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Abstract

Two types of novel framework materials, including six organically templated
silicogermanates and five hybrid fluorotitanates, have been synthesized, and 
their structures have been determined by single crystal X-ray diffraction. Their 
structures and the interactions between the organic and inorganic species are 
discussed in some detail.

The frameworks of the six silicogermanates, SU-9, SU-10, SU-11, SU-12, SU-
14 and SU-21, are built up from either tetrahedra exclusively, or from mixed 
polyhedra. SU-9, SU-10 and SU-11 consist only of tetrahedra, and SU-12, SU-
14 and SU-21 are built up from mixed polyhedra. In all silicogermanates, Si 
and Ge share the tetrahedrally coordinated positions, and only Ge occupies the 
5- and 6-coordinated positions. 

The frameworks of SU-9, SU-10 and SU-11 belong to zeolite frameworks. SU-
9 and SU-10 are built up from the same periodic building units (PBUs) that are 
formed by 4/4-4 units, and they adopt the known zeolite framework types AST 
and ASV, respectively. SU-11 is built up from 5-1 units and adopts the known 
zeolite framework type MFI. This is the first time that the frameworks of AST, 
ASV and MFI have been prepared in silicogermanate form. 

The 3-D frameworks of SU-12 and SU-14 contain (Ge,Si)7 composite building 
units that form one-dimensional 24-ring channels along the c axis. Their 
structures contain intersecting channels. SU-12 contains 8-, 10- 12- and 24-ring 
channels; while SU-14 has 9-, 10-, 12- and 24-ring channels. SU-21 is a two-
dimensional framework structure containing 10-ring channels. It is the first 
silicogermanate with the template covalently bonded to Ge.

All silicogermanates were synthesized by using organic amines as templates. 
The templates play a very important role in directing the structure of the 
inorganic framework.

The obtained five hybrid fluorotitanates are SUF-1, SUF-2, SUF-3, SUF-4 and 
SUF-5. Their hybrid frameworks are built up from fluorotitanate anions, N-
containing cations and crystal water/oxonium cations. Zero-dimensional
fluorotitanate clusters are normally obtained when cyclic organic amines such 
as 1,4-diazabicyclo[2,2,2]octane (DABCO) and piperazine are used. Increasing 
the pH value of the starting solutions led to more condensed fluorotitanate 
anions, from isolated octahedra to pairs and eventually chains of octahedra. The 
formation of the hybrid frameworks of fluorotitanates is strongly dependent on 
hydrogen bonds between the fluorotitanate anions, N-containing organic 
cations and water molecules/oxonium ions.
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Preface

This thesis presents four and a half years of research on framework materials at 

the Department of Physical, Inorganic and Structural (FOOS) Chemistry, 

Stockholm University. It comprises six silicogermanates and five 

fluorotitanates. Besides these, two new zeolite frameworks with intersecting 

channels have also been obtained, which are not included in the thesis because 

we plan to file patent applications for them. 

In September 2000, I started my Ph. D. study on a project entitled “Synthesis 

and structures of new fluorometalates” under the guidance of Prof. Xiaodong 

Zou and Dr. Mike Dadachov. It was a huge challenge for me because it 

represented a break with many years of study and work in organic, polymer and 

surface chemistry, as well as chemical engineering.

Fortunately, I had the chance to be guided by Dr. Mike Dadachov for the first 

month and got his strong support in the following year. He introduced me to the 

magic world of crystallography and to the synthesis of new fluorometalates.

This project progressed smoothly and fruitfully. As a result, after one and half 

years we had nine publications that led to my licentiate thesis in January 2002. 

This project brought me a great learning opportunity. While the research was 

directed towards the goal of obtaining new fluorometalates, the results were 

often very interesting for fundamental research from the crystallographic point 

of view.

I had a strong motivation to work on micro/meso-porous materials, which have 

found wide use in industrial fields such as petrochemistry, oil refining, fine 

chemicals, pharmaceutical and environmental technologies for a very long 

time. After I defended my licentiate thesis, I went to my supervisor Prof. 
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Xiaodong Zou and told her my thoughts. The project of fluorometalates was 

therefore discontinued, and I had more than three years to work on something I 

am really interested in. This was an important and great transformation. I 

started with titanosilicates and germanates. After half a year of learning and 

working experience, I decided to work on silicogermanates because of their 

potential applications in industry and great opportunity of yielding new 

structures. This led to a series of new open framework materials.

I have enjoyed working on silicogermanates and I am very pleased with what I 

have learned and experienced. Truly, I am happy to be involved in this amazing

micro/meso-porous world, be it ever so little. More challenges and unsolved 

problems still await us in bringing this micro/meso-porous world into the real 

world. I am ready to welcome them.

Liqiu Tang 

2005-03-09

Stockholm
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1. Introduction 

1.1. Overview 

The field of framework materials has dramatically expanded during the past decades 

due to their fascinating properties and potential industrial applications. To 

synthesize framework materials, organic species are sometimes added. They play 

important and different roles in preparing framework materials. When the organic 

species act as templates and the obtained frameworks are built up from only 

inorganic species, the organic species are termed guest and the inorganic species, 

host. Accordingly, materials of this type are called organically templated open 

framework materials. Otherwise, when the resultant frameworks contain both 

organic and inorganic species, they are defined as hybrid framework materials[1].

The guest-host interaction in organically templated open framework materials has 

contributed greatly to porous materials, especially microporous materials (pore size 

less than 20 Å) [2]. The traditional microporous materials represented mainly by 

aluminosilicates have been widely used in petrochemical, oil refining, fine 

chemicals, pharmaceutical and environmental technologies for a very long time[3, 

4]. The pore size is one of the most important parameters for microporous materials.

Microporous materials with large pores are highly desirable when large molecules

are concerned. New organically templated open framework materials break the 

records of pore size again and again[5-7]. 

The interactions between the organic templates and inorganic species are hydrogen 

bonds and/or van der Waals forces, and they are normally weak comparing to ionic 

or covalent bonds. However, they enable organic molecules to direct the building of 

inorganic framework structures. On the other hand, the weak interactions between 

the organic templates and the inorganic frameworks also make it easy to remove 

templates after the inorganic frameworks have been formed. 
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The recently developed metal organic frameworks (MOFs) and frameworks related 

to these represent the hybrid framework materials[8], where metal ions are 

covalently bonded to organic molecules. In other materials such as 

halogenometalates with N-containing cations, the halogenometalate anions are 

hydrogen bonded to organic cations. In both cases, the frameworks are built up 

from both organic and inorganic species. Due to the different interactions between 

the organic and inorganic species, these materials show different thermal stability. 

Generally, the hybrid frameworks based on hydrogen bonding are less thermally

stable than those based on covalent bonding, such as the MOF materials.

It is well known that covalent and hydrogen bonds possess some degree of 

orientation preference. This characteristic and the huge diversity of organic 

molecules enable us not only to synthesize a large number of new frameworks but 

also to predict structural features of the hybrid frameworks. This leads to very 

important progress towards rational design of framework materials.

1.2. Organically templated open framework materials 

Organically templated open framework materials can be classified into several sub-

groups in different ways. For instance, according to their chemical compositions, 

they can be divided into silicates, phosphates, germanates and so on. According to 

the coordination of the metal atoms in the frameworks, they can be divided into two 

groups. One contains only tetrahedral coordination, which partly characterizes 

zeolite structures. The other group is built up by mixed coordination, e.g. 4-, 5- and 

6-coordination.

1.2.1. Zeolite framework materials

Open framework materials with only tetrahedral coordination and uninterrupted 3D 

structures are zeolite materials. The history of zeolites started from the discovery of 

the first zeolite, stilbite, by the Swedish mineralogist Cronstedt in 1756[9]. The 

structures of the zeolites analcite, sodalite and helvite were successfully determined 
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by Taylor[10] and Pauling in 1930 [11]. As early as 1954, synthetic zeolites were 

commercialized by Union Carbide (now UOP) as a new class of industrial materials

for use in separation and purification.

Since organic tetramethylammonium (TMA+) cations were first introduced to 

synthesize zeolites by Barrer and Denny in 1961[12], the scope of zeolites has been 

dramatically expanded. Many zeolites have been synthesized with the presence of 

quaternary ammonium containing compounds, for example zeolite beta[13-16] and 

ZSM-5[17-21]. Later on, when other elements than Al and Si were also used in the 

synthesis, zeolite materials were no longer limited to aluminosilicates. For instance, 

borosilicates [22-24], gallosilicates[25-27] and lithosilicates[28] have been 

synthesized.

Aluminophosphates contribute greatly to new open framework materials.

Aluminophosphates can be considered as analogues of silicates when the ratio of 

Al/P is strictly 1:1. Similar to silicates, the properties of the aluminophosphates are 

easily modified by incorporating elements with different valences. A large number

of elements can be incorporated into the frameworks of aluminophosphates, for 

example the divalent cations Mg2+, Mn2+, Fe2+, Zn2+ etc., and the trivalent cations 

B3+, Cr3+, Fe3+ and so on. 

It is well known that the size of molecules that can enter or pass through a zeolite is 

limited by the size and shape of the channels in the zeolite. Zeolites with large 

channels enable large molecules to enter or pass through the frameworks. From

silicates to phosphates, the ring sizes have increased from 18-rings in ECR-34 [5] to 

20-rings in cloverite [6]. ECR-34 is a gallo-aluminosilicate with the largest channel 

in silicates, and cloverite is a gallophosphate with the largest channels found so far 

in zeolites.

On the other hand, interconnected channels provide more access to the internal 

surfaces, so that framework materials with intersecting channel systems are very 

attractive and have great potential for new industrial applications. Zeolite materials 

such as SSZ-33, SSZ-26[29], CIT-1[30], ITQ-22[31] and ITQ-24[32], containing 
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intersecting 10-ring and 12-ring bidirectional channels, and ITQ-21[33] and FOS-

5[34] with three-dimensional intersecting 12-ring channels have been recently 

reported.

Until now, there are totally 161 different zeolite framework types in the database of 

the International Zeolite Association (IZA). Sixty of them are natural minerals. 

Synthesizing thermally stable zeolite frameworks with large pore sizes and 

interconnected channels still remains a great challenge for materials chemists.

1.2.2. Framework materials with mixed polyhedra 

There has been an enormous growth in the chemical diversity of open framework

materials, since many elements from the main blocks as well as from the transition 

metals can be successfully incorporated into them[2]. As a result, different types of 

polyhedra, for instance TO6 octahedra, TO5 square pyramids or trigonal bipyramids,

TO4 tetrahedra and TO3 planar triangles, are incorporated into the frameworks. 

Many framework materials consisting of mixed polyhedra have been reported, for 

instance transition metal phosphates[35, 36], aluminoborates[37, 38],

germanates[39-46] and so on. Meanwhile, framework materials with pore sizes 

larger than 20-rings have also been synthesized, such as a vanadium phosphate [47]

and a nickel phosphate VSB-5 [48]. Both contain 24-ring channels.

1.2.3. Templates in organically templated frameworks

Many types of templates have been used in the synthesis of organically templated

open framework materials. N-containing organic molecules, for instance quaternary 

ammonium salts and amines, are commonly used as templates. There are several 

reasons for that. First of all, the inorganic building units are normally negatively 

charged, and the amines are protonated to form cations. This results in an attractive 

interaction between the templates and the inorganic species. Secondly, due to the 

electronegative feature of nitrogen, hydrogen bonds between the templates and the 

inorganic frameworks are easily formed. In both cases, the templates are able to 

enter the host frameworks and the possibility of forming organically templated 

frameworks increases. Additionally, the structures of amines are easily tailored by 
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changing the shape, volume and number of amine groups. This is essential for 

rational design of novel open frameworks.

However, the influences of the templates on the frameworks are not well 

understood yet. Nowadays, the following three terms are used for describing the 

functions of organic molecules[49]: i) structure-directing agent (SDA), ii) template, 

iii) space-filling agent. When an organic molecule elicits specific framework 

structures, it is then called a structure-directing agent, no matter how the host 

structures are related to the guest organic molecule. When the host structure adopts 

the geometric configuration of an organic molecule, the organic molecule acts as a 

true template. When a host structure can be obtained from different organic 

molecules, the organic molecules are called space-filling agents. 

Although organic templates have been used for half a century in preparing open 

framework materials, the commonly used templates are still limited to amines, and 

most commercially available amines have already been tested. Recently, people 

have started to synthesize new templates according to their specific designs in order 

to make new framework materials. The application of new templates has increased 

the possibilities of obtaining new open frameworks.

1.2.4. Germanates and silicogermanates

Organically templated germanates have recently become an important group of the 

large family of open framework materials. Compared to silicon, germanium is the 

chemically most similar element, and it provides the possibility of forming different 

polyhedra: tetrahedra, trigonal bipyramids and octahedra. Many open framework

germanates have been reported[34, 39-43, 45, 46, 50-56]. Among them, germanates

with extra large channels/pores are the most attractive because of their potential 

industrial applications. Up to now, the largest pore size reported is a 24-ring. 

Among several synthesized framework materials with 24-ring channels[7, 47, 48],

there are two germanates: FDU-4 (24-ring)[56] and ASU-16 (24-ring)[42]. Figure 

1.1 shows the 24-ring channels present in FDU-4. 
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Figure 1.1 Structure model of FDU-4 with templates in the small channels, projected down 
the c axis. 

Although germanates have brought us many interesting structures, their prospect in 

industrial applications is not so impressive because of their high cost compared to 

silicates. Silicogermanates provide a satisfactory solution, when germanium is 

partially replaced by silicon. First of all, they may retain the structural novelties of 

germanates, and at the same time, their cost is reduced. More impressively, 

germanates with exclusively tetrahedral coordination can be formed, as proved by 

FOS-5[34] and ASU-7[55]. This implies the possibility of forming both purely 4-

coordinated zeolite frameworks and mixed 4-, 5- and 6-coordinated frameworks in 

silicogermanates.

Figure 1.2 Structure model of the silicogermanate ITQ-21. The insert is the building unit of 
ITQ-21.
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Several silicogermanates have been synthesized with previously unseen 

topologies[31, 33, 57-61]. Figure 1.2 shows the 3-D structure of a recently 

discovered silicogermanate, ITQ-21[33], a zeolite with a three-dimensional pore 

network containing 11.8 Å wide cavities, each of which is accessible through six 

circular, 7.4  Å wide windows. 

1.3. Hybrid halogenometalates

Inorganic halogenometalates are a group of very useful materials. For instance, 

aluminium chloride (AlCl3) has been used as a catalyst for alkylation via 

halocarbonation for a very long time[62]. Halogenometalates containing Fe, Co or 

Ni may exhibit unique magnetic properties. 

Hybrid halogenometalates have become increasingly interesting, since different 

halogenometalate complexes combined with different organic cations result in great 

structural diversity. They can be used as precursors for synthesis of metastable

inorganic halogenometalates, which may exhibit higher catalytic activity than their 

thermodynamically more stable forms.

Recently, hybrid halogenometalates with N-containing organic cations, in which Al, 

Co, Ni, Mn and Zn are used as metal cations, have been comprehensively

investigated. A series of interesting structures was reported[63-76]. These structures 

are categorized into three groups according to the dimensionality of 

halogenometalate anions. 

1. Zero-dimensional frameworks, where the halogenometalate anions have 

limited dimensions in all directions and are isolated from each other. The 

halogenometalate anions exist as: i) single polyhedra, as in 

(dabcoH2)[Fe(H2O)3Cl3]Cl2 [77] (see Figure 1.3a) and (dienH2)(H3O)[FeF6]

[67]; ii) pairs of polyhedra, as in (pipzH2)[Ni2Cl4(H2O)6]Cl2 [78] (see Figure 

1.3b); and iii) clusters formed by a number of polyhedra, as in 

[(N(CH3)3(C6H5))4[Cu6Br10][79] (Figure 1.3c). 
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Figure 1.3 Structures of (a) (dabcoH2)[Fe(H2O)3Cl3]Cl2 with isolated [Fe(H2O)3Cl3]
octahedra, (b) (pipzH2)[Ni2Cl4(H2O)6]Cl2 with edge-sharing [Ni2Cl4(H2O)6] pairs of 
octahedra, (c) [(N(CH3)3(C6H5))4[Cu6Br10] with [Cu6Br10]

4- clusters and (d) 
[N(CH3)3(C2H5)]4[Cu5Cl14] with [Cu5Cl14]  chains running along the c axis. 

b

c

Cl
C
H
N

Figure 1.4 Structure of (dabH2)[MgCl4] with two-dimensional framework layer of 
[MgCl4]

2- in the bc plane. 

2. 1-dimensional frameworks, where halogenometalate anions extend infinitely 

in one dimension and form chains. As shown in Figure 1.3d, the chains of 

[Cu5Cl14]  are formed through corner-sharing in the square planes in 

[N(CH3)3(C2H5)]4[Cu5Cl14] [80].
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3. 2-dimensional frameworks, where halogenometalate anions are connected in 

two dimensions to form a layer. This type of hybrid halogenometalates is not 

very common. Figure 1.4 gives one example, where MgCl6 octahedra form

two-dimensional layers by corner sharing in (dabH2)[MgCl4] [81].

Although quite a few halogenometalates with N-containing organic cations have 

been reported, this field is far from fully investigated when compared with oxide 

frameworks. Particularly, the field of hybrid fluorotitanates has not been explored 

so far [82, 83]. 

1.4. The aim of the thesis 

The major part of the thesis work has been to synthesize novel organically 

templated silicogermanates by using simple and commercially available organic 

templates. Framework materials with extra-large pores and interconnected channels 

have been considered the most interesting. This part of the thesis includes the 

following aspects: 

Synthesize new silicogernanate frameworks with interesting structural 

features and potential industrial applications.

Investigate the structural chemistry of the obtained compounds.

Study the interaction between the organic templates and the inorganic 

frameworks.

Besides silicogermanates, novel hybrid fluorotitanates with N-containing organic 

cations have also been explored. Different amines have been used in the syntheses 

to prepare hybrid frameworks of fluorotitanates. Their structures have been 

determined, and the effects of hydrogen bonding on the frameworks are discussed.
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2. Syntheses 

All reagents were commercially available and used without further purification. Table 

2.1 gives the chemical names, formulae and abbreviations of all chemicals used in the 

thesis work. 

Table 2.1 Chemical names, formulae and abbreviations of all chemicals used in the thesis. 

Chemical name Chemical formula Abbreviation

germanium oxide GeO2 Ge

tetraethyl orthosilicate Si(OC2H5)4 Si

titanium isopropoxide Ti(OC3H7)4 TiPT

1-aminopropane NH2C3H7 AP

1,4-diaminobutane NH2C4H8NH2 DAB

1,2-diaminopropane NH2C2H3NH2CH3 DAP

1,4-diazabicyclo[2,2,2]octane N(CH2CH2)3N DABCO

2,2-dimethyl-1,3-propanediamine NH2C5H10NH2 DMDAP

ethylenediamine NH2C2H4NH2 EN

piperazine NH(CH2CH2)2NH Pipz

pyridine C5H5N Py

2.1. Organically templated silicogermanates 

2.1.1. Design of the batch compositions

The batch compositions and synthesis conditions are given in Table 2.2. Germanium

oxide and tetraethyl orthosilicate were used as germanium and silicon sources, 

respectively, in all syntheses. The Si/Ge ratios from the batch composition, structure 

refinement and EDS/WDS analysis are shown in Table 2.3. Except for SU-12 and SU-

21, the other silicogermanates always contained impurities. That is the reason why the 

Si/Ge ratios obtained from the structure refinements are far away from the batch 

compositions. However, The Si/Ge ratios from the structure refinements and the 

EDS/WDS analysis are quite close, which confirms the structure solutions. 
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Hydrofluoric acid was added in all syntheses. Fluorine ions can act as mineralizers to 

promote the formation of frameworks. They are either incorporated into the framework 

as terminals of polyhedra or, more frequently, to promote the formation of double 4-

rings (D4Rs), where eight tetrahedra connect to each other through corner sharing to 

form a cubic arrangement. 

Table 2.2 Batch compositions and synthesis conditions for the six silicogemanates.

Name Batch composition Synthesis conditions

SU-9 Ge : Si : DMDAP : H2O: HF = 1.0 : 0.9 : 17.4 : 47.4 : 1.8 175oC, 22 days

SU-10 Ge : Si : AP : Py: H2O: HF = 1.0 : 1.8 : 14.7: 109.7 : 94.8: 3.6 175oC, 22 days

SU-11 Ge : Si: AP : H2O : HF = 1.0 : 1.3 : 88.1 : 184.9: 3.6 170 C, 8 days

SU-12 Ge : Si : AP : H2O :  HF = 1 : 0.7 : 116.0 : 51.0 : 3.7 170 C, 6 days

SU-14 Ge : Si : EN : Py: H2O :  HF = 1.0 : 0.9 : 18.1 : 34.9: 137.1: 1.8 170 C, 7 days

SU-21 Ge : Si : DAP : Py : H2O : HF = 1.0 : 0.9 : 28.4 : 99.7: 95.0: 3.6 175 C, 10 days

Table 2.3 Si/Ge molar ratios of the batch compositions, calculated from the structure 
refinements and from the EDS/WDS analysis for the six silicogermanates.

Name Si/Ge (batch) Si/Ge (calculation) Si/Ge (EDS/WDS)

SU-9 0.9 2.23 2.70

SU-10 1.8 0.47 0.43

SU-11 1.3 4.00 4.00

SU-12 0.7 0.09 0.09

SU-14 0.9 0.35 0.35

SU-21 0.9 0.35 0.38

Water is a common solvent in the synthesis of silicogermanates. Pyridine is also used 

as a solvent in some cases, since it facilitates the dissolution of germanium oxide. For 

examples, in the synthesis of SU-14, a small amount of pyridine was added and the 

molar ratio of pyridine/water was 0.25. In the cases of SU-10 and SU-21, the molar

ratios of pyridine to water were close to 1. 

Several different types of organic amines were used as templates. They include: 1) the 

primary monoamine 1-aminopropane; 2) primary diamines including 2,2-dimethyl-

1,3-propanediamine, ethylenediamine and 1,2-diaminopropane.

Different amounts of templates relative to germanium oxide were added. When 

pyridine was used, small amounts of amines were added as in the cases of SU-10, SU-
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14 and SU-21. On the other hand, rather large amounts of amines were needed when 

no pyridine was added in the synthesis, as in the cases of SU-9, SU-11 and SU-12.

2.1.2. Synthesis procedure

The silicogermanates were synthesized under hydrothermal conditions. The schematic 

synthesis procedure is shown in Figure 2.1. Germanium dioxide was first added to a 

solution of water, a template and other organic solvent (for example, pyridine) under 

continuous stirring. Then Si(OC2H5)4 was added. After half an hour, HF acid was 

dropped into the mixture. This mixture was then sealed in a Teflon-lined autoclave and 

stored in an oven under a certain temperature for several days. The final products from

the synthesis were first washed with a large amount of water, then with either acetone 

or ethanol, and were finally dried either under ambient conditions or at 70ºC. 

Si(OC2H5)4

Wash and dry

Analysis

H2O, template and 
solvent

Mixture

Sealed in an 
autoclave

HF

Store in an oven (T, t)

Stirring

Products

GeO2

Figure 2.1 The synthesis scheme for silicogermanates.
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The synthesis duration times varied from 7 to 22 days, and the temperature range was 

170–175ºC. The templates sometimes decompose after a long time at 175ºC. 

Therefore, in SU-9 and SU-10, only [NH4]
+ was found in the frameworks. In other 

compounds, either the templates or their protonated forms were found. 

2.2. Hybrid fluorotitanates

All fluorotitanates (SUF-1, SUF-2, SUF-3, SUF-4, SUF-5) were synthesized under 

ambient conditions. Table 2.4 gives the batch compositions and synthesis conditions 

for the fluorotitanates. 

Table 2.4 The batch compositions, synthesis conditions and fluorotitanate clusters of 
fluorotitanates.

Name pH Batch composition
Fluorotitanate
clusters

Synthesis

conditions

SUF-1 1.0 TiPT:HF:H2O:DABCO = 1.0:8.0:95.0:1.0 TiF6 RT, 48 hours 

SUF-2 1.0 TiPT:HF:H2O:Pipz = 1.0:6.6:11.0:0.2 TiF5(H2O) RT, 15 days

SUF-3 7.0 TiPT:HF:H2O:Pipz = 1.0:8.0:94.0:3.3 Ti2F10O RT, 2.5 hours 

SUF-4 7.0 TiPT:HF:H2O:Pipz = 1.0:8.0:94.0:3.3 Ti2F10 RT, 24 hours 

SUF-5 9.0 TiPT:HF:H2O:DAB = 1.0:7.6:88.0:3.0 [TiF4O] RT, 12 days

Titanium isopropoxide (TiPT), hydrofluoric acid, water and N-containing organic 

amines were used as starting materials in the synthesis of fluorotitanates. The normal 

procedure is: the metal source, which can be either a metal oxide, a metal alcoxide or a 

salt, was added either directly to a HF solution, or first to water with subsequent 

addition of HF. After the metal source was dissolved, a N-containing organic 

compound (amine) was added to the solution. Then the solution was held under 

ambient conditions, and single crystals grew within minutes up to a few days.

SUF-3, (C4H12N2)2[Ti2F10O] 2H2O, is given as an example of a synthesis: firstly, 

titanium isopropoxide (0.666g TiPT) was hydrolysed in water (3.370ml) and then HF 

acid (0.937g, 40wt%) was added under stirring until a clear solution was formed. 

Finally, piperazine (0.650g) was added. Well-shaped needle-like crystals formed in 

about 2–3 hours. 
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3. Characterizations 

3.1. Structure determination

All structures were determined by single-crystal X-ray diffraction. Three types of 

diffractometers with different X-ray sources were used to collect data: a STOE IPDS 

diffractometer, an XcaliburTM 3 diffractometer and a diffractometer with a Bruker 

SMART 1000 CCD.

STOE IPDS diffractometer, equipped with an imaging plate system, using 

graphite-monochromatized MoK  radiation (  = 0.71073 Å) from a rotating 

anode generator. The STOE software package was used for data reduction, and 

absorption corrections were carried out with the programs X-RED and X-

SHAPE.

XcaliburTM 3 diffractometer, equipped with a Sapphire 3 CCD camera and 

using MoK  radiation (  = 0.71073 Å) from a Spellman X-ray Generator DF3. 

The data were reduced with the Xcalibur software package.

Diffractometer with Bruker SMART 1000 CCD, using synchrotron radiations 

(the wavelength can be varied) at the Beamline I711 (Max-lab, Lund 

University, Sweden). The data analysis was carried out with the Bruker 

software package, and absorption correction was applied by using SADABS. 

The Laue groups of all structures were determined by investigating the intensities of 

the possible equivalent reflections. Space groups were determined from the systematic

absences resulting from the translational symmetry of the crystal structures. General 

absences, which affect a fraction of all reflections hkl, indicate the Bravis lattice types. 

Zonal absences, which affect only special planes in the reciprocal lattices: 0kl, h0l, hk0 

or hhl, indicate glide planes normal to the [1 0 0], [0 1 0], [0 0 1] or [1  0] directions, 

respectively. Row absences affect only some special reciprocal lattice lines: h00, 0k0, 

00l or hh0. The row absences indicate screw axes parallel to the [1 0 0], [0 1 0], [0 0 1]
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or [1  0] directions. According to the conditions of the systematic absences, a limited 

number of space groups were selected.

Normalized structure factors (E) were calculated from the intensity data. A mean 

abs(E*E-1) close to 0.968 may indicate a centrosymmetric space group, and a value 

close to 0.736 a non-centrosymmetric space group. The space group was considered to 

be conclusively determined when the structure model both agreed with the X-ray 

diffraction data and was chemically reasonable.

All structures were solved by direct methods. The structure solution and refinement

were carried out with the SHELX97 program package[84], using atomic scattering 

factors for neutral atoms. All framework atoms, including metal, oxygen and fluorine 

atoms, were located and refined during an early stage of the structure determination.

However, it was difficult to distinguish F- and OH- due to their similar scattering 

abilities for X-rays. Their thermal displacement factors were used as references for the 

assignment of F- or OH-. Templates were refined with restraints of DFIX during the 

refinement. All non-hydrogen atoms were refined anisotropically.

For organically templated silicogermanates, germanium and/or silicon atoms were 

coordinated to either oxygen or fluorine atoms. The 5- and 6-coordinated T atoms

were refined as pure germanium since silicon is seldom 5- or 6-coordinated in 

framework materials. All tetrahedrally coordinated T atoms were refined with mixed

occupancies of Si and Ge.

The hydrogen atoms in the templates were assumed to reside in ideal positions riding 

on their bonded atoms, and were assigned isotropic thermal parameters of 1.2 or 1.5 

times that of the bonded atoms.

3.2. Other characterizations

The morphologies, chemical compositions and thermal stabilities were studied for all 

silicogermanates. For fluorotitanates, apart from the structure analysis, no further 
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characterizations were carried out, because of their sensitivity to temperature and 

moisture. The techniques used in the thesis include: X-ray powder diffraction (XRPD), 

Fourier Transform Infrared Spectroscopy (FTIR), scanning electron microscopy

(SEM) combined with energy dispersive spectroscopy (EDS) / wavelength-dispersive 

spectroscopy (WDS), and thermogravimetric (TG) analysis. 

3.2.1. X-ray powder diffraction

X-ray powder diffraction (XRPD) was used to study phase purity and phase thermal

stability. XRPD analyses were performed either on a Guinier-Hägg focusing camera 

with CuK  radiation or on a Huber Guinier Camera G670 with either CuK  radiation 

or synchrotron radiation. Silicon powder was used as an internal standard. The XRPD 

patterns were analysed by using the programs of Scanpi (for the Guinier-Hägg 

focusing camera) and Guppi2 (for the Huber Guinier Camera G670). Other programs

were also used, for example Powdercell for comparing the structure models with the 

XRPD data, TREOR90 for indexing XRPD data and PIRUM for refining unit cell 

parameters.

3.2.2. Composition analyses

FTIR spectroscopy was used to identify organic molecules and inorganic clusters. 

FTIR spectroscopy was carried out on a Bruker FTIR IFS-55 spectrometer in the range 

of 400-4000 cm-1 using a KBr pellet. EDS/WDS analysis was used to determine the 

compositions of the obtained compounds. Elements (F, Si, Ge) were analysed either by 

X-ray energy dispersive spectroscopy (EDS) in a JEOL JSM820 scanning electron 

microscope or by wavelength-dispersive spectroscopy (WDS) with a Cameca SX100 

electron micro probe. Normally, about 2–4 spots on the same crystal and 3–5 different 

crystals with different orientations were measured. The average values of different 

analyses were used as the final results.

Light elements (C, N, H) were determined by CNH analysis by Mikro Kemi AB, 

Sweden.
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3.2.3. SEM micrographs

The morphology of the materials was studied in a scanning electron microscope (SEM, 

JEOL JSM820). A Nikon polarizing optical microscope was also used to select and 

mount crystals for structure analysis.

3.2.4. TG analysis

Thermogravimetric (TG) analysis was carried out with a high-resolution TGA 7 

thermogravimetric analyzer (PERKIN ELMER). Samples were heated up to 500oC

with a heating rate of 5°C/min in either air or nitrogen. 

3.2.5. Bond valence calculation and Ion exchange 

Bond valence calculations [85, 86] were made by using the program VALENCE. The 

valence distribution of the bonds was calculated by comparing the empirical values of 

bond distances with the measured ones for pairs of atoms. The bond valences of 

neighbouring atoms were summed up, and a calculated oxidation state of the central 

atom was thereby obtained. By comparing the calculated oxidation state with the 

theoretical value, the structure model was further confirmed. 

Ion exchange experiments were performed in solutions of inorganic salts such as 

NaNO3, KCl, and NaCl. The concentrations of the solutions varied from 0.005 to 

5.0M. Samples were first dispersed in the solution, then filtered and washed with a 

large amount of water. The obtained solids were finally dried, and their compositions 

were analysed by EDS.
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4. New organically templated silicogermanates 

Six silicogermanates, SU-9, SU-10, SU-11, SU-12, SU-14 and SU-21 are presented 

here. Table 4.1 and Table 4.2 list their chemical formulae and crystallographic 

information, respectively. Their morphologies are shown in Figure 4.1. The 

frameworks of the silicogermanates are built up either exclusively from tetrahedra or 

from mixed polyhedra.

Table 4.1 Names and chemical formulae of the six silicogermanates.

Name Chemical Formula

SU-9  (NH4)F  [(Ge3.14Si6.86)O20]

SU-10  (NH4)F  [(Ge6.78Si3.22)O20]

SU-11 (Ge2.40Si9.60)O24

SU-12 (CH3CH2CH2NH3)3 (H2O)2.5 [(Ge6.44Si0.56)O14.5F2]

SU-14 |NH3CH2CH2NH3|3[(Ge6.2Si0.8)O15F]2[GeSi3O8]·y(H2O)

SU-21 [(Ge5.18Si1.82)O12(OH)2F2](NH2CH2CHNH2CH3)2·H2O

Table 4.2 Selected crystallographic information of the six silicogermanates.
Unit cell parametersName Space

group a (Å) b (Å) c (Å) (º) (º) (º)
SU-9 I4/m 9.228 (1) 9.228 (1) 13.806 (3) 90.000 90.000 90.000
SU-10 P4/mcc 8.786(5) 8.786(5) 14.395(5) 90.000 90.000 90.000
SU-11 Pnma 20.093(3) 19.989(4) 13.416(4) 90.000 90.000 90.000
SU-12 I-42m 27.646 (2) 27.646 (2) 17.089 (1) 90.000 90.000 90.000
SU-14 C2/c 35.625(7) 28.580(6) 10.403(2) 90.000 98.30(3) 90.000
SU-21 P-1 7.263(2) 8.636(2) 18.768(4) 98.82(3) 92.81(3) 101.31(3)

SU-9, SU-10 and SU-11 belong to the first group and their frameworks are built up 

exclusively from tetrahedra and possess zeolite framework types. They adopt the 

known zeolite framework types of AST, ASV and MFI, respectively.

SU-12, SU-14 and SU-21 belong to the second group. SU-12 and SU-14 consist of 

mixed octahedra, tetrahedra and triganol bipyramids and comprise 1-D 24-ring 

channels.  The framework of SU-21 is built up from tetrahedra and octahedra. Its 
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templates are covalently bonded to germanium atoms, which is very rare in germanate

framework structures. 

SU-9 SU-10

SU-11 SU-12

SU-14 SU-21

Figure 4.1 SEM images of the six silicogermanates.

4.1. Secondary building units in silicogermanates 

The inorganic building units in the obtained silicogermanates can be divided into three 

types: 4-ring secondary building unit (SBU), 5-1(SBU) and (Ge,Si)7 composite

building units (CBUs), as shown in Figure 4.2.

The 4-ring SBU consists exclusively of tetrahedra. It generates the following SBUs: 

4a, 4b, 4-1a, 4-1b and 4-4, as shown in Figure 4.2a-e; all of them are typical secondary 

building units of zeolite frameworks. 4a and 4b are the basic SBUs, and 4-1a and 4-1b 

can be derived from 4a and 4b, respectively. In 4a, every tetrahedron has one vertex 
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pointing in the same direction; in 4b, two neighbouring tetrahedra point in one 

direction and the other two points in the opposite direction. A 4-1a unit is formed

when an extra tetrahedron connects to one corner of a 4a unit. Similarly, a 4-1b unit is 

obtained when one extra tetrahedron connects to a 4b unit. A 4-4 unit is formed from

two 4a units by sharing adjacent vertices; this is also called double 4-ring (D4R) unit. 

SU-9 and SU-10 are built up from 4-1a and D4R units, and SU-11 from 4-1b units.

The 5-1 unit is also a typical secondary building unit in zeolite frameworks. It is 

formed by an extra tetrahedron connecting to a 5-ring. Within the 5-ring, two 

tetrahedra point in one direction and are separated by the other three tetrahedra, which 

point in the opposite direction (Figure 4.2f). Two such 5-1 units connect together by 

sharing two of their vertices to form a T-12 unit (Figure 4.2g), which is the building 

unit of SU-11.

The (Ge,Si)7 CBU consists of mixed polyhedra: one octahedron, two trigonal 

bipyramids and four tetrahedra (Figure 4.2h). An oxygen atom is located at the core of 

the CBU and it is coordinated to three Ge atoms, one from the octahedron and two 

from the trigonal bipyramids. All polyhedra in the (Ge,Si)7 units connect to each other 

via corner-sharing, with the exception of the trigonal bipyramids, which are edge-

sharing. Both SU-12 and SU-14 contain the (Ge,Si)7 CBUs. 

4.2. Silicogermanates with only tetrahedra

SU-9 and SU-10 are built up from the same periodic building units that are formed by 

4-1a or D4R units. SU-11 is built up from the T-12 units. They all adopt zeolite 

frameworks.

4.2.1. SU-9 and SU-10 

Zeolite frameworks are often described in terms of secondary building units. However, 

sometimes it is more convenient to use periodic building units (PBUs) to describe 

them. All structures containing the same PBUs, including ordered end-member
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structures and disordered intermediates, belong to the same family, for example the 

ABC-6 family, the BEC/ISV family, the AEI/CHA family, and so on.

(a) (b)

(c)
(d)

(e)

(f)

(g)

(h)

Figure 4.2 Representation by polyhedra of the inorganic building units in silicogermanates.
(a) 4a unit, (b) 4b unit, (c) 4-1a unit, (d) 4-1b unit, (e) D4R unit,  (f) 5-1 unit, (g) T-12 unit 
and (h) (Ge, Si)7 composite building unit. The two 5-1 units of T-12 are in red and yellow, 
respectively. Inside the  (Ge, Si)7 composite building unit, tetrahedra are in green, trigonal 
bipyramids in yellow and octahedra in red. 

SU-9 and SU-10 can be built up from a similar PBU, as shown in Figure 4.3a and 

4.3b, respectively. The PBU contains a layer formed by D4Rs connected by bridging 

tetrahedra. Each D4R connects to four other D4R units through four bridging 

tetrahedra to form a PBU containing 12-rings. To build a three-dimensional framework
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with all tetrahedra sharing vertices, the other vertices of the bridging tetrahedra must

be shared by the next PBU. 

a

b

(a)

a

b

(b)

a

b

c

(c)

a

b

c

(d)

Figure 4.3 Representation by polyhedra of the building scheme for SU-9 and SU-10, from
PBUs to 3D structures. (a) A PBU in SU-9, (b) a PBU in SU-10, (c) structure of SU-9 and (d) 
structure of SU-10. The two PBUs in (c) and (d) are in purple and cyan, respectively. 
Templates and water molecules are removed for clarity. 

In SU-9, the next PBU is shifted by ½(a+b+c) resulting in I-centring. The orientation 

of PBUs is the same, and neighbouring PBUs share the bridging tetrahedra (Figure 

4.3c). The 12-ring channels are blocked by the D4Rs from the next PBU, and an 

octadecahedral cage of [46612] is formed. The space group of SU-9 is I4/m. SU-9 has a 

known zeolite framework type, AST, previously only found in the aluminophosphate 

AlPO-16 [87] and the aluminosilicate octadecasil [88].

In SU-10, the next PBU is mirrored (mirror planes perpendicular to [1 0 0] or [1 1 0]

directions) with respect to the first PBU, and they are shifted through 1/2c along the c
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axis. Adjacent PBUs are connected by sharing the bridging tetrahedra (Figure 4.3d). In 

such a way, unlike SU-9, the 12-ring channels are retained in SU-10. The structure of 

SU-10 also belongs to the tetragonal system, but with the space group P4/mcc. SU-10 

adopts a known zeolite framework type, ASV, which has previously been prepared 

only in pure germanate form [55].

The unit cell volumes of SU-9 and SU-10 are very closely similar, 1175.57 Å3 for SU-

9 and 1111.20 Å3 for SU-10. As shown in Table 4.2, the a and b parameters (9.228(1) 

Å) of SU-9 are longer than those of SU-10 (8.788 (5)Å), and the c parameter of SU-9 

(13.806 (3)Å) is shorter than that of SU-10 (14.395 (5)Å).

Both structures contain F- anions and NH4
+ cations, and the charges of the two types of 

ions compensate each other. The F- ions are situated inside the D4Rs, while the NH4
+

cations are located in the octadecahedral cages in SU-9 and in the 12-ring channels in 

SU-10.

In SU-9 and SU-10, not only the stacking of the PBUs is different, but also the Si/Ge 

ratios and distributions are different (Table 4.3). In general, the germanium content in 

SU-9 (31.4%) is much less than in SU-10 (67.8%). In SU-9, the germanium content in 

the bridging tetrahedra is merely 10%, much lower than in the D4Rs (37%). However, 

in SU-10, the germanium content in bridging tetrahedra is up to 74%, which is higher 

than in the D4Rs (66%). 

Table 4.3 Germanium contents (at%) in different positions, and average T–O bond distances 
in SU-9 and SU-10. 

SU-9 SU-10

Bond distance (Å) Ge (at%) Bond distance (Å) Ge (at%)

T1-O 1.639(6) 10 T1-O 1.746(4) 74

T2-O 1.661(8) 37 T2-O 1.710(25) 66

T1 represent the T atoms in the bridging tetrahedra, T2 are the T-atoms that build up the D4R 
unit.

The different Si/Ge distributions affect the bond distances and T–O–T angles in both 

structures (Table 4.3, 4.4 and Figure 4.4). Larger amount of Si results in shorter T–O 

distances and larger T–O–T angles in SU-9, compared with the corresponding 
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distances and angles in SU-10. As a result, the 12-rings in SU-9 are slightly larger than 

those in SU-10 (see Figure 4.3a and b).

Table 4.4 T–O–T angles in SU-9 and SU-10. 

T-O-T SU-9 (º) T-O-T SU-10 (º)

T1—O1—T2 142.33(36) T1—O1—T2 126.30(1)

T2 i —O2—T2 140.37(5) T2i—O2—T2 135.18(1)

T2 ii —O3—T2 139.24(42) T2—O3—T2ii 138.50(2)

Symmetry code: (i) x, y, 1-z; (ii) 1-y, -1+x, z. (i) x, y, -z; (ii)1+y, 1-x, z 

T2

O3

T1

T2

O1

T2

O2

O3
T2

Figure 4.4 The D4R and its bridging tetrahedron in SU-9 and SU-10. 

The formation of SU-9 and SU-10 verify that completely different structures can be 

obtained when the relative ratio of Ge/Si is changed in the framework. Different Ge/Si 

ratios can result in very different T–O–T angles, which affect the final structures. As in 

the zeolite beta family and the ITE/RTH family, where the PBUs can be arranged in 

different ways to form different structures, the PBUs in SU-9 and SU-10 may also be 

able to generate other new structures.

4.2.2. SU-11

The space group of SU-11 is Pnma, and each unit cell contains 12 unique T atoms that 

form one T-12 secondary building unit. The T-12 SBUs connect to each other via 

corner sharing to form a sinusoidal chain of 5-rings running along the c axis, as shown 

in Figure 4.5. The sinusoidal chains are then joined together through corner sharing to 

form a layer containing 5-, 6- and 10-rings. This layer is also called a pentasil layer.
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a
b

c

(a)

b

c

(b)

Figure 4.5 Representation by polyhedra of SU-11. (a) a pentasil layer viewed along the [0 1 0] 
direction, and (b) the framework viewed along the [1 0 0] direction. A T-12 unit is in red in 
(a), and two different layers along the a axis are marked in red and yellow in (b), respectively. 

The pentasil layers are present in both the ac plane (Figure 4.5a) and the bc plane 

(Figure 4.5b). The pentasil layers (related by mirrors) are stacked along the b axis to 

form a three dimensional framework with straight 10-ring channels along the b axis. 

Along the a axis, the next layer is first mirrored and then translated through ½(b+c),

thus sinusoidal 10-ring channels are formed along the a axis. SU-11 is the first 

silicogermanate adopting the zeolite framework type of MFI, although the MFI 

structure has been prepared in many chemically different systems.
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SU-11 is always found as twins. It was very difficult to refine the T positions as mixed 

occupancies of Si and Ge. It was also difficult to locate organic templates in the 

channels.

4.3. Silicogermanates with mixed polyhedra 

4.3.1. SU-12 and SU-14 with extra-large 24-ring channels 

SU-12 and SU-14 contain one-dimensional 24-ring channels. Both structures are built 

up from the (Ge,Si)7 composite building units. SU-14 also contains the 4a secondary 

building units in addition to the (Ge,Si)7 CBUs.

a

b

(a)
a

c

(b)

Figure 4.6 Representation by polyhedra of SU-12, viewed along (a) the [0 0 1] direction and 
(b) the [0 1 0] direction. Octahedra are in red, trigonal bipyramids in yellow and tetrahedra in 
green. The templates and water molecules are removed for clarity. 
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The structure of SU-12 contains a unique (Ge,Si)7 CBU, as shown in Figure 4.6. In the 

ab plane, eight (Ge,Si)7 CBUs connect to each other by vertex-sharing, either between 

a tetrahedron and a trigonal bipyramid or between two tetrahedra, to form a 24-ring 

(Figure 4.6a). The 24-rings are translated along the a and b axes, and further connect 

to each other to form a layer containing 8- and 24-rings. The 8-rings are formed by 

four (Ge,Si)7 CBUs via vertex-sharing between a tetrahedron and a trigonal bipyramid.

The adjacent layers are related through a 4  operation and stacked along the c axis. The 

layers are connected together through vertex-sharing between two tetrahedra (Figure 

4.6b). A three-dimensional framework with 8-, 10-, 12- and 24-ring channels is 

achieved.

a

b

(a)

ab

c

(b)

Figure 4.7 Representation by polyhedra of SU-14, viewed along (a) the [0 0 1] direction and 

(b) the [1 1 0] direction. Octahedra are in red, trigonal bipyramids in yellow and tetrahedra of 

(Ge,Si)7 CBUs in green, tetrahedra in 4-rings in purple. The templates and water molecules

are removed for clarity.
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SU-14 contains (Ge,Si)7 CBUs and 4-ring SBUs, as shown in Figure 4.7. There are 

two unique (Ge,Si)7 clusters and one unique 4-ring. Similar to SU-12, eight of the 

(Ge,Si)7 clusters connect together through their tetrahedra via corner-sharing to form a 

24-ring (Figure 4.7a). The 24-ring is highly elongated and its shape is turtle-like. The 

24-rings are situated in a centred manner and joined together by the 4-ring units. Each 

4-ring connects four (Ge,Si)7 clusters from three different 24-rings, with each of its 

four vertices connected to a trigonal bipyramid of the (Ge,Si)7 cluster. Thus a layer 

with 6-, 12- and 24-rings is obtained. The layers are stacked along the c axis and 

connected by the tetrahedra of (Ge,Si)7 clusters from different layers to form a three-

dimensional framework with 12- and 24-ring channels along the c axis (Figure 4.7b). 

There are 9- and 10-ring windows perpendicular to the 12-ring and 24-ring channels, 

respectively. The 9-ring windows are formed by seven tetrahedra and two trigonal 

bipyramids. Three of the seven tetrahedra are from the 4-ring units, and the rest are 

from the (Ge,Si)7 clusters (Figure. 4.8a). The 10-ring windows are formed by eight 

tetrahedra and two trigonal bipyramids; all of them are from the (Ge,Si)7 clusters

(Figure. 4.8b). As a result, inter-connected channels of 9-, 10-, 12- and 24-rings are 

present in the three-dimensional framework of SU-14.

(a) (b)

Figure 4.8 Representation by polyhedra of (a) the 9-ring connected to the 12-ring channel and 
(b) the 10-ring windows connected to the 24-ring channels in SU-14. Octahedra are in red, 
trigonal bipyramids in yellow and tetrahedra of (Ge,Si)7 CBUs in green, tetrahedra in 4-rings in 
purple.

The average T–O bond distances and T–O–T angles within the (Ge,Si)7 CBUs of SU-

12 and SU-14 are listed in Table 4.5. The average T–O distances within the tetrahedra 
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is 1.730(8) and 1.729(41) Å, respectively. They are slightly shorter than the normal

Ge–O distances (1.76 Å) and much longer than the Si–O distances (1.61 Å). This 

agrees with the small amount of silicon found in SU-12 from the refinement, and it 

was further proved by the WDS analysis. Inside the trigonal bipyramids and octahedra, 

the average T–O distances are very closely similar for the two compounds. A similar

amount of Si is supposed to be present in the (Ge,Si)7 clusters of SU-14 since its T–O 

distances are very close to those in SU-12.

Table 4.5 Average T–O bond distances and T–O–T angles within the (Ge, Si)7 CBUs in SU-
12 and SU-14.

SU-12 (Å) (º) SU-14 (Å) (º)

<T4-X> 1.730(8) 1.729(41)

<T5-X> 1.833(8) 1.829(128)

<T6-X> 1.888(7) 1.890(53)

<T4-O-T4> 120.00(5) 119.41(149)

<T4-O-T5> 122.70(5) 122.42(147)

<T4-O-T6> 117.70(4) 118.01(150)

T4, T5 and T6 represent tetrahedrally, trigonal-bipyramidally and octahedrally coordinated 
T atoms, respectively. In SU-14, the average T–O bond distance in the 4-rings is 
1.613(27) Å.

In the 4-rings of SU-14, the average T–O distance is 1.613(27) Å. The short distances 

indicate that the corresponding positions are mostly occupied by silicon. The 

refinement shows that there is 76 at% Si present in these T positions.

Although both SU-12 and SU-14 contain (Ge,Si)7 units, the connections of the 

(Ge,Si)7 units are different, as shown in Figure 4.9. In SU-12, the only unique (Ge,Si)7

is connected to five other (Ge,Si)7 CBUs, three through two tetrahedra and two 

through a tetrahedron and a trigonal bipyramid. In SU-14, the two unique (Ge,Si)7

CBUs are similar, each connecting to four other CBUs through tetrahedra. The trigonal 

bipyramids are linked with the 4a units, which form a chain running along the c axis.

The shapes of the 24-rings in both SU-12 and SU-14 are turtle-like when viewed along 

the c axis (Figure 4.10). The 24-ring in SU-12 is much fatter than that in SU-14. In the

24-rings of SU-12, the CBUs are connected alternatively between two tetrahedra and 
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between a tetrahedron and a trigonal-bipyramid. The octahedra from pairs of the CBUs 

point regularly towards and outwards from the 24-ring. The 24-ring has a free cross-

sectional area of 12.5 x 11.3 Å (assuming that the van der Waals diameter of oxygen 

atoms is 2.7 Å). In SU-14, the (Ge,Si)7 CBUs are connected to each other through the 

tetrahedra. All octahedra from the (Ge,Si)7 CBUs point towards the 24-rings, whereas 

the trigonal bipyramids point outwards. The longest diameter (the O to O distance) 

within the 24-ring is 22.2 Å, and the shortest diameter (O to O distance) is 6.5 Å. The 

free cross-sectional area of the 24-ring channel is 6.7 x 3.8 Å.

(a) (b)

Figure 4.9 Representation by polyhedra of the (Ge, Si)7 CBU connection in (a) SU-12  and 
(b) SU-14. Octahedra are in red, trigonal bipyramids in yellow and tetrahedra of (Ge,Si)7

CBUs in green, tetrahedra in 4-rings in purple.

a

b

(a)
(b)

Figure 4.10 Representation by polyhedra of 24-rings, viewed along the c axis for SU-12 (a) 
and SU-14 (b). Octahedra are in red, trigonal bipyramids in yellow and tetrahedra in green. 
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SU-12 can be described as a silicon-substituted form of ASU-16 [42]. Both SU-12 and 

ASU-16 are built from (Ge,Si)7 CBUs, which are connected in the same way. 

However, the symmetry of SU-12 (space group I-42m) is much higher than that of 

ASU-16 (space group I222). The main reason is that the locations of some templates 

are different, which results in different hydrogen bonding. As shown in Figure 4.11, 

the templates were missing at the positions marked by arrows in ASU-16. 

(a)

(b)

Figure 4.11 Location of the organic templates in the 24-ring channels in SU-12 (a) and ASU-
16 (b). Octahedra are in red, trigonal bipyramids in yellow and tetrahedra in green. 
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As shown in Figure 4.12, the propylamine cations are located in the 8- and 10-rings in 

SU-12, preventing the framework from being distorted (Figure 4.12a). However in 

ASU-16, the 1,4-diaminobutane cations are located in the 10- and 12-rings. No H-

bonding is present in the 8-rings, so the 24-rings can be distorted (Figure 12b). The H-

bonding is very similar in the 10- rings for SU-12 and ASU-16, but very different in 

the 8- and 12-rings. The orientations of the two (Ge,Si)7 clusters shared by the 8- and 

12-rings are very different in SU-12 and ASU-16 (marked by arrows). 
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Figure 4.12 Comparison of the H-bonding in SU-12 (a) and ASU-16 (b), viewed along the 

[1  0] direction. Polyhedra in the upper layer with 24-rings are drawn in yellow and those in 
the lower layer in purple. The pairs of polyhedra with the largest difference of the T–O–T 
angels ( 10 ) between SU-12 and ASU-16 are drawn in cyan and hatching. Hydrogen atoms
and water molecules are removed for clarity.
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The in-situ XRPDs of SU-12 and ASU-16 demonstrate that the thermal stabilities of 

SU-12 and ASU-16 are different, as shown in Figure 4.13. The framework of ASU-16 

transformed to that of SU-12 at 180˚C, while SU-12 was stable up to 200˚C.

Figure 4.13 In-situ XRPD patterns of as-synthesized mixture of ASU-16 and SU-12 at 
different temperatures. Calculated XRPD patterns of SU-12 and ASU-16 are inserted for 
comparison. The XRPD pattern of ASU-16 is calculated from the coordinates given by 
Plevert et al.[42], with modified unit cell parameters a = 28.75, b = 26.90 Å and c = 17.03 Å
fitted to the present XRPD pattern. 

4.3.2. SU-21 

SU-21 is a layered silicogermanate, which is built up from tetrahedra and octahedra. 

Figure 4.14 shows the structure model of SU-21. The tetrahedra form 4b units (4-ring 

with two pairs of tetrahedra pointing up and down from the 4-ring plane). The 4b units 

are oriented in the same way and located in the middle of unit cell axes. They are 

connected through a tetrahedron to form chains along the [1 0 1] direction (Figure 

4.14a). The chains are joined together via the octahedra, which are located on both 

sides of the 4b units. Thus a layer containing 10-ring channels is obtained. The layers 

are then stacked along the b axis, and the framework of SU-21 is formed (Figure 

4.14b).
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Figure 4.14 Representation by polyhedra of SU-21, viewed along (a) the b axis and (b) the a
axis. Octahedra are in dark grey and tetrahedra in medium grey. 

As shown in Figure 4.15, SU-21 contains seven unique T atoms. Five of them are 

tetrahedrally coordinated by oxygen and/or fluorine atoms, and the remaining two are 

octahedrally coordinated by three O, one F and two N atoms. The two N atoms are 

from the template of 1,2-diaminopropane. The distributions of Si and Ge in T positions 

are very interesting, the Si- and Ge-rich sites alternate in the framework. The bridging 

T site is Ge-rich (69 at% Ge). In each 4-ring, the two T-sites close to the bridging T 

site are Si-rich (54 at% Si) and the other two are Ge-rich (79 at% Ge).
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Figure 4.15 Two asymmetric units connected by Ge1 in SU-21; the Ge-rich and Si-rich sites 
are marked as Ge and Si, respectively. 

Table 4.6 lists selected bond distances in SU-21. The T atoms in the tetrahedra 

connected to the bridging tetrahedron (T1O4) are slightly shifted towards the bridging 

tetrahedron, as indicated by the significantly shorter T–O distances (1.663(6), 

1.662(6)Å). On the other hand, the T atoms in the bridging tetrahedron (T1O4) are 

shifted away from the 4-rings, thus resulting in longer T–O distances (1.733(6), 

1.736(6) Å). The T–(O/F) distances in the octahedra are in the range of 1.812(6)–

1.849(5) Å, and the T–N distances are rather longer (2.021(7)–2.042(7) Å).

Table 4.6 Selected bond distances (Å) in SU-21. 

Bond Distances (Å) Bond Distances (Å) 

T1    -O9 1.736(6) Ge4    -O1 1.849(5)

T1    -O10 1.733(6) Ge4    -O5 1.834(5)

T1    -O13 1.702(7) T5    -O10_d 1.662(6)

T1    -O14 1.705(7) T5    -O12_d 1.670(6)

T2    -O8_c 1.697(5) T5    -O7 1.687(6)

T2    -O9_c 1.663(6) T5    -O6 1.644(6)

T2    -O4 1.661(6) T6    -O2 1.707(6)

T2    -O11_b 1.676(6) T6    -O7 1.749(6)

T3    -O1 1.696(6) T6    -O3_e 1.696(6)

T3    -O11 1.732(6) T6    -O12 1.724(6)

T3    -O5_c 1.703(5) Ge7    -O2 1.837(6)

T3    -O8 1.747(6) Ge7    -O3 1.829(6)

Ge4    -F1 1.822(4) Ge7    -F2 1.814(4)

Ge4    -N4 2.042(7) Ge7    -N1 2.039(7)

Ge4    -N3 2.031(7) Ge7    -N2 2.021(7)

Ge4    -O4 1.812(6) Ge7    -O6 1.818(6)

Translation of symmetry code to equivalent positions:
b = 1+x,y,z; c = 2-x,1-y,-z; d = 2-x,1-y,1-z; e = 3-x,1-y,1-z 
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In the octahedra, on the one hand, the Ge–N distances are longer than the Ge–(O/F) 

distances. On the other hand, the N–Ge–N angles (82.4(3)˚ and 82.7(3)˚) are much less 

than 90˚. The Ge–N distances indicate that a strong chemical bond, i.e. a covalent 

bond exists between Ge and N, which were first observed in silicogermanates. The 

bond valence calculation in Table 4.7 shows that the bond valences of Ge2, Ge/Si4, 

Ge5 and Ge/Si7 (from 4.223 to 4.502) deviate greatly from the theoretical value 

(4.000).

Table 4.7 Bond valence calculation for SU-21 
Ge1 Si1 Ge2 Ge3 Si3 Ge4 Si4 Ge5 Ge6 Si6 Ge7 Si7 S

O1 0.757 1.154 0.855 1.838

O2 0.788 1.120 0.837 1.845

O3 0.799 1.151 0.860 1.885

O4 0.841 1.255 0.937 1.931

O5 0.786 1.139 0.85 1.854

O6 0.825 1.317 0.984 1.962

O7 0.992 0.741 1.179 0.881 1.954

O8 0.992 0.741 1.151 0.860 1.931

O9 1.044 0.780 1.238 0.937 2.055

O10 1.044 0.780 1.251 0.935 2.053

O11 1.044 0.780 1.208 0.902 2.029

O12 1.073 0.801 1.231 0.920 2.075

O13 1.154 0.862 2.016

O14 1.126 0.841 1.967

F1 0.703 0.703

F2 0.718 0.718

N1 0.672 0.672

N2 0.702 0.702

N3 0.685 0.685

N4 0.665 0.665

S 4.368 3.263 4.437 4.329 3.226 4.852 3.636 4.502 4.336 3.239 4.978 3.720

S 4.070 4.437 4.058 4.223 4.502 4.090 4.300

The bond valence sum for each mixed (Ge/Si) position in the last row was estimated from the 
occupancy of Ge and Si determined from the structure refinement by interpolation of the bond 
valence sum of pure Ge and Si. S = Vi*Oi (Vi, bond valence value, Oi occupancy for the 
corresponding atom). S represents sum in the table. 

4.4. Effects of the templates on the framework structures 

It is well known that not only the batch compositions and synthesis conditions, but 

also the organic templates are very important for the formation of the frameworks. 
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Organic templates play a significant role in directing the formation of framework 

structures.

The organic templates decomposed in SU-9 and SU-10 during the synthesis. SU-12 

and SU-21 contain templates in the frameworks, and complete templates could be 

located from the structure refinement. Due to the structural disorder in SU-11 and SU-

14, it was very difficult to locate the organic templates in their structures. Below, I will 

only discuss the effects of the templates on the framework structures for SU-21 and 

SU-12.

In SU-12 and its related structure ASU-16, no templates were found at the centre of 

the 24-ring channels from the structure refinement. Instead, they were found in the 

smaller channels and near the walls of the big channels. The different locations of the 

templates generate different hydrogen bonding, resulting in different symmetries of the 

crystals. The templates here act more like structure-directing agents than space-filling 

agents. This indicates that it is not requisite to use large templates to obtain large 

channels in framework materials.

In SU-21, 1,2-diaminopropane is covalently bonded to the Ge atoms in the inorganic 

framework. This is in analogy with metal-organic frameworks, where the organic and 

inorganic components are covalently bonded together to form rather stable structures. 

The interaction between organic and inorganic components in SU-21 is much stronger 

than in SU-12.

4.5. Summary 

Six novel silicogermanates, including SU-9, SU-10, SU-11, SU-12, SU-14 and SU-21, 

have been discussed. Three of them have zeolite frameworks, two with 24-ring 

channels and one with templates covalently bonded to the framework. Their 

frameworks are built up from either tetrahedra only or from mixed polyhedra. In all 

silicogermanates, both Si and Ge occupy the same tetrahedrally coordinated positions, 

but there is only Ge in the 5- and 6-coordinated positions.
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SU-9 and SU-10 can be built from the same periodic building units formed by 4-1 and 

4-4 units. SU-9 contains octadecahedral cages, and SU-10 contains 12-ring channels 

along the c axis. They adopt the zeolite framework types of ASV and AST, 

respectively. SU-11 is built from T-12 units, which form a pentasil layer. It contains 

three-dimensional intersecting 10-ring channels.

Both SU-12 and SU-14 contain (Ge, Si)7 units, and the (Ge, Si)7 units connect to each 

other to form 24-rings perpendicular to the c axis. Both structures contain intersecting 

channels. SU-12 consists of 8-, 10-, 12- and 24-ring channels, and SU-14 consists of 9-

, 10-, 12- and 24-ring channels. SU-21 is a layered structure containing 10-ring 

channels. The template of SU-21, 1,2-diaminopropane, is covalently bonded to the Ge 

atoms.
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5. New hybrid Fluorotitanates

Five fluorotitanates (SUF-1, SUF-2, SUF-3, SUF-4, SUF-5) are presented here. They 

belong to the family of hybrid framework materials where both the organic and 

inorganic species participate in the formation of frameworks. Their chemical formulae 

and selected crystallographic information are given in Table 5.1 and Table 5.2, 

respectively.

Table 5.1 Names and chemical formulae of the five fluorotitanates.

Name Formula

SUF-1 (C6H14N2)[TiF6] H2O

SUF-2 (C4H12N2)[TiF5(H2O)]2

SUF-3 (C4H12N2)2[Ti2F10O] 2H2O

SUF-4 (C4H11N2)2[Ti2F10] 2H2O

SUF-5 (C4H14N2)[TiF4O]

Table 5.2 Crystallographic data for the five fluorotitanates.

Unit cell parameters
Name

Space
group a (Å) b (Å) c (Å) (º) (º) (º)

SUF-1 P–1 6.826(5) 6.928(5) 13.315(5) 82.338(5) 88.420(5) 62.200(5)

SUF-2 P–1 5.839(2) 7.221(2) 8.692(3) 67.783(3) 74.522(3) 83.302(3)

SUF-3 P21/c 10.623(5) 13.717(5) 13.110(5) 90.000 91.852(5) 90.000

SUF-4 P21/n 8.655(5) 11.269(5) 9.224(5) 90.000 97.533(5) 90.000

SUF-5 Pbam 9.260(2) 10.991(2) 4.066(1) 90.000 90.000 90.000

5.1. Inorganic Building Units in hybrid fluorotitanates

In fluorotitanates, titanium is octahedrally coordinated by fluorine, oxygen and/or 

water, as shown in Figure 5.1. The octahedra then connect to each other to form

clusters of fluorotitanate anions. The clusters can be divided into three groups 

according to the number of octahedra present in the anions: i) isolated octahedra, such 

as TiF6 in (C6H14N2)[TiF6] H2O (SUF-1, Figure 5.1a) and TiF5(H2O)  in 

(C4H12N2)[TiF5(H2O)]2 (SUF-2, Figure 5.1b); ii) pairs of octahedra, including Ti2F10O

in (C4H12N2)2[Ti2F10O] 2H2O (SUF-3, Figure 5.1c) and Ti2F10 in 
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(C4H11N2)2[Ti2F10] 2H2O (SUF-4, Figure 5.1d); and iii) one-dimensional chains of 

octahedra, e.g. [TiF4O]  in (C4H14N2)[TiF4O] (SUF-5, Figure 5.1e). 
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Figure 5.1 Inorganic building units in fluorotitanates: (a) an isolated octahedron, TiF6 in SUF-
1, (b) an isolated octahedron, TiF5(H2O) in SUF-2, (c) a vertex-sharing pair of octahedra, 
Ti2F10O in SUF-3, (d) an edge-sharing pair of octahedra, Ti2F10 in SUF-4, and (e) a 1-D chain 
of octahedra, [TiF4O]  in SUF-5. 

SUF-1 and SUF-2 contain isolated octahedra. The isolated octahedron of TiF6 in SUF-

1 is close to ideal, with Ti–F distances varying from 1.840(2) Å to 1.884(2) Å, as listed 

in Table 5.3. The F–Ti–F angles are close to either 90˚ or 180˚, as seen in Table 5.4. In 

SUF-2, the titanium atom is coordinated by five fluorine atoms and one water 

molecule (OW1). The Ti1–OW1 distance (2.084(4) Å) is significantly longer than the 

Ti–F distances (average 1.840(12) Å), and the (F,O)–Ti–(F,O) angles vary from

85.17˚(14) to 94.85˚(13) and 170.78˚(12) to 178.32˚(14). Thus, the resultant TiF5(H2O)

octahedron is distorted. 

SUF-3 and SUF-4 contain pairs of octahedra. In SUF-3, the Ti2F10O pair is formed by 

vertex sharing, where the bridging atom is oxygen. In both octahedra, the Ti–Oaxial

bond distances (1.803(2) and 1.812(2) Å) are shorter than Ti–Faxial (1.964(2) Å and 

1.967(2) Å). This indicates that both titanium atoms in the pair are shifted towards the 
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bridging oxygen. The Ti–F distances in the equatorial plane are within 1.844(2) Å–

1.892(2) Å, which is shorter than the Ti–Faxial distances. In SUF-4, the Ti2F10 pair is 

formed by edge sharing, and no oxygen is present. The two octahedra in the pair are 

related by an inversion centre. The bond distances between titanium and the bridging 

fluorine atoms (Ti1–F5) are 1.859(2) and 1.876(2) Å, which is shorter than the other 

Ti–F distances in the octahedra.

Table 5.3 Comparison of Ti–F and Ti–O distances in the fluorotitanates(Å).

Name Ti-Fequatorial (Å) Ti-Faxial (Å) Ti-Oaxial (Å) 

SUF-1 1.840(2)-1.884(2)

SUF-2 1.826(3)-1.856(3) 1.799(3) 2.084(4)

SUF-3 1.844(2)-1.892(2) 1.964(2), 1.967(2) 1.803(2),1.812(2)

SUF-4 1.859(2)-1.949(2) 1.921(2), 1.897(2)

SUF-5 1.887(2)-1.920(2) 2.033(4)

Table 5.4 Selected Ti–F(O)–Ti angles in the fluorotitanates (degrees). 

Name (F,O)-Ti-(F,O) (º) (F,O)-Ti-(F,O)axial (º) Ti-(O,F)-Ti (º) 

SUF-1 88.92(8)-91.08(8) 180.00

SUF-2 85.17(14)-94.85(13) 170.78(12)-178.32(14)

SUF-3 84.05(8)-95.26(10) 171.56(9)-178.32(10) 158.83(14)

SUF-4 82.01(6)-95.44(7) 168.30(6)-175.47(7) 97.45(6)

SUF-5 89.89(8)-90.11(8) 180.00 180.00

SUF-5 consists of one-dimensional [TiF4O] chains of octahedra, formed by vertex 

sharing. Similar to SUF-3, the bridging atoms are oxygen.  The Ti–F bond distances in 

SUF-5 vary within a rather narrow range (1.887(2)–1.920(2) Å), and they are much

shorter than the Ti–O distance (2.033(4) Å). This indicates that the octahedra are 

elongated along the chain direction. SUF-5 is the first example of a fluorotitanate with 

infinite chains. 

Isolated TiF6 octahedra combined with alkali metal ions are often reported in 

literature. Actually, very few compounds contain clusters of TiF6 octahedra. Here two 

examples are given as representatives: i) clusters of six TiF6 octahedra connected 

together through vertex sharing [89] and ii) 3D frameworks of TiOF2 built up from 
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vertex-sharing Ti(O,F)6 octahedra [90]. The former was obtained under solvothermal

conditions and the latter by hydrolysis of titanium tetrafluoride.

5.2. Hydrogen bonding in hybrid fluorotitanates

In the hybrid frameworks of fluorotitanates, the fluorotitanate anions do not connect 

with each other to form three-dimensional inorganic frameworks. Instead, these anions 

connect the N-containing organic cations and water/oxonium ions through hydrogen 

bonding. Normally, there are three types of hydrogen bonds present in hybrid 

fluorotitanates. The first one is the hydrogen bonding between fluorotitanate anions 

and N-containing cations, in which the amino groups from the organic cations are 

normally proton donors. The second one is formed between fluorotitanate anions and 

water/oxonium ions, in which the water/oxonium ions act as proton donors. The last 

one is formed between organic cations and water/oxonium ions, in which the 

water/oxonium ions act as proton acceptors and the amino groups from the organic 

cations act as proton donors. These three types of hydrogen bonding are important in 

building up the frameworks of fluorotitanates.

SUF-1 is built up from isolated [TiF6]
2- anions, diprotonated DABCO cations and 

water molecules. SUF-1 includes two unique titanium atoms, Ti1 (located at the 

origin) and Ti2 (located at the middle of the c axis). They form two octahedra, Ti1F6

and Ti2F6, respectively. The Ti1F6 octahedra connect to each other via water 

molecules through hydrogen bonding, and chains are formed along the [1 1 0]

direction, as shown in Figure 5.2a. Unlike Ti1F6, the Ti2F6 octahedra do not connect to 

each other. Instead, they connect to the Ti1F6 octahedra through two DABCO cations 

to form chains along the [1 0 1] direction. These two types of chains intersect each 

other, and a framework layer is formed in ac plane as shown in Figure 5.2. The layers 

are then packed along the b axis to form the 3D structure of SUF-1.

SUF-2 contains isolated [TiF5(H2O)]- fluorotitanate anions and diprotonated piperazine 

cations. There is only one unique TiF5(H2O) octahedron in the unit cell. The 

piperazine cations are situated at the inversion centre. The TiF5(H2O) octahedra 
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connect to each other via their ligand water molecules through O H···F hydrogen 

bonds. Zigzag octahedral chains along the b axis are formed, as shown in Figure 5.3a. 

The diprotonated piperazine cations are located between the zigzag chains, 

interconnecting the chains of TiF5(H2O) octahedra via bifurcated hydrogen bonds, so 

as to form a layer parallel to the bc plane. These layers are connected together by 

single hydrogen bonds between piperazine cations and TiF5(H2O) octahedra from the 

neighbouring layer. A 3-D framework of SUF-2 is obtained, see Figure 5.3b. 
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Figure 5.2 Representation by polyhedra of SUF-1, viewed along (a) the [0 1 0] direction and 

(b) the [1 1 0] direction. 
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Figure 5.3 Representation by polyhedra of SUF-2, viewed along (a) the [1 0 0] direction and 
(b) the [0 1 0] direction. 

In both SUF-1 and SUF-2, the fluorotitanate anions are connected together through 

water molecules, either crystal water as in SUF-1 or ligand water as in SUF-2. As 

shown in Table 5.5, the O H···F distances (2.61–2.64 Å) in SUF-2 are shorter than 
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those in SUF-1 (2.70–2.80 Å). This indicates that the hydrogen bonding between F and 

the ligand water in SUF-2 is stronger than that between F and the crystal water in 

SUF-1. Furthermore, the N H···(F,O) bonds between the fluorotitanate anions and 

piperazine cations are stronger in SUF-2 than in SUF-1, as shown by the shorter 

N H···(F,O) distances in SUF-2 (2.72–2.94 Å) compared to those in SUF-1 (2.68–

3.16  Å).

Table 5.5 Hydrogen bond O H···F and N H···(F,O) distances in the fluorotitanates ( Å).

Name O H···F (Å) N H···(F,O) (Å)

SUF-1 2.70-2.80 2.68-3.16

SUF-2 2.61-2.64 2.72-2.94

SUF-3 3.00-3.07 2.63-2.94

SUF-4 2.67-2.73 2.75-3.15

SUF-5 2.74-2.78

Distances shorter than 3.20 Å are supposed to represent hydrogen bonds 

SUF-3 contains two unique TiF5O octahedra and two unique piperazine cations (one 

entire, and two halves) that generate three piperazine cations.  The two TiF5O

octahedra form a pair by oxo-sharing. The piperazine cations are of two types: one is 

located in the same plane as the pairs of octahedra, and the layer plane is parallel to the 

ac plane; the other type is situated between the layers. 
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Figure 5.4 Representation by polyhedra of SUF-3, viewed along (a) the [0 1 0] direction and 
(b) the [1 0 0] direction. 
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As shown in Figure 5.4a, four pairs of octahedra connect to a piperazine cation of the 

first type, which is located centrally between pairs. This connection is extended along 

the a and c axes to form a layer. The layers are then connected together through the 

second type of piperazine cations, forming a three-dimensional framework (Figure 

5.4b). The N H···F hydrogen bond distances are in the range 2.63–2.94 Å, as seen in 

Table 5.5. The crystal water molecules are rather weakly bonded to the pairs of 

octahedra (O H···F distances 3.00–3.07 Å). 

SUF-4 is built up from one unique octahedron that generates a [Ti2F10]
2- fluorotitanate

anion, one piperazine cation and one water molecule. The eight terminal F atoms of 

the pairs of octahedra contribute to the H-bonding. Four are hydrogen bonded to four 

water molecules that further connect to other pairs of octahedra to form an inorganic 

layer, as shown in Figure 5.5. As seen in Table 4.5, the O H···F bond distances (2.67–

2.73 Å) are short, which indicates that the hydrogen bonding between the water 

molecules and the pairs of octahedra is rather strong. 

a

b

c

Figure 5.5 Pairs of Ti2F10 octahedra are connected together via water molecules by hydrogen 
bonding to form a layer in SUF-4. 

The remaining four F atoms are hydrogen bonded to protonated piperazine cations that 

are situated between the inorganic layers (Figure 5.6a). Thus, a 3D hybrid framework

is formed (Figure 5.6b). The N H···F bond distances between the pairs of octahedra 

and piperazine cations are within 2.75-3.15 Å, which are longer than the O H···F
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bond distances between the pairs of octahedra and water (2.67-2.73 Å). It indicates 

that the H-bonding between the piperazine cations and fluorotitanate anions is much 

weaker than that between water and fluorotitanate anions (Table 5.4).

a

c

O

H

N

C

(a)

a

b

O

H

N

C

(b)

Figure 5.6 Representation by polyhedra of SUF-4, viewed along (a) the b axis and (b) the c
axis.
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Figure 5.7 Representation by polyhedra of SUF-5, viewed along the c-axis.

SUF-5 is built up from [TiF4O2/2]
- anions and diprotonated 1,4-diaminobutane cations. 

As shown in Figure 5.7, the TiF4O2 octahedra form infinite [TiF4O]  chains via oxo-

sharing. The chains of octahedra run along the c axis. Each TiF4O2 octahedron is 

located at the centre of a parallelepiped formed by eight diprotonated 1,4-

diaminobutane cations. Similarly, each diprotonated 1,4-diaminobutane cation is 

located at the centre of a parallelepiped formed by eight TiF4O2 octahedra. The 1,4 

diaminobutane cations bond to all TiF4O2 octahedra through hydrogen bonding. The 

nitrogen atoms of the cations form two single hydrogen bonds and one bifurcated 

between the inorganic chains and the 1,4-diaminobutane cations. The hydrogen 

bonding is very strong, as indicated by the short N-H···F distances (2.74–2.78 Å), as 
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seen in Table 5.4. No H-bonding is found between the bridging oxygen and the 

diprotonated 1,4-diaminobutane cations. 

5.3. Influence of starting compositions on fluorotitanates 

The starting materials, including HF acid, water and N-containing organic additives, 

and the synthesis conditions are the key factors that affect the structures of 

fluorotitanates, especially the fluorotitanate anions (see Table 2.4 in §2.2).

The main functions of HF are to provide fluorine source and to dissolve TiO2 obtained 

from the hydrolysis of TiPT. The lowest HF/TiPT ratio to dissolve TiO2 completely at 

ambient conditions was about 6:1, which is the stoichematric amount of HF required 

for the formation of [TiF6]
2- anions. When the HF concentration is too high, the 

solutions become very acidic. In this case, more amine is needed to get a suitable pH 

value. It was found that the optimum HF/TiPT molar ratio for fluorotitanates is 6–8.

The pH value of the starting solutions is a very important factor that influences the 

connections between fluorotitanate octahedra. When pH was around 1, isolated TiF6 or 

TiF5(H2O) octahedra were obtained (SUF-1 and SUF-2). At pH  7, pairs of Ti2F10O

and Ti2F10 octahedra were formed (SUF-3 and SUF-4). When pH went up to 9, infinite 

chains of  [TiF4O]  octahedra were obtained (SUF-5).

Water was used as solvent in all syntheses. It acts both as a reagent and a mass 

transport medium. The water enters the structures as either crystal water/oxonium ions 

or ligand water. The amount of water not only affects the concentrations of the starting 

solutions, but also influences the maximum amount of amine to be introduced. The 

optimum molar ratio of H2O to TiPT was 80–100. 

Amines were used as N-containing organic additives. Two types of amines, cyclic 

amines including piperazine and DABCO, and acyclic ones e.g. 1,4-diaminobutane,

were used. Generally, isolated octahedra or pairs of octahedra were formed when 

cyclic molecules were used, as proved by SUF-1, SUF-2, SUF-3 and SUF-4. 
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The time duration also affects the structures of fluorotitanate anions. For example, 

pairs of Ti2F10O and Ti2F10 octahedra were obtained at pH  7 with different synthesis 

times, 2.5 and 24 hours, respectively. With prolonged duration, the vertex-sharing 

pairs of Ti2F10O octahedra transform into the edge-sharing pairs of Ti2F10 octahedra. 

5.4. Summary 

Five hybrid fluorotitanates were successfully synthesized under ambient conditions 

and in the presence of N-containing organic molecules including DABCO, piperazine 

and 1,4-dimainobutane. The formation of hybrid fluorotitanates is strongly dependent 

on the hydrogen bonding between the fluorotitanate anions, N-containing organic 

cations and water molecules/oxonium ions.

Isolated fluorotitanate clusters were normally obtained when cyclic organic molecules 

such as DABCO and piperazine were added. Increasing the pH value of the starting 

solutions led to more condensed fluorotitanate anions, from isolated octahedra to pairs 

and eventually chains of octahedra.
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6. Conclusions 

Eleven novel framework materials, including six organically templated

silicogermanates and five hybrid fluorotitanates have been presented in the thesis. 

Among them, the following are the most attractive: 

Two types of silicogermanates were prepared with the help of organic 

templates: one is built up exclusively from tetrahedra, and the other from mixed 

polyhedra.

SU-9, SU-10 and SU-11 adopt the known zeolite framework types of AST, 

ASV and MFI, respectively. This is the first time that these types of 

frameworks have been prepared in silicogermanate forms. 

The framework of SU-12 is built up from (Ge,Si)7 CBUs, and it contains 3-

dimensional 8-, 10-, 12- and 24-ring channels. The framework of SU-14 

consists of (Ge,Si)7 CBUs and 4-rings. It contains intersecting 9-, 10-, 12- and 

24-ring channels. In both SU-12 and SU-14, the (Ge,Si)7 CBUs connect to each 

other and form 24-rings. 

SU-21 is the first example of an organic template, 1,2-diaminopropane,

covalently bonded to Ge. 

The formation of the frameworks of hybrid fluorotitanates is strongly dependent 

on the hydrogen bonding between the fluorotitanate anions, N-containing 

organic cations and water molecules/oxonium ions. 
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Appendix-1

Crystallographic information on SU-9. 

Crystal data and details of the structure determination
Crystal data 

Formula  (NH4)F  [(Ge3.14Si6.86)O20]
Formula Weight 1545.99
Crystal System Tetragonal
Space group I4/m         (No. 87) 
a, b, c [Angstrom] 9.2278(13) 9.2278(13) 13.806(3) 
V [Ang**3] 1175.6(3)
Z 16
D(calc) [g/cm**3] 2.184
F(000) 744

Data Collection 
Temperature (K) 293
Radiation [Angstrom] 0.90300
Theta Min-Max [Deg] 4.0,  31.0 
Dataset -9: 10 ;  -7: 10 ; -12: 15 
Tot., Uniq. Data, R(int) 1194,    428,  0.050 
Observed data [I > 2.0 sigma(I)] 427

Refinement
Nref, Npar 428,   44 
R, wR2, S 0.0595, 0.1509, 1.18 
Max. and Av. Shift/Error 0.01, 0.00 
Min. and Max. Resd. Dens. [e/Ang^3] -0.72, 1.47 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
*Ge1 1/2 0 1/4 0.0038(9)
*Ge2 0.76619(12) 0.04674(12) 0.38735(8) 0.0085(5)
*Si1 1/2 0 1/4 0.0038(9)
*Si2 0.76619(12) 0.04674(12) 0.38735(8) 0.0085(5)
O1 0.7065(10) 0.0579(11) 1/2 0.038(3)
O2 0.6220(6) 0.0802(6) 0.3176(4) 0.0223(17)
O3 0.8235(7) -0.1181(7) 0.3574(5) 0.037(2)
F1 1 0 1/2 0.124(13)
N1 1/2 1/2 1/2 0.21(3)
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Appendix-2

Crystallographic information on SU-10. 

Crystal data and details of the structure determination
Crystal data 

Formula  (NH4)F  [(Ge6.78Si3.22)O20]
Formula Weight 1869.73
Crystal System Tetragonal
Space group P4/mcc       (No.124) 
a, b, c [Angstrom] 8.786(5)     8.786(5)    14.395(5) 
V [Ang**3] 1111.2(10)
Z 16
D(calc) [g/cm**3] 2.794
F(000) 875

Data Collection 
Temperature (K) 293
Radiation [Angstrom] 0.90700
Theta Min-Max [Deg] 4.2,  30.3 
Dataset 0:  9 ;   0:  6 ; -14: 14 
Tot., Uniq. Data, R(int) 612,    386,  0.030 
Observed data [I > 2.0 sigma(I)] 357

Refinement
Nref, Npar 386,   46 
R, wR2, S 0.0513, 0.1546, 1.33 
Max. and Av. Shift/Error 0.00, 0.00 
Min. and Max. Resd. Dens. [e/Ang^3] -0.85, 0.87 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
*Ge1 1/2 0 1/4 0.0146(7)
*Ge2 0.75543(8) 0.07715(9) 0.10828(6) 0.0142(6)
*Si1 1/2 0 1/4 0.0146(7)
*Si2 0.75543(8) 0.07715(9) 0.10828(6) 0.0142(6)
O1 0.6043(5) 0.1250(5) 0.1805(3) 0.0233(17)
O2 0.6858(9) 0.1009(15) 0 0.068(4)
O3 0.8920(7) 0.2029(9) 0.1387(6) 0.070(3)
F1 1 0 0 0.121(9)
N1 1/2 1/2 0.069(6) 0.14(3)
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Appendix-3

Crystallographic information on SU-11. 

Crystal data and details of the structure determination
Crystal data 

Formula (Ge2.40Si9.60)O24

Formula Weight 5862.33
Crystal System Orthorhombic
Space group Pnma         (No. 62) 
a, b, c [Angstrom] 20.013(3)    19.989(4)    13.416(4) 
V [Ang**3] 5367(2)
Z 8
D(calc) [g/cm**3] 1.814
Mu(MoKa) [ /mm ] 0.943
F(000) 2918

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71073 
Theta Min-Max [Deg] 2.0,  19.8 
Dataset -19: 19 ; -19: 19 ; -12: 11 
Tot., Uniq. Data, R(int) 12983,   2666,  0.078 
Observed data [I > 2.0 sigma(I)] 1658

Refinement
Nref, Npar 2666,  334 
R, wR2, S 0.0448, 0.1263, 0.92 
Max. and Av. Shift/Error 0.00, 0.00 
Min. and Max. Resd. Dens. [e/Ang^3] -0.44, 0.89 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Si1 0.42326(15) 0.0569(2) 0.6598(3) 0.0155(11)
Si2 0.3064(2) 0.02996(16) 0.8055(3) 0.0150(11)
Si3 0.27924(15) 0.06250(19) 0.0262(3) 0.0146(11)
Si4 0.12275(17) 0.06361(19) 0.0232(3) 0.0163(12)
Si5 0.07135(19) 0.02661(16) 0.8116(3) 0.0137(12)
Si6 0.18428(17) 0.0578(2) 0.6651(3) 0.0190(12)
Si7 0.42232(16) 0.82651(16) 0.6707(3) 0.0087(12)
Si8 0.3064(2) 0.87305(17) 0.8104(3) 0.0172(11)
*Si9 0.27361(14) 0.82612(15) 0.0260(3) 0.0173(12)
*Si10 0.12011(15) 0.82626(16) 0.0250(3) 0.0197(14)
*Ge9 0.27361(14) 0.82612(15) 0.0260(3) 0.0173(12)
*Ge10 0.12011(15) 0.82626(16) 0.0250(3) 0.0197(14)
Si11 0.06933(18) 0.86911(19) 0.8125(3) 0.0180(14)
Si12 0.18562(16) 0.82651(16) 0.6774(3) 0.0107(11)
O1 0.4091(7) -0.0029(6) 0.5836(11) 0.063(6)
O2 0.3696(6) 0.0593(9) 0.7482(10) 0.071(5)
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O3 0.4954(4) 0.0466(7) 0.7088(9) 0.046(4)
O4 0.4223(6) 0.1266(6) 0.6006(11) 0.057(5)
O5 0.7421(5) 0.0518(10) 0.7519(9) 0.070(5)
O6 0.3095(10) -0.0484(7) 0.8096(11) 0.119(7)
O7 0.3068(6) 0.0621(6) -0.0863(8) 0.054(4)
O8 0.2010(6) 0.0587(8) 0.0298(9) 0.085(5)
O9 0.3096(8) 0.0011(5) 0.0863(9) 0.059(5)
O10 0.3046(9) 0.1305(6) 0.0782(10) 0.067(5)
O11 0.5958(7) 0.1337(6) 0.4342(10) 0.055(5)
O12 0.5979(6) 0.0626(7) 0.5905(9) 0.053(4)
O13 0.5794(5) -0.0516(6) 0.6767(9) 0.063(5)
O14 0.6129(5) 0.0552(8) 0.7839(9) 0.055(4)
O15 0.6872(7) 0.1290(6) 0.8900(9) 0.054(4)
O16 0.5757(10) 1/4 0.3580(15) 0.069(8)
O17 0.6314(7) 0.1590(9) 0.2451(11) 0.084(7)
O18 0.5062(5) 0.1492(6) 0.2876(10) 0.048(4)
O19 0.6915(8) 0.1547(6) 1.0780(9) 0.066(5)
O20 0.2609(6) 0.1510(8) 0.2560(10) 0.080(6)
O21 0.7116(9) 1/4 0.9424(12) 0.049(6)
O22 0.8045(6) 0.1512(5) 0.9703(9) 0.063(4)
O23 0.9107(6) 0.1641(7) 1.0851(12) 0.070(6)
O24 0.8905(8) 1/4 0.9333(16) 0.054(8)
O25 0.3869(6) 0.1584(7) 0.2246(10) 0.053(5)
O26 0.3067(10) 1/4 0.1501(14) 0.068(7)
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Appendix-4

Crystallographic information on SU-12. 

Crystal data and details of the structure determination
Crystal data 
Formula (CH3CH2CH2NH3)3

(H2O)2.5 [(Ge6.44Si0.56)O14.5F2]
Crystal System Tetragonal
Space group I 4 2m        (No.121) 
a, b, c [Angstrom] 27.646(2)    27.646(2)  17.0885(14) 
V [Ang**3] 13060.8(17)
Z 16
D(calc) [g/cm**3] 1.797
Mu(MoKa) [ /mm ] 5.933
F(000) 6724
Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71073 
Theta Min-Max [Deg] 2.0,  25.0 
Dataset -32: 32 ; -31: 32 ; -19: 20 
Tot., Uniq. Data, R(int) 47555,   5977,  0.103 
Observed data [I > 2.0 sigma(I)] 5471
Refinement
Nref, Npar 5977,  327 
R, wR2, S 0.0512, 0.1487, 1.08 
Max. and Av. Shift/Error 0.17, 0.00 
Min. and Max. Resd. Dens. [e/Ang^3] -0.85, 1.58 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Ge1 0.35377(4) 0.19211(4) 0.25829(6) 0.0166(3)
Ge2 0.36200(4) 0.05832(4) 0.28091(6) 0.0163(3)
Ge3 0.29027(4) 0.09192(4) 0.17012(6) 0.0192(3)
*Ge4 0.32048(4) 0.13247(4) 0.39945(6) 0.0170(4)
*Ge5 0.43849(4) 0.12649(4) 0.20203(6) 0.0166(4)
*Ge6 0.36095(4) 0.15980(5) 0.08770(6) 0.0183(4)
*Ge7 0.24548(4) 0.16457(4) 0.28281(7) 0.0193(4)
*Si4 0.32048(4) 0.13247(4) 0.39945(6) 0.0170(4)
*Si5 0.43849(4) 0.12649(4) 0.20203(6) 0.0166(4)
*Si6 0.36095(4) 0.15980(5) 0.08770(6) 0.0183(4)
*Si7 0.24548(4) 0.16457(4) 0.28281(7) 0.0193(4)
F1 0.3693(3) 0.2552(2) 0.2766(4) 0.035(2)
F2 0.2502(3) 0.0530(3) 0.1124(4) 0.040(3)
O1 0.4206(3) 0.1767(3) 0.2551(4) 0.020(2)
O2 0.3371(3) 0.1242(2) 0.2372(4) 0.018(2)
O3 0.2876(3) 0.2098(3) 0.2627(4) 0.023(2)
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O4 0.3512(3) 0.2061(3) 0.1512(4) 0.022(2)
O5 0.3545(3) 0.1805(3) 0.3662(4) 0.024(2)
O6 0.3464(3) 0.0767(3) 0.3775(4) 0.023(2)
O7 0.3157(3) 0.0393(3) 0.2145(4) 0.023(2)
O8 0.4212(3) 0.0722(3) 0.2454(4) 0.024(2)
O9 0.3790(3) -0.0015(3) 0.3146(5) 0.035(3)
O10 0.2390(3) 0.1215(3) 0.2098(4) 0.026(3)
O11 0.3138(3) 0.1169(3) 0.0845(4) 0.023(2)
O12 0.2604(3) 0.1343(3) 0.3687(4) 0.023(2)
O13 0.3136(3) 0.1339(3) 0.4992(4) 0.034(3)
O14 0.4151(3) 0.1286(3) 0.1070(4) 0.022(2)
O15 0.1876(3) 0.1876(3) 0.2960(6) 0.030(3)
N1 0.3432(5) 0 1/2 0.033(5)
C1 0.2917(7) 0 1/2 0.070(10)
*C2 0.2599(8) 0.0141(13) 0.5569(17) 0.054(12)
*C3 0.2084(7) 0.002(2) 0.541(3) 0.13(3)
N3 0.2902(7) 0.2902(7) 0.3762(13) 0.107(9)
C7 0.2689(10) 0.2689(10) 0.4447(16) 0.24(3)
*C8 0.2569(18) 0.2966(16) 0.5102(14) 0.45(11)
C9 0.2828(19) 0.2828(19) 0.585(2) 0.25(5)
N2 0.2216(8) 0.2216(8) 0.6267(19) 0.32(3)
C4 0.1924(10) 0.1924(10) 0.6485(16) 0.20(2)
C5 0.1652(8) 0.1652(8) 0.603(3) 0.80(12)
C6 0.1773(16) 0.1773(16) 0.513(2) 0.41(7)
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Appendix-5

Crystallographic information on SU-14. 

Crystal data and details of the structure determination
Crystal data 

Formula |NH3CH2CH2NH3|3[(Ge6.2Si0.8)O15F]2

[GeSi3O8]·y(H2O)
Crystal System Monoclinic
Space group C2/c         (No. 15) 
a, b, c [Angstrom] 35.625(7) 28.580(6) 10.403(2),
alpha, beta, gamma [deg] 90.00  98.30(3)  90.00 
V [Ang**3] 10481(4)
Z 8
D(calc) [g/cm**3] 2.260
Mu(MoKa) [ /mm ] 8.563
F(000) 6617

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71073 
Theta Min-Max [Deg] 3.2,  23.3
Dataset -39: 39 ; -27: 31 ; -11: 11
Tot., Uniq. Data, R(int) 18305,   7429,  0.221
Observed data [I > 2.0 sigma(I)] 2782

Refinement
Nref, Npar 7429,  743
R, wR2, S 0.1007, 0.3055, 0.89
Max. and Av. Shift/Error 2.97, 0.06 
Min. and Max. Resd. Dens. [e/Ang^3] -1.74, 1.90 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
*GE1 0.40381(11) 0.36892(13) 0.4526(4) 0.0080(9)
*GE2 0.31156(11) 0.40588(14) 0.2658(4) 0.0067(10)
*GE3 0.31160(11) 0.40538(13) 0.5477(4) 0.0065(9)
*GE4 0.34610(13) 0.30758(17) 0.2787(5) 0.0208(12)
*GE5 0.34591(13) 0.30727(16) 0.5675(5) 0.0225(12)
*GE6 0.38658(12) 0.46043(15) 0.2993(4) 0.0139(11)
*GE7 0.38629(12) 0.45991(15) 0.5917(4) 0.0142(11)
*GE8 0.4400(2) 0.2198(3) -0.0286(7) 0.0097(17)
*GE9 0.11925(10) 0.37647(13) 0.2005(4) 0.0036(9)
*GE10 0.11896(10) 0.37619(13) 0.9188(4) 0.0032(9)
*GE11 0.36434(12) 0.22894(15) 0.0757(5) 0.0160(11)
*GE12 0.36438(12) 0.22852(16) 0.7880(5) 0.0169(11)
*GE13 0.46703(12) 0.13210(15) 0.1276(4) 0.0145(10)
*GE14 0.46718(11) 0.13163(15) 0.8395(4) 0.0129(10)
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*GE1 0.4031(3) 0.3698(4) 0.9504(13) 0.024(4)
*GE2 0.3112(3) 0.4046(4) 0.7622(12) 0.019(4)
*GE3 0.3114(3) 0.4069(5) 0.0411(13) 0.027(4)
*GE4 0.3455(4) 0.3069(5) 0.7764(17) 0.038(5)
*GE5 0.3460(4) 0.3062(6) 0.0709(17) 0.047(5)
*GE6 0.3862(3) 0.5389(5) 0.5834(14) 0.031(4)
*GE7 0.3856(4) 0.4591(5) 0.7878(14) 0.031(5)
*GE8 0.4399(3) 0.2188(4) 0.4697(19) 0.028(5)
*GE9 0.1196(3) 0.3758(4) 0.6990(13) 0.021(4)
*GE10 0.1194(3) 0.3771(4) 0.4227(13) 0.023(4)
*GE11 0.3647(3) 0.2290(5) 0.2908(15) 0.033(5)
*GE12 0.3643(4) 0.2279(5) 0.5773(14) 0.032(5)
*GE13 0.4673(3) 0.1310(5) 0.6265(14) 0.032(4)
*GE14 0.4666(4) 0.1326(5) 0.3378(15) 0.034(5)
*Ge15 0.18366(14) 0.44361(18) -0.1567(5) 0.0092(19)
*Ge16 0.18325(15) 0.4440(2) 0.3409(6) 0.018(2)
*Ge17 0.23320(17) 0.4445(2) 0.1184(6) 0.010(2)
*Ge18 0.23246(17) 0.4445(2) 0.6153(6) 0.012(2)
*Si15 0.18366(14) 0.44361(18) -0.1567(5) 0.0092(19)
*Si16 0.18325(15) 0.4440(2) 0.3409(6) 0.018(2)
*Si17 0.23320(17) 0.4445(2) 0. 1184(6) 0.010(2)
*Si18 0.23246(17) 0.4445(2) 0.6153(6) 0.012(2)
*O1 0.4157(6) 0.4128(8) 0.330(2) 0.009(8)
*O2 0.3926(6) 0.3246(8) 0.318(2) 0.003(7)
*O3 0.3925(7) 0.3255(9) 0.577(2) 0.012(8)
*O4 0.4144(8) 0.4109(9) 0.588(3) 0.015(8)
*O5 0.4531(6) 0.3470(10) 0.477(3) 0.018(9)
*O6 0.3506(6) 0.3897(8) 0.427(2) 0.005(7)
*O7 0.2852(7) 0.4172(8) 0.395(2) 0.006(8)
*O8 0.3418(7) 0.4478(9) 0.212(3) 0.012(9)
*O9 0.3154(7) 0.3502(9) 0.199(3) 0.018(9)
*O10 0.3413(7) 0.4455(9) 0.648(3) 0.025(12)
*O11 0.3152(7) 0.3492(8) 0.607(2) 0.009(8)
*O12 0.3407(6) 0.2625(8) 0.172(2) 0.000(7)
*O13 0.3283(7) 0.2876(11) 0.412(2) 0.018(9)
*O14 0.3395(6) 0.2607(8) 0.669(2) 0.002(7)
*O15 0.4075(5) 0.4996(9) 0.703(2) 0.004(7)
*O16 0.3803(7) 0.4949(12) 0.442(2) 0.024(9)
*O17 0.4694(7) 0.1897(8) 0.851(3) 0.008(8)
*O18 0.4109(7) 0.2466(10) 0.828(2) 0.015(9)
*O19 0.4103(6) 0.2472(8) 0.088(2) 0.001(7)
*O20 0.4696(7) 0.1905(9) 0.114(3) 0.014(9)
*O21 0.4724(7) 0.2690(9) -0.017(3) 0.018(9)
*O22 0.0942(6) 0.3354(8) 0.051(2) 0.003(7)
*O23 0.1335(6) 0.4052(8) 0.067(2) 0.004(7)
*O24 0.0743(7) 0.3888(9) 0.247(3) 0.008(8)
*O25 0.1424(7) 0.3276(9) 0.272(3) 0.018(9)
*O26 0.0761(7) 0.3876(10) 0.831(3) 0.014(9)
*O27 0.1419(8) 0.3265(8) 0.868(2) 0.015(8)
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*O28 0.3419(7) 0.2363(10) -0.078(2) 0.016(9)
*O29 0.4765(6) 0.1039(9) -0.015(2) 0.006(8)
O30 1/2 0.1112(10) 1/4 0.019(9)
O31 1/2 0.1112(9) 3/4 0.026(10)
O32 0.1426(5) 0.4169(7) 0.3195(18) 0.016(7)
O33 0.2714(6) 0.4160(6) 0.634(2) 0.027(8)
O34 0.2735(5) 0.4191(8) 0.136(2) 0.024(7)
O35 0.1437(5) 0.4159(7) 0.8243(19) 0.015(7)
O36 0.2074(6) 0.4313(8) 0.4816(19) 0.021(7)
O37 0.2078(6) 0.4290(9) 0.228(2) 0.031(8)
O38 0.1755(6) 0.4996(9) 0.337(2) 0.041(8)
O39 0.2084(5) 0.4305(7) -0.273(2) 0.017(7)
O40 0.2088(6) 0.4311(9) -0.021(2) 0.035(9)
O41 0.2383(6) 0.5017(8) 0.117(3) 0.042(8)
*N1 0.4550(7) 0.2508(9) 0.617(3) 0.001(6)
*N2 0.4528(11) 0.2531(14) 0.340(4) 0.031(10)
*O103 0.1298(15) 0.370(2) 0.566(5) 0.002(12)
*O104 0.3398(15) 0.236(2) 0.419(6) 0.050(12)
*O105 0.432(4) 0.218(5) 0.522(12) 0.05(4)
*O106 0.4090(19) 0.245(3) 0.333(7) 0.020(17)
*O107 0.1437(15) 0.319(2) 0.773(6) 0.050(12)
*O108 0.472(3) 0.193(4) 0.612(11) 0.05(2)
*O109 0.0742(17) 0.391(2) 0.330(7) 0.004(14)
*O110 0.076(2) 0.394(3) 0.741(8) 0.021(17)
*O111 0.4700(17) 0.196(2) 0.364(6) 0.010(15)
*O112 0.337(2) 0.283(3) -0.080(9) 0.04(2)
*O113 0.400(2) 0.330(3) 0.824(9) 0.04(2)
*O114 0.3147(16) 0.347(2) 0.701(7) 0.007(14)
*O115 0.4191(18) 0.419(2) 0.077(7) 0.014(15)
*O116 0.3464(16) 0.449(2) 0.127(6) 0.002(13)
*O117 0.284(3) 0.416(4) 0.884(11) 0.05(3)
*O118 0.299(3) 0.381(4) 0.904(10) 0.05(2)
*N1B 0.442(4) 0.209(5) -0.047(14) 0.05(4)
*N2B 0.4566(18) 0.248(2) -0.160(7) 0.050(15)
*N3B 0.296(4) 0.464(6) 0.418(14) 0.08(4)
*N3 0.2321(17) 0.331(2) 0.361(6) 0.083(17)
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Appendix-6

Crystallographic information on SU-21. 

Crystal data and details of the structure determination
Crystal data 

Formula [(Ge5.18Si1.82)O12(OH)2F2](NH2CH2CHNH2CH3)2

·H2O
Formula Weight 855.10
Crystal System Triclinic
Space group P-1          (No.  2) 
a, b, c [Angstrom] 7.2630(15)   8.6357(17)    18.768(4) 
alpha, beta, gamma [deg] 98.82(3)     92.81(3)    101.31(3) 
V [Ang**3] 1136.8(4)
Z 2
D(calc) [g/cm**3] 2.498
F(000) 828

Data Collection 
Temperature (K) 293
Radiation [Angstrom] 0.87200
Theta Min-Max [Deg] 3.0,  32.3
Dataset -8:  8 ; -10: 10 ; -22: 16
Tot., Uniq. Data, R(int) 6538,   3890,  0.060
Observed data [I > 2.0 sigma(I)] 2388

Refinement
Nref, Npar 3890,  318 
R, wR2, S 0.0534, 0.1284, 0.91
Max. and Av. Shift/Error 3.68, 0.02 
Min. and Max. Resd. Dens. 
[e/Ang^3]

-0.99, 1.50 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
*Ge1 0.90200(17) 0.48833(14) 0.23437(6) 0.0103(4)
*Ge2 1.37589(19) 0.53578(15) -0.09694(7) 0.0079(5)
*Ge3 0.79018(14) 0.56784(12) -0.03890(5) 0.0075(4)
*Si1 0.90200(17) 0.48833(14) 0.23437(6) 0.0103(4)
*Si2 1.37589(19) 0.53578(15) -0.09694(7) 0.0079(5)
*Si3 0.79018(14) 0.56784(12) -0.03890(5) 0.0075(4)
Ge4 1.18580(12) 0.78396(10) 0.00617(5) 0.0084(3)
*Ge5 1.12301(19) 0.46644(16) 0.60037(7) 0.0083(5)
*Ge6 1.29344(14) 0.57142(12) 0.46528(5) 0.0079(4)
*Si5 1.12301(19) 0.46644(16) 0.60037(7) 0.0083(5)
*Si6 1.29344(14) 0.57142(12) 0.46528(5) 0.0079(4)
Ge7 1.31166(13) 0.21737(10) 0.49658(5) 0.0103(3)
F1 1.2301(7) 0.9756(5) -0.0259(2) 0.0180(17)
F2 1.2672(7) 0.0248(5) 0.5269(2) 0.0201(17)
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O1 0.9609(7) 0.7240(7) -0.0512(3) 0.0138(19)
O2 1.3609(8) 0.3914(7) 0.4500(3) 0.0170(19)
O3 1.5419(8) 0.2692(7) 0.5481(3) 0.016(2)
O4 1.3326(8) 0.7122(6) -0.0615(3) 0.0142(19)
O5 1.1379(8) 0.6098(6) 0.0525(3) 0.0155(19)
O6 1.1821(9) 0.2958(7) 0.5694(3) 0.020(2)
O7 1.2037(8) 0.6067(7) 0.5497(3) 0.017(2)
O8 0.6978(8) 0.6048(6) 0.0448(3) 0.0132(17)
O9 0.7243(8) 0.5319(7) 0.1804(3) 0.023(2)
O10 0.7966(8) 0.4643(8) 0.3139(3) 0.024(2)
O11 0.6078(8) 0.5530(7) -0.1042(3) 0.020(2)
O12 1.1111(8) 0.5580(9) 0.4008(3) 0.030(3)
O13 1.0792(10) 0.6531(8) 0.2436(4) 0.038(3)
O14 0.9685(10) 0.3134(8) 0.2027(3) 0.035(3)
N1 1.4180(10) 0.0972(8) 0.4114(4) 0.018(3)
N2 1.0676(10) 0.1394(8) 0.4333(4) 0.020(3)
N3 1.0630(10) 0.8974(8) 0.0879(4) 0.018(3)
N4 1.4230(10) 0.8746(8) 0.0744(4) 0.019(3)
C1 0.9239(14) -0.0107(13) 0.3111(5) 0.039(4)
C2 1.1958(16) 0.9857(15) 0.1479(6) 0.055(5)
C3 1.5481(15) 1.0489(15) 0.1937(5) 0.054(5)
C4 1.2789(16) 0.0278(19) 0.3510(6) 0.082(6)
C5 1.0902(17) 0.041(2) 0.3659(7) 0.098(7)
C6 1.3821(19) 0.981(2) 0.1359(8) 0.141(9)
OW1 0.4514(12) 0.6793(12) 0.2903(4) 0.070(4)
OW2 0.614(6) 0.489(4) 0.262(2) 0.050(17)
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Appendix-7

Crystallographic information on SUF-1. 

Crystal data and details of the structure determination
Crystal data 

Formula (C6H14N2)[TiF6] H2O
Formula Weight 294.08
Crystal System Triclinic
Space group P-1          (No.  2) 
a, b, c [Angstrom] 6.826(5)     6.928(5)    13.315(5) 
alpha, beta, gamma [deg] 82.338(5)    88.420(5)    62.200(5) 
V [Ang**3] 551.6(6)
Z 2
D(calc) [g/cm**3] 1.771
Mu(MoKa) [ /mm ] 0.841
F(000) 300

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71069
Theta Min-Max [Deg] 3.1,  23.5
Dataset -7:  7 ;  -7:  7 ; -14: 14 
Tot., Uniq. Data, R(int) 3330,   1538,  0.027
Observed data [I > 2.0 sigma(I)] 1308

Refinement
Nref, Npar 1538,  159
R, wR2, S 0.0299, 0.0849, 1.10
Max. and Av. Shift/Error 0.00, 0.00
Min. and Max. Resd. Dens. [e/Ang^3] -0.25, 0.32 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Ti1 0 0 1 0.0170(2)
Ti2 0 0 1/2 0.0192(2)
F3 0.1248(3) 0.0892(3) 0.39133(15) 0.0407(6)
F4 -0.0709(3) 0.2621(2) 0.55369(13) 0.0304(5)
F5 0.3071(2) -0.1508(3) 0.98870(14) 0.0311(6)
F6 -0.0385(3) 0.0434(3) 0.86061(13) 0.0349(6)
F7 0.0110(3) 0.2646(3) 0.99210(15) 0.0355(6)
F8 0.2693(3) -0.1313(3) 0.57128(15) 0.0377(6)
O9 0.6292(4) 0.5741(4) 0.87820(17) 0.0311(7)
N10 0.4515(4) 0.3399(4) 0.79477(19) 0.0267(8)
N11 0.2432(4) 0.2548(4) 0.67326(18) 0.0233(7)
C12 0.4794(6) 0.1140(5) 0.8261(3) 0.0396(11)
C13 0.0822(5) 0.4276(5) 0.7328(3) 0.0320(10)
C14 0.3838(5) 0.0498(4) 0.7442(2) 0.0265(9)
C15 0.2093(6) 0.5019(6) 0.7944(3) 0.0459(13)
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C16 0.3885(5) 0.3346(5) 0.6159(2) 0.0299(9)
C17 0.5346(5) 0.3588(5) 0.6914(2) 0.0323(10)
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Appendix-8

Crystallographic information on SUF-2. 

Crystal data and details of the structure determination
Crystal data 

Formula (C4H12N2)[TiF5(H2O)]2

Formula Weight 409.93
Crystal System Triclinic
Space group P-1          (No.  2)
a, b, c [Angstrom] 5.8392(16)  7.221(2)   8.692(3)
alpha, beta, gamma [deg] 67.78(3)     74.52(3)     83.30(3)
V [Ang**3] 326.92(19)
Z 2
D(calc) [g/cm**3] 2.082
Mu(MoKa) [ /mm ] 1.344
F(000) 204

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71073
Theta Min-Max [Deg] 2.6,  26.0
Dataset -7:  7 ;  -7:  8 ; -10: 10
Tot., Uniq. Data, R(int) 2525,   1180,  0.096
Observed data [I > 2.0 sigma(I)] 994

Refinement
Nref, Npar 1180,   99
R, wR2, S 0.0500, 0.1348, 1.00
Max. and Av. Shift/Error 0.02, 0.00
Min. and Max. Resd. Dens. [e/Ang^3] -1.15, 0.57 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Ti1 0.38841(10) 0.34987(9) 0.79914(7) 0.0194(3)
F1 0.2509(4) 0.4901(4) 0.9397(3) 0.0380(9)
F2 0.2216(4) 0.1240(3) 0.9554(3) 0.0354(8)
F3 0.1670(4) 0.4248(4) 0.6765(3) 0.0339(8)
F4 0.5771(5) 0.5650(4) 0.6646(3) 0.0485(9)
F5 0.5618(4) 0.1961(4) 0.6792(3) 0.0400(8)
O1 0.6400(6) 0.2550(5) 0.9453(5) 0.0476(12)
N1 1.0395(6) 0.1936(5) 0.4976(4) 0.0265(10)
C1 1.0663(6) 0.1583(6) 0.3347(4) 0.0244(11)
C2 1.0927(7) 0.0061(6) 0.6364(5) 0.0277(11)
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Appendix-9

Crystallographic information on SUF-3. 

Crystal data and details of the structure determination
Crystal data 

Formula (C4H12N2)2[Ti2F10O] 2H2O
Formula Weight 514.08
Crystal System Monoclinic
Space group P21/c        (No. 14) 
a, b, c [Angstrom] 10.623(5)    13.717(5)    13.110(5)
alpha, beta, gamma [deg] 90    91.852(5)           90
V [Ang**3] 1909.3(13)
Z 4
D(calc) [g/cm**3] 1.788
Mu(MoKa) [ /mm ] 0.947
F(000) 1048

Data Collection 
Temperature (K) 293
Radiation [Angstrom] 0.71069
Theta Min-Max [Deg] 2.8,  23.3
Dataset -11: 11 ; -15: 15 ; -14: 14
Tot., Uniq. Data, R(int) 10934,   2731,  0.054
Observed data [I > 2.0 sigma(I)] 1972

Refinement
Nref, Npar 2731,  262
R, wR2, S 0.0338, 0.0866, 0.93
Max. and Av. Shift/Error 0.04, 0.00
Min. and Max. Resd. Dens. [e/Ang^3] -0.40, 0.38 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
N1 -0.0869(2) 0.2265(2) -0.3783(2) 0.0399(10)
N2 0.0270(2) 0.2652(2) -0.5665(2) 0.0376(10)
C1 -0.0792(3) 0.1497(3) -0.4568(3) 0.0394(11)
C2 0.0336(3) 0.1670(3) -0.5205(3) 0.0403(12)
C3 -0.0932(4) 0.3246(3) -0.4251(3) 0.0496(16)
C4 0.0198(3) 0.3420(3) -0.4887(3) 0.0427(12)
N3 0.5143(2) 0.58676(18) -0.0599(2) 0.0275(9)
C5 0.3833(3) 0.4470(2) -0.0120(3) 0.0308(11)
C6 0.4364(3) 0.5040(2) -0.0985(3) 0.0306(10)
N4 0.4452(2) 0.09335(18) -0.0193(2) 0.0273(9)
C7 0.4702(3) -0.0769(2) -0.0712(3) 0.0334(11)
C8 0.3773(3) 0.0031(2) -0.0504(3) 0.0295(11)
Ti1 0.63489(4) 0.26263(4) -0.19814(4) 0.0199(2)
Ti2 0.30471(5) 0.25369(4) -0.24981(4) 0.0205(2)
F1 0.61744(19) 0.13070(14) -0.15978(17) 0.0491(8)
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F2 0.67638(19) 0.38896(14) -0.23146(17) 0.0491(7)
F3 0.66168(15) 0.22010(14) -0.33147(13) 0.0322(6)
F4 0.6304(2) 0.29597(18) -0.05919(15) 0.0543(8)
F5 0.27386(15) 0.22088(14) -0.11272(13) 0.0334(6)
F6 0.3435(2) 0.12197(13) -0.27476(17) 0.0479(7)
F7 0.3149(2) 0.27617(18) -0.38910(15) 0.0535(8)
F8 0.24514(19) 0.37792(14) -0.22694(18) 0.0529(8)
F9 0.12782(17) 0.21434(17) -0.27184(15) 0.0458(7)
F10 0.81707(16) 0.24186(16) -0.17884(15) 0.0460(7)
O11 0.46832(19) 0.28200(16) -0.21983(18) 0.0326(7)
OW1 0.8812(4) 0.4975(3) -0.1702(4) 0.0900(16)
OW2 0.1309(6) 0.5259(4) -0.3402(6) 0.152(3)
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Appendix-10

Crystallographic information on SUF-4. 

Crystal data and details of the structure determination
Crystal data 

Formula (C4H11N2)2[Ti2F10] 2H2O
Formula Weight 249.04
Crystal System Monoclinic
Space group P21/n        (No. 14)
a, b, c [Angstrom] 8.655(5)    11.269(5)     9.224(5)
alpha, beta, gamma [deg] 90    97.533(5)           90
V [Ang**3] 891.9(8)
Z 4
D(calc) [g/cm**3] 1.855
Mu(MoKa) [ /mm ] 1.006
F(000) 508

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71069
Theta Min-Max [Deg] 3.5,  26.1
Dataset -10: 10 ; -13: 13 ; -11: 11
Tot., Uniq. Data, R(int) 6705,   1729,  0.035
Observed data [I > 2.0 sigma(I)] 1511

Refinement
Nref, Npar 1729,  128
R, wR2, S 0.0317, 0.0918, 1.06
Max. and Av. Shift/Error 0.00, 0.00
Min. and Max. Resd. Dens. [e/Ang^3] -0.50, 0.35 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Ti1 0.37856(4) 0.02298(3) 0.58303(4) 0.0191(1)
F1 0.21643(15) 0.03030(12) 0.41970(14) 0.0287(4)
F2 0.50469(16) 0.01892(12) 0.76743(14) 0.0311(4)
F3 0.28877(15) 0.17032(12) 0.64443(15) 0.0323(4)
F4 0.22278(18) -0.06878(15) 0.66683(17) 0.0432(5)
F5 0.47751(16) -0.10722(12) 0.51257(15) 0.0336(4)
OW 0.5569(2) -0.37893(18) 0.3830(2) 0.0386(6)
N1 0.0221(2) -0.17721(18) 0.4224(2) 0.0288(6)
N4 0.2349(2) -0.35390(17) 0.3449(2) 0.0269(6)
C2 0.0410(3) -0.2908(2) 0.5033(3) 0.0313(7)
C3 0.2024(3) -0.3398(2) 0.4985(2) 0.0304(7)
C5 0.2136(3) -0.2398(2) 0.2627(2) 0.0288(7)
C6 0.0527(3) -0.1921(2) 0.2689(3) 0.0318(7)
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Appendix-11

Crystallographic information on SUF-5. 

Crystal data and details of the structure determination
Crystal data 

Formula (C4H14N2)[TiF4O]
Formula Weight 230.04
Crystal System Orthorhombic
Space group Pbam         (No. 55)
a, b, c [Angstrom] 9.2602(18)  10.9914(17)   4.0657(6)
V [Ang**3] 413.82(12)
Z 8
D(calc) [g/cm**3] 1.846
Mu(MoKa) [ /mm ] 1.060
F(000) 236

Data Collection 
Temperature (K) 293
Radiation [Angstrom] MoKa      0.71073
Theta Min-Max [Deg] 4.3,  25.9
Dataset -11: 11 ; -13: 13 ;  -4:  4
Tot., Uniq. Data, R(int) 3050,    445,  0.037
Observed data [I > 2.0 sigma(I)] 423

Refinement
Nref, Npar 445,   41
R, wR2, S 0.0442, 0.1190, 1.17
Max. and Av. Shift/Error 0.02, 0.00
Min. and Max. Resd. Dens. [e/Ang^3] -1.36, 0.42 

Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen 
atoms
Atom x y z U(eq) [Ang^2]
Ti1 0 1/2 1/2 0.0489(5)
F1 -0.1269(2) 0.63808(19) 1/2 0.0289(7)
F2 -0.1609(2) 0.39462(19) 1/2 0.0303(7)
O1 0 1/2 0 0.0347(12)
N1 -0.2944(4) 0.7263(3) 0 0.0324(11)
C1 -0.4261(4) 0.5297(4) 0 0.0281(11)
C2 -0.4383(4) 0.6661(4) 0 0.0294(11)
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