may follow a structurally
meaningful relationship, which is achievable by a certain translation vector or exhibit a free
shift. If the stacking sequence of the layers is not regular but in a disordered fashion or
a periodic sequence inserts differently without translation relationship to basic layers, the
disorder faults will occur.

During the structural analysis of disorder defaults in nano sized crystals, electron diffrac-
tion is more powerful than 1D XRPD data. A regular periodic atomic arrangement will gen-
erate a regular electron diffraction pattern with discrete reflections. In the three-dimensional
electron diffraction data diffuse scattering of stacking faults appears along the stacking
direction. The style of the diffuse scattering is dependent on the type of the layer shifts
and the probability of the irregular stacking. The DISCUS program package [120,125] serves
as a reliable tool to analyse crystal disorder. The main functions comprise of the design of
expected layer types with various shifts, the construction of a superstructure with desired
stacking sequences using a defined crystal size, the expected introduction of layers at certain
position, the simulation of corresponding patterns such as powder diffraction and electron
diffraction patterns. In this dissertation, the analyses of stacking defaults from ED data
were carried out with DISCUS for disordered ceramic material - aluminium borate Al4B2O9

(section 6.1) and porous material - metal interlayer expanded M-RUB-36 zeolites (section
6.4).
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2 Principle and methods

2.2 Transmission electron microscope

2.2.1 Introduction

Electron microscopy is an important and powerful technique for materials characterization at
nano scale. The electron beam can be described as a wave as well as a charged particle beam.
The electron particles interact strongly with the electrostatic potential of matter and generate
different signals as shown in Fig. 2.2 [21]. The resulting signals consist of primary, secondary
or Auger electrons, partly accompanied by energy loss from the interaction with matter
and electro-magnetic waves (X-ray, visible light) used for various analytical approaches
delivering chemical composition, particle morphologies, atomic arrangement and plenty
of other matter information. For instance, SEM images [20] are formed with secondary
electron (SE) producing high-resolution images of surface topography, with back scattered
electrons (BSE) producing images a deeper surface. Energy-dispersive X-ray spectroscopy
techniques in TEM and SEM utilize the characteristic X-rays for elemental analysis which
can even achieve a quantitative chemical characterization from a nano particle. The electrons
which pass through the thin specimen are applied for imaging or diffraction.

Figure 2.2: Scheme of the electron interaction with a thin specimen including the generated signals. Adapted
from the ref. [21].
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2.2 Transmission electron microscope

2.2.2 TEM components

A conventional TEM consists of several basic components along the electron column: the
electron beam source (electron gun), illumination system (lenses and apertures), specimen
stage, objective lens, objective and selected area aperture, intermediate lens, magnification
system and detector, as shown in Fig. 2.3. A higher vacuum system and cooling system are
also required.

Electron gun

Specimen

Condenser lens

Condenser aperture

Objective lens

Objective aperture

Intermediate lens

Projector lens

Viewing screen

Detector

Power cable

Selected area aperture

e

Figure 2.3: Diagram of the main components of a conventional transmission electron microscope.

• Electron gun
As a part of illumination system, the electron gun produces a beam of high energy
electrons accelerated in the electrostatic potential applied between anode and cathode.
There are two types of electron sources: thermionic emission and field emission. [21].
Thermionic gun provides electrons from heated lanthanum hexaboride (LaB6) single
crystal (commonly) or tungsten (W) filament (nowadays rarely). Field emission gun
works based on the tunnelling effect due to a high extraction potential onto a fine and
sharp tungsten (W needle) tip. The wavelength λ (in nm) is dependent on the electron
voltage U (in eV). Ignoring the relativistic effect, their relationship can be described
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with equation 2.9:

λ =
h√

2em0U
=

1.226√
U

(2.9)

But the relativistic effect can not be ignored for energy higher than 100 keV [21] and
must be taken into account, the wavelength λ can be calculated as equation 2.10:

λ =
h√

2em0U(1 + eU
2m0c2 )

=
1.226√

U
(1 + 9.79) (2.10)

where h: the Planck’s constant, c: the speed of light, m0: the electron mass, e: the
electron voltage, U: the accelerating voltage . For instance, a TEM at a operation power
of 300 keV produces an electron beam with relativistic wavelength of 0.0197 Å [21].

• Electromagnetic lenses
The lenses installed in electron microscopes are electromagnetic and are applied to
shape the electron beam. A lens is constructed of a coil of metal wire in which the
current is running and a hole in the middle for the electron beam. There are four
types of lenses in the TEM: condenser lens, objective lens, intermediate lens and
projector lens. Dependent on the type two or three lenses are typically applied. The
lens aberrations, comparable to those known from optical lenses, limit the resolution.
Important aberrations are for example chromatic aberration, spherical aberration,
defocus and astigmatism. Correction for the latter two are available in a standard
TEM, for chromatic aberrations dependent on the desired correction a monochromator,
Cc corrector or energy filter is necessary, for spherical aberrations Cs-correctors need
to be applied.

• Aperture
Apertures are annular thin metallic plates with aperture strip containing holes of
different sizes. They are placed in the path of electron beam in order to reject the
off-axis and off-energy electrons going down the column. Apertures are available in
connection with the condenser lenses to adjust the beam to the desired size, intensity
and convergence; in the back focal plane of the objective aperture to enhance image
contrast and in the first image plane to select the area of diffraction.

• Vacuum system
In order to avoid scattering of electrons by gas molecules, a high vacuum is required
during the electron microscopy experiments. An ultra-high vacuum is necessary for
a high-voltage TEM (higher than 10

−7 Pa) with field emission gun. The ultra-high
vacuum condition is especially crucial for the experiment of a high resolution imaging.

Instrumental parameters of applied TEMs, the details of sample preparation and sample
holders are described chapter 3 (see sections 3.2, 3.3, 3.4).
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2.2 Transmission electron microscope

2.2.3 Imaging system

Imaging and diffraction experiments are performed under two different modes; imaging
mode and diffraction mode as illustrated in Fig. 2.4. The electron diffraction pattern can
be even collected from a selected area of specimen. A modern TEM enables the switching
between two modes very easily.

First diffraction pattern

Objective lens

Electron source

Condenser lens

Condenser aperture

Specimen

Selected area aperture

Intermediate lens

Projector lens

Screen
TEM image Diffraction pattern

First imageObjective aperture

Figure 2.4: Schematic diagram showing the two basic operations in a TEM: imaging mode and diffraction mode.

The key components in the imaging system are the lens systems which allow to shape the
electron beam for different work modes. The system includes three sections: illumination
system normally at least with two condenser lenses, objective lens and projection systems
containing intermediate and projective lenses. In both operation modes, the electrons
supplied by the electron gun are shaped using condenser lenses (e.g., C1 and C2) and
condenser apertures to form a parallel beam or to focus the electrons onto the specimen
(Fig. 2.6). The objective lens focuses the beam from the specimen to generate the first
intermediate image and contributes the magnification of images. Intermediate lens magnifies
the initial image (or diffraction pattern) formed by the objective lens. The projector lens
serves as magnification system for expanding the beam onto a detector device with high
magnifications. The range of image magnification and diffraction camera lengths can
be set based on different adjustments of projector systems. It must be noted that the
work process of the illumination system is different underscanning transmission electron
microscopy (STEM) imaging. At this situation, the condenser lenses do not generate a
parallel beam, where the illumination system creates a focus probe by converging the beam
with an additional condenser into a sub-nanosized spot. The produced spot scans over the
specimen resulting a scanning mode if necessary.
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In the imaging mode, the objective aperture locates in the back focal plane where the first
diffraction pattern are generated. The objective aperture selects the central beam and filters
out the residual electrons, thus resulting in a bright field image. However, using the signal
of a diffracted beam leads to a dark field image. The projection system magnifies the first
intermediate image and projects the final image on a screen. In the diffraction mode, the
selected area aperture is inserted in the first image plane of the objective lens. The projection
system magnifies the information of the back focal plane of the objective lens and produces
a diffraction pattern of the specimen.

2.2.4 Electron diffraction

As one of the powerful methods, electron diffraction can supply plenty of information which
are impossible to collect by any other methods. One important application is to determine
whether the material owns a crystalline phase. For a monocrystalline material, discrete
diffracted spots are projected onto the viewing screen, while the electron diffraction pattern
is composed of a series of concentric rings for amorphous materials or polycrystalline
phases. Analysis of the diffraction pattern of crystalline materials can deliver various
reliable crystallographic parameters as crystal lattice parameter, crystal symmetry etc. or
even detecting crystal defects inside. With a sufficient 3D electron diffraction data set,
a complete crystal structure solution is nowadays frequent applied. The technique of
tomographic electron diffraction, used for quick and simply ED data collection, is described
in the section 2.3.1.

The incident electron beam is diffracted by the crystallographic planes hkl of a thin
crystalline sample if the Bragg condition is satisfied. The electron waves interact with
atomic planes and are focused at the back focal plane of the objective lens, generating
electron diffraction pattern which is actually a Fourier transformation of electron wave.
The traditional approach is called selected area electron diffraction (SAED) [21,126] which is
accomplished by inserting the selected area aperture into the first image plane to select a
specific part of the specimen. Only the beams passing through the selected area contribute
to the diffraction pattern. The alternative diffraction mode is named nano diffraction, which
uses a small beam with size of nanometre. In this mode, the free selection of electron beam
size is possible. The effective distance from the specimen to the detector with projected
image is called camera length (L), as shown in Fig. 2.5. The space between pattern reflections
increase with a larger camera length. Fig. 2.5 illustrates the formation of a diffraction pattern
(reciprocal space) including the Ewald sphere and reciprocal lattice.
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(hkl) planes
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Figure 2.5: Schematic presentation for the formation of a diffraction pattern including Ewald sphere and reciprocal
lattice.

Camera length can be calculated where the Bragg angle (θ) and electron beam wavelength
(λ) play an important role. [21] Note that due to the small wave length most materials have
a Bragg angle much less than 1

◦ (for small θ, sinθ = tanθ = θ). As shown in Fig. 2.5, the
electrons which are scattered at an angle of 2θ changes its trajectory and generates a spot
with a distance R to the primary beam centre O or a diffracted ring with a radius of R. The
relationship among them is written as equation 2.11:

R
L
= tan2θ = 2θ (2.11)

Bragg’s Equation describes the interaction as following:

λ = 2dsinθ = 2dθ ⇒ 2θ =
λ

d
(2.12)

Then it can be concluded the camera constant:

R
L
=

λ

d
⇒ camera constant K = Rd = Lλ (2.13)
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2.2.5 Scanning electron transmission microscopy

Scanning electron transmission microscope (STEM) combines the principles of the electron
microscopes TEM and SEM. [21] Like TEM, the specimen must be thin enough to allow the
electron to transmit through the specimen bulk. In STEM mode, the electron beam is focused
strongly by condenser lenses and forms a fine spot. Comparable to the beam in SEM, the
focused beam is scanned across the sample surface in a rectangular box. In comparison to
the signals of backscattered electrons or secondary electrons collected above the sample,
detecting the signal of transmitted beam depends on thin samples and thus shows a higher
spatial resolution. Different types of detectors can be equipped for the formation of STEM
image. A bright field (BF) detector, located in the travel path of transmitted beam, intercepts
the electrons and acquires the electron signal sequentially to generate an image. In contrast to
TEM bright-field imaging where the image is formed directly. The annular dark field (ADF)
collects the signal of the scattered electron around the transmitted beam. An image with
atomic resolution can be achieved by the application of a high-angle annular dark-field
(HAADF) detector. In STEM mode, additional detectors can be installed for possible analysis
techniques like EDX and EELS.

2.3 Electron diffraction tomography

2.3.1 Principle of ADT method

The ADT technique enables to automatically acquire reliable diffraction data of a random
orientated single crystal, which can be achieved through a crystal tilt with a small controllable
angular step. ADT exhibits obvious advantages such as low dynamical effects and large
coverage of reciprocal space in structure analysis using electron diffraction data.

In the traditional collection of diffraction tilt series, a crystal tilt around an appropriate
crystallographic axis must be selected and used as the tilt axis. It means that the measured
crystal should be specially orientated to arrange the crystallographic axis parallel to the
tilt axis of the goniometer. Because of the low crystallographic index axis prominent two
dimensional in-zone diffraction patterns (Fig. 2.6 left) show a large number of low-indexed
reflections. Three-dimensional data is obtained after combining a set of electron diffraction
patterns including oriented zones. It is possible to index the single zones with a known
cell matrix or to derive from two orthogonal tilt series unknown cell parameters and
further to extract reflection intensities. [127] For instance, the crystal structure of Pigment Red
53:2 was solved using electron diffraction data which was recorded by tilting the crystal
sequentially around a main crystallographic axis. [128] There are some disadvantages [45]

in this in-zone diffraction method, in spite of the fact that orientated zone diffraction
data has been used for successful structure solution. At first, it takes a lot of time to
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2.3 Electron diffraction tomography

align the crystal with one crystallographic axis along the goniometer axis of the TEM.
Secondly, only using the orientated zones with low-indexed reflections ignores plenty of
high-indexed reflections, resulting in an insufficient number of reflections for the crystal
structure solution (low completeness). Thirdly, the multiple scattering in the in-zone patterns
is much stronger, leading to strong dynamical effects, which reduces the quality of data
because of the unreliable extracted intensity. At last, finding a good oriented crystal increase
the illumination time, which enhances the risk of radiation damage.

b*

a*a*

b*

Figure 2.6: Sketch of reciprocal spaces of a traditional tilt collection including prominent zones (left) and a scan
of diffraction space using ADT approach (right) viewed along the tilt axis c*. [45] Due to the short wave
length of electrons, the Ewald sphere cuts are approximated as two-dimensional planar slices. Dark
spots: recorded reflections; bright spots: missed reflections. The black areas show the missing cones
(not accessible region limited by TEM geometry).

ADT enables to speed up the 3D diffraction data collection in an easy way. The biggest
difference to conventional in-zone tilt series collection is that ADT data is acquired through
a tilt around an arbitrary axis from a random oriented crystal. In addition, the off-zone
diffraction tilt series (Fig. 2.6 right), recorded by a fixed controllable tilt step, allow a scan of
the diffraction volume in the range of the reachable goniometer tilt and thus increase the
number of recorded reflections (including a vast number of high-indexed reflections). The
increased coverage of reciprocal space is crucial for the structure solution for low symmetry
crystal systems as triclinic and monoclinic lattices. In comparison to traditional electron
diffraction acquisition, the ADT method shows several significant advantages concluded as
following.

• Weak beam damage. The utilization of an arbitrary tilt axis and no requirement of
manual orientation of crystal reduces the illumination time on the sample, decreasing
the radiation damage.

• Low dynamical effect. The multiple scattering effects are much lower in the col-
lection of off-zone diffraction patterns, as few spots are simultaneously excited. [129]

Additionally, PED approach can also decrease the dynamical scattering.

• High hkl completeness. The data collection in a high tilt range increases the coverage
of reciprocal space. The off-zone diffraction patterns deliver a large number of high-
indexed reflection.
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• Easy and fast measurement. After a good alignment, the process for data acquisition
runs in fully automatic way. Therefore, using ADT saves a lot of measurement time in
comparison to manual setting.

2.3.2 Precession electron diffraction

In order to improve the quality of extracted reflection intensity data, Precession electron
diffraction (PED) technique can be combined with ADT approach. [45] PED was first devel-
oped by Vincent et al. [130] to reduce dynamical scattering for collecting electron diffraction
patterns. As shown in Fig. 2.7, the electron beam is precessed around the vertical axis
forming a conical path. The incident beam penetrates the sample from different orientations,
leading to a movement of the Ewald sphere. The resulted “wedge” integrates the reciprocal
volume between the tilted slices, enabling the reflection cut close to the reflection centre and
reducing the uncertainty of intensity extraction caused by excitation error [21]. Hence, the
intensity of a diffracted spot is a merged integration collected from each azimuthal position
of the beam, resulting in quasi-kinematic diffraction intensities. The available hardware,
e.g. DigiStar unit designed by the company NanoMEGAS [64], is now on the market and
fulfils the requirement of coupling PED approach with ADT. Until now, a large number of
structural investigations have been performed successfully on the base of reliable datasets
recorded using the combination of ADT and PED. [40,47,57,65]

Figure 2.7: Sketch of PED technique showing the electron beam precession and the movement of Ewald sphere.
Image taken from Kolb et al. [42]
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2.3.3 ADT data acquisition and processing

A special developed model implemented to a computer-controlled FEI TEM realizes the
full automation of data acquisition including crystal tilting, crystal tracking, collection of
diffraction pattern and data saving. [43,131] The diffraction patterns are taken sequentially
after each tilting using nano electron diffraction mode. The crystal position is tracked
by microprobe scanning electron microcopy (µSTEM) imaging. The automatic crystal
tracking procedure relies on the cross-correlation of two neighboring tilt STEM images.
Several related alignments and parameter settings should be done before starting ADT
data collection. The diffraction patterns are saved at the end of each tilt (Fig. 2.8) and
stored finally as a file in the Medical Research Council (MRC) file format [132]. The process
repeats automatically if all the calibrations are set in a perfect condition. Samples can be
measured under room temperature, high or low temperature. The details about the data
acquisition are described in the section 3.5 of chapter 3. As the raw ADT data is a stack of
off-zone diffraction patterns it cannot be directly indexed. It should be reconstructed to a
three-dimensional space by the programs ADT3 or eADT [44]. Lattice parameters, orientation
matrix information, possible space groups, and reflection indexing can be obtained after the
reconstruction. ADT softwares are also used to extract the intensities of reflections applied
for structure solution. For details about ADT data processing see section 3.6.

Tilt series

Scheme of ADT experiment

Tilt (e.g. 1°)

Diffrac�on pa�ern on CCD

e-beam
Sinle crystal

Diffraction data stack 

Reconstruction3D reciprocal space

e

a b

c

d

Figure 2.8: Schematic representation of ADT acquisition and data processing. Adapted from Kolb et al. [42] and
Mugnaioli et al. [133]
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2.3.4 Structure determination from ADT data

Ab initio crystal structure solution can be performed using the (hkl) file extracted from ADT
data with direct methods and real space method (simulated annealing) in the program
SIR2014 [134], the least-squares refinement performed with the program SHELX97 [135] or
Charge Flipping in JANA2006 software packet [136]. It is assumed that the kinematic approxi-
mation Ihkl ∼ |Fhkl|2 is valid assuming a low level of multiple scattering. The structural
model, solved from structure solution, can be directly refined based on the kinematical
diffraction theory. If multiple scattering effects in electron diffraction need to be taken into
account, structure refinement from electron diffraction data (dynamical refinement) can be
carried out in the software packet JANA2006 and Dyngo [136]. In this work, the structure de-
terminations were performed in three programs: structure solution in SIR2014, kinematical
structure refinement in SHELX97 and dynamical structure refinement in JANA2006.

Structure solution in SIR2014

An example of input data for structure solution in SIR2014 is shown in the following list 2.3.1
containing in the data section (%data): unit cell (Cell), space group (space group), chemical
content of the full unit cell (Content), used radiation type (electrons), name of reflection file
(reflections), format of the reflection file (format), resolution cut off in Angstrom (resm), data
type as intensity = Fobs

2 (Fosq), used wavelength (wavelength). The structure solution section
(%phase) contains method for structure solution (BEA), number of refinement cycles (250),
resolution limit for phasing (resid) and the size of the structure (S: small) which means that
the asymmetric unit contains less than 80 atoms. Note that BEA (Best Equivalent Amplitude)
algorithm is applied for diffraction intensities extracted electron diffraction data. [137]

Listing 2.3.1: An exemplary input file for the structure solution in SIR2014.

1 %Job Structure solution of Al4B2O9

2 %Structure aluminum borate

3 %Data

4 Cell 14.81 5.54 15.06 90.00 90.9 90.00

5 Spacegroup c 2/m

6 Content Al 32 B 16 O 72

7 Electrons

8 Reflections reflection_file_Al4B2O9.hkl

9 Format(3i4, 2f8.2)

10 ResM 0.6

11 Fosq

12 Wavelength 0.019700

13 %Phase

14 BEA 250

15 Resid 1.00

16 size S

17 %End
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Dynamical structure refinement in JANA2006

As mentioned above, dynamical effects in electron diffraction data can be reduced using
precession electron diffraction (PED) data. PED data is considered as pseudo-kinematical
file delivering reflection information with an increased number of structure factors. In
comparison with pure electron diffraction tomographic data the combination with PED
increases the refinement stability and results in more accurate structural parameters. [66,138,139]

Hence, the dynamical refinements in this work were performed against PED data in order to
obtain a reliable structure. The dynamical refinement is more complicate than kinematical
refinement since the reflection intensities are dependent on the thickness and orientation of
measured crystal as well as on the structure factors influenced by other reflections. [139] Thus,
for the acquisition of suitable tomographic data sets with polycrystallinity and disorder
effects should be avoided. For a known structural model, the implementation of dynamical
refinement comprises of three main steps [139,140]: extraction of reflection intensities; the
refinements of crystal thickness and orientation; dynamical least-squares refinement. The
details of the refinements steps and examples are concluded in the "Jana2006 Cookbook". [140]

The first step is to extract the reflection intensities from electron diffraction data. The raw
electron diffraction data must be .tif -format which is accepted the program. For a mrc-type
file, each frame can be exported into single .tiff -file using a script implemented in the
DigitalMicrograph software or in Matlab. Similar to data processing in ADT3D (see details
in section 3.6), there are mainly three steps [139]; determination of reflection position on
each diffraction pattern using PETS [141]; determination of lattice parameters and orientation
matrix in JANA2006: integration of diffraction intensities in PETS.

Listing 2.3.2: An exemplary input file for data processing in PETS.

1 noiseparameters 3.25 38

2 background 0

3 lambda 0.033492

4 Aperpixel 0.00261

5 dstarmax 1.2

6 phi 1.0

7 omega -90

8 center auto

9 pixelsize 0.005

10 reflectionsize 18

11 I/sigma 6

12 bin 1

13 beamstop no

14 imagelist

15 img\FastADT_Data_cry2_1.tif -33.00 0.00

16 .....

17 etc.

18 img\FastADT_Data_cry2_78.tif 42.00 0.00

19 endimagelist
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An exemplary input file with ,pts-format for the program PETS is shown in the list 2.3.2.
Selected explanations to the key words are concluded as following [141]: the value of rel-
ativistic wavelength of the incident electron beam in Angstroms (lambda); the size of one
pixel in reciprocal angstroms (Aperpixel); the resolution limits as d* (dstarmax); precession
angle in degrees (phi); orientation of the tilt axis of the sample holder with respect to the
positive horizontal axis of the image (omega); intensity over sigma ratio for peak search.;
yes/no for the application of beamstop (beamstop); multi-line (file name; tilt angle and zero)
keyword and each line contains one image (imagelist – endimagelist). The output file from
PETS is CIF-like file with the dyn.cif pets-format which consists of a list of reflections with
their indices, intensities on an arbitrary scale and estimated standard deviations of the
intensities. [139]

Subsequently, the dynamical structure refinement starts with a known structural model
or from the structure solution with charge-flipping approach in JANA2006. With a known
structural model, the general steps are shown as following [140]:

• import the dyn.cif pets file in Jana2006 (“File→ Structure→ New”), where the com-
mands "Single crystal: known diffractometer format” and “Pets – electron diffractome-
ter” should be selected;

• import the structural model from the known CIF file (“File → Import model from →
CIF”);

• parameter setting (“Parameters→ Electron diffraction”, where “Use dynamic approach”
is selected and "For Fourier rescale to Fcalc" is checked.

• starting the thickness optimization (checking "Thickness"→ "Run optimization”, where
the thickness plots should be checked;

• starting the orientation optimization (checking " orientation " → " Run optimization”,
where the thickness plots should be checked;

• first dynamical least-squares refinement (“Right-click Refine → Various → Fixed com-
mands”, where all the atoms are chosen and the ‘All parameters’ is checked. Then
starting with “Refine”;

• repeating the process of orientation optimization;

• final dynamical least-squares refinement with the refinements of coordinates, isotropic
(if needed, anisotropical at last step), thermal factors and occupancies. In this step, the
R-value should be strongly reduced.

• checking the temperature factor, occupancies, final R-value etc. in the final refinement
list;

• visualizing the electron potential maps and the structure in the program VESTA. [142]
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2.4 Energy-dispersive X-ray spectroscopy

2.4 Energy-dispersive X-ray spectroscopy

EDX is a conventional approach for the analysis of elemental composition of solid samples.
The applications comprise the identification and quantification of elements for a selected
single point or the elemental distribution of an area in form of EDX-mapping. [143] The EDX
unit is used either together with a SEM [26,144] or with a TEM [21] (preferably under STEM
work mode) and utilizes detection and measurement of the energies of characteristic X-ray
emissions caused by the interaction between incident electron beam and studied material.
While the atom is hit by an incident electron beam, it receives some energy from the electron
at the same time. Due to the energy transfer from external condition the electrons at
low-energy shells in the atom start to jump a higher shell or even leave from the atom. This
movement causes a vacancy in the orbital with a transition state, as shown in Fig 2.9. When
the electrons from outer-shells fill up the vacant sites, the energy difference will be released
in form of X-rays. For example, the transition of electron from L-shell to a vacant state in the
K shell, characteristic X-ray emission occurs and corresponding line is called Kα (Fig. 2.9).

Figure 2.9: Schematic illustration of X-ray emission during electron atom interaction. Electron transitions presents
the production of some typical spectral lines.

In fact, the electrons in K-shell own the highest ionization energies compared electrons
of outer shells for a given atom. It means that more energy is needed to ionize the K-shell,
resulting to a higher energy of the characteristic X-ray line than L or M line series (EK > EL

> EM). For the characteristic X-ray of different atoms, the relationship of the energy and
atomic number can be described by Moseley’s law [145] (equation 2.14):

E = c1(Z− c2)
2 (2.14)
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2 Principle and methods

E: energy of characteristic X-ray, Z: atomic number, c1 and c2: constants for a given X-ray. It
indicates that the energy is proportional to the square of the atomic number and increases
with a higher atomic number for a given line type. Hence, measuring the number and
energy of characteristic X-ray can be used to identify the elemental composition even in a
quantitative way.

2.5 X-ray powder diffraction

X-ray powder diffraction (XRPD) is a rapid analytical approach to identify the crystalline
or amorphous nature of solid matter. [18] Simple sample preparation, quick data collection
under different modes and no damage of the sample make XRPD as a standard but powerful
characteristic technique not only in the academic research but also for the area in production
in the industry. The XRPD pattern is generated by interaction between incident X-ray and
atomic planes of microscaled powder or the surface of investigated crystalline materials.

2.5.1 Bragg’s law

The basic description of the formation of a XRPD pattern is the Bragg’s law with following
equation [18,146]

2.15 written as:
λ = 2dsinθ (2.15)

where n: a positive integer, λ: the wavelength of incident beam, d: interplanar distance,
q: scattering angle. The law explains the relationship between the wavelength, the lattice
distance and the scattering angle.

Figure 2.10: Schematic representation of Bragg’s law.

As illustrated in Fig. 2.10, the constructive interference occurs only when the difference of
the travel path lengths between the two incident beam waves is equal to an integer multiple
of the beam wavelength. It means that a diffraction ray is generated if this condition is
satisfied. When the beam waves are out of phase, destructive interference occurs, thus no
diffraction pattern will be created.
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2.5 X-ray powder diffraction

2.5.2 X-ray powder diffraction

• X-ray powder diffractometer

The three key components of a powder diffractometer are X-ray tube, sample stage and
detector. X-ray tube provides characteristic X-ray spectra, whose emission is illustrated in
Fig. 2.10. The wavelengths of X-ray source are dependent on the material type of target
anodes. The wavelengths of normal used metals are summarized in Table 2.2. The most
common target materials are Cu and Mo. The sample stage holds the sample holder and
can rotate the sample holder in some work modes. For in-situ experiments, other equipment
as heating oven or cooling system can also be combined with the sample stage. The detector,
e.g. position sensitive detector (PSD), records the numbers of scattered X-ray beam
for the intensity determination.

Table 2.2: Wavelength of characteristic X-rays generated by different anode materials. [33]

Anode Cu Mo Cr Fe Ag Co

λ (Kα1)(Å) 1.54059 0.70932 2.28975 1.93609 0.55942 1.78901

λ (Kα1)(Å) 1.54441 0.71361 2.29365 1.94003 0.56381 1.79290

Figure 2.11: Powder diffractometer with two geometry modes: (a) Debye-Scherrer geometry and (b) Bragg-
Brentano geometry.

A powder diffractometer differs from its geometry, e. g., Debye-Scherrer mode or Bragg-
Brentano geometry mode as shown in Fig. 2.11. In Debye-Scherrer mode, the sample,
stored in a capillary, rotates and the position of X-ray tube is fixed during the measurement.
The X-ray transmit and forms Debye rings in the detector (Fig. 2.11). Whereas, in the
Bragg-Brentano the sample is prepared on a flat support, the X-ray tube and detector can be
rotated by -θ and θ in the diffractometer. The incident X-ray beam is reflected on the sample
surface and detected by the movable detector.
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• XRPD pattern
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Figure 2.12: An exemplary powder diffraction pattern collected from sodalite silicate using a Stadi-P powder
diffractometer equipped with a linear position-sensitive detector (PSD) using Cu Kα1 radiation (λ =
1.5406 Å). Lattice parameters of sodalite silicate: a = b = c = 8.88 Å and α = β = γ = 90◦.

A XRPD diagram is a plot of the intensity of X-ray beam scattered at different Bragg
angles by the atomic planes. Only crystalline materials can produce a peaked diffraction
diagram since they consist of atoms of a periodic array with long-range order. Fig. 2.12

shows the XRPD diagram of sodalite silicate collected by a powder diffractometer using Cu
anode as X-ray source. The sharp peaks with strong intensity and low background indicate
an excellent crystallinity of the material. Due to the high symmetry of sodalite silicate (cubic
crystal system), there is a small number of peaks in the XRPD pattern. The style of a XRPD
diagram is influenced by several factors, as concluded following:

• Lattice parameters (a, b, c, α, β, γ) decide the peak positions.

• Atom type and its arrangement determine the peak intensity. The diffraction intensity
is proportional to the sum of square of structure factors of corresponding atoms.

• Factor like crystallite size, crystal shape, crystal defects and diffractometer optics
determine show effect on the peak width and peak form.

• Sample holder and amorphous parts in sample determine the background.

• A higher symmetry increases the possibility of systematic extinction, resulting a
systematic absences of hkl reflections.
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2.5 X-ray powder diffraction

• Applications of XRPD

X-ray powder diffraction is widely applied for the identification and characterization of
different materials ranging from inorganic matters, organic and pharmaceutical compounds,
metal, ceramics, etc. The main common applications are summarized as following:

• Quick phase identification;

• Examination of the crystallinity;

• Quantitative analysis of sample with multiphase;

• Texture and orientation analysis;

• Determination of unknown crystal structure using Rietveld methods.

In addition, in-situ experiments can be performed by changing the factors, e.g., tempera-
ture (sample heating or cooling), physical pressure, to observe the phenomena as phase
transformation or order-disorder transformation.

2.5.3 Structure determination from XRPD data

• Indexing

The assignment of the (hkl) reflexes to lattice planes is referred to as indexing [18,146] which is
the first step in the structure determination. Since one-dimensional information is obtained
from the XRPD data, reflection overlapping occur very often, which depends on the Bragg
angle θ. After the indexing process, the lattice parameters of three-dimensional unit cell can
be determined from the observed reflections. The programs as McMaille [147], DICVOL04 [148],
N-TREOR [149] are used to index XRPD data and indexing can be performed in the software
like WinXPOW [150], DASH [151] and EXPO2013 [152]. The absence of certain reflections is called
systematic extinction. This kind of peak absence is caused by the symmetry operations
and applied to determine the extinction symbol which provides the corresponding possible
space groups of the crystal structure.

• Structure solution

As mentioned before, the intensity of each reflection is proportional to the square of
the structure factor Fhkl . Thus, the magnitude value of Fhkl can be obtained from the
experimental diffracted intensity. The absence of the phase information during a diffraction
measurement is called phase problem. A Fourier transformation on the structure factor and
the phase information is used to calculate the electron density map, in which the maxima
is corresponding the atom position. A structure solution is aimed to find a meaningful
structural model (the atomic coordinates) which are dependent on the distribution of the
electron density. Until now, different methods [45] are available to solve the phase problem:
direct method, Patterson method, maximum entropy, charge flipping etc. The available
programs for structure solution are for example EXPO2013 and DASH.
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• Rietveld refinement

Rietveld refinement is the last step in the process of structure determination against XRPD
data. The refinement is performed to check the structural model obtained from structure
solution. The least-squares method [18,146,153,154] is applied at the refinement process. The
difference between the simulated powder diagram from the structural model and the
experimental powder diagram is observed and expected to reduce to a minimum state if
all the parameters are refined to reach a best fit of the total experimental diffraction profile.
Usually the following parameters need to be refined in the Rietveld refinement:

• Zero point

• Background

• Lattice parameters

• Atomic fractional coordinates

• Atomic displacement or thermal parameters as isotropic temperature factor (Biso)

• Preferred orientation (if present)

• Profil function

• Absorption

• Crystallite size and strain

• Over all scale factor

The quality of the fit between the observed and calculated XRPD diagrams is described
by the following functions:

• The weighted profile R factor (Rwp) (equation 2.16):

Rwp =

√
∑ w(Yo −Yc)

2

∑ wY2
o

(2.16)

where Yo: observed intensity, Yc: calculated intensity; w weighting factor.

• The statistically expected R factor (Rexp) (equation 2.17):

Rexp =

√
N − P
∑ wY2

o
(2.17)

where N: number of overall points; P: number of refined parameters.

• The goodness of fit (gof) (equation 2.18):

χ2
red =

Rwp

Rexp
=

√
∑ w(Yo −Yc)2

N − P
(2.18)
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3 TEM and ADT

3.1 Introduction

This section includes a basic description of the TEMs and relative instruments in this
dissertation as well as corresponding methods e.g. preparation of a TEM grid. ADT data
acquisition and the work-flow for data analysis will be also illustrated in details. In addition,
it includes the experimental details of related TEM techniques. A standard TEM can deliver
a large range of characterization approaches (Fig. 3.1) for nano-scaled materials at atomic
level. After mounting the grid with sample particles onto the specimen holder, the assembly
is inserted into the TEM. The strong coulombic interaction between materials and electrons
enables that TEM shows unique capacities or applications under different operation modes.
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Figure 3.1: Overview of TEM work process and possible applications of TEM.
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3.2 Transmission electron microscope

Fig. 3.2 exhibits two TEM devices in Electron Mircoscope Center Mainz (EMCM). All the TEM
experiments were carried out using these two TEMs except the high angle annular dark
field (HAADF)-STEM studied with a Jeol TEM at the Technical University of Darmstadt.
Selected instrumental information are listed in Table 3.1. TEM measurements including
phase contrast TEM, STEM, EDX are available for both TEMs. TEM Imaging and Analysis
(TIA) was used to collect STEM image and EDX spectrum. TEM image, electron diffraction
pattern as well as ADT data were acquired or viewed by Gatan Digital Micrograph

software [155]. STEM images were collected using a Fischione HAADF detector.

Table 3.1: Selected instrumental details of applied transmission electron microscopes at the University of Mainz.

TEM type FEI Tecnai F30 S-TWIN FEI Tecnai G2 Spirit

Acceleration voltage 300 kV 120 kV

Electron Source field emission gun (FEG) Thermionic Gun: LaB6 emitter

Camera type Gatan US4000 4kx4k CCD Gatan US1000 2kx2k CCD

STEM resolution 0.2 nm 1.0 nm

(S)TEM imaging Yes (Fischione detector) Yes (Fischione detector)

EDX measuremnet Yes (EDAX spectrometer) Yes (Oxford spectrometer)

ADT measurement ADT and Fast ADT Only Fast ADT

(a) (b)

Figure 3.2: Transmission electron microscopes at the University of Mainz applied in this thesis. Left: FEI Tecnai
F30 S-TWIN TEM, right: FEI Tecnai G2 Spirit.
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3.3 TEM grid preparation

3.3 TEM grid preparation

In order to avoid crystal agglomeration and form a homogeneous distribution of particles
on the grid, we prepare the TEM grid very carefully using a method show in Fig. 3.3. There
are different kinds of grids, such as continuous, holey, lacey carbon filmed grids or Cu, Ni,
Au grids. The selection of the grid for application is determined by the purpose of TEM
experiments. Before dispersing sample particles onto the grid, it is sometimes necessary
or beneficial to clean grids in a plasma cleaner. For the grid preparation, a small amount
of the sample is ground in an agate mortar. The sample is mixed and then dispersed in
corresponding solution (e. g., ethanol, water) which is not a solvent of the material, using
an ultrasonic bath. The suspension is transferred into a caved tip with a pipette and then
sprayed onto a thin amorphous carbon film, suspended on standard Cu TEM grids, using
an ultrasonic vaporizer [65]. The grid is dried under vacuum. Utilization of this approach
enables a better distribution of nanoparticles on the grid film, which is very helpful for the
investigation especially for ADT measurement.

Grinding Mixing Ultrasonic Dispersion

Drying in vacuum Grids Dispersion onto Grids

Figure 3.3: Sheme of the procedures for preparation of a TEM grid using dispersion method.

3.4 TEM specimen holder

Five types of TEM holders as shown in Fig. 3.4 are introduced. According to the research
motivation and the holder speciality, we can select different holders for the measurements.
The specifications of each holder are given as following.
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3 TEM and ADT

(a) Single-tilt holder

(c) Tomography holder

(d) Heating holder

(e) Cryo holder

(b) Double-tilt holder

Figure 3.4: TEM specimen holders applied in the dissertation.

Single-tilt Holder (FEI)
The single tilt is easy to load and designed for general application such as a quick sample
review. A tilt angle up to ± 60

◦ is enough for the usual investigations. The holder movement
is controlled by the TEM CompuStage.

Double-tilt Low Background Holder (FEI, model PW6595/15)
The double-tilt holder is connected with the Compustage. Beside the standard goniometer
movements, there is a second stage tilt, allowing a maximum beta tilt of ± 30

◦ for Tecnai
TEMs. This holder is suitable for HRTEM measurements.

Dual-Axis Tomography Holder (Fischione, model 2040)
The tomo-holder is designed by the company Fischione Instruments, Inc. It has a tilt angular
range almost through 360

◦ plus a 90 degree planar specimen rotation. The extended speci-

32



3.4 TEM specimen holder

men movability can maximize the tomographic data. The high accuracy and stability make
it an optimal holder for electron diffraction and imaging tomography at room temperature.
We used it in this work for the ADT data acquisition at room temperature.

Single Tilt Heating Holder (Gatan, model 628)
This holder is designed to heat the sample for TEM investigation at a high temperature. The
temperature can be controlled by a Smartset Hot Stage Controller (model 901). It is possible
to operate directly without any cooling system if the temperature is lower than 500

◦C. If
the desired temperature above 500

◦C (max. 1300
◦C) a water recirculator must be connected.

The maximumtilt range is ± 45
◦.

High Tilt Liquid Nitrogen Cryo Transfer Tomography Holder (Gatan, model914)
The cryo holder (tilt range: ± 80) is used to investigate the materials at a liquid nitrogen
temperature achieved by a liquid nitrogen dewar at the end of the holder. The sample can
be cooled before or after inserting the specimen holder into TEM. It is connected with a
Smartset Cold Stage Controller (model 900) to check and control the specimen temperature.

Preparation for inserting TEM specimen holder
If the specimen allows it, the TEM holder and the grid with specimen are plasma cleaned by
gas or a gas mixture as Argon or Oxygen to remove the organic contamination of materials.
In this thesis, Plasma Cleaner model PC2000 CE (South Bay Technology, Inc. USA) is applied
for the plasma cleaning (Fig. 3.5a). Before cooling experiments, the cryo holder must be
evacuated using a pumping station and heated with a zeolite bake out cycle by Smartset
Stage Controller for at least two hours. In this work, pumping on the dewar was carried
out by Turbomolecular Drag Pumping Station (model TSH 071E, Pfeiffer Vacuum GmbH,
Asslar, Germany) as shown in Fig.3.5b.

(a) (b) Cryo-holder

Cold stage controller

Figure 3.5: (a) Plasa cleaner for sample and holder cleaning and (b) pump system for cryo holder pumping.
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3.5 ADT data acquisition

Using automated diffraction tomography, electron diffraction tilt series are collected ac-
companied by tilting around the TEM goniometer stage. In order to realize this specialty,
an automated acquisition module was developed for FEI microscopes [43], which owns
routines enabling crystal tracking under STEM imaging mode after each tilt step and to
acquire diffraction patterns with nona-diffraction mode sequentially. The module consists
of totally three types of calibrations: basic TEM calibration, specimen-holder calibration and
diffraction-setting calibration. The specimen-holder calibration can be done and saved as a
file in advance. If there is no changes about the physical settings of TEM, the calibration files
are available and reliable to be used throughout several months. The ADT measurement is
carried out using a TECNAI F30 TEM operating at 300 kV. Microprobe STEM imaging is
used for tracking the measured crystal during the tilting process.

In order to reduce dynamic effects for a better quality of reflection intensity extraction,
ADT was coupled with precession electron diffraction (PED) [65], which is realized by a
DigiStar unit designed by the company NanoMEGAS [64]. Usually, the precession angle
is set as 1° for data acquisition. nano electron diffraction (NED) data is collected without
electron beam precession and hence there is no reflection splitting in the data. NED data is
suitable for determination of accurate cell parameters. AS shown in Fig. 3.6, the diffracted
spots cover a larger area in PED pattern than NED pattern. PED enables a quasi-kinematic
diffraction intensities. Hence, the crystal structure solution is usually performed on PED
data.

(a) (b)

NED PED

Figure 3.6: Single ED patterns of Al4B2O9 viewed along c* direction. (a) NED data collected without precession
and (b) PED data with precession.
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3.5 ADT data acquisition

ADT measurements depend on a number of TEM alignments as shown in Fig. 3.7.

• The first step is to check C1 and C2 aperture. Normally, diffraction tomography is
working with a large C1 (250 µm) and a small C2 (10 µm), which enables a semi-
parallel electron beam and is referred to as NED mode. Based on the beam stability of
samples, the illumination conditions are selected and controlled by means of operating
voltage, selection of gun lens and spot size. For example, gun lens of 8 and of spot
size of 8 or even 10 is normally good for beam sensitive materials.

• The second procedure is to align the TEM and STEM basic settings, which include gun
shift, beam shift, beam tilt pivot point and beam focus in TEM Tune and STEM Tune,
respectively. Noted that STEM calibrations and later imaging for crystal tracking are
performed under microprobe mode. A rough HAADF centring with different camera
lengths should also be done. The calibrations should be repeated if the beam changes
a lot after the ADT calibration.

• The following process, also as the most important calibration, is to calibrate the
diffraction settings. A number of substeps will be done as accurate as possible.
The corresponding setting parameters are given according to the sample properties
such as beam sensitivity, crystal size, crystal lattice. To view the real image of the
crystal under investigation, the HAADF will be shifted in the middle. Beam size
and diffraction camera length are set based on the crystal habit and the expected
length of cell axes. In addition, the beam should be focused and then centred on the
charge-coupled device (CCD) camera with a data size of 2048 x 2048 pixel (2K) or 4096

x 4096 pixel (4K). Once the calibration runs successfully, all the setting parameters will
be used for the data acquisition.

• The final step is tilt-series acquisition. Selection of a single crystal or big enough corner
of a embedded or agglomerated crystal. A good adjustment of specimen position (Z
height) is crucial to make the crystal stable and visible during the tilt process. CCD
exposure time, tilt angular range (initial and final tilt angle), tilt step as well as switch
on/off of precession unit should be carried out before starting the collection process.
The procedure starts with the beam centring on the fluorescent screen and the stage
rotates to the initial tilt angle (max. or minimum tilt angle) where the first diffraction
pattern is collected. Then the selected crystal must be shifted to the beam position
in the STEM image. After centring the electron diffraction pattern on CCD camera
the tilt-series collection will start. Electron diffraction patterns of each tilt step will be
recorded sequentially and saved as a MRC format data at the end of the procedure.

Beside using low beam illumination (such as low operating voltage, big gun lens or big
spot size), there are some tricks to avoid or reduce beam damage. If the selected crystal
is larger than beam size, we can manually shift the beam from the illuminated area to the
fresh part of the crystal. The other available way is sample cooling, especially for beam
sensitive materials as organic compounds and MOFs.
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(S)TEM calibra�on

• Gun shift
• Beam shift
• Beam tilt pivot point 
• Beam focus

2

TEM Se�ng

• Accelerating voltage
• Condenser aperture selection
• Gun lens setting
• Spot size setting

1

ADT calibra�on

• HAADF centering
• Beam size setting
• Camera length
• Beam centering
• Beam focus

3

Data acquisi�on

• Single crystal selection
• Z-height setting
• Tilt range
• Tilt step
• Expose time
• Precession on/off

4

Figure 3.7: A brief diagram of TEM calibration sequence for ADT data acquisition using a FEI electron microscope.

3.6 ADT data analysis

ADT3D and eADT softwares are utilized to view and process the recorded electron diffraction
raw data. The purpose of ADT data analysis is to deliver the reliable crystallographic
information of investigated materials as much as possible. Some of the detected features
may be problematic or even impossible to analyse using other methods. As described in
section 2.3 of chapter 2, the recorded raw MRC data is actually a stack of 2D non-oriented
diffraction patterns which cannot be directly indexed. Therefore, the first key step is to
transform the set of 2D diffraction patterns into 3D reciprocal space. Based on visual
inspection and careful handling of reconstructed reciprocal space, the analysis should
deliver unit-cell parameters, symmetry information, indexing of reflections and intensities
of acquired reflections. In addition, other related potential information such as diffuse
scattering, twinning, or intensities of polycrystalline phase can also be delivered through
visualization of diffraction volume. A successful data processing always relies on a datasets
of required quality. The practical operations in the program eADT consist of several steps as
shown in Fig. 3.8. A detailed description of the key procedures, including e.g. preprocessing,
tilt axis determination, lattice determination, intensity extraction, etc., is presented below.
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3.6 ADT data analysis

Raw data input: MRC stack

Background correction

2D peaks searchPattern centering

Tilt axis determination

3D peaks calculation

Cell search

Cell adjustment

Intensity extraction and processing

3D volume

Symmetry

Figure 3.8: Workflow of the program eADT to process three-dimensional electron diffraction data. Notice: several
functions as data binning, filtering of diffraction slice and pattern blur are not shown here. It is
possible to reload the shift file for centering, 2D peaks, 3D peaks, unit-cell and extracted intensity file.

(a) (b) (c)

Figure 3.9: Electron diffraction pattern processing (example sample: aluminium borate). (a) Raw recorded
diffraction pattern, (b) the same pattern after background correction and (c) 2D peaks found on the
pattern.

3.6.1 Data pre-processing

• Background correction. The background subtraction is carried out for the 2D diffrac-
tion patterns. It simplifies to find the reliable centres of the diffracted spots at the
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procedures of “2D peaks search” and “patterns centring". It is crucial in particular for the
diffraction peaks with weak intensity. As presented in Fig. 3.9b the diffraction pattern
show the bright spots with smaller radius. Furthermore, background subtraction
speed up the calculation rate of 3D reciprocal volume.

• Centring of diffraction patterns. During ADT data collection the centre of electron
diffraction patterns cannot always ideally locate at the same position, namely the centre
shifts slightly in a stack, even under a perfect measurement alignment. Normally, the
reason results from the beam shift on the sample and the related electron beam shift
for crystal tracking. Other factors such as physical stability of holder and goniometer
stage, holder calibration or ADT calibration can also contribute to the centre shift.
Patterns centring is of importance for a successful reconstruction of 3D reciprocal space.
The normal two approaches, searching the centre of strongest beam and analysing the
primary beam shape, can deliver a good result only if the primary beam appears as
the strongest spot in the patterns. The centre of the Friedel pair can be considered as
pattern centre in the case that the data is collected with a beam stopper. Other optional
method is that the user can manually set the centre in the program eADT.

• Tilt axis determination. The search and refinement of tilt axis position depend on the
pattern centring and 2D peaks extracted from each diffraction patterns. The process
can be performed using an automatic model in an angle range from -180° to 180° or by
an appointed angular rang and step. The found tilt axis position shows a pronounced
maximum in the variance plot. A accurate value of tilt axis delivers sharp and bright
stereographic projections of the 3D reciprocal space. A correct tilt axis ensures the 3D
reconstruction without distortion, the possibility of unit-cell determination as well as
reliable intensity extraction.
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3.6 ADT data analysis

3.6.2 Visual analysis of 3D reconstruction

This step is the key step to analyse the tilt series data for much more information of the
sample. With known pattern centres and refined tilt axis, the 3D reconstruction of reciprocal
space can be achieved by recalculation of 2D pixel-data stack into 3D voxel-data. [42] It
should be observed at first sight whether the quality of the tilt series is good and to which
resolution the reciprocal space is covered. A wrong tilt axis leads to a distorted reciprocal
volume. After careful inspection of the reconstructed data, structural features as diffuse
scattering (Fig. 3.10b), polycrystallinity, twinning, superstructure can be directly visualized.
Using derived cell vectors, the unit-cell parameters can be refined in combination with
the 3D reconstructed volume. The projections of main crystallographic direction and well-
known pixel size provide the crystal system and Bravais lattice. Once the correct unit-cell
is determined, the single zones required from extinction analysis can be cut from the 3D
volume. The extinction conditions, namely the appearance of reflections in the single zones,
indicate possible space groups.

Missing cone

(b)(a)

Figure 3.10: Three-dimensional reconstructed diffraction spaces of (a) zeolite chabazie showing the missing cone
and (b) disordered Al4B2O9 including diffuse scattering.

3.6.3 Unit-cell determination

The extraction of 2D peaks from single stack slices (as shown in Fig. 3.9c) combines with
tilt axis and the file of pattern centring to construct the 3D reflection positions in the
reciprocal space. Because of the missing cone it happens not often all the three main axis
to be present together in one dataset. The procedure to determine cell vectors, comprising
lattice parameters and orientation matrix, is performed based on clustering of difference
vectors. [44,156] The difference vectors of all selected recorded reflections are calculated and
they show the autocorrelation of the peaks based on clustering routine. When the three
shortest linearly independent vectors can be found, it will deliver the initial primitive
unit-cell. Normally, the primitive lattice cannot demonstrate the real crystallographic feature
when the sample has a high symmetry. For instance, there are two methods to solve the
problem if the crystal lattice is actually centred. The extracted intensities can be converted
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into an intensity file based on MatLab scripts. Alternatively, the initial primitive unit-cell can
be directly transformed into a centred lattice in the reciprocal space using a transformation
matrix. For example, the initial primitive triclinic unit-cell (a = 14.55 Å, b = 14.44 Å, c = 4.99

Å, α = 99.0 °, β = 89.7 °, γ = 119.6 °) of zeolite THK-2 can be transformed into a orthorhombic
lattice (a’ = 24.72 Å, b’ = 14.55 Å, c’ = 4.99 Å, α’ = β’ = γ’ ≈ 90°) in the reciprocal space with
matrix [0 -0.5 0; 1 -0.5 0; 0 -0.5 0]. The unit-cell parameters determined from ADT data are
not accurate and shows a error of about 2-5%. [44]

3.6.4 Intensity extraction

With the known unit-cell vectors the recorded reflections in all the 2D diffraction patterns
can be indexed and the corresponding intensities can be integrated. A box overlaid on the
reflection is used for the intensity integration (Fig. 3.11a). The box size depends on the
diameter of the reflection with strongest intensity and the unit-cell parameters. Since the
reflections penetrate normally through several neighbouring slices, the same index may
appear extracted with different intensities on different frames. As shown in Fig. 3.11, the
(110) reflection can be detected from frame 84 to frame 90 and has an intensity maximum in
the frame 87. Only the extracted maximal intensity value is taken in account and used as
the intensity of the reflection. The square of responding reflection intensity is calculated
to serve as the intensity error. The resulting hkl file consists of the indices, corresponding
intensities and intensity errors. Some intensities cannot reach maximal values because the
reflection locates at the edge of missing cone. Therefore, such unreliable reflections should
be deleted with Matlab script.
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Figure 3.11: Reflection intensity extraction in the program eADT. (a) Electron diffraction pattern overlaid with
integration boxes; remarked circle shows the position of reflection (110). (b) List of the extracted
intensities of remarked reflection (110) in different frames. (c) Curve of the intensities distribution;
the yellow line shows the theoretic frame number of maximum intensity.
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4.1 Aluminium borate

4.1.1 Mullite

Mullite can be found as a mineral in sandstones and in volcanic rocks in the nature. [157]

Nowadays, a vast number of mullites and related mullite-type compounds are produced
artificially for industrial applications as ceramic materials. The synthetic procedures starting
with different ratios of SiO2:Al2O3 can be performed through varying reaction conditions
to form various of mullites with general composition of Al4+2xSi2−2xO10−x with x ranging
from 0.18 to 0.88

[158] in the SiO2-Al2O3 system. The most common types are 3:2 mullite
(3Al2O3•2SiO2) and 2:1 mullite (2Al2O3•1SiO2), respectively. As described by Schneider
et al. [159], it is possible to incorporate transition metals as Ga, Ti, V, Mn, Cr atoms into the
mullite structure. The amounts of transition metal ions rely on the reaction conditions. Be-
side the aluminosilicate composition of mullite, plenty of silicon-free compounds including
e.g. aluminium borates [74,76,78] as Al18B4O33 and Al5BO9 as well as gallium borates like
Ga4B2O9

[160] have been captured attention and and many reports were published in recent.
All those compounds show similar remarkable structural characteristics to mullite and form
a series of important ceramic materials described as mullite-type compounds.

(a) (b)

Figure 4.1: Technical applications of mullites. (a) Mullite-based refractory bricks. (b) Mullite-coated composite in
panel for reentry space vehicle. Adapted from Schneider et al. [157].

There are several methods to synthesize mullites [159,161]: (1) solid-state processes, (2)
solution process and (3) gas-state process. For instance, the 3:2-mullite crystallizes from a
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solid-state reaction by means of heating the educts below their melt points. Mullite belongs
to one of the important constituents of ceramic materials and shows its importance in
industry due to its physical properties [82,157,161] including thermal stability, low density, low-
electric conductivity, excellent creep resistance, high-chemical stability, high-temperature
strength, etc. The main technical applications of mullite comprise of the following three
areas [157,159]: monolithic mullite ceramics , mullite coatings (Fig. 4.1b) and mullite matrix
composites. For instance, mullite can be applied as refractory bricks (Fig. 4.1a) in glass
melting tanks due to its high corrosion resistant.

4.1.2 Mullite-type crystal structure

The most prominent characteristics of the mullite-type structure are linear edge-sharing
MO6 (M = octahedral coordinated cations such as Al, Ga, Fe) octahedral forming parallel
octahedral. These octahedral chains build up the backbone of the whole framework. Another
important feature is that all mullite-type compounds must crystallize in a subgroup of the
tetragonal space group P4/mbm (No. 127). [162]

ω = 59.76°

γ  = 90°

(a) (b)

‚

Figure 4.2: The chain structure of 2:1 mullite (modified after R. X. Fischer et al. [162], crystallographic data from
Angel et al. [163]), viewed parallel to axis c in (a) and a in (b). γ’ shows the angle between the a and b
basis vectors; ω represents the tilt angle between neighbouring octahedral chains.

Fig. 4.2 illustrates the chain structure of 2:1 mullite in the orthorhombic space group
Pbam (No. 55). The AlO6 chains perpendicular to (ab)-plane have two types of arrangement,
leading a rotation angle (ω) between the adjacent chains (ω = 59.76° for 2:1 mullite see Fig.
4.2a). In a mullite-type crystal structure, the value of the rotation angle ranges from 30° to
90° and γ’ should be in the range of 85° - 95°. [159]. The octahedral chains are cross-linked
by various inter-chain units to form different connections, enriching the member in the
mullite-type family. In inter-chain units can be five-, four- or three-fold coordination units
involving e. g. AlO5, TO4 (T = B, Al or Si), or BO3. For instance, O atom bridges the TO4 (T
= Al, Si) units between the octahedral chains in 2:1 mullite. Due to the substitution of Si4+

42



4.1 Aluminium borate

by Al3+, oxygen vacancy is introduced on the basis of 2Si4+ + O2− → 2Al3+ + vacancy 2,
which makes an extended linkage. The possible logical oxygen vacancy may also occur in
the structure. Furthermore, the coordination and connection of linkage units can result a
complex structure in mullite-type compounds. All the different units in various possible
connections increase the variety of mullite-type family and lead to disordered structures
due to the complex linkages between the chains. Therefore, the diversity of inter-chain
units including the types and corresponding arrangements, the distribution of Si and Al
in tetrahedral centre, the vacancy of oxygen atoms or even the synthesis conditions can
lead to defects in crystals or order-disorder phenomena, which causes difficulties in crystal
structure characterization of mullite-type compounds.

4.1.3 Aluminum borates

The phenomena of B atoms substituting Si atoms to form BO4 tetrahedral connecting AlO6

octahedral chains in mullite was first suggested by Dietzel and Scholze [164]. This discovery
extended the binary SiO2-Al2O3 system to a ternary SiO2-Al2O3-B2O3 system and added a
large number of new members in mullite-type family. As shown in Fig. 4.3, the SiO2-Al2O3-
B2O3 system covers all the possible boron-mullite introduced by Werding and Schreyer. [165]

The grey field represents the potential intermediate phases between aluminosilicate mullite
compounds and aluminum borates.

Figure 4.3: Plot of potential phases in the SiO2-Al2O3-B2O3 system (Plot taken from Fischer et al. [78]). The grey
area shows the boron-mullite stability field according to Werding et al. [165].
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One of the most-researched aluminum borates is Al4B2O9. Scholze et al. [166] investigated
Al4B2O9 for the first time and reported an orthorhombic lattice (a = 14.8(2) Å, b = 15.1(2) Å,
c = 5.6(1) Å, and Z = 8) with possible space groups of Cmm2, Cm2m, C222, or Cmmm. The
crystal structure was further studied by Mazza et al. [167] who described an orthorhombic
structure (space group: Pbam) with a pseudo tetragonal symmetry. In the last decades, the
group of Fischer (Bremen, Germany) has made advance in the research of Al4B2O9 including
the synthesis and crystal chemical characterization. Fischer et al. [77] tried to described the
crystal structure of Al4B2O9 in a monoclinic crystal system using a Rietveld refinement
fromXRPD data and investigated additionally with solid-state NMR spectroscopy.

4.1.4 Synthesis of Al4B2O9

Aluminium borate Al4B2O9 was synthesized with sol-gel synthesis approach. 1© The initial
ratio of Al2O3/B2O3 was set to 35/65 in the precursor phase using the nitrate decomposition
method described in the literature [29,168,169]. The mixture of aluminum nitrate nonahydrate
Al(NO3)3 · 9H2O and boric acid B(OH)3 was dissolved in 10 wt.% glycerol. The produced
foam was dried and then crushed into powder. The sample was continuously heated
using covered platinum crucibles at 1223 K for 44 hours. The sample was cooled to room
temperature. In order to remove the possible excess boric acid, the final sample was washed
with hot deionized water and dried to obtain white powder.

4.1.5 Research questions of Al4B2O9

In the previous study of Fischer et al. [77], Al4B2O9 was characterized by a combination of
XRPD and solid-state NMR and the crystallographic information. The crystal structure
was reported in a monoclinic crystal system for the first time. However, due to disorder
phenomenon in the mullite-type family, two oxygen atoms could not be revealed clearly.
Furthermore, one-dimensional XRPD approach has limits on the study of disordered materi-
als and further is hampered to clarify crystal chemical properties of Al4B2O9 in details. On
the other side, the achievable small crystal size limited the investigation using single crystal
X-ray diffraction. For these reasons, the material was reinvestigated using TEM approach to
explain the crystal structure feature including following points.

• Finding the disordered crystals or domains
• Ab initio structure solution of ordered crystal from ADT data
• High-resolution TEM imaging of ordered crystal
• Determination of disorder type
• Structural modelling ans electron diffraction pattern simulation

1©Note: the synthesis of Al4B2O9 was carried out by Dr. Kristin Hoffmann (University of Bremen, Germany)

44



4.2 Metal-organic frameworks

4.2 Metal-organic frameworks

4.2.1 Metal-organic frameworks

Metal-Organic Frameworks (MOFs), also known as porous coordination polymers (PCPs),
are a new class of organic-inorganic hybrid solids which first appeared about two decades
ago. In recent years, MOFs, as a new type of advanced porous solid materials as shown in
Fig. 4.4, are being drawn particularly strong attention by researchers due to the various
outstanding industrial applications. [88,98–100] The potential applications of this type of crys-
talline materials are based on the unique structural attributes with ultrahigh porosity [170],
enormous internal surface areas (up to 14600 m2/g) [171], uniform channels and thermal
stability. In consideration of the high degree of design-ability for the structure, various
novel MOFs have been designed and successfully synthesized for the attainment of specific
properties and the optimizations of applications. The design options of MOFs rely on
the controllable synthesis conditions, the extraordinary variable and modifiable structure
building units (metal ions/clusters and linkers) as well as the huge number of potential
combinations of organic ligands, types of transition metals, co-ligands and structure direct-
ing agents. [88,172,173] Currently, the number of members in MOF-family is still increasing
rapidly. The investigations on the synthesis, characterization and application of new MOFs
are emerging in an immense number of research articles.

Figure 4.4: The general classification of porous materials. Top: porous organic polymers; organic-inorganic porous
hybrid solids (MOFs) and porous inorganic zeolites. Bottom: an example for the classic construction
procedure of a MOF from organic linkers and inorganic metal. Reproduced from ref. of Li et al. [172].
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4.2.2 Synthesis and structure properties

One of the most significant motivations for synthesis of new MOFs is to find sufficiently
robust and porous solids which can fulfil the technical requirements. The synthesis pro-
cedure of MOFs is typically straightforward and at moderate temperature (< 250°C) [174].
The synthesis conditions (temperature, pH, solvent, and stoichiometry) play a significant
role in modifying the network topologies. [88] The infinite extended metal-organic porous
structures are established by self-assembly of organic and inorganic building blocks under
the conditions as temperature setting and synthesis time. The well-soluble salts serve as
the source for metal elements, e.g. metal nitrates or sulfates. The metal ions are mainly
transition-metal ions. The organic linkers are typical bidentate ligands or multidentate
molecules with two or more N or O donor atoms. They can be carboxylate linkers such as
di-, tri- and tetracarboxylic acids, imidazolate type linkers [175] as well as phosphonate linker
as show in Fig. 4.5. As compared to azolate- and phosphonate-based frameworks, a major
part of the known MOFs are in fact based on bridging ligands of carboxylate linkers [176].
Using rigid linear dicarboxylates (denoted as L), Yaghi and co-workers [177] synthesized a
big series of compounds which share the same formula of Zn4O(L)3. One of the well-known
azolate-based MOFs is for instance zeolitic imidazolate framework-8 (ZIF-8), which was
first reported by Yaghi et al. [175] and consists of zinc atoms linked by 2-methy-imidazole
molecules.
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Figure 4.5: Examples of organic linkers in MOFs. The emerged organic linkers own normally rigid backbone. Car-
boxylate linkers: (a) bipodal linker BDC for MOF-5 and (b) tripodal linker BTC for HKUST-1. Phosphonate
linker: (c) bipodal methylenephosphonic acid for phosphonate frameworks. [178]

Most studies about MOFs were focused more on the design of novel types, synthesis
and characterization in the form of traditional bulk crystalline compounds. However, the
applications of MOFs are reliant not only on the controllability of chemical structure but also
on factors as micro/nano-structure, crystal size and morphology. For instance in biology
and medicine, due to the required application of penetration into cells, only nano-sized
materials are achievable, where bulk MOFs show the limits. Therefore, rational design of
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4.2 Metal-organic frameworks

MOFs is crucial for the consideration of the practical needs as crystal size, shape, rigidity in
the aimed investigation.

MOFs can be synthesized by various possible approaches. In the conventional synthesis
method, MOFs are generated by mixing the starting materials under hydrothermal or
solvothermal conditions at room temperature or through electric heating. For instance,
the well-known MOF-5 and HKUST-1 were synthesized with the direct mixing of reagents
at room temperature. Many other advanced methods are summarized by Stock and co-
workers in the review paper [88]. Recently, the conventional solvothermal synthesis, the
microwave-assisted method, mechanochemical synthesis, the surfactant-assisted method, the
coordination modulation method, and the solvent induced precipitation have been reported
in the MOFs synthesis. [88,99,179–181] In comparison to the solvothermal synthesis, the new
strategies have exhibited several advantages like less time-consumption, controllable crystal
morphology and size, solvent-free, etc. In particular, some of these methods are very helpful
to gain nano-scaled or hierarchical MOFs. Kitagawa and co-workers [182] designed a simple
approach - coordination modulation method, using the capping reagents to control the
crystal growth of nano-scaled porous coordination polymers. The other example is the
synthesis of thin patterned MOFs films (SURMOFs) due to the application as sensor [183].
The highly oriented growth of homogeneous MOFs crystals are obtained by so-called
layer-by-layer (LBL) growth at liquid-solid interface under control conditions. [184–186]

Figure 4.6: Schematic illustration for the design of MOFs involving general networks structure with 1D, 2D and 3D
topologies. The topology of the products is depend on the coordination of metal ions, the geometry of
bridging ligands as well as the synthesis conditions.
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In order to describe the subunits of a MOF, the term of secondary building units (SBUs),
also called as inorganic building units, has been introduced to organize the classification of
MOF structures. SBUs are metal-containing clusters and molecule complexes. [176] Depending
on the types of bridging linker and coordination number of transition metal atoms, the
porous supramolecular network can be designed or achieved 1D (chains), 2D (layers) or 3D
(framework) architectures, as shown in Fig. 4.6. MOFs can be characterized by numerous
approaches including single crystal X-ray diffraction (if the crystal big enough), X-ray
powder diffraction (XRPD), transmission electron microscopy (TEM) [68], nuclear magnetic
resonance (NMR) [187,188], thermogravimetric analyses (TGA), etc.

4.2.3 Applications of MOFs

Based on the specific structure feature, chemical design-ability and thermal stability, MOFs
have a vast number of potential industrial applications, which comprise the use as storage
media for gases like hydrogen and methane [95,189,190], heterogeneous catalysis [68,93,94,100],
drug delivery [101,102,191,192], gas separation. Additional applications in membranes, thin
film devices [184–186,193,194], and biomedical imaging [191] are increasingly gaining importance.
Some of the applications are detailed as examples below.

• Gas separation/storage

High efficient gas separation/storage are of high importance in the industrial process. MOFs
demonstrate the performance in gas separation. For instance, Cu-BTC (HKUST-1) serves as
a excellent CO2 adsorbent for a gas mixture of CO2/N2 or CO2/CH4. [98,190]

• Drug delivery

The other important application of MOF nanoparticles is for drug delivery in biomedical
area. Horcajada and coworkers [101] investigated the drug delivery of MOF materials based
on MIL-100 and MIL-101 and reported for the first time the outstanding capacity for hosting
and controllable delivery. Afterwards they published another article [191] about specific
non-toxic porous iron(III)-based MIL series MOFs for efficient controlled drug delivery.

• SURMOF

The formation of MOF thin films or membranes with well-defined porosity make them
suitable as candidates for the applications like smart membranes, chemical sensors, catalytic
coatings and related nanodevices. [195] The thin films are grown on selected substrates as
gold or silica surface through the controllable stepwise layer-by-layer method. The materials
comprise for instance HKUST-1 thin film [193,194,196] and ZIF-8 membranes [197].
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4.2 Metal-organic frameworks

4.2.4 Syntheses of MOFs

Two new zirconium metal-organic frameworks (Zr-MOFs), [Zr5O4(OH)4(OAc)4(BDC)2] and
[Zr2(Ni-H2TPPP)(OH/F)2] · 23H2O (denoted as CAU-27-BDC and Zr-CAU-30, respectively),
were designed based on the Zr4+ and the bridging ligands of AcOH and BDC for CAU-27-
BDC (Fig. 4.7) as well as NiH8TPPP for Zr-CAU30 (Fig. 4.8), respectively. The syntheses of
both Zr-MOFs 2© are briefly described as in the original literature [72,198].

Synthesis of CAU-27-BDC

The CAU-27-BDC was prepared by a hydrothermal method: 232.6 mg terephthalic acid and
20 mL acetic acid were first placed in a PTFE lined steel autoclave. Then 0.892 mL zirconium
acetate solution mixed in dilute acetic acid were added and the autoclave was sealed. The
mixture was heated to 220 °C in one hour and then kept at the temperature for 238 hours.
Finally, the mixture was cooled down to room temperature, 526.8 mg of a white/greyish
solid were yield via filtration and subsequent drying for 1 hour at 60 °C.

Figure 4.7: Organic carboxylate linkers for the synthesis of CAU-27-BDC.

Synthesis of Zr-CAU-30

The Zr-CAU-30 was synthesized using hydrothermal syntheses method. Previous synthe-
sized Ni-tetra(4-phosphonophenyl)porphyrin (referred to as NiH8TPPP) serves as bridging
linker. The reagents were mixed from NiH8TPPP/ZrOCl2 · 8H2O/NaF/NaOH with a molar
ration of 1 : 2 : 60 : 8. The reaction mixture was stirred in a glass reactor. Using a enlarged
scale of 12 compared to initial amount settings, highly crystalline and stable powder was
obtained at 160 °C for 3 h. In order to obtain the dehydrate phase of Zr-CAU-30, the

2©Note: CAU-27-BDC and Zr-CAU-30 were prepared by S. Leubner and Dr. T. Rhauderwiek (Both from
University of Kiel, Germany), respectively.
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as-made sample was calcined at 250 °C under reduced pressure of 100 kPa in a 0.5 mm glass
capillary. [72]

Figure 4.8: Linker for the synthes of Zr-CAU-30. Phosphonate linker as tetrapodal ligand coordianted with Zr
atoms.

4.2.5 Research questions of Zr-MOFs

The Stock’s group from Kiel (Germany) has designed and synthesized various novel MOFs
including the CAU-series [61,68,199,200] in the last two decades. Most of the crystal structures
in the CAU-family were solved straightforward by X-ray diffraction methods. However,
due to limited crystal size, low crystallinity, twinned crystals and the extra large unit-cell it
impeded to elucidate the crystal structure using single crystal or powder X-ray diffraction.
Electron diffraction tomography was proved as efficient method to solved this kind of
difficulties even for the beam sensitive materials [61,68,201]. The new Zr-MOFs, BDC-CAU-27

and Zr-CAU-30, prepared in form of nanocrystals, are impossible to investigate using single
crystal X-ray diffraction. In addition, the determination of lattice parameters and symmetry
information are also challenging by means of XRPD. Therefore, the Zr-MOFs were investi-
gated using electron diffraction tomography focusing on single nanocrystals but delivering
three-dimensional diffracted reciprocal space. The main works are summarized as following:

• Determination of lattice parameter
• Determination of possible space group
• Ab initio structure solution from ADT data
• High-resolution TEM imaging
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4.3 Zeolites

4.3.1 Introduction

Since the first zeolite synthesis by Barrer and Milton, numerous zeolites were synthesized
increasing the number of zeolite and zeolite-type materials. [202,203] More than 200 zeolites are
registered in the zeolite data base of International Zeolite Association (IZA). [8] In general,
zeolites are synthesized with an organic structure directing agents (OSDAs) [204] under
hydrothermal conditions between 100 and 200 °C. Due to the pore size less than 2 nm,
zeolite and zeolite-type compounds are crystalline microporous materials with 1D, 2D
or 3D frameworks. [86,205] The networks are construed corner-sharing building units - TO4

tetrahedra with T = Si, Al, P, Ga, Ti, Sn, Ge, etc. to form periodic channels, pores or cavities
with well-defined sizes and shapes. Various zeolites were designed and synthesised based
on the flexibility of combination with different TO4 types under different conditions. The
numerous possibilities in combination and and connection make the structural diversity of
zeolites and zeolite-type compounds. It is common that the disorder phenomena occurs in
the structure not only in the natural but also synthesized zeolites. There are several reasons
like connection and type possibilities of the basic units as well as the formation conditions.
Due to the highly chemical and physical stabilities, zeolite and zeolite-type materials are
applied in different areas, e. g., catalysis, gas separation, gas adsorption, electronics, ion
exchange, and biomedicine. For instance, zeolites are widely applied as catalysts in the
petroleum and petrochemical industry. [105,206]

4.3.2 Metal-containing zeolites

Metal-containing zeolites are prepared by ion-exchange process using metal atoms like Al,
Cu, Co, Ti,Fe, Pt, Pd, Sn. [207–212] This type zeolites have attacked strong attention due to the
catalytic performance in selective oxidation. [212–215]

Two type of metal-containing zeolites were studied in this work. The interlayer expanded
zeolites M-IEZ-RUB-36 materials are colourless samples. They were synthesized using a
zeolite precursor as-made RUB-36

[216]. M-IEZ-RUB-36 materials show highly disordered
structures, but nevertheless show a highly shape-selective catalytic activity and an efficient
catalytic activities in oxidation reactions. [214,215] The industrial applied Cu-CHA, a copper-
based ion exchanged zeolite catalyst, shows excellent activity for the selective catalytic
reduction (SCR) of NOx with NH3. [108–111] Chabazite is also called SSZ-13 and occur in
the nature or can be prepared. CHA crystallizes in a trigonal system with space group
of R3m (No. 66). The basic building unit of CHA is the double 6 ring consisting of two
single 6 ring. The double 6 rings stack with a sequence of AABBCC to construct a 3D
framework structure. [8] The scheme to build the framework is shown in Fig. 4.9 where 8

rings are formed after the stacking. The Cu position serves as the catalytically active sites
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during SCR reactions. It was described that the Cu atoms distribute in the six and eight
ring through a ratio which is decided by the water atmosphere in the cage. In order to
understand the catalytic mechanisms, the active Cu site in the framework was investigated
at high temperature by electron diffraction in this work.

+

+
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Figure 4.9: Building scheme of the crystal structure of CHA. (a): Two single 6-rings stack to build a double 6-ring;
(b, c): The stacking of double 6-rings construct the 3D-structure.

4.3.3 Organic structure directing agent in zeolite

Numerous zeolites were prepared using OSDAs with hydrothermal synthesis approach. [204]

Often specially designed OSDAs were used to synthesize zeolites with new framework
structures, for example, the zeolites ITQ series synthesised using novel OSDAs by the
Corma group. [57,97,124,217]. The application of OSDAs play a very important role in the
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construction of the unique structure during the synthesis of novel porous materials. Charge
distribution, molecule size and geometry of OSDAs are the important factors for the effect
of structure-directing. [218]

The elucidation of crystal structures of as-synthesized phases, especially finding the
position of SDAs in the framework, is important for the understanding of synthesis mech-
anisms and crystallization processes. For instance, single crystal X-ray diffraction was
applied to determine 4-dimethylaminopyridine in the crystal structure of as synthesized
aluminophosphate SSZ-51. [219] In fact, plenty of porous materials cannot grow as single
crystal of hundreds of micrometers and are thus not suitable for single crystal structure
analysis. X-ray powder diffraction reveals the position of pyrrolidine molecule in RUB-10

using the difference electron density map. [220] Yan et al. [221] investigated the locations of
guest molecules in SAPO-34/44 by means of Rietveld refinement combined with simulated
annealing. Burton et al. [222] utilized the approach of molecule modelling to study the
location of SDA in the channel of as synthesizes SSZ-55. However, there are certain limits of
XRPD to characterize the OSDAs location. Firstly, some of the new porous materials can
only be prepared in a nano-sized form, not accessible for XRPD; secondly, it is difficult to
directly detect the position of OSDAs from the structure solution from one-dimensional
XRPD data. Because of weak interactions between organic compounds and framework, the
organic molecules/cations often show some disorder thus smearing out the low electron
density of carbon and nitrogen atoms. Moreover, compared with the corresponding calcined
phase, porous materials in the as-synthesized state possess more independent atoms and
also may possess a different symmetry, which complicate the structural elucidation.

4.3.4 Information of investigated samples

• THK-2 zeolite: The THK-2 sample was delivered by Dr. Yasuhiro Sakamoto from
Japan and synthesized by group of Prof. Dr. Yamamoto.

• M-IEZ-RUB-36 zeolites: M-IEZ-RUB-36 (M = Zn, Ti) zeolites were supplied by Isabel
Großkreuz (Group of Prof. Dr. Hermann Gies, Ruhr-University Bochum, Germany).
Both samples were synthesized in an acidic hydrothermal reaction from as-made
RUB-36 and the corresponding metal-acetylacetonate as the metal sources. The XRPD
data were collected at Ruhr-University Bochum and dilevered by by Isabel Großkreuz.

• SSZ-51 and SOD: SSZ-51 was supplied and synthesized by Hao Xu (Zhejiang Univer-
sity, China). The synthesis information is summarized in section 5.5.1. As-synthesized
and calcined SOD samples were delivered by Dr. Bernd Marler (Ruhr-University
Bochum, Germany).

• CHA zeolites: Cu-CHA zeolite was delivered by Prof. Dr. Xiangju Meng (Zhejiang
University, China). The synthesis approach is described in the Ren et al. [108] H-CHA
zeolite was supplied by BASF SE, Ludwigshafen Germany.

53



4 Introduction to investigated materials

4.3.5 Research questions

Structure determination of THK-2 zeolite

The THK-2 zeolite occurs in mixture sample (with MTW zeolite) with micrometers crystal
size. The ab initio structure solution was changeable using XRPD method. The aim is to
solve the crystal structure from ADT data collected under sample cooling condition. The
structural investigation in this work consist of:

• Determination of lattice parameter and space group
• Ab initio structure solution from ADT data
• High-resolution TEM imaging

Disorder simulation of M-IEZ-RUB-36 materials

The disordered structure should be explained by the comparison of calculated and recorded
ED patterns. The calculated ED pattern was generated through structure modelling and
disorder simulation in the program DISCUS.

• Confirmation of disorder in the materials
• Determination of disorder type
• Structure solutions of average structures from ADT data
• Structural modelling and disorder simulation

Determination of OSDAs positions in zeolites

ADT technique should deliver the positions of organic templates in SSZ-51 and sodalite
(SOD), respectively. Further structure refinement was performed against XRPD data. Solid-
state NMR confirm the existence of OSDAs in the pores of the framework.

• Ab initio structure solutions from ADT data
• Structure refinements with Rietveld method
• Additional approaches as solid-state NMR and in-situ XRPD

Determination of Cu position in dehydrated Cu-CHA zeolite

Two materials, Cu-CHA and H-CHA (as reference), should be heated at high temperature
for dehydration and further investigated by ADT method. Dynamical structure refinements
were performed to indicate the position of partial occupied Cu in the CHA framework.

• Structure solutions from ADT data
• Kinematical structure refinements
• Dynamical structure refinements
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5.1 Al4B2O9

5.1.1 X-ray powder diffraction

X-ray powder diffraction data was collected on a Philips X’Pert diffractometer (CuKα1,2

radiation) using Bragg-Brentano geometry at room temperature. In the primary beam the
instrument was equipped with a 0.25

◦ divergence slit, a 0.5◦ anti scatter slit, a soller slit of
0.04 rad and a mask of 10 mm. In the secondary beam, a soller slit (0.04 rad), a Ni-filter and
a X’Celerator detector system was applied. XRPD data was recorded from 3

◦ to 120° with a
step size of 0.0167

◦ and the measurement time of 50 s per step. The tube settings are 45 kV
and 40 mA. Pawley fit and Rietveld refinement based on XRPD data were carried out in the
program TOPAS-Academic [223]. The unit-cell parameters derived from ADT data (see 5.1.3)
were further corrected with XRPD data. As shown in Fig. 5.1, the Pawley-fit converged with
an excellent goodness of fit (gof = 1.422)and delivered the refined the Pawley-fit converged
with an excellent goodness of fit (gof = 1.422) and delivered the refined lattice parameters
used for the ab initio structure solution from ADT data.
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Figure 5.1: Pawley-fit plot of Al4B2O9. Black circles: observed powder diagram; red solid line: simulated powder
diagram; gray solid line: difference profiles; and blue ticks: reflection positions. Inserted table:
parameters of Pawley-fit.
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5.1.2 TEM experiments

TEM experiments including TEM and STEM imaging, EDX, HRSTEM and ADT data
collection were performed for the investigation of Al4B2O9.

Table 5.1: ADT measurements details of Al4B2O9.

Parameter Value

Temperature (°C) RT

Holder Tomo-Holder

Number of spot size 8

Number of gun lens 8

Beam diameter (nm) 75

Tilt angular range (°) ± 70

Tilt angular step (°) 1

Exposure time for each frame (s) 4

Precession angle (°) 1

Electron dose rate (e · Å-2 · s-1) 10

• ADT experiment

ADT experiments were processed with TECNAI F30 TEM as the description in section 3.5.
Details of ADT data acquisitions are summarized in Table 5.1. Cu-TEM grids were prepared
as described in section 3.3.

• HRTEM-Holography

HRTEM image series were acquired using TECNAI F30 TEM under suitable TEM settings.
TEM in-line holography was achieved using focal image series reconstruction. [224] Twenty
HRTEM images were collected at a primary magnification of 790,000 with a focal increment
of 6 nm. Hence, the images comprise a focal range of 114 nm including Gaussian focus. The
accumulated dose per focal series was calculated as about 21,000 e · Å-2. The initial images
were binned by hardware and an additional software sequentially, which resulted 1k x 1k
images with a pixel size of 0.0576 nm. After image alignment, a small region of 350

2 pixel
was selected for exit wave reconstruction, employing a Gerchberg-Saxton algorithm written
in Python [225]. Residual axial aberrations were corrected by an automated minimization
routine also implemented in Python. [224] Simulation of TEM exit waves were carried out
using a multi-slice algorithm included in the Dr.Probe software [226].
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• HAADF-HRSTEM

All the aberration-corrected HAADF-HRSTEM images were collected on a probe-corrected
JEM-ARM200F TEM equipped with a Schottky emitter. For data acquisition, the TEM was
operated at 200 kV, with a 0.08 nm probe, 22 mrad convergence and HAADF angles of 90

- 370 mrad. Cu-grid with holey amorphous carbon film was used for the HAADF-STEM
experiments. HAADF-STEM images were recorded by the Gatan’s DigitalMicrograph soft-
ware [155]. In order to reduce noise, the HAADF-STEM images were processed using Fourier
filtering. Simulation of HAADF-STEM image was performed in the QSTEM software [227].

5.1.3 Lattice parameter determination

In order to check the purity of the sample and to record reliable data, several ADT tilt series
were recorded from randomly selected single crystals. The crystal lattice was determined
after a reconstruction of 3D reciprocal space of ADT raw data in the program eADT [44,65].
After reconstruction of eight datasets, all the ADT data delivered C-centred unit-cells (Table.
5.2), similar as the C-centred lattice in Fischer et al. [77]. No diffuse scattering were observed
in the diffraction volume. The mean values of parameters determined from four NED data
(a = 14.73 Å, b = 5.54 Å, c = 15.14 Å, α = 89.9◦, β = 90.9◦ and γ = 90.3◦) were further refined
by Pawley-fit from XRPD data (see 5.1.1). The refined values from XRPD data were put into
use for the structure solution.

Table 5.2: Lattice parameters of Al4B2O9 determined from ADT data.

a(Å) b(Å) c(Å) α(°) β(°) γ(°) Precession

Cry I 14.66 5.54 15.21 89.2 90.7 89.4 off

Cry II 14.61 5.49 15.41 89.8 92.1 91.4 off

Cry III 14.89 5.55 14.96 89.9 89.9 89.9 off

Cry IV 14.77 5.58 14.99 90.5 91.1 90.3 off

Mean (I - IV) 14.73 5.54 15.14 89.9 90.9 90.3 7

XRPD 14.81 5.54 15.17 90.0 90.9 90.0 7

Cry V 14.61 5.57 15.18 87.9 90.8 88.8 on

Cry VI (Dataset ¶)* 14.91 5.48 15.12 90.3 91.3 90.1 on

Cry VI (Dataset ·)* 14.68 5.52 15.24 90.6 91.4 90.5 on

Cry VII 14.90 5.45 15.23 89.7 92.1 88.7 on

* Both datasets were collected from the same crystal with different initial orientations.
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5.1.4 Structure solution and refinements

Table 5.3: Experimental details of structure solution of Al4B2O9.

ADT data Dataset ¶

Tilt range (°) -66/+69

No. of total reflections 7009

No. of independent reflections 2251

Resolution (Å) 0.6

Independent reflection coverage (%) 70

Rint 0.142

Overall U (Å2) 0.094

Residual R (SIR2014) 0.259

Space group C2/m

No. of independent atoms 25

The reflection intensities were integrated in eADT from the dataset ¶ (Cry VI) which covered
a large tilt range and showed a high data quality. The ab initio structure solution based on
electron diffraction data was performed using direct methods in the program SIR2014 [134].
The parameters for the structure solution are giving in Table 5.3.

Based on the solved model from ADT data, the ordered crystal structure was refined
with a kinematic refinement using the electron diffraction data in program SHELX97 [135].
The refinement was performed on the assumption that the intensity is proportional to
the square of the structure factor. In the refinement, the resolution of the reflection was
set as 1.0 Å and the bond distances of B-O and Al-O were slightly restrained using the
commands "DFIX" and "SADI". The refined structure was input originally into the program
TOPAS-Academic for a Refinement using Rietveld method from XRPD data. For the Rietveld
refinement, the atom positions and corresponding temperature factors and occupancies
remain during the refinement. Only the parameters as background corrections, zero error,
the lattice parameters, the profile function, crystal size were refined.

5.1.5 Structure modeling

Since diffuse scattering could be observed in some the electron diffraction patterns. Structure
models with various kinds of disorders were taken into account for the simulation. The type
and form of modulated diffuse streaks indicated a mean superstructure with a threefold b
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5.1 Al4B2O9

axis, associated with stacking faults. In order to build up the structure models, the ac plane
of the initial structure of Al4B2O9 was considered as a layer A and after a shift of the A layer
with ½a and ½c was named as layer B (Fig. 5.2). The two type of layers were the basic initial
components to construct the superstructure models.
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Figure 5.2: Basic structure components used for constructing superstructure. Layer A: ac plane of Al4B2O9 and
layer B: after a shift of ½a and ½c of layer B.

The construction of superstructures and corresponding simulation of the electron diffrac-
tion patterns were performed using the software package DISCUS [125]. The superstructure
consists of a main sequence of AAB•AAB•AAB. Random layers must occur meanwhile
among AAB three-fold units, resulting stacking disorder in the crystal structure. In oder to
build up an approximately three-fold superstructure, a Monte Carlo approach was used to
produce a imperfect sequence of the layers. In order to build up a mean three-fold superstruc-
ture, the stacking sequences comprise two main types of units: double layers AA and single
layers B. The superstructural models were assembled by a dominant alternating sequence of
the two units AA and B, producing a sequence as •••AABAABAABBAAAABAABBBAA•••.
The maxima of diffuse streaks close to 1⁄3b* was caused by the lack of a strict periodicity of
the three-fold layer stacks.

There are two ways to calculate the diffraction pattern of a defected layer structure. The
crystal is considered as a whole unit for the calculation in the first way. The atom coordinates
of all the atoms were generated explicitly based on the given sequences of the stacked layers.
A list of atom coordinates is obtained for the whole crystal. The diffraction pattern is then
yielded by an accurate calculation using the term I(hkl) = [∑N

j f j e2πi(hxj + kyj + lzj)]2. Since the
layers stack with each other with different sequences of non-uniform units, the sum includes
not only the atoms in one unit-cell but all the atoms within the whole crystal, which differs
from structure factor calculation for Bragg scattering. However, due to a large number of
atoms this method results in a slow calculation process. In comparison, the second scheme
allows a faster calculation. A layered structure can be generated by a convolution product
of the atom positions in a single layer type with the list of the layer positions. Based on
the convolution theorem, the diffraction pattern is the Fourier transform of the convolution
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product, namely the regular product of the individual Fourier transforms. Therefore, it is
enough to simulate the atom positions in just a single layer and the list of layer positions. It
takes much less time to calculate the individual Fourier transforms than that of the whole
crystal. If several types of layers occur, an outer sum of calculations of all the layer types is
sufficient to fully describe the modelled structure. In this project, the second way to simulate
the diffuse streaks in DISCUS was used. The individual layers were simulated from a 10 x 1

x 10 (a x b x c ) super-cell. For the the construction of superstructure, 200 of these layers
were stacked along the crystallographic b axis. It means that the final model is a 10 x 200 x
10 superstructure, which was used for the simulation of electron diffraction pattern.

5.2 Zr-MOFs

5.2.1 TEM experiments

TEM experiments of both Zr-MOFs include the data acquisition and data evaluation of ADT,
S(TEM), HRTEM and EDX. Cu-TEM grid, covered with a thin amorphous carbon film, were
prepared using ethanol for the dispersion. The statistic of particle size (diameter of nanorods)
was analysed in the program ImageJ [228]. All experiments were carried out using a TECNAI
F30 S-TWIN. TEM in-line holography of Zr-CAU-30 was performed same as previous
mentioned data precessing in section 5.1.2. ADT data were recorded following the descrip-
tion in section 3.5. The experimental parameters of ADT data collection are listed in Table 5.4.

Table 5.4: Experimental details of ADT data collection for Zr-MOFs.

Sample BDC-CAU-27 Zr-CAU-30

Temperature* ca. -176 °C ca. -176 °C

Holder Cyro-holder Cyro-holder

Number of spot size 8 8

Number of gun lens 8 8

Beam diameter (nm) 100 75

Exposure time for each frame (s) 3 4

Precession angle (°) 1 1

Tilt angular step (°) 1 1

Tilt angular range (°) -65/+58 ± 70

*Sample cooling at liquid nitrogen temperature.
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5.2.2 Data evaluation

The ADT data were processed with the computer program eADT [44,65]. The crystallographic
data including lattice parameters, symmetry information and extraction of reflection intensi-
ties were yield based on the analysis of ADT data. "hkl" reflection data were imported to the
program SIR2014 [134] for structure solution. The Fourier potential map with correspond-
ing models was illustrated with the program VESTA [142]. Pawley fits were implemented
to refine the unit-cell from XRPD data. The final crystal structures were refined using
Rietveld-method in TOPAS-Academic [223].

5.2.3 Thermal stability

The thermal stability of Zr-CAU-30 was investigated by a Netzsch-STA 409 CD thermal
gravimetric analyzer to study the water release and the stability of framework. Two mass
loss steps can be observed from TG curve (Fig. 5.3). The first step indicates the liberation of
waters in the pore of Zr-MOF. The framework starts to decompose at about 400 °C.

Figure 5.3: Thermogravimetric curve of Zr-CAU-30. Reprinted from ref. of Rhauderwiek et al. [72]
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5.3 THK-2 zeolite

5.3.1 TEM experiments

TEM experiments comprise of ADT data acquisition, TEM, STEM, and HRTEM imaging
with a TECNAI F30 S-TWIN TEM. The Cu TEM grids were prepared using ethanol for
the dispersion. ADT data were recorded following the description in section 3.5. The
experimental parameters of ADT data collection are listed in Table 5.5.

Table 5.5: Experimental details of ADT data collection for THK2.

Sample Zeolite THK-2

Temperature Room temperature

Holder Tomo-holder

Number of spot size 8

Number of gun lens 8

Beam diameter (nm) 75

Exposure time for each frame (s) 3

Precession angle (°) 1

Tilt angular step (°) 1

Tilt angular range (°) -60/+65

5.3.2 Data evaluation

The ADT data were processed with the program eADT [44,65] and delivered the crystallo-
graphic data including lattice parameters, symmetry information and reflection intensities.
The ab initio structure solution with direct methods approach implemented in SIR2014 [134]

was based on the reflection intensities derived from electron tomography diffraction by
assuming the kinematic approximation Ihkl ∼ |Fhkl|2. Pawley fits were implemented to
refine the unit-cell from XRPD data.
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5.4 M-IEZ-RUB-36 zeolites

5.4.1 TEM experiments

TEM experiments comprise of ADT data acquisition, EDX, TEM and STEM imaging with a
TECNAI F30 S-TWIN TEM. The Cu TEM grids were prepared using ethanol for the disper-
sion. ADT data were recorded following the description in section 3.5. The experimental
parameters of ADT data collection are listed in Table 5.6.

Table 5.6: Experimental details of ADT data collection for M-IEZ-RUB-36 zeolites.

Sample Zn-IEZ-RUB-36 Ti-IEZ-RUB-36

Temperature Room temperature Room temperature

Holder Tomo-holder Tomo-holder

Number of spot size 8 8

Number of gun lens 8 8

Beam diameter (nm) 100 100

Exposure time for each frame (s) 4 4

Precession angle (°) 1 1

Tilt angular step (°) 1 1

Tilt angular range (°) -51/+48 -52/+50

5.4.2 Data evaluation

ADT data were processed with the program eADT [44,65] and delivered the crystallographic
data including lattice parameters, symmetry information and reflection intensities. The
average structures were solved with direct methods approach implemented in SIR2014

(Table. 5.7). The solutions were based on the reflection intensities derived from electron
tomography diffraction by assuming the kinematic approximation Ihkl ∼ |Fhkl|2. The
structural modelling and simulation of electron diffraction pattern were performed in the
DISCUS software packet [125].
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Table 5.7: Parameters of structure solutions of M-IEZ-RUB-36 zeolites.

Sample Zn-IEZ-RUB-36 Ti-IEZ-RUB-36

Space group Immm Bbmm

No. of total reflections 3339 2134

No. of independent reflections 712 406

Resolution (Å) 0.9 1.1

Independent reflection coverage (%) 68 70

Rint 0.189 0.138

Overall U (Å2) 0.065 0.045

Residual R (SIR2014) 0.218 0.154

No. of independent atoms 14 15

5.5 SSZ-51 and SOD zeolites

5.5.1 Synthesis of samples

1,2,6-Trimethylpridinium hydroxide Pyrrolidine

Figure 5.4: The organic SDAs used in this project. Right: 1,2,6-trimethylpyridinium hydroxide. Left: Pyrrolidine.

As-synthesized SSZ-51

A novel organic structure directing agent - 1,2,6-trimethylpridinium (TMP, as shown in
Fig. 5.4), which was recently reported for the preparation of RTH aluminosilicate zeo-
lite [107], was used to synthesize as-synthesized TMP-SSZ-51. A synthetic reaction mixture
with a molar ratio of 1Al2O3: 2 TMPOH: 1P2O5: 2HF: 40H2O (TMPOH represents 1,2,6-
trimethyl-pyridinium hydroxide) was transferred into an autoclave and sealed for further
crystallization at 180 °C for 24 h.. The final product was collected by filtration, washed with
by distilled water and dried at 100 °C for 4 h. The as-synthesized phase was calcined at 550
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°C in air for 4h to obtain the guest-free SSZ-51.

As-synthesized SOD

The pyrrolidine silica sodalite (PYS-SOD) sample was supplied by Dr. Bernd Marler from
Ruhr University of Bochum Germany. The synthesis approach was described by Werthmann
et al. [229]

5.5.2 Solid-state NMR spectroscopy

Solid-state NMR spectra of TMP-SSZ-51 was recorded on a Bruker Avance 400 DSX NMR
spectrometer at a 13C frequency of 100.55 MHz. A commercial two-channel 2.5 mm Bruker
probe head at 20 kHz MAS was used for all experiments. For the solid state 13C cross-
polarisation (CP) MAS NMR experiments, an initial 90° pulse with 4.0 µs length and 3 s
recycle delay were used. A ramped CP pulse (64-100%) with duration of 2 ms was used.
Two pulse phase modulation (TPPM) 1H decoupling scheme was used while acquiring the
13C signal. Transients of 50 k were averaged for the CP experiments. The spectra were
baseline-corrected, and a broadening of 50 Hz was applied.

5.5.3 Thermal Stability

Thermal stability experiments including differential scanning calorimetry and thermogravi-
metric analysis (DSC/TGA) were performed with Perkin-Elmer TGA 7 unit in air with a
heating rate of 10 K/min in the temperature range from room temperature to 815 °C.

5.5.4 X-ray powder diffraction

Stadi-P diffractometer equipped with a Ge(111) monochromator and a linear position-
sensitive detector (PSD) using CuKα1 radiation (λ = 1.540598 Å) for templated and calcined
SSZ-51. The specimens were measured in borosilicate glass capillaries with a diameter of
1.0 mm at room temperature. The data was acquired with the program WinXPOW [150]. The
temperature dependent XRPD measurements for TMP-SSZ-51 were performed on a STOE
Stadi-P diffractometer equipped with a ceramic oven and an imaging plate position-sensitive
detector using CuKα1 radiation. The measurements were carried out in a 1.0 mm glass
capillary under static air. The templated phase TMP-SSZ-51was heated from 50 °C to 840

°C, while the XRPD data were collected.
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Figure 5.5: XRPD diagrams of SSZ-51 with CuKα1 radiation (λ = 1.540598 Å).

5.5.5 TEM experiments

Table 5.8: Experimental details of ADT data collection for TMP-SSZ-51 and
PYS-SOD.

Sample TMP-SSZ-51 PYS-SOD

Temperature ca. -176 °C ca. -176 °C

Holder Cyro-holder Cyro-holder

Number of spot size 8 8

Number of gun lens 8 8

Beam diameter (nm) 200 200

Exposure time for each frame (s) 1.5 1.5

Precession angle (°) 1 1

Tilt angular step (°) 1 1

Tilt range (°) ±60 ±60
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Phase contrast TEM, scanning TEM (STEM), energy dispersive X-ray (EDX) spectroscopy
and fast automated diffraction tomography (Fast-ADT) measurements were carried out
using a Tecnai F30 S-TWIN TEM. The experimental details were summarized in Table 5.8.
Cu-TEM grids were prepared as described in section 3.3.

5.5.6 ADT data evaluation

Experimental electron diffraction data were reconstructed in software eADT [44,65] and further
evaluated to deliver crystallographic information as lattice parameters, crystal symmetry
and indexed reflection with intensities. The found unit-cell parameters were refined with
a Pawley fit against XRPD data for a higher accuracy. The ab initio structure solution
was carried out with direct methods approach implemented in SIR2014 [134] based on the
extracted reflection intensities from electron diffraction data. The experimental parameter
for both structure solutions are concluded in Table 5.9.

Table 5.9: Experimental details of structure solutions of as-synthesized zeolites.

Sample TMP-SSZ-51 PYS-SOD

Space group C2/c I34̄m

No. of total reflections 9451 1912

No. of independent reflections 3011 94

Resolution (Å) 0.8 0.8

Independent reflection coverage (%) 72 100

Rint 0.256 0.193

Overall U (Å2) 0.027 0.030

Residual R (SIR2014) 0.195 0.054

In the Rietveld refinement of TMP-SSZ-51, the T-O bond lengths of the tetrahedral AlO4

and PO4 units were restrained for Al-O: 1.76 Å and P-O: 1.53 Å, bond angles T-O-T (T = Al
or P) as 109.5°. In AlO4F unit, bond lengths Al-O were restrained as 1.80 Å and Al-F bond
lengths as 1.92 Å. For the template cation 1,2,6-trimethylpyridinium, the initial position of C
and N atoms from structure solution were used for the refinement with restraints applied
to bond lengths and bond angles. The restrained values for bond lengths and bond angles
were extracted from a statistical mean value based on 53 crystal structures from Cambridge
structural database (CSD) [230,231]. The values of isotropic thermal parameters of H atoms
were constrained to be 1.2 times of those of the carbon atom connected the pyridine ring
(C-Ar). The temperature factor for water oxygen atom was set as 5 time of the framework
oxygen atom.
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5.6 CHA zeolites

5.6.1 TEM experiments

ADT data were collected with TECNAI F30 S-TWIN TEM for Cu-CHA and FEI Tecnai G2

Spirit for H-CHA. The Cu TEM grids were prepared using ethanol for the dispersion. The
experimental parameters of ADT data collection are listed in Table 5.10.

Table 5.10: Experimental details of ADT data collection for CHA zeolites.

Sample H-CHA Cu-CHA

Modul of data acquisition Fast-ADT ADT

Measurement temperature Room temperature Room temperature

Holder Heating-holder Heating-holder

Number of spot size 8 8

Number of gun lens 7 6

Exposure time for each frame (s) 1 1

Precession angle (°) 1 1

Tilt angular step (°) 0.5 1

Tilt angular range (°) -33/+42 -41/+36

5.6.2 Dehydration of CHA zeolites

The chabazite nano particles were loaded firstly on the TEM grids and inserted into TEM
with a heating-holder. The samples were heated by controlling a Smartset Hot Stage Controller
(model 901) in vacuum of TEM at 400 °C for 2 h.

5.6.3 X-ray powder diffraction

Stadi-P diffractometer equipped with a Ge(111) monochromator and a linear position-
sensitive detector (PSD) using Cu Kα1 radiation (λ = 1.540598 Å) for templated and calcined
SSZ-51. The specimens were measured in borosilicate glass capillaries with a diameter of 1.0
mm at room temperature. The data was acquired with the program WinXPOW [150].
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5.6.4 ADT data evaluation

All ADT data were processed with the program PETS [139,141], which enables to extract and
output the reflections intensities from a series of diffraction patterns. The input parameter
are concluded in Table 5.11. Ab initio structure solutions were carried out with Charge
Flipping algorithm approach [232]. The kinematical and dynamical structural refinements
were done in programs JANA2006 and Dyngo [136] without any restraints on bond lengths
and bond angles. Coulomb potential maps of the structure solutions and refinements were
plotted with the program VESTA [142].

Table 5.11: Input parameters of reflection extraction in PETS.

Sample H-CHA Cu-CHA

Number of frame 151 78

Wavelength (Å) 0.033492 0.019687

dstarmax (Å−1) 1.2 1.2

Reflection size 18 30

I/sigma in peak search 6 10
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6 Results and discussion

This chapter provides for all investigated materials a description of the experimental results
and the structural analyses carried out. Experimental details are described in chapter 5. In
addition, the derived results will be discussed.

6.1 Order and disorder in Al4B2O9

b[001]

500 nm

b*

a*

Order and disorder phenomena in Al4B2O9 explained by electron diffraction tomography

The project about structural investigation on Al4B2O9 was cooperated with the group of
Prof. Dr. Reinhard X. Fischer from University of Bremen, Germany. The results were
published by Zhao et al. [30] as a front cover paper (front cover see Appendix A1 in section
Appendix) entitled "Elucidating structural order and disorder phenomena in mullite-type
Al4B2O9 by automated electron diffraction tomography" in "Journal of Solid State Chemistry",
249 (2017), page 114-123, Doi: 10.1016/j.jssc.2017.02.023. The contents in sections 5.1 and 6.1
are adapted and partly reprinted from this publication.
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6 Results and discussion

6.1.1 Sample overview and EDX analysis

The crystals of Al4B2O9 exhibit a needle-type morphology, nanorods as shown in Fig. 6.1,
with diameters are in a range of a few tens to some hundred nanometers. which are suitable
for TEM experiments. As an inorganic material, Al4B2O9 particles are stable under mild
electron illumination conditions in TEM. The powder was dispersed in an ethanol solution
to distribute the particles on the grid. Preliminary nano electron diffraction which were
performed on various regions of different crystals provided mainly clear reflections other
areas showed diffuse streaks.

500 nm500 nm

(a) (b) (c)

500 nm

Figure 6.1: STEM images of Al4B2O9 nonaparticles: (a) an overview of the sample; (b) nanorods with whiskers
and (c) single nano crystal.

EDX analysis was utilized for quantitative determination of the chemical composition of
Al4B2O9. The EDX spectrum (Fig. 6.2) was recorded in STEM mode from a box region of a
single Al4B2O9 nanorod. Due to the limit of the EDX instrument, it was difficult to detect
the boron signal. The quantitative analyses of five datasets (see Table 6.1) resulted in an
average Al/O ratio of 1/2.32, which is close to the expected calculated ratio of 1/2.25 in
Al4B2O9. The accordance of the detected and theoretical chemical proportions confirmed
the formation of aluminum borate with the chemical formula Al4B2O9 in the Al2O3-B2O3

system.

Table 6.1: Quantitative EDX results taken from different single crystals.

Dataset Nr. 1 Nr. 2 Nr. 3 Nr. 4 Nr. 5 Mean

Al (%) 69.93 71.90 68.39 69.06 69.86 69.83

O (%) 30.07 28.10 31.61 30.94 30.14 30.17

Al/O 2.33 2.56 2.16 2.23 2.32 2.32
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6.1 Order and disorder in Al4B2O9
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Figure 6.2: EDX spectrum of Al4B2O9. The signal of carbon was caused by the amorphous carbon film on the TEM
grid. Inset: STEM image of selected crystal for EDX measurement; the detected region is remarked
with white box.

6.1.2 ADT data processing

ADT data was collected in a first step from an area with plain reflections allowing for an
unbiased structure characterization and a full description of the crystal features. Subse-
quently, ADT diffraction data with diffuse streaks delivering information about disorder
were recorded and compared to electron diffraction patterns simulated from a modelled
superstructure.

In Fig. 6.3a-c, the three dimensional reconstruction of ADT/PED data without diffuse
streaks from an ordered crystals is shown. A C-centred unit-cell with average lattice
parameters of a = 14.73 Å, b = 5.54 Å, c = 15.14 Å, α = 89.9◦,β = 90.9◦ and γ = 90.3◦ could
be determined. As all the angles are close to 90

◦ within the error margins, it is difficult
to distinguish whether it is an orthorhombic or monoclinic (pseudo orthorhombic) lattice.
The systematic extinction with h + k = 2n for all reflections indicated a C-centred Bravais
lattice. The cut slices from reciprocal volume (Fig. d-f) delivered further sytematic extinction
concluded as following: k = 2n for 0kl plane; h= 2n for h0l plane and h + k = 2n for hk0 plane.
As a result, if the lattice has an orthorhombic setting, the extinction symbol was determined
as C – – –, associated with the five possible space groups C222 (No. 21), Cmm2 (No. 35),
Cm2m (No. 38), C2mm (No. 38) and Cmmm (No. 65). In the case of a lower symmetry of
a monoclinic lattice, the corresponding extinction symbol is C 1 – 1, consistent with the
space groups C2 (No. 5), Cm (No. 8) and C2/m (No. 12). As described in section 5.1.4, the
reflection file was obtained from PED data collected from an ordered crystal with a tilt range
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of -66/+69.
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Figure 6.3: (a-c) Reconstructed 3D reciprocal space of Al4B2O9, viewed along the main directions a*, b*, c*.
Corresponding derived lattice parameters: a = 14.73 Å, b = 5.54 Å, c = 15.14 Å, α = 89.9◦, β = 90.9◦

and γ = 90.3◦. Two-dimensional slices cut from reconstructed 3D reciprocal space: (d) 0kl, (e) h0l
and (f) hk0 planes.

6.1.3 Structure determination

Structure solution from ADT data

Since no chemical meaningful structure could be delivered from the structure solutions in
any of the orthorhombic space groups. The lattice parameters were refined in a monoclinic
crystal system [a = 14.8130(10) Å, b = 5.5418(3) Å, c = 15.0593(9) Å, β = 90.930(2)◦] by Pawley
fit from XRPD data for a higher accuracy for structure solution. The excellent final fit
supported the monoclinic cell metric once again. The ab initio structure solution based
on electron diffraction data was carried out with direct methods in the monoclinic space
group C2/m. The final residual R converged to 0.259. The process resulted in a reasonable
model of the mullite-type structure with all atoms except of one missing B atom in the final
output file and delivered a well-resolved potential map (Fig. 6.4). Seven strong maxima
were observed (from 3.9 to 2.5 e−/Å3), corresponding to the seven independent Al atoms.
The next peaks belong to fourteen O atoms found in a scattering potential range of 2.6
down to 1.7 e−/Å3. The maxima consistent with four independent B atoms detected with
a height of 2.0 to 1.6 e−/Å3. The missing B atom was clearly visible in Fourier potential
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6.1 Order and disorder in Al4B2O9

difference maps. No extra potential describing an additional O position was detected. The
final chemical composition was determined as Al4B2O9, which is in line with the expected
synthetic stoichiometry of the Al/O ratio and EDX results.

a

c
Figure 6.4: Electron potential map of structure solution of Al4B2O9 in SIR2014 overlaid with the atomic model,

viewed in [010] direction. Red: O; gray: Al; light gray: B. The well-solved potential map indicates a
ordered and chemical meaningful crystal structure of Al4B2O9.

Structure refinement from ADT data

The least-squares refinement was performed by SHELX97 from electron diffraction data with
a resolution of 1.0 Å. The refinement converged to a final residual R1 of 0.296 with soft
geometrical constraints and restraints for the BO3 and BO4 groups. The structure remained
stable with regular coordination polyhedra for the Al atoms and rational geometries of
tetrahedral BO4 and trigonal planar BO3 groups. The refined structure was considered as
the final crystal structure of ordered Al4B2O9. The details of the crystallographic data is
included in the supplementary data Appendix A2 in section Appendix.
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6 Results and discussion

Structure refinement from XRPD data

In order to check the matching degree of ordered structure to the whole sample, structure
refinement was carried out with Rietveld-method against XRPD data. The atomic coordinates
obtained from least-squares refinement in SHELX were input and fixed in the refinement
process. The final Rwp converged to 13.02% (Rexp = 3.604%; Rp = 9.601% and gof = Rwp/Rexp

= 3.612). Since the disorder was totally ignored in the refinement, a high Rwp value was
produced, which was illustrated by the strong fluctuation in the difference profile as shown
in the Plot of Rietveld refinement in Fig. 6.5. However, the model can in principle describe
the whole sample as an average structure.
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Figure 6.5: Plot of Rietveld refinement Al4B2O9 with ordered structural model. Observed XRPD diagram (black

circles), simulated XRPD diagram (red solid line), difference profiles (grey solid line), and reflection
positions (blue tickmarks. Change of the scale with factor of 10 is shown in the diagram.

6.1.4 Description of the crystal structure

Ordered Al4B2O9 crystallizes in a mullite-type structure. The splitting phenomena of oxygen
atoms (O5 and O10) derived from XRPD data [77] was not observed in the ADT structure,
i. e., no O5 position and O10 position with a full occupancy. Al atomes show five- and
six-fold coordinations, while B atoms coordinate with O atom in two forms: BO3 and BO4

(Fig. 6.6). The AlO6 octahedra share edges to form an one-dimensional linear chains (Fig.
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6.1 Order and disorder in Al4B2O9

6.7a). The octahedra chains extend infinitely along the b axis to constitute the backbone as
a characteristic of the mullite-type structure (Fig. 6.8). The chains distribute with similar
distances and are cross-linked by building units of AlO5 trigonal bipyramids, BO4 tetrahedra
and BO3 triangles (Fig. 6.7). Atoms Al1, Al2, Al3 and Al4 occupy five-fold coordinations in
a slight distorted trigonal bipyramidal geometry. The average values of Al-O bond distances
are 1.832 Å for Al1, 1.883 Å for Al2, 1.863 Å for Al3 and 1.923 Å for Al4. Atoms Al5, Al6
and Al7 are well-defined octahedrally coordinated with average Al-O bond distances of
1.928 Å for Al5, 1.870 Å for Al6 and 1.921 Å for Al7 and rational Al-O angles. Two types of
B groups BO3 and BO4 show reasonable geometries (Fig. 6.6). The B-O bond lengths in BO3

groups (B1, B3, B4) are in the mean value of 1.385 Å for B1, 1.378 Å for B2, 1.386 Å for B4

and that for BO4 group of B2 is 1.439 Å. The building units are linked at the edged O sites
to three-dimensional structure. The selected bond lengths and angles are listed in the in the
supplementary data Appendix A3 in section Appendix.
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AlO6 AlO5

Octahedral for chains  Groups for linkage of chains 

BO3 BO4

(Al5, Al6, Al7) (Al1, Al2, Al3, Al4) (B1, B3, B4) (B2)

Figure 6.6: Coordinations of Al and B atoms showing the smallest building groups in the structure of Al4B2O9.
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Figure 6.7: Building units cut from the structure of Al4B2O9. (a) Edge sharing AlO6 octahedral chain; (b, c) building
units of the structure.
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Figure 6.8: Crystal structure of Al4B2O9 viewed along b and c axis, respectively.
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6.1 Order and disorder in Al4B2O9

6.1.5 HRTEM and HAADF-HRSTEM

In order to confirm the unbiased structure determination from electron diffraction to-
mography data, ordered Al4B2O9 nanorods were characterized by high-resolution imag-
ing techniques using TEM. The techniques include TEM holography and high resolution
HAADF-STEM imaging, in which the features of the the crystal structure can be directly
visualized at an atomic scale.

The HRTEM holography image and HAADF-STEM image including the corresponding
simulations and structural model are illustrated in Fig. 6.9 and Fig. 6.10. The high res-
olution images were recorded from two different ordered nanorods but oriented in the
same direction, i.e., along [101] zone axis. Squared modulus of the 2D Fourier transforms
generated from HRTEM (insert in Fig. 6.10a) and HRSTEM (Fig. 6.10b) are in line with the
simulated electron diffraction pattern (Fig. 6.10c). The overview of HAADF-STEM image
(Fig. 6.9a) shows an excellent crystallinity of the Al4B2O9 and indicates that the nonarod
grows along the crystallographic b axis. The ordered structure is printed overlaid both,
experimental HRTEM (Fig. 6.9b) and HRSTEM (Fig. 6.10e) images. The frames of quasi-six
rings comprised from O and Al columns can clearly be seen in both experimental images
and show good agreements. In particular, the closest packed Al columns signal the strongest
intensity in form of white spots in the experimental and simulated HAADF-HRSTEM image.
In the TEM hologram phase image, the signal of one B column (B1 and B4) enclosed by
six oxygen columns (2xO9, 2xO4, O15 and O6) can be detected in the middle of rings as
a single phase peak. The multislice-simulations of both TEM exit waves (Fig. 6.9c) and
HAADF-STEM images (Fig. 6.10f) were performed from the ordered Al4B2O9 structure and
exhibit good agreements to the experimental images, confirming again the correction and
reliability of the structure model determined from ADT data.

20 Å  

[101](a) (b) (c)

Figure 6.9: HRTEM image of Al4B2O9 nanorod recorded along [101] zone axis. (a) Overview (insert: squared
modulus of the 2D Fourier transform); (b) Enlarged phase image from the boxed area in (a), overlaid
by the Al4B2O9 model viewed along [101] (blue: Al, red: O, green: B); (c) Phase of simulated 300 kV
exit wave produced by the ADT structure along [101] direction.
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Figure 6.10: HAADF-HRSTEM image of Al4B2O9 nanorod recorded along [101] zone axis. (a) Overview; (b)
Squared modulus of the 2D Fourier transform and (c) simulated electron diffraction pattern; (d)
Selected HAADF-HRSTEM image; (e) Enlarged image from the selected area of (d) with Al4B2O9
structure model. (f) Simulated HAADF-HRSTEM of Al4B2O9 viewed along [101] zone axis.

6.1.6 Disorder analysis and simulation

Since the order and disorder phenomenon in the structure of Al4B2O9 was observed by
electron diffraction, the explanation of disorder should be done subsequent to the structural
analysis of ordered single nano crystals. Therefore, we changed the focus to the additional
diffraction intensities observed in some of the measured areas. For comparison single
diffraction patterns recorded from two different nano-scaled regions of an identical nanorod
realized using nano diffraction beam, are as shown in Fig. 6.11. The diffraction pattern taken
from the ordered region (Fig. 6.11a) consists of discrete peaks without any satellite reflection
or diffuses scattering. However, diffraction on a different section of the same crystal (Fig.
6.11b) delivered strong and modulated diffuse streaks parallel to the b* axis. After analysing
the three-dimensional reconstructed reciprocal volume it could be confirmed that these are
indeed one-dimensional streaks. Fig. 6.11c and 6.11d illustrate the intensity profiles between
Bragg reflections 510 and 501̄ of the well ordered and disordered regions, respectively. No
extra intensity occurs between the two reflections in Fig. 6.11c. In contrast, Fig. 6.11d
exhibits clearly broad diffuse peaks at approximately 511/3 position. The observations
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6.1 Order and disorder in Al4B2O9

indicate a predominantly three-fold superstructure parallel to the crystallographic b axis in
the real space.
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Figure 6.11: Single electron nano diffraction patterns of Al4B2O9 recorded from different regions of an Al4B2O9
crystallite oriented in [001] direction, as marked in the STEM insets on the upper right. (a) Highly
ordered region. (b) Disordered area giving rise to modulated streaking in the pattern. (c) and (d):
Intensity profiles taken along corresponding diffraction lines marked in (a) and (b) by red rectangles;
d1 ≈ 3d2 in reciprocal space.

Due to the rod-like observed diffuse streaks in reciprocal space the disorder in direct
space must be caused by a stacking sequence along the b axis that deviates from the perfect
stacking sequence of an ordered structure. It can be derived that the weak diffuse streaks
along the main b* axis at 0k0 positions and through reflections h00 with h even decreases
monotonically away from reflection positions at k integer (Fig. 6.12). In hence, the stacking
sequence should be composed of several layer types which own an identical structure
model in projection onto the b axis. The simplest model which fulfills the requirement
comprise identical layers shifted by some amount within the ac-plane. An alternative model
is constructed from stacked layers differing only slightly in the x and/or z coordinates. But
it is doubtful that it would not cause an additional distortion along the b axis at the same
time. The diffuse intensity along each rod is zero at all h + k = 0, showing its preservation of
the extinction rule for the average structure.
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Figure 6.12: (a) Single electron nano diffraction pattern od Al4B2O9 viewed in [001] direction. (b, c): Intensity
profiles taken along corresponding diffraction lines marked in (a) by red rectangles.

Aforementioned in section 5.1.5, the measured diffraction pattern can be treated as the
product of the diffraction pattern of a single layer with the Fourier transform of the list
of layer positions in the stacking direction. Therefore, when either of the factors is zero,
the diffracted spots will disappear and certainly no diffuse scattering will appear. This is
satisfied, if each layer preserves the symmetry condition of C2/m, revealing that all layer
types are identical only with a difference of a shift in the ac-plane. The slices cut from
three-dimensional reconstructions show that no diffuse rods exist through Bragg reflections
in the [010] zone with h + l even (Fig.6.13). The extinction condition for the diffuse streaks
plus the running direction of diffuse streaks indicates that the disorder is caused by layers
shifted by ½a + ½c . The position of any layer within the ac-plane is denoted as ∆x + ∆z. The
shift values with zero (or identical) for all layers will lead to an ideal crystal structure model.
Consequently, the contribution to the diffraction pattern by any such layer can be described
as: I(hkl) = [∑N

j f j e2πi(h(xj + ∆x) + kyj + l(zj + ∆z))]2. The terms with ∆x and ∆z can be factored out
to obtain: I(hkl) = [∑N

j f j e2πi(hxj + kyj + lzj) e2πi(h∆x + l∆z)]2. Layer without any shift delivers ∆x
= o and ∆z = 0, resulting the second exponential e2πi(h∆x + l∆z) = 0. On this occasion, the
diffraction pattern seems identically as that from a ordered crystal, i.e., no diffuse scattering
occurs. In combination with the symmetric conditions of emergence and disappearance of
the diffuse streaks, it can be deduced as following (equation 6.1) to result in ∆x = ½ (similar
for ∆z = ½).

e2πi(h∆x+l∆z) = 1⇒ h∆x + l∆z = N

no diffuse scattering⇒ h + l = 2n

⇒ h(∆x− ∆z) + 2n∆x = N

no diffuse scattering h = 0 (l = even)

for the natural number N = 1


⇒ ∆x =

1
2

(6.1)

Layers A and B, as initial construction complement, was described in section 5.1.5. They
differ only by the shift of ½a + ½c . Under this kind of shifts, the connection of octahedral
chains does not change the sequence as AAB•AAB. In general, two types of three-fold
modulated disordered stacking sequences, AAB•AAB•AAB and •ABC•ABC, are conceivable.
As the shift between layer types must be ½a + ½c , the third layer in a sequence ABC would
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6.1 Order and disorder in Al4B2O9

be identical as the initial A layer. Therefore, the layer sequence is restricted to AAB as main
form to describe the three-fold superstructure. A 10 x 1 x 10 (a x b x c ) super-cell derived
from the ordered crystal structure was used as basic layer type. 200 of the basic layers were
applied for the construction of the superstructure model for the simulations of electron
diffraction patterns.
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Figure 6.13: Experimental electron diffraction patterns of [001], [100] and [101] zones cut from the reciprocal
volume (a-c). Corresponding simulated electron diffraction patterns of the three-fold superstructure
(d-f) and with additional chemical changes (g-i). The part of the reciprocal space is marked with
white dotted line in (b) and (c).

As shown in Fig. 6.13d-f, the final simulated electron diffraction patterns of zones [001],
[100] and [101] of the modelled structures repeat the three-fold modulation of the b* axis

83



6 Results and discussion

and the diffuse streaks quite well. The strong modulated diffuse scattering along b* axis
occurs for h = 2n + 1 and l = 2n + 1 in the hk0 and 0kl slices, which is caused by the shift
of ½a + ½c . In comparison, the [101] zone presents no diffuse scattering. Since the weak
diffuse scattering along b* axis at the hk0 rods with h even were also observed (Fig. 6.12)
the effect of a varying stoichiometry must be taken into account. In order to describe the
streaks in a complete way, as an alternative solution to the previous described models with
pure shifts, stoichiometric variations in the of layer B were performed for the simulation
as well. In view of excessive initial boron in the reagent during the synthesis, some of
the tetrahedral Al2 or Al4 sites in the model might be partly occupied by B atoms. The
simulated electron diffraction patterns provided in Fig. 6.13g-i show no big difference with
the diffraction pattern without substitution with B atoms (Fig. 6.13d-f) and are still in line
with the experimental diffraction patterns (Fig. 6.13a-c).

6.1.7 Summary

The crystal structure of Al4B2O9, was successfully characterized by TEM techniques. A full
description of the atomic arrangement in ordered and disordered areas was achieved by
structure determination from ADT data, HRTEM, HAADF-HRSTEM, structural modelling
and disorder simulation.
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6.2 Crystal structures of Zr-MOFs
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New crystal structures of Zr-MOFs solved by electron diffraction tomography

The crystal structure determinations of two new Zr-MOFs, CAU-27-BDC and Zr-CAU-30,
were performed in a collaboration with the group of Prof. Dr. Norbert Stock from University
of Kiel, Germany. The results of CAU-27-BDC were concluded in the paper "Expanding
the Variety of Zirconium-based Inorganic Building Units for Metal-organic Frameworks"
Sebastian Leubner; Haishuang Zhao; Haishuang Zhao, Niels Van Velthoven, Mickael Hen-
rion, Helge Reinsch, Dirk De Vos, Ute Kolb, Norbert Stock. "Angewandte Chemie", Helge
Reinsch; Ute Kolb and Norbert Stock, 2019. [198] DOI: https://doi.org/10.1002/anie.201905456.
The results of structural investigation of Zr-CAU-30 were published with following informa-
tion [72]: "Highly stable and porous porphyrin-based zirconium and hafnium phosphonates –
electron crystallography as an important tool for structure elucidation." Timo Rhauderwiek,
Haishuang Zhao, Patrick, Hirschle, Markus Döblinger, Bart Bueken, Helge Reinsch, Dirk
de Vos, Stefan Wuttke, Ute Kolb and Norbert Stock. "Chemical Science", 9 (2018), page:
5467–5478. DOI: 10.1039/C8SC01533C. My work contributions on the structural characteri-
zations of both MOFs are concluded in this dissertation. The contents about experimental
section in 5.2 as well as discussion and result in section 6.2 are adapted and reused from the
published results.
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6 Results and discussion

6.2.1 Sample overview of CAU-27-BDC

CAU-27-BDC consists of needle-like nano particles as show in Fig. 6.14. No other crystal
morphology nor second phase was observed in the sample. Fig. 6.14c shows the nanorod
diameter histogram and normal distribution of CAU-27-BDC. The average nanorod diameter
and standard deviation with 41.8 ± 20.1 nm were calculated based on measurements from
350 single nano particles. The material is crystalline and suitable for the studies with TEM
under low electron dose.
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Figure 6.14: TEM images (a) overview and (b) single nanorod, (c) diameter distribution of CAU-27-BDC nanorods.
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6.2.2 ADT data analysis of CAU-27-BDC

ADT data taken from an approximately 200 nm thick rod was reconstructed and delivered a
body-centered tetragonal lattice with a = 20.53 Å, b = 20.39 Å and a = 21.67 Å (Fig. 6.15a-c).
The deviation between a and b is in the tolerance area of electron diffraction data. The rule
of systematic extinction with h + k + l = 2n for hkl reveals an I-centred Bravais lattice for
CAU-27-BDC. In order to obtain further symmetric information, three major 2D-slices of
hk0, 0kl and hhl (Fig. 6.15d-e) were cut from the reconstructed ADT data. The symmetry
conditions of h + k = 2n for hk0, k = 2n and l = 2n for 0hl, and h = 2n and l = 2n for hhl lead
to the extinction symbol I - c -, corresponding to three possible space groups: I4cm (No. 108)
or I4c2 (No. 120) or I4/mcm (No. 140).
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Figure 6.15: (a-c) Reconstructed 3D reciprocal space viewed along the main directions for CAU-27-BDC. (d-e)
Three 2D slices with hk0, 0kl and hhl planes cut from reconstructed 3D reciprocal lattice. The crystal
for ADT data acquisition is shown as an inset in (d).

6.2.3 Structure determination of CAU-27-BDC

Structure solution from ADT data

The lattice parameters derived from reconstructed ADT data were further refined against
XRPD data and used for structure solution. The ab initio structure solution of CAU-27-BDC
was successfully performed with direct methods in the space group of I4/mcm from ADT
data and converged with a final residual R of 0.127, resulting in a reasonable structure
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model and a well-resolved Fourier potential map (Fig. 6.16). The two strongest maxima
(3.51 and 3.28 e−/Å3) are corresponding to the two independent Zr atoms, respectively. The
following maxima from 0.93 e−/Å3 to 0.36 e−/Å3 consistent with the O and C atoms.

b

a
Figure 6.16: Electron potential map of structure solution of CAU-27-BDC overlaid with the atomic model, viewed

in [001] direction. Zr in green, O red, C black.

Table 6.2: Parameters of structure solution of CAU-27-BDC from ADT data.

Parameter Value

Tilt range (°) -50/+60

No. of total reflections 3560

No. of independent reflections 629

Resolution (Å) 1.0

Independent reflection coverage (%) 100

Rint 0.168

Overall U (Å2) 0.031

Residual R (SIR2014) 0.127

Space group I4/mcm

No. of independent non-H atoms 11
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Structure refinement from XRPD data

The crystal structure was refined with Rietveld-method from XRPD data. A preferred
orientation along (020) was detected during the refinement. The refinement converged
to a excellent value of Rwp = 8.22 % with a gof of 2.17. The plot is shown in Fig. 6.17.
Crystallographic data of CAU-27-BDC is listed in the supplementary data Appendix B1 in
section Appendix.
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Figure 6.17: Plot of Rietveld refinement of CAU-27-BDC. Observed powder diagram (black circles), simulated
powder diagram (red solid line), difference profiles (gray solid line), and reflection positions (blue
vertical lines). Inserted table: parameters of Rietveld refinement. Adapted from ref. of Leubner et al.
[cite 2019]
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6 Results and discussion

6.2.4 HRTEM imaging of CAU-27-BDC

High-resolution transmission electron microscopy (HRTEM) was carried out to observe the
real atomic structure information of CAU-27-BDC. The HRTEM images viewed along [110]
(Fig. 6.18) are in good agreement with the backbone constituted from ZrO-clusters running
along the a axis, confirming the correction of the determined crystal structure.
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Figure 6.18: High-resolution TEM images of CAU-27-BDC recorded along [110] zone axis. (a, b) overview. (c, d)
Enlarged images from the boxed areas in (a) and (b), respectively. (e, f) Intensity profiles taken
along the corresponding selected areas remarked in (c) and (d) by red lines.
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6.2 Crystal structures of Zr-MOFs

6.2.5 Crystal structure description of CAU-27-BDC

Fig. 6.19 illustrates the crystal structure of CAU-27-BDC. One Zr atom is coordinated by
eight O atoms to form a ZrO8 polyhedron (Fig. 6.19c) with reasonable Zr-O bond distances
(Table 6.3). Six polyhedra are face-sharing connected by µ3-O atoms to build a Zr6O8

cluster (Fig. 6.19d), in which a Zr6 octahedron can also be observed. The bidentate acetate
ligands link the Zr6 octahedral corner. The clusters stack along the crystallographic a axis
to construct one-dimensional chains (Fig. 6.19e) which serve as the backbone of the whole
crystal structure. The organic linker consisting of ions interconnect the chains to form a
three-dimensional framework with a 1D-channel of a about 7 Å diameter (Fig. 6.19b).

(b)(a)

(c) (d) (e)

7 Å

b

c

Figure 6.19: Crystal structure of Zr-CAU-27 (a) viewed along the crystallographic a axis with unit-cell and (b)
showing the channel diameter of 7 Å; (c) single ZrO8 polyhedron; (d) Zr6O8 cluster; (e) one-
dimensional inorganic chain with connected Zr6O8 clusters. H atoms and water molecules in the
pores are omitted for clarity.

Table 6.3: Selected bond distances in ZrO8 polyhedral of CAU-27-BD.

Zr1-O1 Zr2-O1 Zr2-O2 Zr2-O3 Zr2-O4

d(Å) 8x2.081(11) 2x2.171(12) 2x2.136(10) 1x2.199(10) 1x2.225(9)

2x2.174(10)
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6 Results and discussion

6.2.6 Sample overview of Zr-CAU-30

Needle-like crystals with different sizes were observed in the STEM images (Fig. 6.20a-c).
The diameters of the nanorods are from a few tens up to about 500 nm. Crystals in such
sizes are suitable for TEM investigations. Nano electron diffraction and HRTEM show the
nonarods are crystalline. If the electron beam was shifted onto the flocculated particles, no
diffraction pattern could be observed, indicating an amorphous phase. The crystals stay
stable under sample cooling conditions and low beam illumination.

EDX element analysis revealed the chemical composition in the nano particles. As shown
in Fig. 6.20d the signals of metal atoms Ni and Zr can be clearly seen, meaning the formation
of Zr-MOF. The quantitative analyses delivered a Zr/Ni ratio are more than 2, e. g. Zr/Ni
= 3.62 in Fig. 6.20d. The experimental values of Ni/Zr ratio are larger than that of the
solved structure (Zr/Ni = 2), the discordance can be explained due to the appearance of
a secondary phase [72] of very small particles (3–5 nm) on the surface of the Zr-CAU-30

nanorods.
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Figure 6.20: STEM images (a-c) and EDX spectrum (d) of Zr-CAU-30. The strong signal of carbon in (d) was partly
contributed by the amorphous carbon film of the TEM grid. The spectrum from 0 to 2.5 keV in (d) is
enlarged for clarity.
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6.2 Crystal structures of Zr-MOFs

6.2.7 ADT data analysis of Zr-CAU-30

The diffracted spots became weaker and disappeared slowly during the tilt at room tem-
perature, which was caused by the beam sensitivity of Zr-CAU-30. Therefore, the sample
was cooled using a cryo-transfer holder and measured at liquid nitrogen temperature for
ADT experiments in oder to reduce the radiation damage. The reconstructions of five
datasets delivered similar unit-cells in a tetragonal crystal system (Table. 6.4 and Fig. 6.21).
Symmetry analysis was based on the reconstructed electron diffraction reciprocal space.
Systematic extinction with h + k + l = 2n for hkl reflections indicated an I-centred Bravais
lattice. The reflection conditions can be observed from 2D-slices cut from the reconstructed
lattice (6.21) as following h = 2n and k = 2n for hk0; k = 2n and l = 2n for 0kl; 2h + l = 4n for
hhl resulting the extinction rule Iacd associated with the space group I41/acd (No.142).

Table 6.4: Lattice parameters of tetragonal Zr-CAU-30 derived from reconstructed ADT data.

Parameter Cry I Cry II Cry III Cry IV Cry V Mean

a (Å) 46.09 45.17 45.07 44.95 45.19 45.28

b (Å) 45.74 45.07 45.17 45.29 45.06 45.23

c (Å) 7.81 7.64 7.62 7.69 7.56 7.66
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Figure 6.21: (a-c) Reconstructed 3D reciprocal space of Zr-CAU-30, viewed along the main directions. Dataset
acquired from Cry I with lattice parameter : a = 46.09 Å, b = 45.74 Å, c = 7.81 Å. (d-e) Three 2D
slices with hk0, 0kl and hhl planes cut from reconstructed 3D reciprocal lattice. STEM image of Cry I
is shown in the inset of (c)
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6 Results and discussion

6.2.8 Structure determination of Zr-CAU-30

The crystal structure determination was conducted using a combination of structure solution
of as made phase with ADT data and structure refinement of activated phase with XRPD
data. Thermogravimetric (TG) measurement, as shown in Fig.5.3, shows the amount of
water molecules with 20.5 wt% in Zr-CAU-30. [72] The crystallized or free water hampered
the structure refinement from XRPD data. In hence, the structure was refined against XRPD
data of activated phase.

Structure solution from ADT data

For structure solution, the cell parameters from ADT data were refined by Pawley fit from
XRPD data which delivered a = b = 45.121(5) Å and c = 8.090(2) Å. Reflection data were
extracted from the ADT dataset collected with electron beam precession. Ab initio structure
solution was performed with direct methods and converged with a final residual R of 0.173

(Table 6.5). The structure solution delivered a well-resolved Fourier potential map (Figure
6.22) with a chemical meaningful framework. Some extra potentials can be found in the
middle of the channels, probably corresponding to partly remaining water positions in the
structure. These positions have been not taken into account for the structural description
of the framework. In the output file, the two strongest maxima (2.24 and 1.63 e−/Å3)
correspond to the two types of metal atoms Zr and Ni, respectively. The next maximum
with 1.24 e−/Å3 is consistent with the P atom. The following peaks for O, N and C atoms
were detected with a range of 0.98 down to 0.49 e−/Å3. One missing O atom located at P
could only be detected from the calculation of difference of Fourier map.

Table 6.5: Parameters of structure solution of Zr-CAU-30 from ADT data.

Parameter Value

Tilt range (°) -65/+58

No. of total reflections 18149

No. of independent reflections 2021

Resolution (Å) 1.0

Independent reflection coverage (%) 99

Rint 0.344

Overall U (Å2) 0.023

Residual R (SIR2014) 0.173

Space group I41/acd

No. of independent atoms* 19

*Only for framework atoms. H atoms and H2O were not taken in account.
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6.2 Crystal structures of Zr-MOFs

Figure 6.22: Electron potential map of structure solution of Zr-CAU-30 overlaid with the atomic model, viewed in
[010] direction. Zr in green, Ni yellow, P violet, O red, C black, N blue. The residual potentials in the
channels were caused by water molecules.

Structure refinement from XRPD data

Fig. 6.23 shows the XRPD diagrams of Zr-CAU-30 with as-made and activated phases,
respectively. The biggest difference locates at the remarked reflections ¶ at 6.2° in activated
phase and · at 8.7° in as made phase. The phenomena was caused by the loss of water in
the dehydration process, which further resulted to a symmetry reduction from I41/acd of as
made phase to I41/cd of activated phase. The structural information obtained from ADT
data was used as initial model for the structure refinement from XRPD data of activated
phase. The program Powdercell [233] was used to convert the space group from I41/acd to
I41/cd. The model was then optimized using universal force filed as implemented in the
program Materials Studio [234]. The transformed model was used as starting model for
Rietveld refinement, in which the porphyrin moiety was fixed and the phenylphosphonate
units were set as rigid bodies. The refinement converged with a Rwp of 3.8 % with a preferred
orientation along (110). The result of Rietveld refinement was shown the inserted table of
Fig. 6.24. Crystallographic data of Zr-CAU-30 is listed in the supplementary data Appendix
B2 in section Appendix.
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Figure 6.23: X-ray Powder diagrams of Zr-CAU-30. Lilac for as made phase and blue for activated phase. The 2θ
in the range of 2-15° was enlarged for clarity.

 
Parameter Value 

a (Å) 44.778(6) 

b (Å) 44.778(6) 

c (Å) 7.658(4) 

α = β =  γ (°) 90 

V (Å3) 15354(8) 

Rwp (%) 3.8 

gof 2.0 

R
e

la
ti
v
e

 I
n

te
n

s
it
y
 (

%
)

2Theta

Figure 6.24: Plot of Rietveld refinement of activated Zr-CAU-30 of as made phase. Observed powder diagram
(black solid line), simulated powder diagram (red solid line), difference profiles (gray solid line), and
reflection positions (black vertical lines). Inserted table: results of Rietveld refinement. Adapted
from Rhauderwiek et al. [72]
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6.2 Crystal structures of Zr-MOFs

6.2.9 HRTEM imaging of Zr-CAU-30

HRTEM with low electron dose was carried out to visualize structural details of the Zr-
CAU-30. Figure 6.25 shows reconstructed phase image, intensity profile, structural model,
corresponding fast Fourier transform (FFT) and simulated electron diffraction pattern
calculated from cystal structure solved from ADT data. A direct comparison with the
crystal structure of Zr-CAU-30 viewed along [010] reveals already a high resemblance. The
backbone of the structure shows the appearance in the HRTEM image. In addition, Fig.
6.25c presents the intensity profile of the lilac marked line in Fig. 6.25b, showing two type
of intensities. The crystal structure viewed along the crystallographic b axis depicts two
major columns, one containing Zr and Ni clusters (marked as 1) and another only with
Zr clusters (marked as 2). The enhanced density of column 1 is evident in the extracted
intensity profile. Furthermore, the simulated electron diffraction pattern is in line with the
FFT image. The information from HRTEM image confirmed the crystal structure solved
from electron diffraction data.
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Figure 6.25: Reconstructed phase HRTEM image of Zr-CAU-30 recorded along [101] zone axis. (a) Overview
of reconstructed phase image; (b) Enlarged phase image from the boxed area in (a); (c) Intensity
profile of lilac remarked region in a (b); (d) Zr-CAU-30 structure model with Zr, Ni, P, and O atoms;
(e) Squared modulus of the 2D Fourier transform; (f) Simulated electron diffraction pattern.

97



6 Results and discussion

6.2.10 Crystal structure description of Zr-CAU-30

(b)(a)

(c) (d)

13 Å

Figure 6.26: Crystal structure of Zr-CAU-30. (a) Overview with the unit-cell viewed along the crystallographic a
axis and (b) space filling showing the pore diameter of 13 Å. Structure fragments of (c) the ligand
and (d) inorganic chain with corner-sharing ZrO6 octahedra chain (in blue). All H atoms and water
molecules in the pores are omitted for clarity.

Fig. 6.26 illustrates the crystal structure including fragments of Zr-CAU-30. The 3D
framework was build up by tetratopic Ni-H4TPPP4- linkers and Zr cluster chains. The
resulted square 1D channels run along crystallographic a axis and exhibit a diameter of
about 13 Å. The Zr atom coordinates two bridging O atoms and four O atoms from four
different phosphonate groups, forming a ZrO6 octahedra with an meaningful averaged
Zr-O distance 1© of 2.035 Å. The 1D corner-sharing octahedra chains are interlinked by PCO3

tetrahedra, which increase the stability of the Zr-cluster. The rotation of phenyl-section
makes that the atoms of ligand are not in one plane. The distance of neighbored Ni atoms is
the half of a axis of 3.829 Å.

1©Note: d(Zr1-O1): 2.0943(302) Å, d(Zr1-O1’): 2.1568(335) Å, d(Zr1-O2): 2.0416(472) Å, d(Zr1-O3): 1.9109(227) Å,
d(Zr1-O5): 2.0383(473) Å, d(Zr1-O6): 1.9681(285) Å.
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6.2 Crystal structures of Zr-MOFs

Figure 6.27: Schematic illustration for the modular assembly process of the extended 3D framework.

In order to explain the crystallization and formation steps of the 3D framework with 1D
channels, the modular assembly was detailed by schematic illustration in Fig. 6.27. The
ligand molecule coordinates with Zr4+ atom to form a 2D layer structure. The 2D layers
serve as the basic building units and stack through the interconnection by bridging O atoms
at the Zr4+ clusters. This kind of stacking forms a 3D framework with a square channel
along the crystallographic a axis.

6.2.11 Summary

Electron beam sensitive materials, two Zr-MOFs, were measured under sample cooling
with liquid nitrogen. Ab initio structure solutions were performed for two novel Zr-MOFs
from ADT data. Rietveld refinements and HRTEM were performed to confirm the crystal
structures.
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6.3 Crystal structure of THK2 zeolite

MTW THK2

ADT

Morphology

Crystal structure of THK-2 solved by electron diffraction tomography from a phase mixture

The project was a collaboration with Dr. Yasuhiro Sakamoto at University of Osaka Japan.
The goal of the work was solving the crystal structure of a new phase in a zeolite mixture.
Experimental details are listed in section 5.3. My work on this project was the crystal
structure solution of THK2 and confirmation of the phase MTW from ADT data. The results
of structure characterization are summarized in section 6.3 and are being prepared for
publication.
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6.3 Crystal structure of THK2 zeolite

6.3.1 Sample overview

Two types of crystal morphologies, nearly isotropic particles and nanorods, could be
observed in the sample, as shown in TEM and STEM images (Fig. 6.28). The crystal sizes are
ideal for TEM experiments. Nano electron diffraction indicate that the material is crystalline
and stable under mild electron doses. Reconstruction of 3D ADT data confirmed that the
crystals with different morphologies own different crystal lattices.
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Figure 6.28: TEM and STEM images of zeolite THK-2. (a-c) TEM images and (d-f) STEM images. Single nano rod
with about 100 nm diameter shown in (f).
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Figure 6.29: EDX spectrum of THK-2. The signal of carbon was caused by the amorphous carbon film on the TEM
grid. Insert: STEM image of selected crystals for EDX measurement.
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6 Results and discussion

EDX spectrum (Fig. 6.29) was recorded in STEM mode from a region of accumulated
crystals to detect the composition. Quantitative analysis resulted in a Si/O ratio of 1/2.13,
which is close to the expected calculated ratio of 1/2 in both zeolites. Due to the resolution
limit of EDX detector and the low content of Zn, the signal of Zn could not be detected and
it resulted in an aberration of Si/O ratio.

6.3.2 ADT data analysis

ADT measurements were performed from single crystals with both morphologies. The
reconstruction of the three-dimensional ADT datasets confirmed two phases within the
sample. All the datasets collected from needle-shaped crystals could be indexed with
primitive orthorhombic lattice parameters. On the other hand, the dataset acquired from
the smaller crystals was reconstructed with h + l = 2n for all hkl as well as h = 22n and l =
22n for the reflections in h0l slice, corresponding with a C-centred monoclinic lattice system
with extinction symbol of C 1 c 1. Taking into account the cell parameters and the known
zeolite framework types in the Database of Zeolite Structures [8], the orthorhombic lattice was
confirmed a new zeolite phase of THK-2 while the monoclinic lattice was identified as
the known phase of MTW [235]. The unit cell parameters and symmetry information are
concluded in Table 6.6. The projections of reconstructed 3D reciprocal space are shown in
Fig. 6.30 and Fig. 6.31 for THK-2 and Fig. 6.32 for MTW. The violation of the extinction rule
(h = 2n +1 systematically absent in the h0l plane) was not clearly visible in the reconstructed
reciprocal space of Cry1 (Fig. 6.30e) but obvious in the reconstructed data of Cry2 in Fig.
6.31. Combining the observed information from the three main planes of both crystals cut
from 3D volumina, the reflection conditions can be concluded as following: l = 2n for 0k; l =
2n for h0l plane; h + k = 2n for hk0 plane, indicating the extinction symbol Pccn, associated
with the only possible space group Pccn (No. 56).

Table 6.6: Crystallographic data obtained from reconstructed electron diffraction volume.

Material THK-2 MTW

Crystal system orthorhombic monoclinic

Space group Pccn C 2/c

a (Å) 24.70 25.09

b (Å) 14.55 5.00

c (Å) 4.99 24.15

α (°) 90 90

β (°) 90 108.1

γ (°) 90 90
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Figure 6.30: (a-c) Reconstructed 3D reciprocal space of THK-2 (Cry1) viewed along the main directions. (d-e)
Three 2D slices with hk0, 0kl and hhl planes cut from reconstructed 3D reciprocal lattice. The crystal
for ADT data acquisition is shown as an inset in (d).
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Figure 6.31: (a-c) Reconstructed 3D reciprocal space of THK-2 (Cry2) viewed along the main directions. (d-e)
Three 2D slices with hk0, 0kl and hhl planes cut from reconstructed 3D reciprocal lattice. The crystal
for ADT data acquisition is shown as an inset in (d).
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Figure 6.32: (a-c) Reconstructed 3D reciprocal space of MTW viewed along the main directions. (d) 2D slice of
h0l plane cut from reconstructed 3D reciprocal space. The crystal for ADT data acquisition is shown
as an inset in (d).

6.3.3 Structure determination

Structure solution from ADT data

Ab initio structure solution of THK-2 was performed in the space group Pccn with direct
methods on basis of ADT reflection intensities extracted from dataset of Cry1. In order to
increase the accuracy, the starting unit cell parameters were further refined with a Pawley-fit
from XRPD data. The parameter details for the structure solution are listed in Table 6.7. The
structure solution converged with a final residual of 0.127 and delivered a well-resolved
Fourier potential map (Fig. 6.33) overlaid by a meaningful framework of all atoms. No
potential for water molecule in the zeolite pore was detected because of the high vacuum
condition in TEM. Four strongest potential maxima ranged from 1.34 to 1.09 e−/Å3 are
corresponding to Si atoms. The following potential maxima from 0.80 to 0.50 e−/Å3 are
consistent with O atoms. The partially occupied Zn atom could be found on a maximum
of 0.66 e−/Å3 comparable to a value of one O atom. All atoms own reasonable positive
temperature factors.
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6.3 Crystal structure of THK2 zeolite

Table 6.7: Parameters of structure solution of THK2 from ADT data.

Parameter Value

Space group Pccn

No. of total reflections 3339

No. of independent reflections 705

Resolution (Å) 1.1

Independent reflection coverage (%) 99

Rint 0.227

Overall U (Å2) 0.047

Residual R (SIR2014) 0.17

No. of independent atoms 14

ao

b

Figure 6.33: Electron potential map of structure solution of THK-2 overlaid with the atomic model, viewed along
[001] zone. Si: light yellow, Zn: grey, O: red.

Structure refinement from XRPD data

The structure obtained from structure solution by ADT data was used as the initial model
for the structure refinement from XRPD data. 2© The refinement converged with a Rwp of
3.26% (Table 6.8). Fig. 6.34 shows the plot of combined Rietveld refinement of THK-2 and
2©The combined Rietveld refinement was carried out by Dr. Ikeda, AIST, Japan.
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MTW. The chemical composition derived from the quantitative analysis indicate the sample
consists of 82.35 wt% THK-2 and 17.65% MTW. The occupancy of Zn position was refined to
0.2806. The details of the crystallographic data of THK-2 is included in the supplementary
data Appendix C in section Appendix.

Table 6.8: Selected results of Rietveld refinement of THK2.

Crystallographic data Rietveld parameters

Space group Pccn Rexp (%) 1.70

a (Å) 24.789(3) Rp (%) 2.42

b (Å) 14.378(2) Rwp (%) 3.26

c (Å) 5.035(1) gof 1.92

α = β = γ 90 BSi (Å2) 2.49(4)

Z 8 BO (Å2) 2.57(14)

V (Å3) 1794.5(4) BZn (Å2) 5.069

Figure 6.34: Plot of combined Rietveld refinement of THK-2 and MTW. Observed powder diagram (red plus),
simulated powder diagram (green solid line), difference profile (blue solid line), and reflection
positions (green vertical line for THK-2 and yellow vertical line for MTW). Adapted from ref. of
Sakamoto et al. [236]
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6.3 Crystal structure of THK2 zeolite

6.3.4 HRTEM imaging

High-resolution transmission electron microscopy (HRTEM) was conducted to study the
real atomic arrangement in crystals and to confirm the correctness of the determined crystal
structure. In this work, HRTEM images, viewed along [110] zone (Fig. 6.35) and [100] zone
(Fig. 6.36), were acquired from two different crystals and show a perfect ordered structure
without any stacking disorder.

Fig. 6.35a was gained from a nanorod with a diameter of about 240 Å. Several vertical
parallel lines (or called as columns) can be clearly visualized. The distance between two
neighbouring lines is about 12.38 Å , which is comparable with the calculated distance
between (110) lattice planes (d110 = 12.44 Å). The structure model viewed along [110] zone
axis in real space repeats the form of the collected high-resolution image, which confirms the
solved structure. On the other hand, the information also indicates that the crystallographic
a axis (smallest axis) runs parallel to the nanorod.

50  Å
[110]

d110 ≈ 12.38 Å (a) (b)

Figure 6.35: (a) HRTEM image of THK-2 recorded along the [110] zone axis. (b) THK2 structural model viewed
along the [110] zone axis.

In addition, a HRTEM image shown in Fig. 6.36a, provided by Dr. Yasuhiro Sakamoto,
is collected from a cross-section of nanorod, namely, perpendicular to the (ab) plane. The
cut of nanorod shows a form of irregular hexagon. The fast Fourier transform (FFT) image
(6.36b) is in consonance with the electron diffraction pattern simulated in the program
CrystalMaker [237] (Fig. 6.36c). The enlarged image (Fig. 6.36d) is overlaid by the structure
model viewed along the a axis. The real space structure shows a good agreement with the
collected HRTEM data. In particular, the regular white circles indicate the 12-ring channels
of THK-2 along the a axis. The small channels between the large circles can even be observed
in Fig. 6.36d.
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10 nm

(a) (b)
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Figure 6.36: HRTEM image of THK2 recorded along the [001] zone axis. (a) Overview of the nanorod cross-section;
(b) Squared modulus of the 2D Fourier transform (FFT); (c) Simulated electron diffraction pattern; (d)
Enlarged phase image from the boxed area in (a) overaid with structure model of THK-2. The HRTEM
was delivered by Dr. Yasuhiro Sakamoto.
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6.3.5 Crystal structure description

The new porous zincosilicate THK-2 crystallizes in an orthorhombic crystal lattice. THK-2
has a framework density of 17.83 silicon atoms and 1.25 Zn per 1000 Å3 and chemical formula
of [Si32O72Zn2.24] in the calcined phase. It comprises two types of symmetry-independent T
atoms in the structure model, namely four Si atoms and one partially occupied Zn atom.
Each T atom coordinates with oxygen atoms to form TO4 tetrahedral. Disordered edge-
sharing ZnO4 tetrahedra in the crystal structure construct a 1D infinite chains running along
c axis (Fig. 6.37 and Fig. 6.38). All tetrahedra are collected to build up four-, five-, and
six-membered rings (Fig. 6.38c), which are the backbone of the structure. Those rings are
linked together leading to a three-dimensional framework with one-dimensional 12-ring
channels running along [001]. Each 12-ring channel has six neighbouring 12-ring channels
which do not intersect.

2.576 Å 

Figure 6.37: Structure segment of THK-2. 1D chain formed by edge-sharing ZnO4 tetrahedra. The distance
between two neighboring Zn atoms is marked.

T-O bond lengthes, concluded in Table 6.9, are in a reasonable range for Si-O and Zn-O
distances.

Table 6.9: Selected bond lengthes (Å) in crystal structure of THK-2.

Si-O bond lengthes in SiO4 tetrahedra

Si1-O4 1.565(23) Si2-O7 1.525(20) Si3-O7 1.514(11) Si4-O6 1.529(13)

Si1-O1 1.578(23) Si2-O8 1.534(10) Si3-O1 1.561(25) Si4-O6 1.592(20)

Si1-O9 1.641(16) Si2-O4 1.541(23) Si3-O8 1.631(17) Si4-O2 1.663(23)

Si1-O9 1.653(20) Si2-O5 1.558(24) Si3-O3 1.674(21) Si4-O3 1.667(21)

Mean 1.609(20) 1.540(19) 1.595(18) 1.613(19)

Zn-O bond lengthes in ZnO4 tetrahedron

Zn1-O2 1.707(26) Zn1-O5 1.892(21) Zn1-O5 2.060(25) Zn1-O2 2.089(16)

Mean 1.937(22)
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Figure 6.38: Crystal structure of THK-2 viewed along the three main crystallographic axes.
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6.3 Crystal structure of THK2 zeolite

6.3.6 Summary

The crystal structure of a new zeolite was determined from a polyphasic sample using
electron diffraction tomography technique. The structural characterization indicates that
the zinc atom locates in the framework with an occupancy of 0.2806. Combined structure
refinement with input of MTW structure delivered a chemical composition of 82.35 wt%
THK-2 and 17.65% MTW in the mixture. HRTEM imaging confirmed the final crystal
structure of THK-2.
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6 Results and discussion

6.4 Disorder in M-IEZ-RUB-36 zeolites

[010]

ADT

Structural modelling

T

Interlayer expansion

Reconstrcu�on of 3D data

DISCUS

Recorded

vs

Simulated

Stacking disorder in M-IEZ-RUB-36 elucidated by structure modelling and simulation of ED pattern

The structural characterization of metal interlayer expanded zeolites M-IEZ-RUB-36 was
performed in collaboration with the work group of Prof. Dr. Hermann Gies from Ruhr-
University Bochum, Germany. The presence of strong disorder in the structure could not be
explained by one-dimensional XRPD data. My research on the materials focuses on detecting
the disorder and confirming the disorder type on basis of reconstructed electron diffraction
tomography data. In order to study the structural details, superstructure modelling and
simulation of electron diffraction pattern in the program DISCUS were conducted for the
porous M-IEZ-RUB-36 materials. The investigation of two types of materials, Zn-IEZ-RUB-36

and Ti-IEZ-RUB-36, were concluded in the dissertation. The results are in preparation for
publishing. The experimental section is concluded in 5.4.
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6.4 Disorder in M-IEZ-RUB-36 zeolites

6.4.1 General information

Similar to RUB-36, M-IEZ-RUB-36 zeolites consist of thin plate-like crystals as shown in
Fig. 6.39a-c. The presence of metal atoms in M-IEZ-RUB-36 was proved by EDX analysis, in
which the signals of Zn and Ti were significantly visible in each EDX spectrum (Fig. 6.39d-e).
Separate nano electron diffraction pattern and the sharp reflections in XRPD diagrams
(Fig. 6.39f) reveal the good crystallinity of M-IEZ-RUB-36 zeolites. The crystals with the
micrometer size are suitable for TEM experiments.
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Figure 6.39: General information about Zn-IEZ-RUB-36 and Ti-IEZ-RUB-36. SEM images: (a) RUB-36, (b) Zn-IEZ-
RUB-36 and (c) Ti-IEZ-RUB-36. EDX spectra: (d) Zn-IEZ-RUB-36 and (e) Ti-IEZ-RUB-36. The sigal of
Cu was induced by Cu TEM grid. (f) XRPD diagrams of M-IEZ-RUB-36 (M = Zn,Ti). Cu Kα1 radiation.
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6 Results and discussion

6.4.2 Interlayer expansion

We can observe several XRPD peaks with a large full width at half maximum (FWHM). Due
to the known micrometer crystal size, the appearance of broad XRPD peaks is not caused by a
non-scaled particle size but the disordered structure [238]. The first peak in each diagram (Fig.
6.39f) has a lower θ value (larger d value) in comparison to that of the zeolite precursor as-
made RUB-36

[216], showing an enlarged interlayer distance. This change in XRPD diagrams
confirms that an interlayer expansion reaction happened. There is no reflection of a metal
oxide, indicating a pure phase of products. Fig. 6.40 demonstrates the interlayer expansion
of as as-made RUB-36 with corresponding T atoms (T = Si or metal) to form M-IEZ-RUB-36

materials. If the T-sites are occupied by Si atoms, the interlayer expanded zeolites are called
COE-3 or COE-4. [51,239]. M-IEZ-RUB-36 zeolites can be produced if the Si-linked positions
between the layers are replaced by tetravalent heteroatoms. The heteroatoms are e. g. Ti,
Al, Fe, Sn, Zr in previous works [214,215,240,241] or Zn, Ti, Eu, V, Co in our present study. The
difficulties of incorporation of heteroatoms depend on the type of metal atom type, which
was confirmed by Li et al. [240] using DFT calculation investigations. Several factors like the
type of metal atoms, variability of layer shift and stacking sequence can lead to a disordered
crystal structure in the process of layer expansion.

o

a

b

Interlayer expansion

+ T sites

RUB-36 IEZ-RUB-36

T

T = Si or M

Figure 6.40: Schematic representation of the interlayer expansion of RUB-36 into a M-IEZ-RUB-36. Note that the
organic molecule between the layer in RUB-36 was omitted for clarity.

6.4.3 ADT data evaluation

The ADT approach was applied to collected 3D electron diffraction data from single crys-
tals. Strong rod-like diffuse scattering can be observed running along the a* axis in the
reconstructed 3D reciprocal space as exemplarily shown for Ti-IEZ-RUB-36 in Fig. 6.41. The
streaks can be found in each ADT dataset, indicating that disorder occurs in all crystals.
Taking into account only the strong intensities as shown in Fig. 6.42, we could index the
ADT data with averaged orthorhombic lattices and identify the type of lattice system. If the
diffuse streaks are ignored, the reflection conditions are concluded as following, h + k + l
= 2n for all hkl and no additional extinction in Zn-IEZ-RUB-36; h + l = 2n for all hkl and h
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6.4 Disorder in M-IEZ-RUB-36 zeolites

+ l = 2n for h0l plane in Ti-IEZ-RUB-36, which led to the extinction symbols I - - - and Bb
- -, respectively. M-IEZ-RUB-36 (M = Co, V) zeolites showed as well orthorhombic lattice
parameters and lead also to extinctions of a B-centred lattice. The refined averaged cell
parameters from Pawley fit against XRPD data are listed in Table 6.10.

(a) (b)

a*

Figure 6.41: Overview of 3D projections of the reconstructed reciprocal space of Ti-IEZ-RUB-36. (a) View along an
arbitrary direction. (b) View along the tilt axis, showing 100o angular range. The running direction
of diffuse streaks is along the a* axis as marked in (b).

b*

a*

b*

c*
a*

c*

b*

c*
a*

c* b*

a*

(b)(a) (c)

(e)(d) (f)

Figure 6.42: 3D projections of the reconstructed reciprocal space viewed along the three main axis. (a-c) for
Zn-RUB-36 and (d-f) for Ti-RUB-36. Noted that a high threshold of intensity was set in the 3D volume
calculation in order to only show the strong intensities of reflections.
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6 Results and discussion

Table 6.10: Average orthorhombic lattice parameters of M-IEZ-RUB-36 refined by pofil fit from XRPD data.

Material RUB-36 M = Zn M = Ti M = Co M = V

a (Å) 22.239(1) 23.894(3) 24.100(1) 23.870(3) 23.837(5)

b (Å) 14.025(1) 14.092(4) 14.012(2) 14.056(4) 14.071(2)

c (Å) 7.391(1) 7.431(1) 7.400(1) 7.422(3) 7.397(5)

System* P I B B B

*Only strong intensities taken into consideration.

6.4.4 Structure solution for the average structures

As mentioned above, ADT data could be indexed to a body-centred orthorhombic lattice
for Zn-IEZ-RUB-36 and a face-centred lattice for Ti-IEZ-RUB-36, only using reflections with
strong intensities. We tried to solve the average crystal structures using the intensities
extracted from ADT data. As shown in Fig. 6.43, the average frameworks of Zn-IEZ-RUB-36

and Ti-IEZ-RUB-36 could be described using ADT data in the space groups Immm and
Bbmm, respectively. Due to the low amount of metal atoms detected in the sample, we
set all the T-sites as Si atoms in the structure solution. The bridging atoms (Zn, Ti, Si)
between the layer can be recognized. The structures illustrate different ring channels and
the arrangement of those channels. In addition, we tried to use the average structure as
initial model for the structure refinement with Rietveld method from XRPD data. But the
final results were not satisfying due to the neglect of disorder in the structure. Hence, this
structure can only be used as the average structure to describe the main atomic arrangement.

o

a

bo

a

b

(a) (b)

Figure 6.43: Electron potential map of structure solution overlaid with the atomic model of M-IEZ-RUB-36, viewed
along the [001] zone. (a) Zn-IEZ-RUB-36 in the space group Immm. (b) Ti-IEZ-RUB-36 in the space
group Bbmm. Potential map: blue, Si: light yellow, O: red.
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6.4 Disorder in M-IEZ-RUB-36 zeolites

6.4.5 Disorder analysis and simulation

In order to get much more structural details about M-IEZ-RUB-36, the general process as
shown in Fig. 6.44 was taken into consideration to elucidate the disorder, similar to the
disorder simulation for the ceramic material Al4B2O9 described in section 5.1.5. Firstly, a
superstructure was modelled in the software package DISCUS with a possible disorder type
(here the stacking disorder). Then the electron diffraction pattern was simulated after a
Fourier transform based on the superstructure. By comparison of recorded and simulated
diffraction patterns, it can be quantitatively confirmed how near our modelled structure is
to the real structure. Noted that the three important factors for the simulation of electron
diffraction pattern are the type of layers, the translation vectors from one layer to another,
and the probability of stacking from one layer onto the other layer. [120] The factors result
in different stacking sequences and further produce the electron diffraction patterns with
streaks.

Figure 6.44: Scheme for the process of disorder analysis.

As illustrated in Fig. 6.41 and 6.42, the observed diffuse streaks run only along a* direction.
After examination of the reconstructed 3D reciprocal space, it could be pointed out that they
are indeed one-dimensional streaks. Associated with the synthesis of interlayer expansion, it
can be confirmed that the one-dimensional diffuse streaks in the reciprocal space are caused
by an irregular stacking sequence of layers along the a axis in real space. One layer stacks
partially on the other with a shift within bc-plane based on an interlayer connection along
the a axis. The structure modelling was performed on the basis of the evaluation results of
recorded electron diffraction. As the structure of M-IEZ-RUB-36 is stacked by layers, the
framework is constructed by a convolution product of all atoms within a single layer type
with the list of the layer positions. Similar to the disorder simulations of Al4B2O9

[30] and
zeolite beta [73], the individual Fourier transformation was first calculated just based on the
atom positions within a single layer and the simulated diffraction pattern is the regular
product of the individual Fourier transformations. The method reduces the simulation time
in comparison to the calculation for the all atoms of a whole crystal.

The crystal structure of RUB-36 consists of two separate layers parallel to the (bc)-plane.
The two layers, distinguished only by a shift in (bc) plane, are the basic units for interlayer
expansion to construct three-dimensional frameworks. The modelling of superstructure
starts with one layer of RUB-36 (layer A). Layer B is created by a shift of layer A with
the vector [0, 1/2, 1/2], as shown in the top of Fig. 6.45. The layers stack along the
crystallographic a axis to built up a superstructure. A perfect stacking sequence with
AAA••• (or BBB•••) leads to a face-centred lattice. However, the perfect sequence of
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6 Results and discussion

ABABAB••• produces a body-centred lattice (Fig. 6.45). Taken consideration of the average
structure solutions in different crystal lattices, it indicates that the type of stacking sequence
ABABAB••• is dominant in Zn-IEZ-RUB-36 and the sequence of AAA••• occurs much often
in Ti-IEZ-RUB-36.

1.Layer

2.Layer

B-centred I-centred

a

o b

a

o b1

1

1

1

Layer A Layer B

AAAAAA... A A AB B B...

¹⁄� b + ¹⁄� c 

Figure 6.45: Superstructure modelling with ordered stack sequences. Top: basic structure components: layer
A and layer B. Bottom: 3x x 4y x 1z supercells with 6 layers with stacking sequence AAA••• and
ABABAB•••. The 10-ring in face-centered cell (bottom left) and 8-ring body-centered cell (bottom
right) were traced by blue dotted lines. The unit cells are marked with black dotted lines.

The simulation of ED patterns were performed from the modelled superstructures. In
the final total sequence, one layer type can be followed by one of the possible layers or by
itself. This possibility occurs only with a transition vector which enables a reasonable layer
connection. Here, the transition probability of layer A stacking onto layer A is referred to
as p, which indicates that the probability for stacking of B on A = 1 - p. As the sequence of
AAA••• is same with BBB•••, the probability of layer B onto layer B is p and A on B = 1 - p.
If p = 1, a perfect AAA••• or BBB••• sequence will be produced to form a face-centred unit
cell. p = 0 leads to a perfect ABABAB••• sequence with a body-centred lattice. The values
between 0 and 1 result in the random sequence of both layers, a disordered structure. Fig.
6.46 shows the simulated electron diffraction patterns of [001] zone from a 10x x 15y x 4z
supercell (20 layers) with different p values. The simulated diffraction patterns with p = 0

and 1 show only discrete peaks without any diffuse streaks. With an increasing p value, the
streaks emerge at first with p = 0.05 and then become slowly stronger, at last disappear at p
= 0.98. However, the crystal system changes from a pure body-centred lattice (p = 0) to the
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6.4 Disorder in M-IEZ-RUB-36 zeolites

final face-centered lattice with p = 1. It is notable that symmetry conditions h + k = 2n in
Fig. 6.46a as well as h = 2n and k = 2n in Fig. 6.46j fulfil the extinctions in the [001] zones
in body-centred and face-centred lattices, respectively. The intermediate p values produce
a disordered structure with random stacking sequences, associated with observed diffuse
streaks in the simulated diffraction patterns (Fig. 6.46c-h).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 6.46: Simulated electron diffraction patterns of [010] zone from a 10x x 15y x 4z superstructure with
different probability p values. (a) p = 0; (b) p = 0.02; (c) p = 0.05; (d) p = 0.1; (e) p = 0.2; (f) p =
0.6; (g) p = 0.8; (h) p = 0.97; (i) p = 0.98; (j) p = 1.
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6 Results and discussion

As shown in Fig. 6.46, the stacking sequence from two layer types produced diffused
reflections only with k odd in the [001] zone. This phenomenon was resulted by the shift
vector along b axis with 1/2b from layer A to layer B. However, the diffuse streaks can also
be found for the hk0 Bragg reflections with k even in the recorded diffraction patterns. It
indicates that a third layer type must be introduced and the vector shifts are not equal to the
half of the axis. In addition, significant rod-like Bragg reflections could be discovered along
a* in the [010] zone. Taken into account the inserted metal atoms and the bond lengths
dM−O > dSi−O, a new layer type C was modelled from layer A with a shift vector [0, ∆y,
∆z]. Since the distance of M-O is different to that of Si-O, the (bc)-plane of layer C does
not shift the half axis values along b and a axis, ∆y 6= 1/2 and ∆z 6= 1/2, but close to 1/2.
Superstructures were constructed by the three layer types. Fig. 6.47 presents the possible
stacking on layer A to produce different types of crystal lattices as well as an example of a
supercell with a random stacking sequence. In the structure modelling, the superstructure
of M-IEZ-RUB-36 material is established layer by layer using the three layer types: A, B and
C. There are totally 9 possibilities to stack one layer to another with possible translation
vectors (Table 6.11). The probability depends on the type of crystal lattice of the materials
which provides the most emerged sequence. The other factor is the amount of the layer C.
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Figure 6.47: Left: Possible stacking on layer A with corresponding changes of translation vectors. Right: an
example of 5x x 6y x 1z with 10 randomly stacked layers.
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6.4 Disorder in M-IEZ-RUB-36 zeolites

Table 6.11: Element operation and corresponding shift vector between the layers.

Layer stacked onto A Layer stacked onto B Layer stacked onto C

Element Vector Element Vector Element Vector

A→ A [1/2, 0, 1/2] A→ B [1/2, -1/2, -1/2] A→ C [1/2, -1/2, -1/2]

B→ A [1/2, 1/2, 1/2] B→ B [1/2, 0, -1/2] B→ C [1/2, -1/2, -1/2]

C→ A [1/2, ∆y, ∆z] C→ B [1/2, ∆y, ∆z] C→ C [1/2, 0, ∆z]

Here we simulated the electron diffraction patterns for Zn-IEZ-RUB-36 and Ti-IEZ-RUB-36

with ∆y = ∆z = 0.45. We set a special stacking sequence in the light of the stacking in
the average structure. As aforementioned, stacking sequence AAA••• prefers to occur in
Zn-IEZ-RUB-36, thus we set a higher probability of AA type than AB type in the input for
stacking sequence. On the contrast, the probability of AB type should be higher than AA
type in Ti-IEZ-RUB-36, in which the sequence of ABAB••• is favoured. In addition, the amount
of layer C was adjusted less than 10% due to the small amount of metal atoms. The simulated
electron diffraction patterns in the [001] and [010] zones show good agreement with the recorded
data (Fig. 6.48 and Fig. 6.49) The observed diffuse scattering in Ti-IEZ-RUB-36 is stronger that in
Zn-IEZ-RUB-36 (Fig. 6.48b and 6.48d and Fig. 6.49)b and 6.48d, indicating that the stacking with
AA sequence type is easier to result in disordered stacking. The diffuse streaks occur dominantly
through the Bragg reflections hk0 with k even h0l with l even in the slices cut from 3D reconstructions
for Zn-IEZ-RUB-36. In contrast, diffuse rods run along all hk0 and h0l Bragg reflections. This might
be attributed to a greater percentage of layer C in Ti-IEZ-RUB-36, indicating a higher incorporation
of Ti atoms in comparison to Zn atoms.

Simulated Recorded
(a) (b)

(c) (d)

Figure 6.48: Simulated and recorded electron diffraction patterns of Zn-IEZ-RUB-36. Simulation of the (a) [001]
and (c) [010] zones. Slice cut from reconstructed reciprocal space through the (b) [001] and (d)
[010] zones. The section of recorded reciprocal space is marked with red dotted lines in (b) and (d).
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Figure 6.49: Simulated and recorded electron diffraction patterns of Ti-IEZ-RUB-36. Simulation of the (a) [001]
and (c) [010] zones. Slice cut from reconstructed reciprocal space through the (b) [001] and (d)
[010] zones. The section of recorded reciprocal space is marked with red dotted lines in (b) and (d).

6.4.6 Summary

The disorder in M-IEZ-RUB-36 zeolite catalysts was determined as stacking disorder. The average
crystal structures of Zn-IEZ-RUB-36 and Ti-IEZ-RUB-36 were performed from ADT data. Superstruc-
ture modelling was carried out with various sequences in the program DISCUS. It confirmed that
layer shift, stacking sequence and metal atoms showed the influence on disorder at the interlayer
expansion reactions of M-IEZ-RUB-36 zeolites.
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6.5 Organic template in SSZ-51 and SOD zeolite

6.5 Organic template in SSZ-51 and SOD zeolite

ADT

Symmetryhigh

PYS-SOD TMP-SSZ-51

low

Location of organic templates in zeolites determined by electron diffraction tomography

In the project, we focused on determining the positions of organic structure directing agents in two
as-synthesized zeolites, 1,2,6-trimethylpridinium aluminophosphate (TMP-SSZ-51) and pyrrolidine
silica sodalite (PYS-SOD), using fast ADT technique. TMP-SSZ-51 was prepared with a novel organic
template 1,2,6-trimethylpridinium. TMP-SSZ-51 was investigated by thermogravimetric analysis,
temperature-dependent XRPD, and Solid-state 13C-NMR spectroscopy. The positions of organic
molecule were determined from combined method of electron diffraction tomography and X-ray
powder diffraction. The experimental details are summarized in section 5.5. The results on the part
of TMP-SSZ-51 are partly reprinted from the submitted script entitled "Detection of organic cations
in the pores of aluminophosphate SSZ-51 by electron diffraction tomography – elucidating the effect
of molecular stacking ".
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6 Results and discussion

6.5.1 Sample overview of TMP-SSZ-51

TMP-SSZ-51 consists of thin plate-like micro-sized crystals observed in STEM image (Fig. 6.50a). The
crystals are suitable for ADT data acquisition under cooling conditions using low beam illumination
in TEM. Strong and discrete diffracted spots were observed in electron diffraction patterns and its
calcined phase, indicating high crystallinities of as-synthesized and calcined phases, which were also
confirmed by the XRPD data (Fig. 5.5 in experimental section). A semi-quantitative EDX analysis
(Fig. 6.50b) show averaged ratios of O/(Al+P) = 2.1 and Al/P = 1.
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Figure 6.50: STEM image (a) and EDX spectrum (b) of TMP-SSZ-51. Cu TEM grid covered by carbon-film con-
tributes the slight signals of C and Cu in (b).

Table 6.12: Quantitative EDX results taken from different single crystals.

Dataset Al (%) P (%) O(%) Al/P O/(Al+P)

Nr.1 (%) 15.77 14.75 69.48 1.07 2.28

Nr.2 (%) 16.63 15.53 67.84 1.07 2.11

Nr.3 (%) 16.72 14.78 68.50 1.13 2.17

Nr.4 (%) 18.34 16.59 65.07 1.11 1.86

Mean 16.87 15.41 67.72 1.09 2.11

6.5.2 Solid-state 13C-NMR

Solid-state 13C-NMR measurements were performed to detect the presence of the organic template
which was part of the reaction mixture in the as-synthesized zeolites. Fig. 6.51 shows the solid-
state 13C-NMR spectrum of as TMP-SSZ-51. The 13C-NMR spectrum of TMP-SSZ-51 presents five
signals with chemical shifts of 157.5, 144.8, 126.8, 40.5 and 23.2 ppm, which are comparable with the
corresponding values of the free template cation in solution in the literature [242]. The pyrrolidine
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6.5 Organic template in SSZ-51 and SOD zeolite

molecules are still stable inside the SOD cages though the sample was prepared eighteen years ago,
which was confirmed by the comparable values of chemical shift of the previous measured value of
as-synthesized PYS-SOD [229] and and those of the free pyrrolidine molecule [243].
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Figure 6.51: 13C-CP/MAS NMR spectra of TMP-SSZ-51 (a) and PYS-SOD (b). Inserted tables show the recorded
chemical shifts of organic SDA in zeolites and the values of free molecules in the literature.
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6.5.3 Thermal stability of TMP-SSZ-51

The thermal behaviour of TMP-SSZ-51 was studied by differential scanning calorimetry and ther-
mogravimetric analysis (DSC/TGA). The TG curve (Fig. 6.52) shows two steps of weight loss. The
first step up to 100

◦C is associated with the evaporation of free water molecules from the zeolite
pores. The second step of loss weight was caused by the decomposition of the organic template,
corresponding to the exothermic signals in the DSC curve. The exothermic signal is assigned to the
burn off of template molecules at ca. 440

◦C. At about 720
◦C the framework of SSZ-51 begins to

decompose, which could also be detected by high-temperature XRPD measurements.

Figure 6.52: DSC/TG curves of TMP-SSZ-51. Tp: peak temperature.

6.5.4 Temperature-dependent XRPD of TMP-SSZ-51

Temperature-dependent X-ray powder diffraction measurements (Fig.6.53) were performed from
50
◦C to 840

◦C in order to investigate the calcination process and the decomposition of the SSZ-51

framework at increasing temperature. The organic template stays stable in the zeolite pores up to
250

◦C and then begins to escape from the material. From about 300
◦C the reflection at 14

◦ starts to
split up to form two reflections, indicating the formation of a calcined phase. A significant change
(e.g., lower background) of the powder patterns after 400

◦C is due to an artefact. The framework of
calcined SSZ-51 remains stable up to about 720

◦C. The reflections representing the SSZ-51 phase
disappear and a few new peak forms from 720

◦C, indicating the decomposition process of calcined
SSZ-51. The observed phenomena are consistent with the results of DSC-TG measurement.
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6.5 Organic template in SSZ-51 and SOD zeolite
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Figure 6.53: Temperature dependent X-Ray powder diffraction diagrams of the thermal decomposition of TMP-
SSZ-51 (Cu Ka1 radiation), showing the release of template molecule as well as the decomposition
of SSZ-51 at high temperature. 2θ range from 5o to 30o in (a) and from 7o to 9o in (b). Note that the
sample was cooled down from 400 ◦C to RT (faulty program) and was heated up again by hand.
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6 Results and discussion

6.5.5 Structure determination of TMP-SSZ-51

Structure solution from ADT data

The reconstruction of ADT data (Fig. 6.54) delivered a monoclinic unit-cell with a = 21.54 Å, b =
13.81 Å, c = 14.32 Å, α = 90.4◦, β = 100.7◦, γ = 89.8◦, which were further refined by a Pawley fit of the
XRPD data for structure solution. Systematic extinctions for hkl reflections with h + l= 2n indicated
an C-centred Bravais lattice. In addition, the reflection conditions as observed for h0l reflections with
k = 2n and l = 2n are indicative of a c glide-plane (l = 2n) (Fig. 6.54), associated with two possible
space groups Cc (No. 9) and C2/c (No. 15).

a*

c*

h02

h04

h06

h08

a*

c*
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b*

b*

c*

(a) (b)

(c) (d)

Figure 6.54: (a-c) Reconstructed three-dimensional diffraction volumes of TMP-SSZ-51 obtained from ADT data
viewed down the three main axis. (d) h0l slice cut from 3D reciprocal space; symmetry rule: k = 2n
and l = 2n in h0l zone.

A PED ADT dataset with a tilt range of ±60
o was used for crystal structure solution with direct

methods. The ab initio structure solution converged with a final residual R of 18.14%. The structure
solution delivered a well-resolved Fourier potential map (Fig. 6.55) showing not only all the atoms of
the zeolite framework but also a clear view of all atoms of the organic template.
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6.5 Organic template in SSZ-51 and SOD zeolite

a

b

a

b

(a)

(b)

Figure 6.55: Fourier potential map of TMP-SSZ-51 derived from structure solution in Sir2014 using ADT data with
the overlaid atomic framework model viewed in [100] and [001] directions, respectively. Colour of
atoms: Al (grey), P (lilac), O (red), F (green) C (black) and N (blue).

The strong maxima from 2.41 to 1.88 e−/Å3 correspond to P and Al atoms, respectively. The
following peaks for O and F atoms were detected with a scattering potential range of 1.64 down to
0.98 e−/Å3. The C and N atoms in the template were detected from a 0.94 to 0.38 e−/Å3. All the
C and N atoms in 1,2,6-trimethylpyridinium could be clearly detected from the structure solution.
The ADT method is well suited to determine a complete structure model of a microporous material
including even the atoms of weak scattering power (C, N). Only the hydrogen atoms could not
be located. Such a structure model may directly be used as a starting model for a more detailed
structure analysis.
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6 Results and discussion

Structure refinement from XRPD data

The Rietveld refinement was firstly carried out using the starting model obtained from the structure
solution based on ADT data. However, the refinement was not satisfactory. On the other side, the
observed defective fits occurred only at the first two second reflections with 2θ of 7.6◦ and 8.3◦ in the
Pawley fit with the unit parameters of TMP-SSZ-51 (Fig.6.56). Taking under consideration that this
reflection shifts to a lower diffraction angle as showing in Fig. 6.53b when the template molecules are
released from the pores. This phenomena indicates that a small part of crystals or domains do not
contain the organic template which probably results from the crystallization process. In this occasion,
these types of domains can be described with a calcined phase. The monoclinic structural model
of calcined SSZ-51 could also be directly solved from ADT data in the space group of C2/m and
was applied for the combined refinement. A combined Rietveld refinement including two phases,
TMP-SSZ-51 and calcined SSZ-51, was performed from X-ray data and converged in a R-value with
Rwp of 3.725%. The Plot of Rietveld refinement is shown in Fig. 6.57. Selected crystallographic data
are summarized in Table 6.13.

Table 6.13: Selected crystallographic data parameter of Rietveld refinement of SSZ-51.

Compound TMP-SSZ-51

Cell formula Al32P32O128F8 · C64N8H96 · (H2O)2.93

Crystal system Monoclinic

Space group (No.) C2/c

a (Å) 21.5370(5)

b (Å) 13.8795(3)

c (Å) 14.2658(3)

α = γ (o) 90

β (o) 99.889 (1)

V (Å3) 4201.1(1)

Z 8

Dcalc (Mg/m3) 2.008

T (K) 294

Radiation type CuKα1

Wavelength (Å) 1.540598

θmax (o) 50

Rp (%) 2.631

Rwp (%) 3.725

Rexp (%) 2.181

gof 1.708
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Figure 6.56: Plot of Pawley fit in the space group C2/c only with the unit cell of TMP-SSZ-51 . Observed powder
diagram (blue solid line), simulated powder diagram (red solid line), difference profile (grey solid
line), reflection positions (blue ticks). Insert: enlarged area of 2θ from 6o to 9.2o.
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Figure 6.57: Plot of Rietveld refinement of SSZ-51. Observed powder diagram (black circles), simulated powder
diagram (red solid line), difference profile (grey solid line), reflection positions (blue ticks for as-
synthesized phase and black ticks for calcined phase). Change of the scales with factor 10 is
indicated in the diagram.
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6 Results and discussion

The calcined phase content was refined by Rietveld method to 6.8(2)%. The refinement led to a
meaningful framework structure and an acceptable geometry of the organic template. All the refined
independent atoms own reasonable temperature factors.

6.5.6 Structure description of TMP-SSZ-51

The crystal structure of TMP-SSZ-51 is illustrated in Fig. 6.58. The fluorine ion not only acts as
mineralizer in the synthesis but is included in the structure of TMP-SSZ-51 generating a negatively
loaded framework. F atoms bridge two Al atoms (Al2 and Al4) in the crystal structure forming AlO4F
trigonal bipyramids. The other Al atoms (Al1 and Al3) are four-coordinated by O atoms forming
AlO4 tetrahedra. All P atoms are fourfold coordinated by O atoms with tetrahedron geometry. The Al
containing polyhedra are interconnected with PO4 groups constructing a microporous 3D framework
of zeolite type SFO [219,244]. The 2D pore system consists of wide 12-Ring channels (free diameter
ca. 7.0 Å) running along the a axis which intersect with narrow 8-ring channels (free diameter ca.
3.8 Å) (Fig. 6.58a). 1,2,6-trimethylpridinium molecules fill the straight channels limited by 12-Rings
and stack along a axis with inter-planar distances from 3.5 Å to 3.7 Å (Fig. 6.58b), which are in
the typical range of distances observed for π–π interactions (about 3.3 - 3.8 Å) [245]. The atoms of
template molecules show larger temperature factors (Biso) than the framework atoms, indicating
that the stacked organic molecule possess some free moving space. Selected bond lengths and bond
angles are listed in Table 6.14. The crystallographic data is added as a supplementary data Appendix
D in section Appendix.

d2

d1

d3

d4

(a) (b)

Figure 6.58: (a) Crystal structure of TMP-SSZ-51 with AlO4, AlO4F and PO44 polyhedron viewed along the crys-
tallographic a axis. (b) Crystal structure viewed along the crystallographic b axis. The distances
between neighbouring molecules are highlighted: d1 = 3.63 Å, d2 = 3.61 Å, d3 = 3.63 Å and d4 =
3.59 Å, respectively. H atoms are omitted for clarity.
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6.5 Organic template in SSZ-51 and SOD zeolite

Table 6.14: Selected bond lengths (Å) and bond angles (o) of SSZ-51.

Framework of SSZ-51

PO4 octahedra

P1-O4 1.503(4) P2-O16 1.505(4) P3-O5 1.519(3) P4-O2 1.510(4)

P1-O3 1.519(4) P2-O1 1.511(4) P3-O11 1.521(4) P4-O10 1.518(5)

P1-O6 1.527(4) P2-O8 1.524(4) P3-O14 1.525(4) P4-O7 1.526(4)

P1-O12 1.529(4) P2-O13 1.527(4) P3-O9 1.539(4) P4-O15 1.537(4)

AlO4 octahedra AO5 bi-pyramids

Al1-O5 1.745(4) Al3-O4 1.740(4) Al2-O1 1.788(4) Al4-O11 1.781(4)

Al1-O16 1.745(4) Al3-O10 1.751(4) Al2-O6 1.795(4) Al4-O3 1.786(4)

Al1-O7 1.754(4) Al3-O13 1.7520(4) Al2-O14 1.796(4) Al4-O2 1.792(4)

Al1-O12 1.760(4) Al3-O8 1.760(4) Al2-O9 1.806(4) Al4-O15 1.800(4)

Al2-F1 1.913(3) Al4-F1 1.923(3)

Organic SDA in SSZ-51 SSZ-51

N1-C1 1.382(5) C1-C2 1.379(6) C5-C4 1.378(6) C2-C1 1.379(6)

N1-C5 1.392(6) C1-N1 1.382(5) C5-N1 1.392(6) C2-C3 1.384(6)

N1-C6 1.494(5) C1-C7 1.483(6) C5-C8 1.501(6) C6-N1 1.494(5)

C3-C2 1.384(6) C3-C4 1.398(6) C7-C1 1.483(6) C8-C5 1.501(6)

Selected angles in SDA

C1-N1-C5 120.0(3) C2-C1-N1 120.6(4) C4-C5-N1 119.5(4) C1-C2-C3 119.5(4)

C1-N1-C6 118.0(3) C2-C1-C7 120.7(4) C4-C5-C8 119.5(4) C2-C3-C4 120.0(4)

C5-N1-C6 121.9(3) N1-C1-C7 118.6(3) N1-C5-C8 120.9(4) C5-C4-C3 120.1(4)

Until now, almost all the SSZ-51 type porous materials were synthesized using 4-dimethylamino-
pyridine (DMAP) as organic structure directing agents [219,245–247]. However, Park et al. [248] found
that 1,2,3,4-tetramethyl-imidazolium and 1,2,3,4,5-pentamethyl-imidazolium cations could also direct
the formation of aluminophosphate SSZ-51. In this work, another example is the OSD 1,2,6-
trimethylpridinium in this study. In all cases, the OSDs molecules arrange with π-π stacking
interactions leading to a rod-shaped template group in the solution. The type of template groups
direct in turn the formation of the channels in the structure during the crystallization process. The
use of such a “composite template” is quite unique when trying to synthesize microporous materials.
Typically, individual molecules/cations act as OSDAs; e.g. long chain-like molecules of a specific
thickness like e.g. 1,3-dipiperidinium-propane are used as the OSDA to direct the hydrothermal
crystallization of aluminophosphates or zeolites in such a way that structures with a pore system
comprising 12-ring channels are formed.
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6 Results and discussion

6.5.7 Organic template in PYS-SOD

The as-synthesized silica PYS-SOD was selected as a reference material and reinvestigated by electron
diffraction tomography in order to compare and study the influence of symmetry of framework on
the position of OSDs. The porous material SOD has a highly symmetric structure. As described in
literature [229,249], PYS-SOD crystallizes in a cubic system with space group I34̄m (No. 217) and the
neutral pyrrolidine molecules distribute dynamically in the cages of SOD. The crystal structure was
first analyzed in the setting of cubic crystal class. A cubic lattice could be reconstructed from ADT
data (Fig. 6.59).

b*

c*

a*

c*

a*

b*

(a) (b) (c)

Figure 6.59: Reconstructed three-dimensional diffraction volumes of PYS-SOD obtained from ADT data viewed
down the three main axse.

Structure solution was performed in space group I34̄m with lattice parameters a = b = c = 8.88 Å

and α = β = γ = 90
◦. by 3D electron diffraction data. Difference Fourier electron potential map

(Fobs-Fcal) results a spherical isosurface in the middle of the cage (Fig. 6.60a), associated with
the position of disordered template molecules. Structure refinements were carried out with
Rietveld method from XRPD data and dynamic refinement from ADT data, respectively.
The Plot of Rietveld refinement from XRPD data is shown in Fig. 6.61. The high symmetry
causes the template molecule located in the general positions with partial occupancies (Fig.
6.60b). Dynamic refinement from ADT data delivered resolved difference electron potential
map (Fig. 6.60c) and a structure model with two special positions of template atoms (Fig.
6.60d), which are comparable with single X-ray crystal structure analysis [249] (Table 6.15).
The atomic positions refined dynamically resemble the shape of the residual potential, as
visible in the cage, derived by kinematical structure solution (see Fig. 6.60a). The symmetry
of framework and the low symmetry of pyrrolidine molecule enforce the template to locate
in the cage with a dynamical distribution. Therefore, the special positions from dynamic
refinement and single crystal structure analysis only represent a dynamic statistic locations
for the template atoms with a higher overlap probability.
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6.5 Organic template in SSZ-51 and SOD zeolite

(a) (b)

(c) (d)

Figure 6.60: (a) Crystal structure with difference Fourier potential map (green) of PYS-SOD derived from struc-
ture solution in SIR2014. (b)Crystal structure refined with Rietveld method with partly occupied
pyrrolidine molecule. (c) Crystal structure with difference Fourier potential map (yellow) of PYS-SOD
derived from dynamic structure refinement in Jana2006. (d) Crystal structure from dynamic refine-
ment with partly occupied atoms of pyrrolidine molecule. All structures are viewed down [111] zone.
H atoms are omitted for clarity. O atom in red , Si atom in light yellow.

Table 6.15: Atomic coordination and occupation parameter of partial atoms for pyrrolidine molecule in PYS-SOD
refined from single single crystal x-ray diffraction data and ADT data.

Single X-ray crystal structure analysis (Wertmann et al. [249])

x x x Occupation

C1 0.081 0.081 0.081 0.63

C1 0.081 0.081 0.081 0.63

C2 0 0 0.154 0.42

C3 0.086 0.086 0.105 0.20

Structure analysis by dynamic refinement from ADT data

x x x Occupation

C1 0.090 0.090 0.090 0.89

C2 0 0 0.159 0.32
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6 Results and discussion

Figure 6.61: Plot of Rietveld refinements of PYS-SOD in different crystal lattices. Observed powder diagram
(black circles), simulated powder diagram (red solid line), difference profile (grey solid line), and
reflection positions (blue ticks). Change of the scale with factor 5 is indicated in each diagram.

Table 6.16: Selected parameters of Rietveld refinements in different crystal systems of PYS-SOD.

Crystal system Cubic Rhombohedral Triclinic Monoclinic

Space group (No.) I34̄m (217) R3 (146) P1 (1) Cm (8)

a (Å) 8.8801(1) 7.6915(4) 7.6861(7) 8.8763(6)

b (Å) 8.8801(1) 7.6915(4) 7.69412(6) 12.5619(8)

c (Å) 8.8801(1) 7.6915(4) 7.6985(6) 7.6904(6)

α (o) 90 109.483(4) 109.523(5) 90

β (o) 90 109.483(4) 109.576(7) 125.248(8)

γ (o) 90 109.483(4) 109.391(5) 90

V (Å3) 700.24(2) 350.12 (7) 350.15(6) 700.30(11)

Rp (%) 5.321 6.083 6.692 5.585

Rwp (%) 6.877 7.871 9.060 7.511

Rexp (%) 4.617 4.600 4.589 4.611
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6.5 Organic template in SSZ-51 and SOD zeolite

In order to increase the freedom for template molecule, symmetry reduction was taken
into account for further analysis. The relationship between space group I34̄m and its possible
subgroups including corresponding unit cells are shown in Fig. 6.62. The structure solutions
in all subgroups (even in P1 in a pseudo-rhombohedral crystal system) delivered a nice
sodalite framework and some extra potentials in the middle of SOD cages. After running
dynamic refinements, no resolved position for template atoms could be observed in the
middle of SOD cage. On the other hand, the Rietveld refinements in the subgroups (Table
6.16) show worse fits than the refinement in the setting of cubic lattice. It must be noted that
the monoclinic (Cm) and triclinic (P1, pseudo-rhombohedral) settings allow the template
molecule to locate in all SOD cages with the same orientation. The defective fits in space
groups Cm and P1 indicate that the position of template molecules cannot be described
using one definite orientation but indeed in dynamic distribution in SOD cages, confirming
the correctness of a cubic lattice.

a

b

c

Cubic lattice
I43m (No.217)

a

b

Rhombohedral lattice
R3m (No.160)

a

b

c

Monoclinic lattice
Cm (No.8)

-1   1   0
 0   -1     1 
¹⁄�  ¹⁄�  ¹⁄� 

-1  -1   0
 1         -1       0 
 1      1       1

Figure 6.62: Possible translationsgleiche subgroups of SOD starting from I34̄m (No. 217) by reducing crystal
class with corresponding unit cell and transformation matrix. O atom in red , Si atom in light yellow.

In comparison with the ordered template position in SSZ-51 framework with a monoclinic
symmetry, the organic template molecule locates with a dynamic ordered orientation in the
pore of SOD framework with a higher symmetry. It indicates that the template molecules
could not change the symmetry of the whole structure and the symmetry of the framework
decides the orientation of the template molecules.

6.5.8 Summary

In this work, a new as-synthesized aluminophosphate SSZ-51 was prepared and investigated
by thermogravimetric analysis, solid-state NMR, XRPD and TEM technique. The structural
characterization was performed with electron diffraction tomography and XRPD. The
symmetry of framework shows an influence on the arrangement of SDAs. The organic SDA
locates in monoclinic SSZ-51 with an ordered arrangement whereas the SDA distributes
with a dynamic ordered orientation (disordered distribution) in high symmetric SOD.
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6 Results and discussion

6.6 Metal atom in the pore of CHA zeolite

Dynamical Refinement

ADT

Cu Containing?

H-CHA Cu-CHA

NO YES

Cu position in dehydrated CHA zeolite determined by dynamical refinement using ADT data

The structural investigation of chabazite (CHA) zeolites is a sub-project of INCOE (Interna-
tional Network of Centers of Excellence) project coordinated by BASF SE, Ludwigshafen
Germany. The Cu-chabazite (Cu-CHA) zeolite was studied in comparison to a reference
material without metal-containing zeolite H form chabazite (H-CHA). The water molecules
were removed by heating at 400 °C in high vacuum condition to gain dehydrated phases.
The location of Cu ions in Cu-CHA, as the active sites in the catalytic reaction, was diffi-
cult/impossible to detect directly using XRPD approach. Electron diffraction tomography
was applied to confirm/detect the position of Cu atoms in dehydrated Cu-CHA on the basis
of the method of dynamical refinements. The results are in preparation for publishing. The
experimental details are summarized in section 5.6.
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6.6.1 General information
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Figure 6.63: (a) XRPD of hydrated Cu-CHA with Kα1 radiation; (b) STEM image of single Cu-CHA crystal; (c) TEM
image of H-CHA paricles; (d) DTA-TG curve of Cu-CHA.

H-CHA and Cu-CHA zeolites consist of cubic crystals. They are electron beam stable under
mild dose condition. The high crystallinity of Cu-CHA was confirmed by XRPD data (Fig.
6.63a) and discrete electron diffraction pattern. The water molecules release from the cages
of CHA with the increasing temperature up to 350 °C. The weight loss is 14.65 wt% as
observed in thermogravimetric (TG) curve (Fig.6.63d). Element analysis base on inductively
coupled plasma (ICP) technique indicated 6.0 wt% Cu in Cu-CHA zeolite.
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6 Results and discussion

6.6.2 Structure solution

The crystal structures were solved in the space group R3 from the reflection data extracted
by the program PETS. The hexagonal lattice parameters, a = b = 13.569 Å, c = 14.840 Å, α = β

= 90°, γ = 120° for dehydrated H-CHA and a = b = 13.472 Å, c = 15.132 Å, α = β = 90°, γ =
120° for dehydrated Cu-CHA, were used for the structure solutions and refinements. Both
structure solutions delivered well-resolved electron potential maps (Fig. 6.64) and a good
structural model with all Si and O atoms of the framework. In addition, an extra potential
was only observed over the six-member ring (6-MR) in the pore of H-CHA (marked with
a lilac circle in Fig. 6.64a) while another extra potential located in the middle of 6-MR
in Cu-CHA (marked with a lilac circle in Fig. 6.64b). Since the water were removed by
heating at a high vacuum, we could exclude that the extra potentials were caused by water
molecules.

a

c

a

c
H-CHA Cu-CHA

(a) (b)

Figure 6.64: Potential maps from structure solutions of CHA zeolites viewed along the b axis. The extra observed
potentials were marked with lilac circles. Potential in yellow, Si atom in blue and O atom in red.

6.6.3 Kinematical refinement

In order to distinguish the observed extra potentials, kinematical refinements were per-
formed using isotropic atomic displacement parameters (ADPs) from the same electron
diffraction datasets. The refinements converged at R1 of 29.34% for H-CHA and 34.77%
for Cu-CHA (Table 6.17), respectively. The residuals are plotted in the difference electron
potential maps (Fig. 6.65) using a 4σ(∆V) threshold. Note that σ is the standard deviation.
Similar to the structure solution, the residual potentials were observed over the 6-MR in
the pore of H-CHA and in the 6-MR of Cu-CHA. No other additional residual potential
was observed. The structural models remained stable after the refinements. The observed
residual potentials of both materials still remained after kinematical refinement.
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6.6 Metal atom in the pore of CHA zeolite

a

c
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c
H-CHA Cu-CHA

(a) (b)

Figure 6.65: Difference potential maps from kinematical refinements of CHA zeolites viewed along the b axis.
Isosurface levels are 4σ(∆V). Residual potential in yellow, Si atom in blue and O atom in red.

Table 6.17: Parameters of kinematical and dynamical structure refinements in JANA2006 for CHA zeolites.

Parameter max(∆V) (e/Å) σ(∆V) (e/Å) R1 (%) Res.* Formula

H
-C

H
A kin. ref. (iso.) 2.41 0.498 29.34 yes Si36O72

dyn. ref. (iso.) 0.60 0.148 13.01 no Si36O72

dyn. ref. (aniso.) 0.60 0.143 11.44 no Si36O72

C
u-

C
H

A kin. ref. (iso.) 6.21 0.597 34.77 yes Si36O72

dyn. ref. (iso.) 4.98 0.305 19.73 yes Si36O72

ref. with Cu (iso.) 0.62 0.191 15.15 7 Si36O72Cu2.97

ref. with Cu (aniso.) 0.56 0.147 11.38 7 Si36O72Cu2.63

*Referred to as residual Coulomb potential in this work.

6.6.4 Dynamical refinement

As described in the literature of Bowden et al. [62], the kinematical approximation often
delivers unreliable result and the additional potential maximum can serve as a kind of
artefact. Dynamical refinements with isotropic ADPs were performed in order to confirm
the presence of the residual potentials. The refinements delivered stable frameworks and
converged at much lower R1 values of 13.01% for H-CHA and 15.15% for Cu-CHA (Table
6.17). There was no residual potential observed over the 6-MR in the dynamical refinement
of H-CHA whereas the extra potential was still clearly visible in 6-MR of Cu-CHA (Fig.
6.66). The further dynamical refinement with anisotropic ADPs delivered better temperature
factors for H-CHA. The R1 reduced from 19.73% to 15.15% after inputting Cu atom to the
site of residual potential maximum in the dynamical refinement of Cu-CHA using isotropic
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6 Results and discussion

ADPs. The refined occupancy of Cu atom is 49.45% in Cu-CHA which is corresponding
to 8.0wt% in Cu-CHA and 2.97 Cu atom in a hexagonal unit cell. Further refinement with
anisotropic ADPs resulted in a much lower R1 of 11.38% and stable structural model with a
43.81% occupied Cu atom, corresponding with 7.17 wt% of Cu-CHA and 2.63 atom in one
unit cell.
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c
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c
H-CHA Cu-CHA

(a) (b)

Figure 6.66: Difference potential maps from dynamical refinements of CHA zeolites viewed along the b axis.
Isosurface levels are 4σ(∆V). Residual potential in yellow, Si atom in blue and O atom in red.

6.6.5 Discussion

After the application of the approach of dynamical refinement, no additional potential
remained in dehydrated H-CHA and the residual potential indicated the site of Cu atom
in dehydrated Cu-CHA. Furthermore, R1 values reduced dramatically after taking the
dynamical effect into account. The results were agreement with the fact of the presence
of Cu in Cu-CHA and confirmed partially occupied Cu atom in the 6-MR of dehydrated
Cu-CHA. The refinements of both materials stayed stably even using anisotropic ADPs,
leading to reasonable and positive values of temperature factor for all atoms Uani (Table
6.18). The refinement process converged finally to produce meaningful structure models
(Fig. 6.67) with reasonable bond lengths and bond angles as summarized in Table 6.19. The
Cu atom was confirmed to locate in the middle of 6-MR with threefold coordination with O
atoms with a good geometry (Cu-O bond distance of 2.102 Å and O-Cu-O bond angle of
118.85°). The crystallographic cif-data are attached in the supplementary data Appendix E in
section Appendix.
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6.6 Metal atom in the pore of CHA zeolite

a

c

b

a

(a) (b)

Figure 6.67: (a) Crystal structure of Cu-CHA viewed along the b axis. (b) Structural segment of single 6 member
ring with Cu atom viewed along the a axis. Si atom in blue, O atom in red and Cu in yellow.

Table 6.18: Temperature factors Uani (Å2) in the refined structures of CHA zeolites.

Si1 Si2 O1 O2 O3 O4 Cu1

H-CHA 0.0190 0.0186 0.0460 0.0386 0.0482 0.0453 7

Cu-CHA 0.0131 0.0144 0.0623 0.0454 0.0337 0.0403 0.0412

Table 6.19: Selected bond lengths (Å) and bond angles (°) of dehydrated dehydrated CHA zeolites.

H-CHA Cu-CHA

Bo
nd

le
ng

th
s

(Å
) Si1-O2 1.5925 Si2-O4 1.5921 Si1-O1 1.6265 Si2-O1 1.5946

Si1-O3 1.6116 Si2-O2 1.6006 Si1-O2 1.6637 Si2-O2 1.6751

Si1-O4 1.6132 Si2-O3 1.6056 Si1-O3 1.5954 Si2-O3 1.6141

Si1-O1 1.6215 Si2-O1 1.6324 Si1-O4 1.5946 Si2-O4 1.5888

Cu1-O2 2.1016

Bo
nd

an
gl

es
(°

)

O2-Si1-O3 110.088 O4-Si2-O2 108.573 O4-Si1-O3 110.988 O4-Si2-O1 109.231

O2-Si1-O4 108.845 O4-Si2-O3 108.638 O4-Si1-O1 109.018 O4-Si2-O3 110.597

O2-Si1-O1 109.002 O4-Si2-O1 111.060 O4-Si1-O2 112.653 O4-Si2-O2 112.806

O3-Si1-O4 108.465 O2-Si2-O3 109.907 O3-Si1-O1 110.501 O1-Si2-O3 110.579

O3-Si1-O1 109.417 O2-Si2-O1 109.179 O3-Si1-O2 109.607 O1-Si2-O2 104.855

O4-Si1-O1 111.015 O3-Si2-O1 109.469 O1-Si1-O2 103.852 O3-Si2-O2 108.635

O2-Cu1-O2 118.845
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6 Results and discussion

In this work, the residual potential over 6-MR could be observed not only from the
structure solution but also from the kinematical refinement of dehydrated H-CHA. It is
well-known that the dynamical diffraction effect occurs in electron diffraction data. Hence,
the structure investigation based on kinematical approximation could not deliver unbiased
structural model and are was not suitable for detecting a partial occupied Cu atom in our
case. Finally it was confirmed by dynamical refinement of H-CHA that the additional
potential maximum was artefact caused by the application kinematical approximation.
Similar phenomenon happened also in the kinematical refinement of a silicide phase using
electron diffraction data reported by Bowden et al. [62]. In kinematical approximation,
it is assumed that the reflection intensity (I) derived from electron diffraction data is
proportional to the amplitude square of structure factor (F2

hkl). [139] However, the orientation
and thickness of the measured crystal are additionally taken into account in the dynamical
diffraction theory [66,139]. The consideration of dynamical diffraction effect produced a
dramatic reduction of R1 values for both materials.

6.6.6 Summary

Cu-CHA was heated at 400 °C in high vacuum condition in TEM in order to remove water
molecules. The position of Cu atom in dehydrated Cu-CHA was successfully detected and
quantitatively determined with dynamical refinements of ADT data. In comparison with
H-CHA, the extra potential in the middle of 6-MR indicated the location of Cu atom.
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7 Conclusion

In this dissertation detailed structure analyses of nanocrystalline solids at an atomic resolu-
tion was performed. Apart from aluminium borate (Al4B2O9) as a ceramic material several
microporous materials (metal-organic frameworks and zeolites) have been investigated, al-
ready used industrially or with a perspective for future application. The projects foci, some
carried out on the basis of advanced measurement conditions (low electron dose, low or
high temperature), were set on the elucidation of complicated structural features, including
ab initio structure solution of material with extra-large unit cell, structure determination of
a polyphasic sample, elucidation of strong disordered crystal structures, detection of the
position of organic molecules in zeolites, confirmation of the position of partially occupied
metal atoms in a zeolite catalyst. The main applied technique was automated electron
diffraction tomography (ADT), developed within the last decade, allowing for the automatic
acquisition and reliable evaluation of three-dimensional electron diffraction data from single
crystals, even on a nanometre-scale. To realize unbiased results, the structural characteriza-
tion was supported by other approaches such as high-resolution TEM imaging (HRTEM or
HAADF-STEM), X-ray powder diffraction (XRPD), solid-state NMR and thermal analysis
(DTA/TG or DSC/TG). The beam sensitivity of the investigated compounds reached from
stable inorganic ceramics Al4B2O9 to highly beam sensitive MOFs and zeolites.

1. Ab initio structure solutions of beam sensitive metal-organic frameworks

In this work, the crystal structures of two new Zr-MOFs, CAU-27-BDC and Zr-CAU-30,
both exhibiting needle-like nano-sized crystals, were determined using electron diffraction
tomography and refined subsequently on X-ray powder diffraction data. This class of
materials is highly electron beam sensitive rendering data acquisition had to be performed
under sample cooling with a cryo-holder. CAU-27-BDC crystallizes in a unit cell with a
volume of 4232 Å3. Due to the large large unit cell of Zr-CAU-30, with a volume larger than
15000 Å3, overlapping peaks and limited number of reflections, XRPD methods were not
applicable for reliable crystal structure determination.

ADT data delivered body-centred tetragonal unit-cells in space groups I4/mcm and
I41/acd, respectively. Ab initio structure solution resulted in a complete and reasonable
structural model. The refinement of the CAU-27-BDC crystal structure was possible with
Rietveld-method against XRPD data. Because Zr-CAU-30 (as-synthesized phase) exhibits
a large amount of water molecules in the channels, it was challenging to refine the crystal
structure against XRPD data thus the crystal structure of the dehydrated phase was refined
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7 Conclusion

based on the structure model of as made phase from XRPD data. Transmission electron
microscopic images for the elucidation of further structural details, accessible only through
the application of a low-dose holographic routine, confirmed both crystal structures.

2. Structure determination of a new type zeolite in polyphasic sample/Confirmation of
the metal atom in the framework

The structural characterization of a zinc-containing porous material is given in this work.
As a novel zeolite type, the framework of THK-2 was elucidated by a combination of electron
diffraction tomography, X-ray powder diffraction and HRTEM from a phase mixture with
impure MTW zeolite. Since ADT, providing 3D reciprocal data, focuses on data collection
from a single nano crystal this method is suitable to collect the crystallographic information
of nano crystals distinguished by morphology. After indexing the reconstructed ADT data,
the phases in the sample could be identified as a new phase of THK-2 (needle-liked crystals)
and the known zeolite MTW (spherical particles). The structure was solved with direct
methods from ADT data and finally refined with Rietveld methods against XRPD data.
The position of the Zn atom is the centre of a disordered ZnO4 tetrahedron with a partial
occupancy of 0.2806. Quantitative refinement also confirmed a chemical composition of
82.35 wt% THK-2 and 17.65% MTW. HRTEM images viewed along [110] and [001] show
the atomic details, which are consistent with the determined structure, confirming the final
crystallographic data. The reliable structure solution of THK-2 indicates that ADT is the
optimal method for structural characterization of samples containing phase mixtures.

3. Explanation of order-disorder phenomena in the crystal structure of Al4B2O9

Aluminium borate Al4B2O9, synthesized in a sol-gel approach, comprises of needle-like
nanocrystals. Based on the crystal structure of synthetic Al4B2O9 verified in the monoclinic
space group C2/m by electron diffraction tomographic data the focus of investigation was
set on the observed order and disorder phenomena even occurring in the same crystal.

The crystal structure, later considered as the average structure, was determined from
ADT data of an ordered crystal domain, where no diffuse scattering was observed. The ab
initio structure solution delivered a well-resolved electron potentials map and a chemically
meaningful model. High resolution techniques, HRTEM and HAADF-HRSTEM imaging,
were utilized to verified reliable structure determination of the ordered Al4B2O9. The
observed diffuse scattering in the modulated diffraction patterns acquired from disordered
domains/crystals indicates a mean superstructure with a threefold b axis. The crystal defects
are caused by the stacking disorder of the ordered structure (Layer A) and a shifted model
(Layer B: ½a and ½c shifts of layer A). Several superstructures were modelled based on the
layers A and B and corresponding electron diffraction patterns were calculated. With a main
AAB sequence including random inserts of A and B layers, simulated diffraction patterns
involving additional stacking disorder illustrate a good agreement with experimental data.
After analysing the ordered and disordered structure in a reliable way, the structural
characteristic of Al4B2O9 could be described completely. As the disorder occurs in mullite-
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type compounds frequently, the described combined approach may deliver a helpful strategy
to study and explain the order and disorder structure in other mullite-type materials. In
this work the approach was applied to a series of disordered zeolites.

4. Elucidation of disordered structure in zeolite

M-IEZ-RUB-36 comprises of a series of zeolite catalysts which are plate-like micrometre-
sized crystals. Due to the difficulties in the structural analysis with XRPD, the structures of
Zn-IEZ-RUB-36 and Ti-IEZ-RUB-36 were characterized by ADT technique. Strong diffuse
streaks indicating disorder were detected and confirmed as stacking faults along the crystal-
lographic a axis by reconstructed ADT data. The average crystal structures were solved in
space group Immm for Zn-IEZ-RUB-36 and Bbmm for Ti-IEZ-RUB-36 directly from ADT data.
Evaluation of 3D reciprocal space reveals a preferred layer stacking sequence of •••ABAB•••
for Zn-IEZ-RUB-36 and •••AAA••• for Ti-IEZ-RUB-36. Additional disorder results from
intercalation of layer C with metal atoms. Superstructures were modelled with various
sequences in the software package DISCUS. Observed diffuse streaks were explained by
simulation of electron diffraction patterns. The type of layer shift, the stacking sequence and
the influence of metal atoms resulted in the disorder in the interlayer expansion reactions. It
also revealed that the Ti atom replaces the Si atom in T-site much easier than Zn atom. As
the occupancy of T-sites could not be exactly determined and the placement of metal atom
in T-sites is also not clear, we could describe the disorder of M-IEZ-RUB-36 materials only
qualitatively. The understanding of the structures details of M-IEZ-RUB-36 zeolite catalysts
is essential to rationalize the excellent catalytic activity of the materials and to envisage
possible modifications to improve the performance.

5. Determining the position of organic molecule in zeolites

In the study, as made aluminophosphate SSZ-51 was prepared with a novel organic
template 1,2,6-trimethylpyridinium (TMP) and its calcination process was investigated by
thermogravimetric analysis and temperature-dependent XRPD. Solid-state C-13 NMR spec-
troscopy was used to confirm the existence of organic templates inside the porous materials
SSZ-51 and SOD. The crystal structure determinations were elucidated by a combination of
single crystal electron diffraction and X-ray powder diffraction. The application of electron
diffraction tomography on detecting the position of organic templates in inorganic as made
porous materials was carried out based on the study of a new aluminophosphate TPM-SSZ-
51 and the reinvestigation of reference sample silicate sodalite PYS-SOD. Structure analysis
shows an ordered template position in monoclinic SSZ-51 and a dynamic ordered position
in cubic SOD, which indicates that the probability to determine a definite template position
is much higher with the appearance of low symmetric framework and high symmetric
template molecules. The study shows that electron diffraction tomography, especially for a
fast data acquisition from single nanosized crystals, can serve as a reliable and applicable
method to determine the position of organic template in inorganic porous materials and can
be further applied for the structural elucidation of new porous materials.
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7 Conclusion

6. Detecting the position of metal atom in zeolite

Cu-chabazite (Cu-CHA) zeolite was investigated with a reference material H-CHA using
electron diffraction tomography in order to confirm the Cu position in dehydrated phase.
Cu-CHA consists of homogeneous cubic crystals with a diameter of about 600 nm. The
dehydration was realized by heating in vacuum of TEM at 400

◦C for 2 h. Cu-CHA is zeolite
catalyst for selective catalytic reduction (SCR) in which Cu atoms are catalytic active sites.
Structure solutions from ADT data delivered well-resolved electron potential maps with
all framework atoms and additional potentials for both materials. Difference electrostatic
potential maps from kinematic structure refinements show the extra potential above the
6-member ring (MR) in dehydrated H-CHA but in the 6-MR in dehydrated Cu-CHA. Taking
into account the dynamic effect of electron diffraction data, dynamical refinements were
introduced to distinguish the observed extra potentials in the pores. Successful dynamical
refinements identified the existence of the observed potentials in the 6-MR in dehydrated
Cu-CHA and delivered reasonable bond lengths and angles. The refined Cu occupancy of
43.81%, in accordance with 7.17 wt%, is comparable with the value from element analyse
(about 6.0 wt% from ICP).

In summary, the structural characterizations of different microporous crystalline mate-
rials, all exhibiting problems for structure analysis by X-ray powder diffraction, could be
performed with the application of electron diffraction tomography method, and confirmed
with other techniques such as HRTEM and XRPD. Based on the investigation of the electron
beam stable but disordered material Al4B2O9 it was possible to deliver a deeper insight into
disorder effects in zeolites. Other objectives including not only crystal structure determina-
tion of new frameworks but also the atomic arrangement of a guest molecule/ion are the
location of metal atoms in the framework or in the cavities as well as the determination of
the position of organic molecules in the pores.

In this dissertation, the studies cover almost all structural features of microporous mate-
rials – atomic arrangement of framework atoms and guest molecule/ion in the pose and
contribute the referential experience upon the structural investigation of porous materials.
The detailed structural characterization gives clear insights into the chemical and physical
properties, which further enables to optimize industrial applications and to design new
types of functional materials. The utilization of electron diffraction tomography allows to
investigate porous materials with respect to e.g. explanation for the intergrowth of zeolites,
the determination of the metal atom position with larger radius in SCR zeolite catalysts (e.g.
Y-CHA) in the future. The technique of electron diffraction tomography has shown its power
on the structural investigation of nanosized materials with crystallographic challenges in
the case of structures with large unit cells, disorder, superstructures, pseudosymmetry, low
crystallinity and for impure or multiphase samples. It can be applied to a wide field of open
questions in the field of structure analysis and has the potential to develop into a standard
method in the research for material science and related fields.
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M. Chiara Domeneghetti, Fernando Cámara, and Václav Petříček. Structure refinement
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Appendix A: Supplementary data for Al4B2O9

A1 Front cover paper of reseached project Al4B2O9

Front cover for this issue. Zhao et al. "Elucidating structural order and disorder phenomena in mullite-type
Al4B2O9 by automated electron diffraction tomography" in "Journal of Solid State Chemistry", 249 (2017), page:
114-123. Doi: 10.1016/j.jssc.2017.02.023.
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A2 Crystallographic data of ordered Al4B2O9

data_shelx

_audit_creation_method ’SHELXL-2014/7’
_shelx_SHELXL_version_number ’2014/7’
_chemical_name_systematic ?
_chemical_name_common ?
_chemical_melting_point ?
_chemical_formula_moiety ?
_chemical_formula_sum
’Al4 B2 O9’

_chemical_formula_weight 273.54

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
’B’ ’B’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’O’ ’O’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’
’Al’ ’Al’ 0.0000 0.0000
’International Tables Vol C Tables 4.2.6.8 and 6.1.1.4’

_space_group_crystal_system monoclinic
_space_group_IT_number 12
_space_group_name_H-M_alt ’C 2/m’
_space_group_name_Hall ’-C 2y’

_shelx_space_group_comment
;
The symmetry employed for this shelxl refinement is uniquely defined by the following
loop, which should always be used as a source of symmetry information in preference to
the above space-group names. They are only intended as comments.
;

loop_
_space_group_symop_operation_xyz
’x, y, z’
’-x, y, -z’
’x+1/2, y+1/2, z’
’-x+1/2, y+1/2, -z’
’-x, -y, -z’
’x, -y, z’
’-x+1/2, -y+1/2, -z’
’x+1/2, -y+1/2, z’

_cell_length_a 14.8130(10)
_cell_length_b 5.5418(3)
_cell_length_c 15.0593(9)
_cell_angle_alpha 90
_cell_angle_beta 90.930(2)
_cell_angle_gamma 90
_cell_volume 1236.07(13)
_cell_formula_units_Z 8
_cell_measurement_temperature 293(2)
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_cell_measurement_reflns_used ?
_cell_measurement_theta_min ?
_cell_measurement_theta_max ?

_exptl_crystal_description ?
_exptl_crystal_colour ?
_exptl_crystal_density_meas ?
_exptl_crystal_density_method ?
_exptl_crystal_density_diffrn 2.940
_exptl_crystal_F_000 375
_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?
_exptl_crystal_size_max ?
_exptl_crystal_size_mid ?
_exptl_crystal_size_min ?
_exptl_absorpt_coefficient_mu 0.000
_shelx_estimated_absorpt_T_min ?
_shelx_estimated_absorpt_T_max ?
_exptl_absorpt_correction_type ?
_exptl_absorpt_correction_T_min ?
_exptl_absorpt_correction_T_max ?
_exptl_absorpt_process_details ?
_exptl_absorpt_special_details ?
_diffrn_ambient_temperature 293(2)
_diffrn_radiation_wavelength 0.0197
_diffrn_radiation_type ?
_diffrn_source ’electron’
_diffrn_measurement_device_type ’FEI Tecnai F30 ST’
_diffrn_measurement_method ’electron precession and ADT’
_diffrn_reflns_number 4602
_diffrn_reflns_av_unetI/netI 0.1360
_diffrn_reflns_av_R_equivalents 0.2035
_diffrn_reflns_limit_h_min -18
_diffrn_reflns_limit_h_max 18
_diffrn_reflns_limit_k_min -6
_diffrn_reflns_limit_k_max 6
_diffrn_reflns_limit_l_min -18
_diffrn_reflns_limit_l_max 18
_diffrn_reflns_theta_min 0.037
_diffrn_reflns_theta_max 0.705
_diffrn_reflns_theta_full 0.677
_diffrn_measured_fraction_theta_max 0.976
_diffrn_measured_fraction_theta_full 0.975
_diffrn_reflns_Laue_measured_fraction_max 0.976
_diffrn_reflns_Laue_measured_fraction_full 0.975
_diffrn_reflns_point_group_measured_fraction_max 0.976
_diffrn_reflns_point_group_measured_fraction_full 0.975
_reflns_number_total 1365
_reflns_number_gt 1239
_reflns_threshold_expression ’I > 2\s(I)’
_reflns_Friedel_coverage 0.000
_reflns_Friedel_fraction_max .
_reflns_Friedel_fraction_full .

_reflns_special_details
;
Reflections were merged by SHELXL according to the crystal class for the
calculation of statistics and refinement.
_reflns_Friedel_fraction is defined as the number of unique Friedel pairs
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measured divided by the number that would be possible theoretically,
ignoring centric projections and systematic absences.
;

_computing_data_collection ’ADT’
_computing_cell_refinement
_computing_data_reduction ?
_computing_structure_solution ’SIR2014’
_computing_structure_refinement ’SHELXL-2014/7 (Sheldrick, 2014)’
_computing_molecular_graphics ?
_computing_publication_material ?
_refine_special_details ?
_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details
’w=1/[\s^2^(Fo^2^)+(0.1000P)^2^] where P=(Fo^2^+2Fc^2^)/3’
_atom_sites_solution_primary ?
_atom_sites_solution_secondary ?
_atom_sites_solution_hydrogens .
_refine_ls_hydrogen_treatment undef
_refine_ls_extinction_method none
_refine_ls_extinction_coef .
_refine_ls_number_reflns 1365
_refine_ls_number_parameters 77
_refine_ls_number_restraints 39
_refine_ls_R_factor_all 0.3599
_refine_ls_R_factor_gt 0.3434
_refine_ls_wR_factor_ref 0.6491
_refine_ls_wR_factor_gt 0.6346
_refine_ls_goodness_of_fit_ref 4.454
_refine_ls_restrained_S_all 4.608
_refine_ls_shift/su_max 0.849
_refine_ls_shift/su_mean 0.225

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy

Al1 Al 0.8627(8) 0.0000 0.3351(8) 0.018(3) Uiso 1.00
Al2 Al 0.8094(10) 0.0000 0.1556(9) 0.029(3) Uiso 1.00
Al3 Al 0.5732(11) 0.0000 0.0729(11) 0.033(4) Uiso 1.00
Al4 Al 0.6699(11) 0.0000 0.3426(10) 0.030(4) Uiso 1.00
Al5 Al 0.0007(4) 0.7411(13) 0.2425(5) 0.010(2) Uiso 1.00
Al6 Al 0.2500 0.2500 0.0000 0.024(3) Uiso 1.00
Al7 Al 0.2500 0.2500 0.5000 0.029(3) Uiso 1.00
B1 B 0.1029(16) 0.0000 0.1078(16) 0.010(5) Uiso 1.00
B2 B 0.3762(14) 0.0000 0.1144(14) 0.042(9) Uiso 1.00
B3 B 0.1252(2) 0.0000 0.3708(2) 0.036(8) Uiso 1.00
B4 B 0.3874(16) 0.0000 0.3880(17) 0.021(6) Uiso 1.00
O1 O 0.7618(14) 0.0000 0.2670(12) 0.033(5) Uiso 1.00
O2 O 0.7873(14) 0.0000 0.4338(12) 0.037(5) Uiso 1.00
O3 O 0.9180(14) 0.0000 0.2233(12) 0.031(5) Uiso 1.00
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O4 O 0.9219(8) 0.7120(2) 0.3560(8) 0.021(3) Uiso 1.00
O6 O 0.3190(9) 0.0000 0.4507(10) 0.010(3) Uiso 1.00
O7 O 0.8183(8) 0.7049(2) 0.1041(8) 0.023(3) Uiso 1.00
O8 O 0.6965(12) 0.0000 0.0578(12) 0.022(4) Uiso 1.00
O9 O 0.0679(8) 0.7774(3) 0.1367(9) 0.022(3) Uiso 1.00
O10 O 0.4431(13) 0.0000 0.0485(13) 0.035(5) Uiso 1.00
O11 O 0.6611(9) 0.2822(3) 0.4047(10) 0.031(3) Uiso 1.00
O12 O 0.5746(11) 0.0000 0.2763(12) 0.020(4) Uiso 1.00
O13 O 0.4255(10) 0.0000 0.1950(10) 0.015(3) Uiso 1.00
O14 O 0.0691(13) 0.0000 0.3023(12) 0.023(4) Uiso 1.00
O15 O 0.8341(11) 0.0000 0.9615(11) 0.018(4) Uiso 1.00

A3 List of selected bond distances (Å) and angles (°) of Al4B2O9

----------------------------------------------------------------------------------------
AlO5 bi-pyramids or AlO4 groups

--------------------------------
Al1-O1 1.821(32) Al2-O1 1.643(38) Al3-O8 1.860(33) Al4-O1 1.803(34)
Al1-O2 1.792(33) Al2-O3 1.788(39) Al3-O9 2x1.850(21) Al4-O2 2.216(32)
Al1-O3 1.858(47) Al2-O7 2x1.828(21) Al3-O10 1.749(35) Al4-O11 2x1.819(21)
Al1-O4 2x1.844(18) Al2-O8 2.328(36) Al3-O10 2.005(30) Al4-O12 1.667(33)
Mean 1.832 1.883 1.863 1.923

--------------------------------
AlO6 octahedra
Al5-O3 1.922(23) Al6-O7 2x1.878(19) Al7-O2 2x1.862(19)
Al5-O4 2.083(22) Al6-O8 2x1.758(18) Al7-O6 2x1.906(15)
Al5-O9 1.926(23) Al6-O15 2x1.975(13) Al7-O11 2x1.994(18)
Al5-O12 1.806(21) Mean 1.870 Mean 1.921
Al5-O13 1.884(18)
Al5-O14 1.945(19)
Mean 1.928

--------------------------------
BO3 triangles and BO4 tetrahedra
B1-O9 2x1.390(21) O9-B1-O15 2x118.8(8) B3-O11 2x1.378(38) O11-B3-O14 2x116.2(7)
B1-O15 1.374(36) O9-B1-O9 122.3(10) B3-O14 1.377(22) O11-B3-O11 122.5(9)
Mean 1.385 1.378

B2-O7 2x1.427(37) O7-B2-O10 109.7(7) B4-O4 2x1.392(23) O4-B4-O6 2x120.2(7)
B2-O10 1.446(21) O13-B2-O7 111.2(7) B4-O6 1.375(19) O4-B4-O4 117.5(9)
B2-O13 1.439(33) O13-B2-O10 105.1(20) Mean 1.386
Mean 1.439 O7-B2-O7 109.8(9)

----------------------------------------------------------------------------------------
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Appendix B: Supplementary data for Zr-MOFs

B1 Crystallographic data of dehydrated Zr-CAU-30

data_Zr-CAU-30
_audit_block_doi 10.5517/ccdc.csd.cc1zh5rd
_database_code_depnum_ccdc_archive ’CCDC 1831844’
loop_
_citation_id
_citation_doi
_citation_year
1 10.1039/C8SC01533C 2018
_audit_update_record
;
_chemical_name_mineral Zr-CAU-30
_cell_length_a 44.7776(58)
_cell_length_b 44.7776(58)
_cell_length_c 7.6581(39)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 90
_cell_volume 15354.7(87)
_cell_formula_units_Z 8
_symmetry_space_group_name_H-M I41cd
_symmetry_cell_setting tetragonal
_symmetry_int_tables_number 110
_symmetry_space_group_name_Hall I4bw-2c

loop_
_symmetry_equiv_pos_as_xyz
’-x+1/2, -y+1/2, z+1/2’
’-x+1/2, y+1/2, z’
’-y, x+1/2, z+1/4’
’-y+1/2, -x, z+1/4’
’y, x+1/2, z-1/4’
’y+1/2, -x, z-1/4’
’x, -y, z+1/2’
’x, y, z’
’-x, -y, z’
’-x, y, z+1/2’
’-y+1/2, x, z-1/4’
’-y, -x+1/2, z-1/4’
’y+1/2, x, z+1/4’
’y, -x+1/2, z+1/4’
’x+1/2, -y+1/2, z’
’x+1/2, y+1/2, z+1/2’
loop_
_atom_type_symbol
_atom_type_oxidation_number
_atom_type_radius_bond
Zr ? 1.200
Ni ? 1.200
O ? 1.200
C ? 1.200
N ? 1.200
P ? 1.200

loop_
_atom_site_label
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_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
Zr1 Zr 0 0.24396(42) 1.0014(13) 0.88317 1 0.8(13)
O1 O 0 0.2400(16) 1.0202(10) 0.63383 1 0.8(13)
O2 O 0 0.2656981 0.9650856 0.7840204 1 0.8(13)
O3 O 0 0.2834432 0.9878845 0.4541586 1 0.8(13)
O4 O 0 0.2913353 0.9365291 0.5492413 1 0.8(13)
P1 P 0 0.2925501 0.969309 0.6315845 1 0.8(13)
C1 C 0 0.3943694 0.9763461 0.696565 1 0.8(13)
C2 C 0 0.3821127 0.963863 0.5540059 1 0.8(13)
C3 C 0 0.351278 0.9614016 0.5386706 1 0.8(13)
C4 C 0 0.3324096 0.971243 0.6658565 1 0.8(13)
C5 C 0 0.3445192 0.9825235 0.8116816 1 0.8(13)
C6 C 0 0.375482 0.9851153 0.8267405 1 0.8(13)
C7 C 0 0.42582 0.98412 0.72871 1 0.8(13)
O5 O 0 0.5379327 0.7735877 0.7543677 1 0.8(13)
O6 O 0 0.5159233 0.7953857 1.079706 1 0.8(13)
O7 O 0 0.5749358 0.7939624 0.9841597 1 0.8(13)
P2 P 0 0.5405569 0.7985579 0.9126111 1 0.8(13)
C11 C 0 0.5194173 0.8953867 0.7809164 1 0.8(13)
C12 C 0 0.539253 0.8880845 0.9157986 1 0.8(13)
C13 C 0 0.5477179 0.8586836 0.9446722 1 0.8(13)
C14 C 0 0.5368705 0.83613 0.8369207 1 0.8(13)
C15 C 0 0.5173071 0.8430438 0.7003296 1 0.8(13)
C16 C 0 0.5088709 0.8727044 0.6708395 1 0.8(13)
C17 C 0 0.51612 0.92659 0.73863 1 0.8(13)
C21 C 0 0.48655 0.93559 0.74571 1 0.8(13)
C22 C 0 0.46338 0.91546 0.76352 1 0.8(13)
C23 C 0 0.44646 0.96113 0.7396 1 0.8(13)
C24 C 0 0.43769 0.93176 0.75809 1 0.8(13)
N25 N 0 0.47671 0.96418 0.73381 1 0.8(13)
C31 C 0 0.56462 0.98669 0.7172 1 0.8(13)
C32 C 0 0.58469 0.96357 0.69736 1 0.8(13)
C33 C 0 0.53888 0.94712 0.72034 1 0.8(13)
C34 C 0 0.56824 0.93827 0.69947 1 0.8(13)
N35 N 0 0.53589 0.97713 0.72702 1 0.8(13)
Ni1 Ni 0 0.5 1 0.73067 1 0.8(13)
G1 O 0 0.6223(74) 0.5391(44) 0.982(34) 1.00(17) 0.8(13)
G2 O 0 0.2327(79) 0.7968(63) 0.19(11) 0.526(91) 0.8(13)
G3 O 0 0.3214(53) 0.5382(42) 0.574(36) 1.00(20) 0.8(13)
G4 O 0 0.3921(32) 0.7539(72) 0.648(37) 1.00(10) 0.8(13)

B2 Crystallographic data of CAU-27-BDC

data_
_chemical_name_mineral ??
_cell_length_a 20.39214(80)
_cell_length_b 20.39214(80)
_cell_length_c 10.17787(50)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 90
_cell_volume 4232.36(39)
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_symmetry_space_group_name_H-M I4/MCM
loop_
_symmetry_equiv_pos_as_xyz
’-x, -y, -z’
’-x, -y, z’
’-x, y, -z+1/2’
’-x, y, z+1/2’
’-y, -x, -z+1/2’
’-y, -x, z+1/2’
’-y, x, -z’
’-y, x, z’
’y, -x, -z’
’y, -x, z’
’y, x, -z+1/2’
’y, x, z+1/2’
’x, -y, -z+1/2’
’x, -y, z+1/2’
’x, y, -z’
’x, y, z’
’-x+1/2, -y+1/2, -z+1/2’
’-x+1/2, -y+1/2, z+1/2’
’-x+1/2, y+1/2, -z’
’-x+1/2, y+1/2, z’
’-y+1/2, -x+1/2, -z’
’-y+1/2, -x+1/2, z’
’-y+1/2, x+1/2, -z+1/2’
’-y+1/2, x+1/2, z+1/2’
’y+1/2, -x+1/2, -z+1/2’
’y+1/2, -x+1/2, z+1/2’
’y+1/2, x+1/2, -z’
’y+1/2, x+1/2, z’
’x+1/2, -y+1/2, -z’
’x+1/2, -y+1/2, z’
’x+1/2, y+1/2, -z+1/2’
’x+1/2, y+1/2, z+1/2’
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
Zr1 Zr 0 0.5 0.5 0.75 1 1.43(13)
Zr2 Zr 0 0.10142(15) 0.06735(17) 0.5 1 1.43(13)
O1 O 0 -0.07928(62) 0.01612(48) 0.37469(79) 1 1.86(26)
O2 O 0 0.65424(67) 0.39895(49) 0.33186(80) 1 1.86(26)
O3 O 0 0.19611(44) 0.01571(53) 0.5 1 1.86(26)
O4 O 0 0.59541(55) 0.32373(40) 0.5 1 1.86(26)
C1 C 0 0.45482(75) 0.71448(62) 0.5 1 1.39(49)
C2 C 0 0.78699(62) 0.55838(90) 0.5 1 1.39(49)
C3 C 0 0.30144(45) 0.24612(57) 0.6656(11) 1 1.39(49)
C4 C 0 0.35161(44) 0.35161(44) 0.75 1 1.39(49)
C5 C 0 0.29881(46) 0.29881(46) 0.75 1 1.39(49)
Og3 O 0 0.4956(26) 0.0794(29) 0.3438(39) 0.221(10) 1.86(26)
Og4 O 0 0.5388(31) 1.1112(30) 0 0.285(23) 1.86(26)
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Appendix C: Supplementary data for THK-2

Crystallographic data of THK-2

data_THK-2_structure
_symmetry_cell_setting orthorhombic
_symmetry_space_group_name_H-M ’P c c n’
_symmetry_Int_Tables_number 56
_space_group_name_Hall ’-P 2ab 2ac’
loop_
_symmetry_equiv_pos_site_id
_symmetry_equiv_pos_as_xyz
1 x,y,z
2 1/2-x,1/2-y,z
3 -x,1/2+y,1/2-z
4 1/2+x,-y,1/2-z
5 -x,-y,-z
6 1/2+x,1/2+y,-z
7 x,1/2-y,1/2+z
8 1/2-x,y,1/2+z
_cell_length_a 24.7887(32)
_cell_length_b 14.3775(21)
_cell_length_c 5.0351(5)
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000
_cell_volume 1794.51(39)
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
SI1 Si 0.95729(38) 0.68340(77) 0.76783(27) 0.03158(52) Uiso 1.00
SI2 Si 0.07303(43) 0.60420(81) 0.72008(29) 0.03158(52) Uiso 1.00
SI3 Si 0.90072(36) 0.50490(79) 0.79682(29) 0.03158(52) Uiso 1.00
SI4 Si 0.78415(48) 0.41547(74) 0.81678(28) 0.03158(52) Uiso 1.00
O1 O 0.90937(77) 0.61133(155) 0.75348(58) 0.03252(171) Uiso 1.00
O2 O 0.79839(73) 0.30248(143) 0.82348(44) 0.03252(171) Uiso 1.00
O3 O 0.83352(76) 0.49414(114) 0.81079(37) 0.03252(171) Uiso 1.00
O4 O 0.01739(85) 0.65120(130) 0.74445(67) 0.03252(171) Uiso 1.00
Zn1 Zn 0.84272(70) 0.26891(188) 0.48393(46) 0.06420 Uiso 0.2806(64)
O5 O 0.10602(88) 0.69451(147) 0.77399(47) 0.03252(171) Uiso 1.00
O6 O 0.75876(106) 0.43457(127) 0.08808(53) 0.03252(171) Uiso 1.00
O7 O 0.91217(117) 0.46941(163) 0.07427(39) 0.03252(171) Uiso 1.00
O8 O 0.92296(95) 0.43804(151) 0.55908(44) 0.03252(171) Uiso 1.00
O9 O 0.93975(80) 0.75860(186) 0.53499(53) 0.03252(171) Uiso 1.00
O10 O 0.26017(154) 0.16544(285) 0.16989(158) 0.12665 Uiso 0.4471(111)
#END
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Appendix D: Supplementary data for TMP-SSZ-51

Crystallographic data of TMP-SSZ-51

cif data_
_chemical_name_mineral ?asmade?
_cell_length_a 21.53695(52)
_cell_length_b 13.87946(27)
_cell_length_c 14.26582(30)
_cell_angle_alpha 90
_cell_angle_beta 99.8887(13)
_cell_angle_gamma 90
_cell_volume 4201.00(16)
_space_group C2/c
loop_
_symmetry_equiv_pos_as_xyz
’-x, -y, -z’
’-x, y, -z+1/2’
’-x+1/2, -y+1/2, -z’
’-x+1/2, y+1/2, -z+1/2’
’x, -y, z+1/2’
’x, y, z’
’x+1/2, -y+1/2, z+1/2’
’x+1/2, y+1/2, z’
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
_atom_site_U_iso_or_equiv

P1 P 0 0.15924(11) 0.88399(17) 0.20489(15) 1 1.28156 0.01623
P2 P 0 0.26375(10) 0.11001(17) 0.06540(16) 1 1.28156 0.01623
P3 P 0 0.17184(10) 0.21728(15) 0.39443(15) 1 1.28156 0.01623
P4 P 0 0.05771(11) 0.11968(17) 0.01165(15) 1 1.28156 0.01623
Al1 Al 0 0.16217(11) 0.10687(16) 0.19739(16) 1 1.28156 0.01623
Al2 Al 0 0.247983(95) 0.89054(15) 0.06126(15) 1 1.28156 0.01623
Al3 Al 0 0.16034(11) 0.79476(16) 0.40875(16) 1 1.28156 0.01623
Al4 Al 0 0.085938(96) 0.90104(15) 0.00827(15) 1 1.28156 0.01623
O1 O 0 0.28504(20) 0.00620(21) 0.06817(33) 1 1.48124 0.01876
O2 O 0 0.00929(14) 0.84683(28) -0.00900(34) 1 1.48124 0.01876
O3 O 0 0.09883(16) 0.87514(36) 0.13273(20) 1 1.48124 0.01876
O4 O 0 0.15359(24) 0.81984(27) 0.28789(18) 1 1.48124 0.01876
O5 O 0 0.16308(24) 0.18916(26) 0.29009(18) 1 1.48124 0.01876
O6 O 0 0.21554(14) 0.84931(34) 0.16193(21) 1 1.48124 0.01876
O7 O 0 0.09319(16) 0.12376(39) 0.11377(21) 1 1.48124 0.01876
O8 O 0 0.17653(16) 0.67089(20) 0.42337(35) 1 1.48124 0.01876
O9 O 0 0.32172(16) 0.82737(20) 0.09504(36) 1 1.48124 0.01876
O10 O 0 0.08792(14) 0.81824(32) 0.44424(24) 1 1.48124 0.01876
O11 O 0 0.11300(14) 0.81655(26) -0.06957(24) 1 1.48124 0.01876
O12 O 0 0.16623(24) 0.98787(19) 0.24072(31) 1 1.48124 0.01876
O13 O 0 0.22037(16) 0.86630(28) 0.47189(23) 1 1.48124 0.01876
O14 O 0 0.23085(18) 0.83208(28) -0.05269(22) 1 1.48124 0.01876
O15 O 0 0.05691(25) 0.01821(19) -0.03176(32) 1 1.48124 0.01876
O16 O 0 0.22880(13) 0.12894(33) 0.14623(21) 1 1.48124 0.01876

178



References

F1 F 0 0.16918(12) 0.95551(24) 0.02485(37) 1 1.48124 0.01876
OW1 O 0 0.5492(15) 0.3651(23) 0.2547(28) 0.3667(96) 7.4062 0.09380
N1 N 0 0.93270(15) 0.54018(23) 0.86853(35) 1 3.16737 0.04012
C1 C 0 -0.06712(19) 0.44058(27) 0.86852(37) 1 3.16737 0.04012
C2 C 0 -0.01163(21) 0.39020(29) 0.87145(51) 1 3.16737 0.04012
C3 C 0 1.04474(23) 0.43998(27) 0.87965(50) 1 3.16737 0.04012
C4 C 0 1.04471(22) 0.54069(31) 0.87817(49) 1 3.16737 0.04012
C5 C 0 0.98874(21) 0.59060(28) 0.87006(37) 1 3.16737 0.04012
C6 C 0 0.87096(20) 0.59049(28) 0.86416(26) 1 3.48937 0.04419
C7 C 0 -0.12786(20) 0.38911(29) 0.86457(28) 1 3.48937 0.04419
C8 C 0 0.98945(25) 0.69873(28) 0.86874(30) 1 3.48937 0.04419
H1 H 0 -0.0130(17) 0.3226(20) 0.8676(22) 1 4.187244 0.05303
H2 H 0 1.0843(16) 0.4023(20) 0.8867(20) 1 4.187244 0.05303
H3 H 0 1.0840(16) 0.5778(19) 0.8841(19) 1 4.187244 0.05303
H4 H 0 0.8706(15) 0.6278(21) 0.9200(21) 1 4.187244 0.05303
H5 H 0 0.8652(15) 0.6295(24) 0.8100(21) 1 4.187244 0.05303
H6 H 0 -0.1620(13) 0.5400(22) 0.8559(16) 1 4.187244 0.05303
H7 H 0 -0.1393(15) 0.3687(25) 0.8025(22) 1 4.187244 0.05303
H8 H 0 -0.1198(15) 0.3345(20) 0.9078(22) 1 4.187244 0.05303
H9 H 0 -0.1608(14) 0.4358(19) 0.8773(18) 1 4.187244 0.05303
H10 H 0 1.0302(17) 0.7198(19) 0.9020(21) 1 4.187244 0.05303
H11 H 0 0.9839(16) 0.7203(17) 0.8033(20) 1 4.187244 0.05303
H12 H 0 0.9548(17) 0.7230(20) 0.8990(21) 1 4.187244 0.05303

Appendix E: Supplementary data for dehydrated CHA zeolites

E1 Crystallographic data of dehydrated H-CHA

data_I
_chemical_formula_sum ’Si36O72’
_symmetry_cell_setting trigonal
_symmetry_space_group_name_H-M ’R -3’
_symmetry_space_group_name_Hall ’-R 3’
_symmetry_Int_Tables_number 148

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x,y,z
2 -y,x-y,z
3 -x+y,-x,z
4 -x,-y,-z
5 y,-x+y,-z
6 x-y,x,-z
7 x+2/3,y+1/3,z+1/3
8 -y+2/3,x-y+1/3,z+1/3
9 -x+y+2/3,-x+1/3,z+1/3
10 -x+2/3,-y+1/3,-z+1/3
11 y+2/3,-x+y+1/3,-z+1/3
12 x-y+2/3,x+1/3,-z+1/3
13 x+1/3,y+2/3,z+2/3
14 -y+1/3,x-y+2/3,z+2/3
15 -x+y+1/3,-x+2/3,z+2/3
16 -x+1/3,-y+2/3,-z+2/3
17 y+1/3,-x+y+2/3,-z+2/3
18 x-y+1/3,x+2/3,-z+2/3
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_cell_length_a 13.5692
_cell_length_b 13.5692
_cell_length_c 14.8401
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 2366.333

loop_
_twin_individual_id
_twin_individual_mass_fraction_refined
_twin_individual_twin_matrix_11
_twin_individual_twin_matrix_12
_twin_individual_twin_matrix_13
_twin_individual_twin_matrix_21
_twin_individual_twin_matrix_22
_twin_individual_twin_matrix_23
_twin_individual_twin_matrix_31
_twin_individual_twin_matrix_32
_twin_individual_twin_matrix_33

_cell_formula_units_Z 18

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multiplicity
_atom_site_occupancy
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
Si1 Si 0.771979 -0.000163 0.105461 Uani 0.019 18 1 d . . .
Si2 Si 0.666354 0.105477 0.227805 Uani 0.0186 18 1 d . . .
O1 O 0.739636 0.000177 0.000316 Uani 0.046 18 1 d . . .
O2 O 0.687649 0.020963 0.166345 Uani 0.0386 18 1 d . . .
O3 O 0.901531 0.098845 0.122486 Uani 0.0482 18 1 d . . .
O4 O 0.760501 -0.120438 0.13315 Uani 0.0453 18 1 d . . .

loop_
_atom_site_aniso_label
_atom_site_aniso_type_symbol
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Si1 Si 0.021547 0.01374 0.023206 0.009962 0.004965 -0.000318
Si2 Si 0.014146 0.022331 0.022637 0.011585 0.001758 -0.00356
O1 O 0.058156 0.058667 0.023608 0.031006 -0.000901 0.002712
O2 O 0.04371 0.045088 0.041682 0.033181 0.008366 -0.008932
O3 O 0.029243 0.028249 0.071616 0.002644 -0.002818 0.000716
O4 O 0.061745 0.028536 0.0595 0.032922 0.017228 0.005557
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E2 Crystallographic data of dehydrated Cu-CHA

data_I
_chemical_formula_sum ’Si36O72Cu2.63’
_symmetry_cell_setting trigonal
_symmetry_space_group_name_H-M ’R -3’
_symmetry_space_group_name_Hall ’-R 3’
_symmetry_Int_Tables_number 148

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x,y,z
2 -y,x-y,z
3 -x+y,-x,z
4 -x,-y,-z
5 y,-x+y,-z
6 x-y,x,-z
7 x+2/3,y+1/3,z+1/3
8 -y+2/3,x-y+1/3,z+1/3
9 -x+y+2/3,-x+1/3,z+1/3
10 -x+2/3,-y+1/3,-z+1/3
11 y+2/3,-x+y+1/3,-z+1/3
12 x-y+2/3,x+1/3,-z+1/3
13 x+1/3,y+2/3,z+2/3
14 -y+1/3,x-y+2/3,z+2/3
15 -x+y+1/3,-x+2/3,z+2/3
16 -x+1/3,-y+2/3,-z+2/3
17 y+1/3,-x+y+2/3,-z+2/3
18 x-y+1/3,x+2/3,-z+2/3

_cell_length_a 13.472
_cell_length_b 13.472
_cell_length_c 15.132
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 2378.434

loop_
_twin_individual_id
_twin_individual_mass_fraction_refined
_twin_individual_twin_matrix_11
_twin_individual_twin_matrix_12
_twin_individual_twin_matrix_13
_twin_individual_twin_matrix_21
_twin_individual_twin_matrix_22
_twin_individual_twin_matrix_23
_twin_individual_twin_matrix_31
_twin_individual_twin_matrix_32
_twin_individual_twin_matrix_33

_cell_formula_units_Z 18

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
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_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multiplicity
_atom_site_occupancy
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
Si1 Si 0.333485 0.436045 0.066936 Uani 0.0131 18 1 d . . .
Si2 Si 0.103394 0.436419 0.065827 Uani 0.0144 18 1 d . . .
O1 O 0.209061 0.419661 0.040764 Uani 0.0623 18 1 d . . .
O2 O 0.422243 0.576502 0.057546 Uani 0.0454 18 1 d . . .
O3 O 0.332982 0.39736 0.166661 Uani 0.0337 18 1 d . . .
O4 O 0.363831 0.363377 0.000288 Uani 0.0403 18 1 d . . .
Cu1 Cu 0.333333 0.666667 0.042516 Uani 0.0412 6 0.4381 d . . .

loop_
_atom_site_aniso_label
_atom_site_aniso_type_symbol
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Si1 Si 0.013944 0.021674 0.003515 0.008882 0.000411 -0.00373
Si2 Si 0.016523 0.022874 0.005962 0.011578 -0.004454 -0.004096
O1 O 0.042003 0.14194 0.040832 0.074366 -0.011681 -0.024712
O2 O 0.033135 0.045886 0.048187 0.013109 0.000546 0.000635
O3 O 0.061712 0.037507 0.007958 0.029301 -0.005823 -0.00703
O4 O 0.056016 0.060326 0.021483 0.041714 0.009239 -0.010965
Cu1 Cu 0.034321 0.034321 0.054892 0.017164 0 0
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Appendix F: Submitted manuscript of TMP-SSZ-51

Detection of organic cations in the pores of aluminophosphate SSZ-
51 by electron diffraction tomography – elucidating the effect of
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Highlights for the research:

• TMP-SSZ-51 prepared with a novel organic structure directing agent

• Successful location of the occluded organic cation by electron diffraction tomography

• Crystal structure refined from X-ray powder diffraction data

• ADT data acquisition by the fast data acquisition method

Abstract:

The structural diversity of porous materials is the reason for their broad application in
industry and in many aspects of our daily lives. Structural investigations at the atomic
level deliver a better understanding of the materials chemical and physical properties,
necessary for optimization of present applications or even enabling the design of novel
materials with desired features. In this work, we focus on detecting the position of the
occluded organic structure directing agent in aluminophosphate SSZ-51 by electron diffrac-
tion tomography. Nanocrystals of SSZ-51 were synthesized using a new organic template
1,2,6-trimethylpyridinium (TMP). Thermogravimetric analysis and temperature-dependent
X-ray powder diffraction were performed to observe the calcination process. Solid-state
13C-NMR confirmed the presence of the organic cation in as synthesized SSZ-51. Electron
diffraction datasets were collected within 13 minutes for a tilt range of ±60

◦ using a recently
developed fast data acquisition method. Structure determination using a combination of
electron diffraction tomography and X-ray powder diffraction allowed locating the organic
cation in the pore volume of TMP-SSZ-51.
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1. Introduction

Microporous materials, a class of solid compounds with unique structural properties, have
been investigated intensively since several decades. Due to interesting framework archi-
tectures comprising specific pores and modifiable solid building units, not only numerous
new inorganic but also metal-organic or even pure organic novel porous materials are being
designed and reported. As chemically and thermally stable inorganic materials, microp-
orous zeolites and zeolite-type porous compounds show important applications in chemical
and petrochemical industries,[1−5] e.g., as widely used catalysts in petroleum cracking, for
selective catalytic reductions (SCRs), and in reforming processes. The introduction of organic
structure directing agents (OSDAs) was one of the most successful factors for the synthesis
and design of novel porous materials. For this reason, reliable elucidation of their crystal
structures, especially locating the position of occluded OSDAs in the structure, is important
for the understanding of synthesis mechanisms and crystallization processes.

The conventional way to characterize crystal structures of porous materials is to uti-
lize X-ray diffraction methods: single crystal X-ray diffraction (XRD) and X-ray powder
diffraction (XRPD). For instance, single crystal X-ray diffraction was applied to determine
4-dimethylaminopyridine in the crystal structure SSZ-51

[6]. In fact, porous materials often
do not grow as single crystals suitable for single crystal X-ray structure analysis. As an
alternative X-ray powder diffraction was used to reveal the position of organic matter in
the pores of microporous materials, e.g. (i) the pyrrolidine molecule in RUB-10 using
difference electron density maps[7], (ii) guest molecules in SAPO-34/44 by means of Rietveld
refinement combined with simulated annealing[8], and (iii) OSDAs in the channel-like voids
of as synthesizes SSZ-55 by utilizing the approach of molecular modelling[9]. Nevertheless,
it is difficult and often not possible to detect the OSDAs location directly by structure
solution from one-dimensional XRPD data. Due to weak interactions between organic com-
pounds and framework, the organic molecules/cations often show some (static or dynamic)
disorder smearing out the low electron density of carbon and nitrogen atoms. Moreover,
compared with the corresponding calcined phase, porous materials in the as-synthesized
state possess more independent atoms, which complicate the crystal structure elucidation.
A very powerful method to investigate complex structural details of porous materials, e.g.
the exact location of organic SDAs , is based on using transmission electron microscopes
(TEM) by combining electron diffraction and high-resolution imaging.[10] Within the last
decade, several tomographic electron diffraction methods, best-known as automated diffrac-
tion tomography (ADT)[11,12] and rotation electron diffraction (RED)[13], were developed
to collect three-dimensional electron diffraction data automatically. In combination with
precession electron diffraction (PED)[14], the dynamical scattering effect can be reduced
in order to gain a higher data quality. Electron diffraction tomography, comparable with
traditional X-ray diffraction methods, focuses on data acquisition from single nanocrystals
and enables complex structure elucidations involving e.g. ab initio structure determination
of materials with large cell parameters [15,16] or detailed analysis of disorder phenomena[17,18].
The extremely small diffraction volume analyzed by ADT in scanning TEM (STEM) mode
for low electron dose measurements increases the chance to detect defined OSDA atomic
potentials.

In this work, we report the structural characterisation of as-synthesized aluminophosphate
SSZ-51, focusing on the position of the OSDA by fast ADT technique. A novel organic
structure directing agent - 1,2,6-trimethylpyridinium (TMP, as shown in Figure 1), which was
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recently reported for the successful preparation of RTH aluminosilicate zeolite[3], was used
to synthesize templated SSZ-51. The position of the organic cation was directly determined
from tomographic electron diffraction data. Details of the structure were subsequently
analyzed by a Rietveld refinement against X-ray powder diffraction data. In addition, the
thermal properties of TMP-SSZ-51, namely the expulsion of TMP molecules with increasing
temperature, was investigated with thermogravimetric analysis and temperature dependent
X-ray diffraction method.

Figure 1 The organic SDA 1,2,6-trimethylpyridinium hydroxide

2. Experimental

2.1 Synthesis

A synthetic reaction mixture with a molar ratio of 1Al2O3: 2 TMPOH: 1P2O5: 2HF: 40H2O
(TMPOH represents 1,2,6-trimethylpyridinium hydroxide) was transferred into an autoclave
and sealed for further crystallization at 180 ˚C for 24 h. The final product was collected by
filtration, washed with distilled water and dried at 100 ˚C for 4 h. The as-synthesized phase
was calcined at 550

◦C in air for 4h to obtain the guest-free SSZ-51.

2.2 Solid-state NMR spectroscopy

Solid-state NMR spectra of TMP-SSZ-51 were recorded on a Bruker Avance 400 DSX NMR
spectrometer at a 13C frequency of 100.55 MHz. A commercial two-channel 2.5 mm Bruker
probe head at 20 kHz MAS was used for all experiments. For the solid state 1H-13C cross-
polarisation (CP) MAS NMR experiments, an initial 90

◦ pulse with 4.0 µs length and 3 s
recycle delay were used. A ramped CP pulse (64-100%) with duration of 2 ms was used.
A two pulse phase modulation (TPPM) 1H decoupling scheme was used while acquiring
the 13C signal. Transients of 50 k were averaged for the CP experiments. The spectra were
baseline-corrected and a broadening of 50 Hz was applied.

2.3 Thermal stability

Thermal stability experiments including differential scanning calorimetry and thermogravi-
metric analysis (DSC/TGA) were performed by a Perkin-Elmer TGA 7 unit in air with a
heating rate of 10 K/min in the temperature range from room temperature to 815

◦C.

2.4 X-ray powder diffraction

A Stadi-P diffractometer equipped with Ge(111) monochromator and a linear position-
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sensitive detector (PSD) using CuKα1 radiation (λ= 1.540598Å) was used for as-synthesized
and calcined SSZ-51. The specimens were measured in borosilicate glass capillaries with
a diameter of 0.7 mm at room temperature. The data was acquired with the program
WinXPOW[19].

The temperature dependent XRPD measurements for TMP-SSZ-51 were performed on a
STOE Stadi-P diffractometer equipped with a ceramic oven and an imaging plate position-
sensitive detector using CuKα1 radiation. The measurements were carried out in a 0.7 mm
glass capillary under static air. The templated phase TMP-SSZ-51was heated from 50

◦C to
840

◦C, while the XRPD data were collected.

2.5 TEM experiments

A small quantity of TMP-SSZ-51 was dispersed in ethanol with an ultrasonic bath. The
dispersion was transferred into a caved tip with a pipette and then sprayed onto standard
300 mesh CuTEM grids with a thin amorphous carbon film, using an ultrasonic vaporizer.

Phase contrast TEM, scanning TEM (STEM), energy dispersive X-ray (EDX) spectroscopy
and fast automated diffraction tomography (Fast-ADT) measurements were carried out
using a Tecnai F30 S-TWIN TEM equipped with a field emission gun and operated at
300 kV. A 10 µm condenser aperture, gun lens 8 and spot size 8 were used to reduce the
electron dose rate on the sample and the beam size was set to 200 nm in diameter for
electron diffraction pattern acquisition. The sample was cooled down to about 97 K using
a cryo-transfer holder (model 914) filled with liquid N2 after insertion into the TEM in
order to increase the stability of the sample under the electron beam. TEM images and
electron diffraction patterns were acquired with a 4k x 4k Gatan US4000 CCD camera (Gatan,
Pleasanton, USA) with a hardware binning of 2. STEM images were collected using a
Fischione high-angle annular dark field (HAADF) detector. Fast-ADT data were collected
with an automated acquisition module developed for FEI and JEOL microscopes which
allows the acquisition of high angular range tomographies (up to 140

◦) in around 15 minutes
for conventional CCD cameras and fixed tilt step of 1

◦.[11] The crystal position was tracked
in microprobe STEM mode and electron diffraction patterns were collected using the above
settings. Fast-ADT series were collected automatically between -60

◦ and 60
◦ with a tilt

step of 1
◦ and an exposure time for each frame of 1.5 seconds. In order to experimentally

integrate reflection intensities over the tilt wedge, Fast-ADT was coupled with precession
electron diffraction (PED)[14,20], which was generated by a NanoMEGAS DigiStar unit. The
precession angle of the beam was kept at 1

◦. Each dataset acquirement for TPM-SSZ-51 took
about 13 minutes.

2.6 Crystal structure solution and refinement

• Structure solution from ADT data

Experimental electron diffraction data were reconstructed in ADT3D (eADT) software[12,20]

and further evaluated to deliver crystallographic information as lattice parameters, crystal
symmetry and indexed reflections with intensities. The found unit-cell parameters were
refined with a Pawley fit against XRPD data for higher accuracy. The ab initio structure
solution was carried out with direct methods approach implemented in SIR2014

[21] based
on the extracted reflection intensities from electron diffraction data.
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• Structure refinement against X-ray powder data

Rietveld refinement was performed using the program TOPAS[22]. Initially, a Pawley
refinement was performed to refine background, zero point error, unit cell parameters, peak
width and peak asymmetry parameters.

In the Rietveld refinement of TMP-SSZ-51, the T-O bond lengths of the tetrahedral AlO4
and PO4 units were restrained for Al-O: 1.76 Å and P-O: 1.53 Å, bond angles T-O-T (T =
Al or P) as 109.5◦. In AlO4F unit, bond lengths of Al-O were restrained as 1.80 Å and Al-F
(Al2 – F1 and Al4 – F1) bond lengths as 1.92 Å. For the cation 1,2,6-trimethylpyridinium, the
initial positions of C and N atoms as obtained from the structure solution were used for the
refinement with restraints applied to bond lengths and bond angles. The restrained values
for bond lengths and bond angles were extracted from a statistical mean value based on
53 crystal structures from Cambridge structural database (CSD)[23]. The values of isotropic
thermal parameters of H atoms were constrained to be 1.2 times of those of the carbon atom
forming the pyridine ring (C-Ar). The temperature factor for water oxygen atom was set as
5 times of the framework oxygen atom.

3. Results and Discussion

3.1 Sample overview

TMP-SSZ-51 consists of thin plate-like micro-sized crystals observed in STEM image (Fig.
2a). The crystals are stable during low beam illumination in TEM under cooling conditions.
Strong and discrete diffracted spots were observed in electron diffraction patterns of TMP-
SSZ51 and its calcined phase, indicating a high crystallinity of both materials, which were
also confirmed by the XRPD data (Fig. S1). A semi-quantitative EDX analysis (Fig. 2b,
Table S1) showed averaged ratios of O/(Al+P) = 2.1 and Al/P = 1.

Figure 2 STEM image (a) and EDX spectrum (b) of TMP-SSZ-51. Cu TEM grid covered by carbon-film contributes
the slight signals of C and Cu in (b).
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3.2 Solid-state 13C-NMR

Solid-state 13C-NMR measurements were performed to detect the presence of the OSDA
in the as-synthesized zeolites. Figure 3 shows the solid-state 13C-NMR spectrum of as
TMP-SSZ-51. The 13C-NMR spectrum of TMP-SSZ-51 presents five signals with chemical
shifts of 157.5, 144.8, 126.8, 40.5 and 23.2 ppm, which are comparable with the corresponding
values of the free cation in solution as reported in the literature (see Supporting Information
of Mateescu et al[24]).

Figure 3 13C-CP/MAS NMR spectrum of TMP-SSZ-51. The inserted table shows the recorded chemical shift values
of the organic SDA in the pores of the aluminophosphate and the values of 1,2,6-trimethylpyridinium iodide as
reported in the literature[24].

3.3 Thermal stability

The thermal behaviour of TMP-SSZ-51 was studied by differential scanning calorimetry
and thermogravimetric analysis (DSC/TGA). The TG curve shows three steps of weight
loss (Figure 4). The first step up to 100

◦C is associated with a small quantity of adhesive
water, while the second step between 100

◦C and ca. 320
◦C is due to the evaporation

of free water molecules from the zeolite pores. The third step of weight loss was caused
by the decomposition of the organic template, corresponding to the exothermic signals in
the DTA curve. The burn-off of the organic matter starts at ca. 320

◦C. This burn-off is
associated with an exothermic signal having its maximum at ca. 440

◦C. At about 720
◦C

the DSC curve indicates a phase transition (no change in weight) which was later identified
by high-temperature XRPD measurements as the decomposition of the SSZ-51 framework.
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Figure 4 DSC/TG curves of TMP-SSZ-51. Tp: peak temperature .

3.4 Monitoring the calcination process of as-synthesized SSZ-51 by temperature-dependent
X-ray powder diffraction

Temperature-dependent X-ray powder diffraction measurements (Figure 5) were performed
from 50

◦C to 840
◦C in order to investigate the calcination process and the decomposition

of the SSZ-51 framework at increasing temperature. There are three major changes visible in
the powder diagram: The first event occurring with increasing temperature appears at ca.
300

◦C. This is in line with the results of the DTA/TGA experiment showing that the organic
template stays stable in the zeolite pores up to ca. 300

◦C and after that begins to escape
from the material. From about 300

◦C the PXRD pattern changes. This is most prominent for
the reflection at 14

◦ which splits up to form two reflections indicating a change in symmetry
as well as the first two reflections with increasing intensities during loss of organic material
from the pores.

A second significant change (e.g., lower background) of the powder patterns after 400

◦C is due to an artefact. At that temperature the sample was cooled down to RT (faulty
program) and was heated up again by hand. Subsequently the recording of diagrams was
continued using the same sample. In the temperature range between 400

◦C and 720
◦C the

diagrams represent the guest-free SSZ-51 material (calcined phase). The guest-free SSZ-51

remains stable up to about 720
◦C. At that temperature the reflections representing the

SSZ-51 phase disappear and a few new peaks form (at 20.1◦, 21.3, 22.8◦ 2theta), indicating
the decomposition process of calcined SSZ-51. The new reflections prove the formation of a
dense tridymite-type phase[25]. The observed phenomena are consistent with the results of
DSC-TG measurement.
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Figure 5 Temperature dependent X-Ray powder diffraction diagrams of the thermal decomposition of TMP-SSZ-51,
showing the release of the organic cations as well as the decomposition of SSZ-51 at high temperature.

3.5 Structure determination of TMP-SSZ-51

• Structure solution from ADT data.

The reconstruction of ADT data (Figure 6) delivered a unit-cell with a = 21.54 Å, b = 13.81

Å, c = 14.32 Å, α = 90.4◦, β = 100.7 ◦, γ = 89.8 ◦, which were further refined by a Pawley fit of
the XRPD data for structure solution. Systematic extinctions for hkl reflections with h + l =
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2n indicated a C-centred monoclinic Bravais lattice. In addition, the reflection conditions as
observed for h0l reflections with l = 2n are indicative of a c glide-plane (Figure 6), associated
with two possible space groups Cc (No. 9) and C2/c (No. 15).

Figure 6 (a-c) Reconstructed three-dimensional diffraction volumes of TMP-SSZ-51 obtained from ADT data viewed
down the three main axis. (d) h0l slice cut from 3D reciprocal space; symmetry rule: k = 2n and l = 2n in h0l zone.

A PED ADT dataset with a tilt range from -60 to +60 (Table 1) was used for crystal
structure solution with direct methods. The ab initio structure solution converged to a final
residual R of 18.14%. The structure solution delivered a well-resolved Fourier potential map
(Fig. 7) showing not only all the atoms of the zeolite framework but also the atoms of the
organic template in the pore.

The strong maxima from 2.41 to 1.88 e−/Å3 correspond to P and Al atoms, respectively.
The maxima representing O and F atoms were detected with a scattering potential range
of 1.64 down to 0.98 e−/Å3. The C and N atoms in the pores of the structure were
detected as electron densities ranging from 0.94 to 0.38 e−/Å3. All the C and N atoms in
1,2,6-Trimethylpyridinium could be clearly detected from the structure solution. The ADT
method is well suited to determine a complete structure model of a microporous material
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including even the atoms of weak scattering power (C, N). Only the hydrogen atoms could
not be located. Such a structure model may directly be used as a starting model for a more
detailed structure analysis e.g. by a Rietveld refinement.

Figure7 Fourier potential map of TMP-SSZ-51 derived from structure solution in Sir2014 using ADT data with the
overlaid atomic framework model viewed in [001] and [100] directions, respectively. Colour of atoms: Al (grey), P
(lilac), O (red), F (green) C (black) and N (blue).
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Table 1: Experimental parameters of electron diffraction dataset for structure solution of TMP-SSZ-51 in space
group C2/c.

Tilt range (◦) -60/+60

No. of total reflections 9451

No. of independent reflections 3011

Reflection coverage (%) 72

Resolution (Å) 0.8
Rint 0.256

Overall U (Å2) 0.027

Residual R (SIR2014) 0.195

• Structure refinement from X-ray powder data.

Figure 8 Plot of combined Rietveld refinement of SSZ-51. Observed powder diagram (black circles), simulated
powder diagram (red solid line), difference profile (grey solid line), reflection positions (blue ticks for as-synthesized
phase and black ticks for calcined phase). Change of the scales with factor 10 is indicated in the diagram.

The Rietveld refinement was carried out using the starting model obtained from the structure
solution based on ADT data. However, the refinement was not satisfying. When performing
the Pawley fit of TMP-SSZ-51 the presence of additional reflections at 7.6◦ and 8.3◦ 2θ
became apparent (Fig. S2). Taking into consideration that these reflections were also visible
in the temperature dependent X-ray powder diffraction experiments (Figure 5b) when the
OSDA is released from the pores, this phenomenon indicates that a small part of the material
or domains of the crystals do not contain the organic templates. These crystals or domains
can be described by the calcined phase. The structure of calcined SSZ-51 could also be
directly solved from ADT data based, however, on a monoclinic unit cell with c = 7.01 Å and
space group symmetry C2/m (Fig. S3). The guest free framework of calcined SSZ-51 still
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corresponds to the zeolite framework type SFO (Fig. S4). The structure of the calcined phase
was used for a subsequent refinement. The combined Rietveld refinement including two
phases, TMP-SSZ-51 and calcined SSZ-51, was performed from X-ray data and converged in
a R-value with Rwp of 3.7%. The plot of Rietveld refinement is shown in . Figure 8. Selected
crystallographic data are summarized in Table 2. The phase without template amounts
to 6.8(2)% in the sample. The refinement led to a meaningful framework structure and
an acceptable geometry of the organic template. Selected bond distances and angles are
concluded in Table S2. All the independent 34 atoms except H atoms show reasonable
temperature factors.

Table 2: Selected crystallographic data and refinement parameters for TMP-SSZ-51. Note that the parameters are
based on a combined Rietveld refinement of TMP-SSZ-51 and calcined SSZ-51.

Compound TMP-SSZ-51

Cell formula Al32P32O128F8•C64N8H96•(H2O)2.93
Crystal system Monoclinic
Space group (No.) C 1 2/c 1 (15)
a (Å) 21.5370(5)
b (Å) 13.8795(3)
c (Å) 14.2658(3)
α (◦) 90

ß (◦) 99.889 (1)
γ (◦) 90

V (Å3) 4201.1(1)
Z 8

Dcalc (Mg•m−3) 2.008

T (K) 294

Radiation type Cu Kα1

Wavelength (Å) 1.540598

θmax /◦ 50

RBragg /% 1.815

Rp /% 2.631

Rwp /% 3.725

Rexp /% 2.181

GOF 1.708

3.6. Structure description of TMP-SSZ-51.

The fluorine ion not only acts as mineralizer in the synthesis but is included in the
structure of TMP-SSZ-51 generating a negatively loaded framework. F atoms bridge two
Al atoms (Al2 and Al4) in the crystal structure forming AlO4F trigonal bipyramids (Fig.
S5). The other Al atoms (Al1 and Al3) are four-coordinated by O atoms forming AlO4
tetrahedra. All P atoms are fourfold coordinated by O atoms with tetrahedron geometry. The
Al containing polyhedra are interconnected with PO4 groups constructing a microporous 3D
framework of zeolite type SFO[6,26]. The 2D pore system consists of wide 12-ring channels
(free diameter ca. 7.0 Å) running along the c axis which intersect with narrow 8-ring
channels (free diameter ca. 3.8 Å). (Fig. 9). 1,2,6-trimethylpyridinium molecules fill the
straight 12-ring channels and are stacked along c axis with interplanar distances from 3.5 Å
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to 3.7 Å (Fig. 10), which are in the typical range of distances observed for π–π interactions
(about 3.3 - 3.8 Å)[28]. The atoms of the organic cations show larger temperature factors (Biso)
than the framework atoms, indicating that the stacked organic molecule possess some free
moving space.

Figure 9 Crystal structure of TMP-SSZ-51 with AlO4, AlO4F and PO4 polyhedron viewed along the crystallographic
c axis. H atoms are omitted for clarity.

Figure 10 Crystal structure of TMP-SSZ-51 viewed along the crystallographic b axis. The distances between
neighbouring molecules are highlighted: d1 = 3.63 Å, d2 = 3.61 Å d3 = 3.63 Å d4 = 3.59 Å, respectively. H atoms
are omitted for clarity.
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Until now, most of the SSZ-51 type porous materials were synthesized using 4-dimethylamino-
pyridine (DMAP) as organic structure directing agents[6,26−−29]. Only Morris et al.[6] per-
formed a structure analysis on DMAP-SSZ-51. In addition, Park et al.[30] found that
1,2,3,4-tetramethyl-imidazolium and 1,2,3,4,5-pentamethyl-imidazolium cations could also
direct the formation of aluminophosphate SSZ-51; but no structure analysis is available of
these two as-synthesized materials. Now, another OSDA, 1,2,6-trimethylpyridinium, was
successfully used in this study. In all cases, the OSDA molecules – both types possessing an
aromatic ring – arrange with π-π stacking interactions leading to a rod-shaped “composite
template”. It can be assumed that the “composite template” provokes the formation of
the channels in the SSZ-51 structure during the crystallization process. The use of such
a “composite template” is quite unique when trying to synthesize microporous materials.
Typically, individual molecules/cations act as OSDAs; e.g. long chain-like molecules of a
specific thickness like e.g. 1,3-dipiperidinium-propane are used as the OSDA to direct the
hydrothermal crystallization of aluminophosphates or zeolites in such a way that structures
with a pore system comprising 12-ring channels are formed.

4. Conclusion

In this study, aluminophosphate SSZ-51 (TMP-SSZ-51) was prepared as a pure phase with
a novel organic template 1,2,6-trimethylpyridinium. The calcination process as investigated
by thermogravimetric analysis and temperature-dependent X-ray powder diffraction. Solid-
state 13C-NMR spectroscopy confirmed the existence of organic molecule inside the porous
material SSZ-51. The structure determination, carried out by a combination of single
crystal electron diffraction tomography and X-ray powder diffraction, elucidated directly
the accurate ordered position of the organic cation - used as structure directing agent - in
the monoclinic structure of as-synthesized SSZ-51. The study shows that electron diffraction
tomography, especially for fast data acquisition from a single nanosized crystal, can serve
as a reliable method to determine the position of organic molecules in inorganic porous
materials and can be further applied for the structural elucidation of new nano crystalline
porous materials.
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