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Abstract 

This thesis is focussing on the crystallographic challenges and what know-

ledge we can gain from studying the different open-framework germanates. 

Five new open-framework germanates have been synthesized and the struc-

tures have been determined by single crystal X-ray diffraction. A thorough 

description is made of the different problems raised with the different com-

pounds, whether it is choice of crystal system in SU-61, twinning and possi-

ble ordering in SU-46, superstructure and variation in elemental content in 

SU-57, template disorder in JLG-5 or framework disorder in SU-44. 

Open-framework germanates are often built from one type of cluster, such as 

the Ge7 [Ge7X19], Ge8 [Ge8X20], Ge9 [Ge9Xn, n =25-26] and Ge10 [Ge10X28], 

(X =O, OH, F) clusters. The structures built by clusters containing different 

kinds of polyhedra are discussed, with a focus on the 4-coordinated Ge7 clus-

ters, the larger cluster aggregate found in SU-8 and SU-44 and the structures 

built by the Ge10 clusters.  
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Abbreviations 

OD Zero-dimensional 
1D One-dimensional 

2D Two-dimensional 
3D Three-dimensional 
Al(i-PrO)3 Aluminum isopropoxide (Al(OC3H7)3) 
AlPO Aluminium phosphate 

ASU-12 |(C2H8N)3(H2O)0.86|[Ge7O14.5F2] 
ASU-14 |(C4H12N2)2(H2O)0.5|[Ge9O18(OH)4] 
ASU-16 |(C4H14N2)3(C4H12N2)0.5(H2O)16|[Ge14O29F4] 

ASU-19 |(C4H14N2)3(H2O)3.8|[Ge14O29X4][GeOX2], (X=OH, F) 

ASU-20 |(C6H16N2)1.5(H2O)2|[Ge7O14X3], (X=OH, F) 
BSE Backscattered electron 
BU Building unit 
CNH Carbon, nitrogen and hydrogen elemental analysis 

D4R Double 4-ring 
DETA Diethylenetriamine 
DytekA Commercial name for 2-methyl-1,5-pentanediamine 
EDA Ethylenediamine 

EDS Energy dispersive spectroscopy 
FD Framework density 
FDU-4 |(C6H21N4)2/3(C3OH7N)1/6(H2O)11/3|[Ge9O17(OH)4] 

FJ-6 |(Ni(C4N13N3)2)2Cl|[Ge7O13(OH)2F3] 

FTIR Fourier transform infrared 
G Gyroid  
Ge7 Ge7X19, (X = O, OH, F) 
Ge8 Ge8X20, (X = O, OH, F) 

Ge9 Ge9X26-m (m = 0-1), (X = O, OH, F) 
Ge10 Ge10X28, (X = O, OH, F) 
ICMM6 |(C2H10N2)2(N2C2H8)0.5(H2O)|[Ge9O19(OH)2] 
ICMM7 |(C6N2H16)2(H2O)1.5| [Ge13O26(OH)4]  

JLG-4 |[Ni(1,2-PDA)3]2(HOCH2CH2CH2NH3)3(H3O)2|[Ge7O14X3]3, (X=F, OH) 

JLG-5 
|(C5N2H14)4(C5N2H13)(H2O)5.66|[Ge7O12O4/2(OH)F2][Ge7O12O5/2(OH)F]2 

[GeO2/2(OH)2] 
L Long edge in the Ge7 cluster when looked at as a rectangular unit 
MPMD 2-methyl-1,5-pentanediamine 
NMR Nuclear magnetic resonance 
PBCCA Pseudo-body centred cluster aggregate 
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PDA 1,3-propanediamine 

PPZ Piperazine  
Ge-pharmacosiderite [Ge7O21H15], Germanium form of the natural mineral [As3Fe4O21H15] 
RT Room temperature 
S Short edge in the Ge7 cluster when looked at as a rectangular unit  

SBU Secondary building unit 
SE Secondary electron 
SEM Scanning electron microscopy 
SU-3 |(C2H8N2)(C2H10N2)2|[Ge9O18(OH)4] 

SU-8 |(C6H16N2H2)5|[Ge9O18(OH)4][Ge7O15(OH)]2[GeO(OH)2]2  
SU-12 |(C3H10N)3(H2O)2.5|[(Ge6.44Si0.56)O14.5F2] 
SU-22 |(C4N3H15)1.5|[Ge7O14X3]·H2O (X = OH or F) 
SU-23 |(C7N2H19)(C7N2H20)(H2O)3|[Ge7O14X3][GeO2]0.2, (X=OH, F) 

SU-44 |(C6H16N2H2)10|[Ge9O18X4][Ge7O15X2]6[GeOX2]2.85 , (X=OH, F) 
SU-46 |(C4N3H15)|[Al2Ge3O10] 

SU-48 |(C4N3H15)1.5(H2O)|[Ge7O14X3], (X= OH, F) 
SU-57-I |(C2H10N2)0.41|[Al0.90Si0.38Ge0.74O4] 

SU-57-II |(C2H10N2)0.47|[Al0.94Si0.62Ge0.44O4] 
SU-61 |(C6H16N2H2)2|[Ge8.7Si1.3O16O11/2OH][Ge0.71Si0.29O4/2][Ge0.22Si0.78O3/2OH]2 
SU-M |(C6H16N2H2)2(H2O)n|[Ge10O20.5(OH)3] 
SU-MB |(C6H16N2H2)5(H2O)n|[Ge10O20.5(OH)1.5][Ge7O15F3] 

TEOS Tetraethyl orthosilicate 
TGA Thermal gravimetry analysis 
Unwarp image Reconstructed precession image of data 
USCB-40 |(NH3CH2CH2CH2NH3)2(H2O)|[Ge9O18(OH)4] 

USCB-41 |2R· (H2O)|[Ge9O18(OH)4], R = diprotonated piperazine 
UTM-4 |(C6N2H16)2·(H2O)|[Ge9O14(OH)12] 
ZnGe-1A |(NH3CH2CH2CH2NH3)3|[Ge9O18Zn2(OH)4] 
ZnGe-1B |(NH3CH2CH2CH2NH3)3|[Ge9O18Zn2(OH)4] 

XRD X-ray diffraction 
XRPD X-ray powder diffraction 
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Preface 

The objective of my work has been to synthesize and characterize new open-

framework germanates. Acquiring an understanding of the formation of 

these complex structures, especially how different building units connect, 

has been an essential part. This thesis aims at giving the reader an introduc-

tion to open-framework germanates and to outline the possibilities of synthe-

sizing new structures. Focus is put on the crystallographic challenges associ-

ated with the structures and the building units forming them. Hopefully, it 

can provide new students with a basic knowledge of open-framework ger-

manates and an appreciation of their beautiful structures.  

Some of my work on the different compounds (SU-61, SU-46, SU-57, JLG-

5, SU-8 and SU-44) originated from an interest in the crystallographic prob-

lems that arose from their crystals, for example in the cases of SU-46, SU-57 

and JLG-5. Other compounds, as SU-61 and SU-44, were synthesized by 

me. My work has also comprised gaining an understanding of the connec-

tivity of the different building units found in the structures of germanates, in 

particular in those of JLG-5, SU-8, SU-44 and SU-61. One approach to this 

has been to describe the structures in terms of nets. 
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1 Open-framework germanates 

1.1 Introduction 

The most well-known open-framework compounds are aluminosilicate zeo-

lites1. They have been subject to extensive research due to a number of dif-

ferent useful properties; catalytic, reversible adsorption/desorption, separa-

tion and ion-exchange. Most of these properties are strongly dependent on 

the existence and characteristics of cages and pores in the structures. Zeolites 

belong to the class of microporous materials, having pores smaller than 20 

Å, in distinction to mesoporous materials with pore sizes between 20 Å to 

500 Å. Pores larger than 500 Å are defined as macropores. The properties of 

a porous material are determined not only by the size of the pores but also by 

the average porosity of the framework, or, equally, its average density. A 

measure of the framework porosity is the framework density (FD), defined 

as the number of tetrahedral atoms per 1000 Å3. In 1989, Brunner and 

Meier2 made an analysis of the relationship between FD and pore size. By 

looking at the size of the smallest rings and the respective FD, they observed 

that the presence of small rings, e.g. 3-rings and 4-rings, correlates with a 

low FD.  

The crystal chemistry of zeolites has now expanded well beyond that of 

aluminosilicates. Modifications of structures and properties of zeolites can 

be achieved by incorporation of other elements, including Ti, Al, Zn, Co, Fe, 

V and Mo. In 1982, a new class of compounds was discovered, the alumi-

nium phosphates3 (AlPOs), that exhibits structures similar to those of alumi-
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nosilicate zeolites. More recently, a number of open-framework germanates 

have been synthesized. Their general existence is expected because of the 

similar chemical properties of silicon and germanium. 

Up till now, 179 different zeolite framework structure types (purely built up 

from cation-containing tetrahedra of oxygen atoms) have been discovered 

from structure determinations of both natural and synthesized compounds4.  

In order to describe these structure types, the concept of building units (BUs) 

was developed by Meier and Olson5. They realized that there are characteris-

tic general structural units common to many different structure types. A BU 

is accordingly an assembly of atoms, ions or molecules that can be used for a 

description of how a structure is built up, analogous with LEGO blocks. 

Understanding how the BUs are connected in structures and come together 

during a synthesis makes it possible to design new frameworks. One ap-

proach in designing is to use the BUs in scale chemistry, as outlined by 

O’Keeffe6 and Feréy7. Instead of considering how atoms pack in a certain 

way, one may consider, on a larger scale, how the BUs pack in an analogous 

way. It is then possible to use a structural model that is based on similar 

building principles, but where the basic building blocks are the larger BUs. 

Taking this idea further, there is the possibility to define super building units 

in a description of the built up of even larger structures.  

Another way of describing structures is by considering their topologies8. The 

topology of a framework can be identified by means of available programs, 

as TOPOS9 and SYSTRE10. Knowledge of the topology of a structure can 

provide additional information that adds to an understanding of the structure 

and its relation to other structures. 
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1.2 Chemistry and properties of open-framework 
germanates 

Germanium was discovered in 1886 by Clemens Winkler and named after 

his motherland Germany (Latin Germania). Germanium is a relatively rare 

element and is recovered as a by-product of zinc and copper refining. Pure 

germanium is a semiconductor and is widely used in transistor technology 

and optics. GeO2 exists in two polymorphs adopting the structure types of 

either quartz or rutile. The rutile modification has very low solubility in 

aqueous, acidic and basic solutions, whereas the quartz modification can be 

dissolved in acid and basic solutions.  

The crystal chemistry of open-framework germanates is in general similar to 

that of zeolites, but it is also more varied as germanium may have oxygen 

coordinations other than tetrahedral. Consequently, many structural rules for 

zeolites are valid for open-framework germanates, but the latter group con-

tains in addition also structures with more unique features.  

Silicon is predominantly tetrahedrally coordinated by oxygen atoms, 

whereas, going down one row in the periodic table, germanium is found not 

only in 4-coordination (tetrahedral) but also in 5-coordination (square py-

ramidal or trigonal bipyramidal) and 6-coordination (octahedral). For Si the 

average Si-O-Si angle is 145° and the average Si-O bond distance is 1.61 Å, 

and for germanium the corresponding values are 130° and 1.76 Å. These 

differences in bond angles and distances strongly favours in germanates the 

formation of 3-rings and double 4-rings (D4Rs)11, the latter also designated 

in the literature as the Ge8 [Ge8X20 (X=O, OH, F)] cluster. These BUs are 

illustrated in Figure 1.1a and b. The relatively greater stability of these BUs 

in germanates makes it possible to synthesize compounds with structures 

that have no silicon counterparts.  

Considering potential applications, the thermal stability is in general higher 

for zeolites than for open-framework germanates (especially pure open-
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framework germanates). This is of relevance for applications in catalytic 

processes, which are usually carried out at elevated temperatures. The price 

for germanium dioxide is furthermore considerably higher than that for sili-

con dioxide. 

1.3 Clusters as building units in open-framework 
germanates 

Different types of germanium clusters are designated by the number of poly-

hedra (germanium atoms coordinated to oxygen) in the cluster. The poly-

hedra in the cluster can be of more than one type. The Ge7 [Ge7X19], Ge8 

[Ge8X20], Ge9 [Ge9Xn, n =25-26] and Ge10 [Ge10X28], (X =O, OH, F) clusters, 

shown in Figure 1.1, are large BUs found in open-framework germanates. It 

should, however, here be realized that open-framework germanate structures 

can be built up purely by tetrahedra and do not necessarily have to contain 

these clusters. Some structures built up by Ge7, Ge9 and Ge10 clusters are 

described in chapter 5. In order to identify the different clusters a general 

colour scheme is used in the thesis with octahedra (6-coordinated germa-

nium) in red, trigonal bipyramids (in general 5-coordinated germanium) in 

yellow and tetrahedra (4-coordinated) in green. Additional tetrahedra outside 

the clusters are in blue. 
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(a) (b) 

 

 
(c) (d) 

  
(e) (f) 

Figure 1.1 Polyhedral representation of (a) 3-rings (Ge3), (b) Ge8 (c) Ge7, 
(d) Ge10, (e) Ge9 and (f) disordered Ge9 cluster. Octahedral coordination 
of germanium in red, tetrahedral coordination in green and trigonal 
bipyramidal in yellow. 
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2 Synthesis 

Open-framework germanates are, as zeolites and other microporous materi-

als, as a rule prepared by hydro- or solvo-thermal synthesis12. In hydrother-

mal synthesis the reactants are dissolved in an aqueous solution and in sol-

vothermal synthesis in an organic solvent. Germanates in general can also be 

prepared by other conventional synthesis routes, e.g. by solid state reaction 

of oxide mixtures at elevated temperatures. 

Chemical formulas of compounds included in this thesis are listed in Table 

2.1 and the corresponding synthetic parameters in Table 2.2. 

Table 2.1 The chemical formula of the compounds included in this thesis. 

 Paper* Chemical formula 
SU-61 I |(C6H16N2H2)2|[Ge8.7Si1.3O22.5H][Ge0.71Si0.29O2][Ge0.22Si0.78O2.5H]2 
SU-46 II C4N3H15[Al2Ge3O10] 

SU-57-I III |(C2H10N2)0.41|[Al0.90Si0.38Ge0.74O4] 
SU-57-II III |(C2H10N2)0.47|[Al0.94Si0.62Ge0.44O4] 

JLG-5 IV |(C5N2H14)4(C5N2H13)(H2O)5.66|[Ge7O15HF2][Ge7O15.5HF]2[GeO3H2] 
SU-8 V |(C6H16N2H2)5|[Ge9O18(OH)4][Ge7O15(OH)]2[GeO(OH)2]2  

SU-44 V |(C6H16N2H2)10|[Ge9O18X4][Ge7O15X2]6[GeOX2]2.85 , (X=OH, F) 

*Paper refers to the number of the publications that are included in this thesis. 

Table 2.2 The synthetic parameters for the compounds included in this thesis. 

 Ratios Temperature  Time  

SU-61 
GeO2: H2O: MPMD: TEOS = 

1 : 17 : 4 : 0.1. 
170ºC 7 days 

SU-46 
GeO2 : Al(i-PrO)3 : DETA : pyridine : HF : H2O = 

1 : 0.8-2.4 : 12 : 28-59 : 96 : 2.5 : 4.2. 
170ºC 7 days 

SU-57 
H2O : ethanol: EDA : GeO2 : TEOS : Al(i-PrO)3 = 

116 : 72 : 62 : 1 : 1 : 2 
160ºC 7 days 

JLG-5 
GeO2 : H2O : pyridine : 2-methylpiperazine : HF = 

1: 41.67: 31.04: 3.5: 1.39 
160ºC 4 days 

SU-8 
GeO2 : H2O : MPMD = 

1 : 40 – 46 : 10 - 12. 
170ºC 7 days 

SU-44 
GeO2 : H2O : MPMD : HF = 
1 : 40 – 46 : 10 – 12 : 1.26. 

170ºC 7 days 
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In a hydrothermal synthesis there are many variable parameters. Considering 

that reactions inside the autoclave are largely unknown, the route has the 

character of a black box. Conclusions about reactions and formed com-

pounds are then mainly derived from analyses of the end products. In a 

longer series of experiments one may possibly deduce probable reaction 

mechanisms by a comparison of the starting phase constitutions and obtained 

products.  

One way to monitor the crystallisation process is to use two identical auto-

claves and withdraw small amounts of formed product from one of them 

after specific lengths of time. The other autoclave then serves as a reference 

to check if the final product is the same in the two autoclaves and that the 

withdrawal procedure has not influenced the synthesis significantly. 

2.1 Variables in the synthesis  

A typical synthesis route for open-framework germanates is to mix GeO2 

with water and add a template (for example an amine as 2-methyl-1,5-

pentanediamine) to the solution under stirring. At this point all of the GeO2 

should be dissolved. Hydrofluoric acid and aluminium- and silicon-sources 

can then be added. The order in which the sources are added influence in 

some cases the end product. Once all reactants are added and the solution is 

homogenous, the solution is transferred to a Teflon-lined autoclave and kept 

at autogenous pressure at a temperature ranging from 160°C to 200°C, for a 

time ranging from a few days to a month, typically a week. The product is 

collected by filtering the sample and washing it with water and then with 

acetone. The sample is dried in a furnace at 60°C overnight. 

In principle it is a simple synthesis route, but there are several synthesis 

variables that can be varied, including the type of solvent, addition of or-

ganic molecules and/or hydrofluoric acid, the ratios of reactants, reaction 

temperature and time. Some of these variables are briefly discussed below. 
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2.1.1 Solvent 

Successful syntheses of open-framework germanates have been performed 

using pure aqueous solutions, mixed organic-aqueous solutions and pure 

organic solvents. The most commonly used organic solvents are pyridine and 

ethylene-glycol. Additions of pyridine, ethylene glycol and butanol to water 

solutions have been suggested to enhance the crystal growth13. 

In order to have a reproducible synthesis it is crucial that the solution is ho-

mogeneous before transfer to the autoclave. Addition of an organic solvent is 

then sometimes necessary, depending on the hydrophobicity / hydrophilicity 

of the template. 

2.1.2 Use of organic amines 

Organic amines have been used for a long time to target the formation of 

specific structure types. Although the influence of the organic amines on the 

formation of a framework type is not completely understood, there are at 

present three terms used to describe the functions of the amines14: a) struc-

ture-directing, b) templating and c) space filling. When an amine elicits spe-

cific framework structures, it is called a structure-directing agent. If the 

framework structure adapts to the geometric configuration of the amine, the 

amine is considered as a template. When certain framework structures can be 

obtained using different amines, then the amines are called space-filling 

agents. 

When using amines, the obtained frameworks may be negatively charged 

and the amines are in a corresponding amount protonated to form cations. 

Hydrogen bonds easily form between the framework and the amines, imply-

ing the presence of an attractive interaction between them and the inorganic 

framework. The frameworks are easily tailored by using amines with differ-

ent shapes, volumes and number of amine groups.  
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2.1.3 Hydrofluoric acid 

There is evidence in the early stages of zeolite synthesis that fluoride ions act 

as a mineralizer, hence facilitating nucleation and the growth of larger crys-

tals. The fluoride ions also help in dissolving the germanium dioxide, albeit 

adding too much hydrofluoric acid can prevent crystallisation. It has fur-

thermore been shown that the fluorine in hydrofluoric acid acts as a structure 

directing agent that promotes the formation of specific building units, for 

example D4Rs. The addition of hydrofluoric acid is accordingly crucial for 

obtaining certain structure types. For germanates, OH- sometimes plays a 

similar role as F-. 

2.1.4 pH 

The alkalinity is a very important synthesis parameter. Open-framework 

germanates are predominantly formed in basic environments, with pH be-

tween 7 and 13. The pH can be varied by changing the amounts of template 

or solvent, or by adding an acid or base. Some structure types are formed 

within very narrow pH intervals and sometimes the pH influences the size 

and morphology of the produced crystals. 

2.1.5 Temperature 

Temperature affects nucleation, crystal growth and which phases form. 

Typical synthesis temperatures range from 160°C to 200°C. The temperature 

intervals within which specific structures form vary considerably and are in 

some cases very narrow. The upper temperature limit is dependent on the 

temperature limit of the autoclave and the thermal stability of the reactants, 

normally the organic molecules. For Teflon-lined autoclaves, the Teflon will 

melt at temperatures above 300°C and the Teflon container may also break 

due to an excessive pressure. 
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2.1.6 Time 

Some open-framework structures are formed already within a few days, 

while other compounds require longer times. A typical synthesis time is 

from 3 to 7 days. It is believed that the formation of open-framework com-

pounds follows Ostwald’s rule15, stating that the first produced phase is con-

sumed and replaced by a second more stable phase and so on. This implies 

that over time more stable and denser frameworks are formed. Depending on 

the crystallisation rate in the autoclave, it is possible to grow large crystals 

by applying longer heating times. 

2.1.7 Other variables 

For optimisation of synthesis conditions, additional variables can be fine 

tuned. It is possible to add seeds of a desired product, in order to obtain lar-

ger crystals or direct the synthesis towards this product. The seeds then act 

as nucleation centres for crystal growth. Another possible way to obtain lar-

ger crystals is to dilute the solution in order to slow down the nucleation rate. 

The pressure in the autoclave is difficult to control directly, but can be indi-

rectly controlled by the temperature, degree of filling of the autoclave and 

the reactants. Incorporating aluminium and silicon into a pure germanium 

framework is challenging; since the outcome can vary depending on at 

which stage in the synthesis the aluminium- and/or silicon sources are added. 

Additional factors that influence the synthesis include aging and how the 

autoclave is heated and cooled. 

2.2 Syntheses with MPMD  

In my synthesis work I have been focusing on one template, 2-methyl-1,5-

pentanediamine (MPMD), in order to understand the synthesis mechanism 

behind SU-M and SU-MB. During the course of optimising the synthesis for 

SU-M and SU-MB, other compounds such as SU-8 and SU-44 were pre-
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pared. SU-61 was discovered upon trying to incorporate Si and Al into SU-

M. My experiments with similar ratios of reactants have shown that Ge-

pharmacosiderite is formed at high temperatures, around 200°C, whereas 

SU-M and SU-MB are formed at comparatively lower temperatures, around 

160°C. Both SU-44 and SU-8 are formed at 170°C. SU-44 shows a tendency 

to form in HF rich solutions, while HF addition is not helpful for the forma-

tion of SU-8. By adding a silicon source to the synthesis it is possible to 

synthesize SU-61 at 170°C.  

The chemical formula for MPMD (called DytekA, Sigma-Aldrich) is H2N-

CH2-CH(-CH3)-CH2-CH2-CH2-NH2. One observation from our work is that 

MPMD from an opened bottle should be used within a reasonable time. We 

found that much smaller amount of MPMD was needed to dissolve a certain 

amount of GeO2 when taken from a newly opened bottle than from an “old” 

bottle.  

Comparing with literature it is often seen that one amine acts as a template 

for the whole cage and many groups are using more and more sophisticated 

amines, where the size of the cavities are determined by the size of the tem-

plate. On the other hand other groups are starting to use smaller amines and 

think about how many of these that can fill a cage and set up the synthesis 

variables after this. The formation of SU-M and SU-61 using MPMD are 

good examples of smaller amines forming large open-framework structures. 

A reason for our success with MPMD could be that the organic amine more 

acts as a support for the walls through hydrogen bonding between the clus-

ters and the amines and not as a support for the full cage/pore.  
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3 Techniques  

In order to characterize a sample from a synthesis a variety of available 

techniques are usually needed. For solids, these fall into three main catego-

ries; diffraction-, microscopic-, and spectroscopic techniques. Additional 

techniques as thermal analysis and physical property measurements give 

further information. The basic information that is sought is what phases the 

sample contains and the compositions and crystal structures of these. 

3.1 Identifying a phase 

3.1.1 Optical microscopy 

An optical microscope is useful for a first quick study of a product. After 

some practice and experience it is possible to estimate the fractions of amor-

phous and crystalline phases. An amorphous sample normally looks “dead” 

and reflects light poorly. Well-formed crystals reflect light and glitter. If the 

crystals are big enough, it is possible to see the shape of the crystals, which 

gives information about the possible symmetries and whether the sample is 

mono- or poly-phasic. For example, the germanium form of Ge-pharmacosi-

derite is normally seen as cubic crystallites. 

3.1.2 Scanning Electron Microscopy  

In an electron microscope an electron beam produced by an electron gun is 

focussed onto the sample. In scanning electron microscopy (SEM), the elec-

tron beam sweeps over an area of the sample. From the points where the 
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electron beam hits the sample different kinds of electrons are emitted; sec-

ondary electrons (SEs) with kinetic energies E ≤ 50 eV, backscattered elec-

trons (BSEs) with E ≥ 50 eV, and Auger electrons with E = 50 – 200 eV. 

The SEs and BSEs are both used for imaging of sample topography. The 

BSE signal contains in addition a compositional component, i.e. the signal 

increases with increasing average atomic number, and BSE images provide 

also information about compositional variations in a sample. Representative 

SE images are shown in Figure 3.1. 

Images can be recorded with SEM at much higher magnifications, and with a 

considerably larger depth of focus, than with an optical microscope. Sizes 

and facets of very small crystals are clearly revealed in the images, providing 

improved information about sample homogeneity and possible symmetries 

of the crystals as compared to the optical microscope. For SE imaging, non-

conducting samples have to be covered with a very thin layer of a conduct-

ing material, usually carbon, in order to avoid electron charge-up. A limita-

tion of SEM and electron microscopy in general is that not all materials are 

stable in the electron beam.  

3.1.3 Energy Dispersive Spectrometry microanalysis 

In an electron microscope, beam electrons are inelastically scattered by the 

sample and their slowing down produces an emission of a broad energy dis-

(a) (b) 

Figure 3.1 SEM images of (a) Ge-pharmacosiderite and (b) SU-61. 
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tribution of X-rays, called “bremsstrahlung”, braking radiation or X-ray con-

tinuum. Some of the electrons also ionise atoms in the sample by ejection of 

inner-shell electrons. Within a very short time, the excited, ionised, atoms 

relax by electron transitions from outer shells to the level containing the 

electron vacancy. The transitions are accompanied by the emission of either 

X-rays or Auger electrons, both with characteristic energies that depend on 

the two energy levels involved in the transition. Since the inner-shell levels 

are characteristic for each element, and furthermore independent of the 

chemical state of the element, the emitted X-rays (and Auger electrons) can 

be used for elemental analysis, i.e. a determination of the concentration of 

the element in the sample. In energy dispersive spectroscopy (EDS) X-ray 

micro-analysis, detectors are used to measure the number of X-ray photons 

and their energies. An EDS measurement gives a spectrum of the number of 

X-ray photons versus energy. The energy positions of the element-specific 

peaks show which elements are present and the relative heights of the peaks 

is proportional to the concentrations of these elements. Conventional EDS 

detectors, with a protecting Be window in front of them, can detect elements 

down to Na, while those with thinner windows, like that linked to our JEOL 

JSM-7000F microscope, can detect elements down to boron. Quantitative 

EDS analysis is susceptible to systematic errors arising from e.g. the relative 

orientation and position of the sample relative to the detector and the matrix 

of light non-analyzed elements in the sample. A lot of consistent data must 

therefore, as a rule, be recorded in order to get accurate estimates of element 

concentrations and the results preferably checked against standards with 

similar compositions. 

3.1.4 X-ray Powder Diffraction 

The principle uses of X-ray powder diffraction (XRPD) of relevance here are 

phase identification, estimation of phase fractions and determination of accu-
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rate unit cell parameters. For a crystalline sample, the X-rays diffract from 

different (hkl)-planes within each crystallite according to Bragg's law (equa-

tion 3.1): 

λ=2dhkl·sinθ   (3.1) 

where λ is the wavelength, dhkl is the distance between the (hkl)-planes and θ 

is the diffraction angle between the incoming beam and the (hkl)-planes. For 

a powder sample there are numerous crystallites, that are ideally randomly 

orientated, implying that there are diffracted beams from all (hkl)-planes 

simultaneously. A representative XRPD pattern from a mono-phasic sample 

is shown in Figure 3.2. It consists of a set of peaks, each of different inten-

sity and position. The 3D intensity pattern that is obtained from a single 

crystal is here replaced by a 1D set of peaks. 

 

10 15 20 25 30 35 40 45
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2θ  
Figure 3.2 Observed (upper) and calculated (lower) XRPD patterns for SU-61 
for 2θ = 11-45°. The observed (upper) pattern was recorded with an in-house 
Guinier-Hägg camera, using CuKα1 radiation. The peak at 28.40° is from the Si 
internal standard. The calculated pattern was obtained using atomic coordi-
nates and thermal displacement parameters from the single crystal refinement. 
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Each crystalline phase has its own XRPD pattern which can be used for 

phase identification. It is thus easy to see if a sample is phase pure. Relative 

amounts of different phases can easily be roughly estimated from relative 

peak intensities. Quantitative phase analysis can be made by using calibra-

tion curves from mixtures or from scale factors in the Rietveld method. More 

accurate cell parameters can be obtained from a powder pattern than by sing-

le crystal methods, in particular if an internal standard is used for better de-

termination of peak positions. 

3.2  Complementary techniques and property 

measurements 

3.2.1 Thermogravimetric analysis  

Weight losses of a sample upon heating can be determined by thermogra-

vimetric analysis (TGA). A relevant TGA weight-loss curve is shown in 

Figure 3.3. The consecutive weight-loss steps are from loss of crystal water 

and template decomposition. The thermal decomposition curves differ when 

recordings are made in different gas atmospheres. The use of oxygen gas or 

air is appropriate when studying oxidations, for example the loss of CO2(g) 

upon decomposition of the template. 

Knowledge acquired by other techniques is valuable when interpreting re-

sults from TGA, e.g. about the chemical formula and the amounts of crystal 

water and template in the sample. Information about the framework compo-

sition is attained from single crystal structure refinements and the template 

content can be determined by CNH elemental analysis. Water and solvents 

that reside in the pores of the crystals will add to the weight and weight-loss 

upon heating.  
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Figure 3.3 TGA curve for SU-61 in N2(g). The first step, up to 120ºC, is from loss of 
physically adsorbed water, the second at 180- 260ºC from loss of one template, and the 
third last step from loss of the remaining template and OH-groups. 
 

3.2.2 In-situ and high-temperature X-ray diffraction 

In-situ XRPD can be used to study crystallisation, phase changes or decom-

position that occur at specific temperatures over time. In-situ studies of crys-

tallisation can reveal if intermediate phases are formed and the rate and ki-

netics of the crystallisation may be determined. Phase transitions or decom-

positions that occur upon heating can be studied by high-temperature XRPD, 

by recording powder patterns in steps of increasing temperature. In this way, 

the thermal stability of a compound can be assessed. High-temperature 

XRPD patterns of SU-44 are shown in Figure 3.4. 
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Figure 3.4 High-temperature XRPD patterns of SU-44 recorded from RT to 
250°C. A phase transition occurs between 150 and 200°C. 

 

3.2.3 Solid State NMR 

X-ray diffraction provides information about the long-range order in crys-

tals, whereas solid state Nuclear Magnetic Resonance (NMR) probes short-

range order. The classical elements to look at with NMR are 1H, 13C, 29Si and 
27Al. For open-framework germanates it is possible to do 19F, 17O and 73Ge 

solid state NMR16. Most of the elements in the periodic table have a nuclide 

that is accessible for NMR, but depending on abundance and sensitivity of 

the nuclide it can be difficult to get a sufficiently good signal. X-ray diffrac-

tion and solid state NMR are two complementary techniques, especially 

when a structure contains more than one metal atom type. If germanium, 

aluminium and silicon are present in a framework, then Loewenstein’s rule17 

states that Al cannot have Al as nearest neighbours, implying that connec-

tions Al-O-Al do not exist, whereas e.g. Al-O-Si-(O-Al) is possible. It may 

nevertheless be difficult to derive correct site occupancies by single crystal 

X-ray diffraction due to the difficulty of distinguishing Al and Si. Informa-

RT 
150°C 
 

200°C 
250°C 
 



 19 

tion from solid state NMR about nearest-neighbour configurations of the 

metal atoms may then set constraints on the possible ways the elements Si 

and Al can be distributed over available sites in the structure, and thus be of 

great help to reach the correct structure solution. 

3.2.4 Ion exchange 

Open-framework germanates often have negatively charged frameworks, so 

the pores must contain charged templates or cations to balance the charge. 

The template can sometimes be exchanged with other cations, commonly 

proton or alkali metal ions. By exchanging the larger organic templates by 

smaller metal ions, it is possible to partly empty the pores. The ion ex-

changed material can then be tested for enhanced adsorption of different 

gases.  

Some of the problems with ion exchange are that the crystals may dissolve in 

the solution used and the template may be so strongly bound to the frame-

work that its removal leads to a collapse of the structure.  

3.2.5 Fourier transform infra-red spectroscopy 

Fourier transform infra-red (FTIR) spectroscopy gives information on bond 

vibrations between atoms. Different bond types vibrate at different energies. 

The spectra shows the kind of bond types that are present in the framework 

and, more importantly, in the organic molecules in the sample. A FTIR spec-

trum for SU-M is shown in Figure 3.5. The OH-group has a broad band at 

3570-3200 cm-1 and Ge-O vibrations of the germanium polyhedra have two 

bands at 860-920 and 550-580 cm-1. From the observed vibration frequencies 

it is possible to conclude if the template is retained unaltered or has decom-

posed into small fragments. In order to fully trust FTIR results, the spectrum 

must be from a pure sample. 
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Figure 3.5 FTIR spectrum of SU-M with marked areas for the different 
bond vibrations. 

Template 

Ge-O 

O-H 
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4 Structure solution 

Once a new crystalline phase has been identified, a determination of its 

atomic structure is a natural step. When larger single crystals are available, 

this is usually straight forward, but not un-frequently different types of pro-

blems emerge. In this chapter, selected aspects of single crystal methodology 

will first be pointed out, followed by descriptions of how the structures of 

SU-61, SU-46, SU-57, JLG-5 and SU-44 were solved and refined, with fo-

cus on some of the encountered crystallographic problems and how they 

were addressed. 

4.1 Single crystal diffraction 

4.1.1 Size of crystal 

It can take a long time to select a good crystal, but the hours spent on this are 

normally regained once starting to solve and refine the new structure. By 

using an optical microscope and SEM, information about the size, morpho-

logy and, possible, point group of the crystals is obtained. Some times it is 

worth going back into the lab and fine-tune the synthesis in order to get lar-

ger crystals with a more regular shape. 

It is preferable to have a crystal shape that has roughly equal dimensions in 

all three directions. Needle- and plate-like crystals can present problems due 

to limited diffraction in specific directions. It is important not to have a too 

long crystal compared to the diameter of the needle crystal. It is furthermore 
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important that the X-ray beam diameter used is larger than the size of the 

crystal.  

A rule of thumb for an adequate crystal size is 25 to 100 µm. The optimum 

size depends on its absorption, extinction and scattering power. The absorp-

tion and scattering power are determined by the elements present in the cry-

stal. While e.g. metal alloys in general diffract well, and even small crystals 

of them are suitable, open-framework germanates diffract less, implying the 

need for long exposure times and/or larger crystals. If a crystal is too small 

for a data collection with an in-house diffractometer, a synchrotron source, 

such as that at MAX-Lab in Lund, Sweden can be used. 

4.1.2 Diffractometer settings  

The required exposure time is very dependent on crystal size and the X-ray 

source, e.g. wavelength and intensity. The intensities of the reflections 

should be well determined. A good measure of their accuracy is I/sigma, the 

net intensity of a reflection divided by the standard deviation of the intensity. 

A reflection is said to be observed if I/sigma is equal to or larger than 2. One 

wishes to have an over-all mean I/sigma close to 20 in order to have well-

determined intensities, including those of weaker reflections. This was diffi-

cult to achieve for some of the open-framework germanates described in this 

thesis when using a conventional X-ray source. A balance between data 

quality and data collection time had then to be set, or a stronger X-ray source 

used.  

Two other important parameters in a data collection are the distance between 

crystal and detector and the scan width. For structures with small unit cell 

dimensions, a short detector distance may be used, thereby increasing the 

number of reflections collected within each frame. Structures with large unit 

cells need longer detector distances in order to separate reflections. Reflec-
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tions that are overlapping will present problems in determining the correct 

intensity of each contributing reflection.  

When collecting data, each frame has a certain scan width, given by the an-

gle scanned during the frame exposure. A rule of thumb is that each reflec-

tion should be present on two or more frames in order to determine the posi-

tion of the reflection accurately. The optimal scan width is dependent on the 

size of the unit cell and mosaicity of the crystal. The larger the unit cell is, 

the smaller the scan width must be in order to separate reflections. For a 

careful measurement, a scan width of 0.3° is appropriate for a CCD detector. 

Another advantage with a low scan width (fine-slicing) is that the signal to 

noise ratio can be improved.  

One has also to be observant of the ranges of angles used in the data collec-

tion. These should be set in such a way as to provide as high completeness of 

the data set as possible. Depending on the design of the diffractometer used, 

one can run into problems of completeness, as for example when using a 

single axis instrument, such as the MarCCD at MAX-Lab. Depending on the 

relative orientation of the crystal to the incoming beam, one can miss some 

of the low angle reflections. It is important to measure all or most of these 

low resolution reflections, since they carry most of the information about the 

mean positions of the atoms and especially the location of the templates in 

the pores. In comparison, the high resolution reflections at high angles carry 

more information about electron density variations and displacement pa-

rameters. 

4.1.3 Transmission factor 

An important thing to check is the transmission factors, which are defined, 

as the relative decrease of intensity due to absorption, both of the incoming 

un-diffracted beam and the diffracted beam. Transmission factors decrease 

with increasing crystal size and increasing linear absorption coefficient. For 
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low-absorbing crystals they can be around 0.8 to 0.95, but for too large cry-

stals, or crystals containing highly absorbing elements, they may be consi-

derably smaller. This means that the crystal absorbs too much of the incom-

ing beam and the data will suffer from extinction. In order to solve this, one 

can cut the crystal into a smaller piece. 

4.1.4 Temperature 

Cooling the crystal increases the reflection intensities, in particular for high 

diffraction angles, due to that thermal vibration amplitudes become smaller 

at low temperatures and the atoms therefore become more localized around 

their mean positions. This may be of great help in locating atomic positions 

for templates, for which the thermal displacement parameters at room tem-

perature are commonly considerably larger than for the framework atoms in 

the structure.  

 

4.1.5 Data collection 

In the studies of this thesis, we have used three different single crystal X-ray 

diffractometers; the first being an in-house STOE IPDS image plate diffrac-

tometer, equipped with a SIEMENS rotating Mo anode and graphite mono-

chromator. For data reductions the STOE software package was used.  

The second was an in-house Xcalibur3 diffractometer, equipped with a Sap-

phire3 CCD detector, using graphite-monochromatized Mo Kα radiation 

from an enhanced optic microfocus X-ray tube. Data integrations and nu-

merical absorption corrections were carried out with the CrysAlis18 software 

package from Oxford Diffraction. 

In some studies it was not possible to obtain sufficiently large crystals for 

data collections with the in-house instruments, without too long measuring 

times. The natural choice was in these cases to find an X-ray source with 

higher intensity, such as the third generation electron storage ring for syn-
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chrotron radiation at MAX-Lab in Lund, Sweden. At this facility we col-

lected data at the beamline I711 and I911:5, using a MarCCD diffractometer. 

TWINSOLVE19 was here used for data reductions and absorption correc-

tions. 

4.2 Solving and refining crystal structures 

Diffractometers from different manufacturers have their own individual 

software, e.g. for determination of unit cells and integration of reflection 

intensities in a data set. Once a data-file with the intensity of each reflection 

is produced, the next steps are to determine the space group, solve, and, fi-

nally, refine the structure. 

4.2.1 Methods for solving structures 

It is well known that we only gain half of the information about the structure 

directly, when collecting diffraction data. In order to solve a structure we 

must recreate the structure factor phases. An expression for the structure 

factor Fhkl is given by equation 4.1 and the relation between measured inten-

sity I and the structure factor amplitude F by equation 4.2. 

Fhkl=∑
=

N

j 1

fj ⋅ exp( 2πirj⋅H) = |F(H)|exp[iϕ(H)]  (4.1) 

I(H) ∝ |F(H)|2    (4.2) 

The summation in (4.1) is over all atoms N in the unit cell, at fractional co-

ordinates rj, fj is the atomic form factor, and H is the scattering vector. 

Two of the most famous methods for solving the phase problem are the Pat-

terson Method20,21 and Direct Methods22. The Patterson function is defined as 

the convolution of the electron density with itself; see equation 4.3. 

P(u) = ∑
HV

1
|F(H)|2 exp(-2πiH⋅⋅⋅⋅u)   (4.3) 
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The peaks in a Patterson map correspond to the interatomic distances present 

in the structure. The Patterson function only depends on the measured inten-

sities and can therefore be calculated directly from experimental data.  

Direct methods use the information of diffraction intensities and symmetry. 

Direct methods are based on relationships among the structure factor phases 

induced by symmetry and by physical limits e.g. the electron density of a 

real crystal cannot be negative.  

The Patterson method works comparatively well for crystal structures that 

contain a few heavy element atoms and for which the Patterson map is there-

fore easier to interpret. This is not so when all the atoms in a structure have 

similar atomic numbers, as the Patterson map then contains many inter-

atomic distance peaks with similar heights. Direct methods works, in com-

parison, very well for structures with relatively uniform electron densities. 

Solving a structure by direct methods can be obstructed by the presence of 

strong pseudo-symmetries in the data.  

4.2.2 Refinement 

A structure is solved once the phase problem is solved for the strongest re-

flections. From difference Fourier maps it is then possible to locate remain-

ing atoms. Different kinds of structural parameters, as atom positions, ther-

mal displacement parameters and site occupancies, can then be refined by 

non-linear least squares. In order for the parameters to be well determined 

the ratio of the number of data points (unique reflections) to the number of 

refined parameters, i.e. the degree of over-determination, should be larger 

than 10, in order to avoid artefacts from an ill-determined system. All struc-

tures presented in this thesis were solved by direct methods and refined us-

ing the interface WinGX23 with the SHELX9724 software. Crystallographic 

data for the compounds are listed in Table 4.1. The crystallographic back-

ground of each compound is described later in this chapter.  



 
2

7
 

Unit cell 

a = 34.476(3)Å, b = 19.8768(17)Å, c = 14.8594(8)Å 

 

a = 7.524(1) Å, c = 14.746(3) Å 

 

  a = 10.4678(5) Å, c = 8.9227(6) Å 
 

  a = 10.4464(6) Å, c = 8.9083(8) Å 
 

  a = 29.0706(6)Å, c = 22.6849(6)Å 
 

a = 12.075(4)Å, b = 19.235(6)Å, c = 18.720(6)Å  

β = 92.72(4)º 

a = 11.9831(7)Å, b = 20.1886(12)Å, c = 22.2361(14)Å 

α = 88.240(2)º, β = 89.308(3)º, γ = 90.352(2)º 

Space 
group 

Cmcm 

(No. 63) 

P-62c 

(No. 190) 

P42/n 

(No. 86) 

P42/n 

(No. 86) 

P4/mnc 

(No. 128) 

P21/c 

(No. 14) 

P-1 

(No. 2) 

Crystal sys-
tem 

Orthorhombic 

Hexagonal 

Tetragonal 

Tetragonal 

Tetragonal 

Monoclinic 

Triclinic 

Tempe
-rature 

297 K 

100 K 

297 K 

297 K 

100 K 

297 K 

297 K 

Size / µµµµm 

2x15x100 

30x30x60 

30x30x60 

30x30x70 

10x20x210 

30x30x80 

8x12x60 

λλλλ / Å 

0.907 

0.71073 

0.71073 

0.71073 

0.71073 

0.71073 

0.907 

Instrument 

MarCCD 

I911:5 

Xcalibur 

Xcalibur 

Xcalibur 

Xcalibur 

STOE 

IPDS 

MarCCD 

I911:5 

Table 4.1 Crystallographic information on the compounds described in this thesis. 

 

SU-61 

Paper I 

SU-46 

Paper II 

SU-57-I 

Paper III 

SU-57-II 

Paper III 

JLG-5 

Paper IV 

SU-8 

Paper VI 

SU-44 

Paper VI 
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4.2.3 Correction of data 

The absorption correction takes into account the absorption of the X-rays in 

the crystal. Its magnitude is determined by the elements in the crystal and 

how the incident beam and diffracted beam have travelled in the crystal - in 

other words the size, shape and orientation of the crystal. In order to make a 

good absorption correction, data with high redundancy is very desirable. One 

needs a good data statistics on how intensities of equivalent reflections are 

affected by absorption in different orientations of the crystal.  

The most common absorption correction methods are numerical and empiri-

cal. The numerical method is based on knowledge of the chemical composi-

tion of the crystal and accurate knowledge of the indices and dimensions of 

the faces that define the crystal shape. The empirical method relies in part on 

redundant data and uses a minimisation of differences in intensities of sym-

metry equivalent reflections. Our in-house Xcalibur3 diffractometer has the 

capability to collect optical images of the crystal for face indexing.  

Anomalous scattering occurs when the X-ray wavelength is close to the ab-

sorption edge for a certain element. A direct consequence of anomalous scat-

tering is that Friedel pairs are no longer equal for non-centrosymmetric cry-

stals. The anomalous scattering factors for germanium as a function of wave-

length are shown in Figure 4.1. The anomalous scattering factors are auto-

matically taken care of by SHELX for standard wavelengths, but e.g. for 

data collected at MAX-Lab they have to be specified for the wavelength 

used. One program that provides anomalous scattering factors for non-

standard wavelengths is FPRIME25, an integrated part of the WinGX23 soft-

ware package. 
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Figure 4.1 Anomalous scattering factors for Ge as a function of wavelength, when 
using the atomic scattering factor as f=f0+f’+if’’. 

4.3 Structure determination of SU-61 (Paper I) 

As a rule, the crystal system can simply be deduced from the found unit cell. 

However, there are cases where the unit cell parameters of a crystal indicate 

a crystal class with higher symmetry than the structure actually has. One 

such example is SU-61.  

SU-61 is a silicogermanate with a 3D framework built by the (Ge,Si)10 clu-

sters and contains large 26-ring channels running along the c-axis. The paral-

lel channels form a hexagonal pattern. A further structure description is 

found in section 5.4. 

Data on SU-61 was collected at beamline I911 at MAX-Lab due to the small 

size of the crystals, on average 2 µm x 15 µm x 100 µm. During the data 

reduction (of several data sets) a hexagonal unit cell (a = 19.892(4) Å and c 

= 14.856(3) Å, V = 5091(2) Å3) was found. However, from attempts to de-

termine the space group corresponding to the hexagonal unit cell it became 
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clear from R(merge) values that only a monoclinic symmetry was possible, 

as seen in Table 4.2.  

Table 4.2 Tabulated Laue class and R(merge) values for the hexagonal unit cell of 
SU-61. 

Laue class -1 12/m 1 2/m1 1 11 2/m -3(hex) -3m1(hex) -31m(hex) 

R(merge) 0.169 0.516 0.547 0.175 0.809 0.696 0.672 

 
A closer inspection of the diffraction data (Figure 4.2) made it obvious that 

the crystal does not posses the hexagonal symmetry, and also that an extra 

mirror plane is unaccounted for by the monoclinic cell. This indicates a pos-

sible orthorhombic setting instead of the monoclinic one with pseudo-

hexagonal axes. There are three possible transformations from the hexagonal 

cell to an C-centred orthorhombic one, but only one takes advantage of the 

observed mirror symmetry and can therefore be expected to give a signifi-

cantly lower R(merge) value than the other orientations. The R(merge) for 

the three possible transformations are shown in Table 4.3 and Figure 4.3 

shows the three orientations compared to the hexagonal setting in direct 

space. The transformation matrices were deduced in direct space using 

TRANSFORM in WinGX23. Since one orientation had a significantly lower 

R-value this indicates that the orthorhombic system is correct. It is also pos-

sible to exclude the hexagonal symmetry based on the crystal morphology. 

The crystals of SU-61 are needle-like with a rectangular shape as seen in the 

SEM image in Figure 3.1b.  

 

Table 4.3 R(merge) value for the three transformations 
from a hexagonal cell to an orthorhombic cell. 

Transformation 1 2 3 
R(merge) - mmm  0.572 0.565 0.169 
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Figure 4.2 Constructed hk0 layer for SU-61, showing no hexagonal symmetry 
but only two mirror planes. The three rings are corresponding to 2 Å, 1.5 Å and 
1 Å resolution, respectively. 
 

 
Figure 4.3 The three possible transformations in direct space 
from a hexagonal unit cell to an orthorhombic unit cell. 
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The structure of SU-61 was solved and refined using the interface WinGX23. 

All framework atoms were refined anisotropically. SU-61 is a silicogerma-

nate, so all tetrahedral positions were refined with mixed occupancies of Si 

and Ge, see Table 4.4 and Figure 4.4. The Si content was found to vary on 

the different sites; tetrahedra within the Ge10 cluster (T(4) to T(7)) contain 

from 10(1)% to 30(1)% Si, on average 21%, while the additional tetrahedra 

(T(8) and T(9)) contain 29(1)% and 78(1)%, respectively. This variation in 

the Si content is not yet understood. The overall Ge/Si ratio in SU-61 is ac-

cording to the structure refinement 3.2 and agrees well with that obtained by 

EDS analysis, 3.1.  

Three unique nitrogen atoms from the templates were located in the diffe-

rence Fourier map. The formula for SU-61 contains two charge-balancing 

templates and the three unique nitrogen atoms do account for these tem-

plates, but it was not possible to locate the carbon atoms. One reason could 

be that some of the low resolution reflections were missing due to the one-

axis instrumental set-up at MAX-Lab.  

 

Table 4.4 Si contents 
on the different tetra-
hedral sites in SU-61. 

Site Si contents 
T(4) 0.104(7) 
T(5) 0.274(8) 
T(6) 0.201(11) 
T(7) 0.300(11) 
T(8) 0.288(10) 
T(9) 0.782(7) 

 
Figure 4.4 Representation of the different T (T = 
Ge, Si) sites in SU-61. 
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4.4 Structure determination of SU-46 (Paper II) 

Some of the difficulties encountered with SU-46 are: twinning, local order-

ing of Al/Ge and template disorder. The aluminogermanate SU-46 (Figure 

4.5) is built from the secondary building unit (SBU) 4=1 highlighted in the 

figure. The SBUs are arranged in a hexagonal manner; each 4=1 SBU is 

connected to six other 4=1 SBUs to form a layer. Each layer contains 3- and 

9-rings. The layers are stacked along the c-axis to form a three-dimensional 

framework. Adjacent layers are related to each other by a 2-fold rotation 

along the a(b)-axis so that the 3-rings in one layer superimpose with the 9-

rings in the adjacent layers (Figure 4.5). SU-46 is isostructural to the gallo-

germanate UCSB-9GaGe26, and was recently given a new zeolite framework 

code SBN27. 

  
(a) (b) 

Figure 4.5 Polyhedral representation of SU-46 (a) along the c-axis and 
(b) along the b-axis. A 4=1 unit is marked. 

 

Sometimes programs fail to find the correct space group, which then has to 

be deduced by other means. This is easiest done by constructing precession 

(unwarp) images of the data, and then inspect them for systematic absences. 

One may distinguish a centrosymmetric space group from a non-

centrosymmetric one on basis of the mean <|E2-1|> value, where E is the 

normalized structure factor. The expected <|E2-1|> value for centrosymmetry 

is 0.968 and for non-centrosymmetry 0.736. Sometimes there are several 

possible space groups with similar, or identical, conditions for systematic 

absences. Then one has to test all the different possible space groups and see 
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which one gives the best refinement. A space group determination can be 

tricky if the crystal is twinned, so reflection intensities, and therefore the 

apparent symmetry, cannot be fully trusted. 

All crystals of SU-46 were twins, 

and it was difficult to determine the 

correct space group. SEM images of 

SU-46 show that typically a smaller 

crystal is growing on top of the main 

crystal (Figure 4.6). Diffraction data 

showed, in agreement, that one of 

the twin components diffracted 

stronger than the other one. 

We therefore decided to slice off a corner of one of the main SU-46 crystals, 

with as little as possible remaining of the additional crystals. A full sphere 

data set was collected for this smaller crystal piece to a resolution of 0.65 Å. 

Unwarp images were then constructed from the data and analysed. Unwarp 

images along the main directions are shown in Figure 4.7. From which the 

systematic absences can be determined as: 00l: l=2n and hhl: l=2n. 

According to the International Tables of Crystallography Vol. A28, there are 

three space groups with these reflection conditions, namely P63mc (no. 186), 

P-62c (no. 190) and P63/mmc (no. 194). Normalized structure factors (E) 

were then calculated from the intensity data, yielding a mean <|E2-1|> of 

0.755. This indicates that the structure is non-centrosymmetric, so only the 

space groups P63mc (no. 186) and P-62c (no. 190) are possible. We tested 

both and based on the refinement the correct space group is P-62c (no. 190).  

 
Figure 4.6 A SEM image of SU-46 
showing that additional crystals are 
growing on the top of the main crystal. 
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(a) (b) 

  
(c) (d) 

Figure 4.7 Unwarp images of the (a) 0kl-, (b) h0l-, (c) hk0- and (d) hhl-layer of SU-
46. 
 

The structure of SU-46 contains two unique T sites (T = Ge, Al) and three 

unique O atoms. Both T sites are shared by Al and Ge atoms that are tetra-

hedrally coordinated by four oxygen atoms. All the framework atoms were 

refined anisotropically. The structure refinement shows that the molar ratios 

of Al:Ge differ significantly for the two T positions. The Al:Ge molar ratio 

is approximately 1:2 (refined values 0.312(7):0.688(7)) for the T(1) site 

forming the 3-rings and 1:1 (refined values 0.539(6):0.461(6)) for the T(2) 

site connecting the 3-rings. Taking into consideration Loewenstein’s rule17, a 
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structure model of SU-46 with local ordering of Al and Ge was derived. 

Each 3-ring is formed by one AlO4 tetrahedron and two GeO4 tetrahedra 

(T(1) sites), resulting in the Al:Ge molar ratio of 1:2. Three AlO4 tetrahedra 

from three different 3-rings are connected by a pair of GeO4 tetrahedra (T(2) 

sites), one on each side of the 3-rings. Similarly, three GeO4 tetrahedra from 

three different 3-rings are connected by a pair of AlO4 tetrahedra. The AlO4 

and GeO4 tetrahedra at the T(2) sites are ordered along the c-axis in a se-

quence of -Al…Al-Ge…Ge-Al…Al-Ge…Ge-, thus resulting in a strict 

Al:Ge molar ratio of 1:1 at the T(2) sites. However, the distribution of Al 

and Ge in the T(1) sites does not show a long range order, but only a local 

ordering within the 3-rings; hence, no superstructure is expected in SU-46. 

The entire Al:Ge molar ratio of SU-46 is 2:3, which is in agreement with the 

ratio obtained from EDS.  

 
Figure 4.8 Polyhedral representation of SU-46 showing the possible order-
ing of Al and Ge in the structure viewed along the c axis (3 × 3 × 1 super 
cell). AlO4 and GeO4 tetrahedra are in light grey and dark grey, respec-
tively. Note that there are three possible orientations of the DETA mole-
cules within the structure. 
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The structure of SU-46 also con-

tains two unique N sites and two 

unique C sites for the template 

diethylenetriamine (DETA). The 

template is located at a 3-fold axis. 

As the symmetry of DETA is 

lower; the DETA cations have 

three different orientations as seen 

in Figure 4.9. Sites N1, N2 and C2 

are partially occupied with occu-

pancies of 1/2, 1/3 and 1/3, respec-

tively. Further information on SU-46 can be found in paper II. 

4.5 Structure determination of SU-57 (Paper III) 

SU-57 is an aluminosilicogermanate that is isostructural with the zeolite 

framework type DFT27. SU-57 consists of 4-rings that are (1,3)-connected to 

form a 3D framework (Figure 4.10a). This is the first time that this topology 

is reported for a compound containing all the elements aluminium, silicon 

and germanium. 

  
(a) (b) 

Figure 4.10 (a) Polyhedral representation of SU-57 along c-
axis and (b) the disordered EDA cations in SU-57. 

 
Figure 4.9 The three different orientations 
of the DETA cations in SU-46. 
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The structure of SU-57 was first solved using a smaller tetragonal unit cell 

(a=7.3761(4) Å and c=8.9266(6) Å in P42/m (no. 84)). Analysing the struc-

ture revealed a possibility for ordering of aluminium in the structure due to 

Loewensteins's rule17. Upon further inspection of the data (Figure 4.11), a 

weak superstructure was observed. The extra superstructure reflections are 

seen clearly in the hk1-layer, whereas in the hk0 layer they are systematically 

extinct. The larger tetragonal super cell was found to be a=10.4317(6) Å and 

c=8.9259(6) Å in P42/n (no. 86). The structure contain two unique T (T = Al, 

Si and Ge) sites and four unique O sites. 

Extensive EDS analysis on crystals from the same synthesis batch show a 

considerable variation in their Si contents, from 15 to 45 at%, while the Al 

content was found to be almost constant, varying only between 44 to 48 at%. 

Several data sets were collected on different crystals in order to determine 

possible structural differences for crystals with different Si/Ge contents. 

After data collections the compositions of these crystals were determined by 

EDS analysis. Two of these crystals, designated SU-57-I and SU-57-II, were 

chosen for further comparison, see Table 4.5.  

 
(a) (b) 

Figure 4.11 Unwarp images of SU-57 (a) hk0 and (b) hk1.  The super cell is marked 
in (b). Several superstructure reflections can be observed in the hk1 layer but are 
systematically extinct in the hk0 layer. 
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Refinements for SU-57-I, with a relatively small content of Si, revealed that 

the T(1) site contains Al and Ge, and the T(2) site predominately Si and Ge 

with a small amount of Al. Refinements for SU-57-II, with a relatively large 

content of Si, showed that both T(1) and T(2) sites contain a mixture of Al, 

Si and Ge, with a significantly higher relative Al content at T(1) and a higher 

relative Si content at T(2). The observed difference between the average T–

O distances for the two tetrahedra agrees reasonably well with a value calcu-

lated using ionic radii and derived site occupancies. The unit cell for SU-57-

II is also found to be slightly smaller, due to a higher Si content. The higher 

content of Ge in SU-57-I gives rise to stronger superstructure reflections. 

This may be quantified by the ratio of the intensity of the strongest super-

structure reflection I2-11 divided by the intensity of the strongest reflection 

I310, with 0.044 for SU-57-I and 0.018 for SU-57-II.  

The ethylenediamine (EDA) template molecules in SU-57 are disordered and 

statistically occupy two positions in equal proportions, with the nitrogen 

atoms common for the two orientations (Figure 4.10b). More information is 

found in paper III. 

Table 4.5 Comparison of SU-57-I and SU-57-II. 

 SU-57-I SU-57-II 

Unit cell 

a = 10.4678(5) Å, 

c = 8.9227(6) Å, 

V = 977.7(1) Å3 

a = 10.4464(6) Å, 

c = 8.9083(8) Å, 

V = 972.1(1) Å3 
Al : Si : Ge 0.45 : 0.19 : 0.37 0.47 : 0.31 : 0.22 

Occupancy of T(1) T(2) T(1) T(2) 
Al 0.854(2) 0.046(2) 0.756(2) 0.184(2) 
Si 0.00(2) 0.370(1) 0.174(4) 0.454(5) 
Ge 0.146(2) 0.584(2) 0.071(3) 0.362(5) 

Average T-O 
distance 

1.725 1.703 1.720 1.698 

I-2-11/I310 0.044 0.018 
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4.6 Structure determination of JLG-5 (Paper IV) 

Crystals of JLG-5 were first obtained at Jilin University, China and then later 

in our lab. They are air-sensitive and diffract only to 1 Å resolution, and 

have rather weak reflections as well. We tried to overcome these obstacles 

by mounting the crystals in glue and collect a data set at 100 K. We found an 

orthogonal unit cell with a = b = 29.1657(17) Å and c = 22.7252(22) Å. In 

the unwarp images (Figure 4.12) a 4-fold axis can be seen in the hk0 plane. 

This verified that we have the necessary symmetry for the tetragonal crystal 

system. The extinction conditions (Table 4.6) were determined from the 

unwarp images, giving two possible space groups, namely P4nc (no. 104) 

and P4/mnc (no. 128). 

Table 4.6 Extinctions conditions for JLG-5 found from the unwarp images 
in Figure 4.12. 

hkl 0kl h0l hk0 hhl h00 0k0 00l 

none k+l=2n h+l=2n None l=2n h=2n k=2n l=2n 
 

A calculated <|E2-1|> value of 0.870 is in between the expected values for 

noncentro- and centro-symmetry. Both space groups were therefore tested 

and the refinements showed that P4/mnc (no.128) is the correct one. 

By looking at the unwarp images it can be seen that the intensity is quickly 

dropping off. There is also a tendency for the outer reflections to be more 

diffuse. The high internal R-value also indicates these problems. Unfortu-

nately the crystals do not diffract beyond 0.85 Å. This means that we have to 

check the data vs. parameter ratio. From the difference Fourier maps all 

templates and crystal water were located. Only the germanium atoms were 

refined anisotropically in order to try to keep the data to parameter ratio 

close to 10. It was possible to distinguish between oxygen and fluorine in the 

framework during refinement based on the thermal parameters. 
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The structure of JLG-5 is built from two unique Ge7 clusters and one addi-

tional unique tetrahedron. The Ge7 clusters form a cuboctahedron with a 

unique 68126 super-cavity containing eight 6-ring and six 12-ring windows. 

These large cages are linked along the c-axis by additional tetrahedra to form 

tubes. The tubes are aligned parallel to the c-axis, and held together by de-

protonated 2-methylpiperazine cations via hydrogen bonds.  

The 68126 cavity is templated by a (H2O)16 water cluster. In each (H2O)16 

water cluster, eight Ow1 atoms are linked together through H-bonding to 

  
(a) (b) 

  
(c) (d) 

Figure 4.12 Unwarp images of JLG-5 the (a) 0kl, (b) h0l, (c) hk0 and (d) hhl layers. 
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form a (H2O)8 cubic cluster, with Ow1…Ow1 distances of 2.63(3) and 

2.80(3) Å. Each Ow1 atom further connects to an Ow2 atom via H-bonding 

(Ow1···Ow2 = 2.79(4) Å) so that a (H2O)16 water cluster with an unique 

eight-claw cube is formed. Extensive hydrogen bonding is found between 

the (H2O)16 water cluster and the 68126 cavity. Each Ow1 atom is H-bonded 

to two Ge7 clusters of the 68126 cavity, and each Ow2 atom is H-bonded to 

three Ge7 clusters.  

The organic template in JLG-5 is 2-methylpiperazine (Figure 4.13). The four 

unique templates (A, B, C, D) found in difference Fourier maps, show dif-

ferent kinds of disorder. 

For template A, four unique atoms were located in the difference Fourier 

map (Figure 4.13a). The molecule is located at a two-fold axis, which gene-

rates two methyl groups. This was interpreted as 2-methylpiperazine mole-

cules residing statistically in two orientations. Therefore the C5A site is half 

occupied and sites C2A and C4A are occupied by both carbon and nitrogen 

atoms. It was not possible to conclude whether one of the orientations is 

preferred over the other. 

Template B (Figure 4.13b) was initially found to have all its atoms on spe-

cial positions, corresponding to a flat molecule. The correct conformation of 

the 2-methylpiperazine molecule is, however, a chair conformation. All the 

atoms were therefore moved slightly away from the special positions and 

inter-atomic distances were restrained to get the correct angles for a chair 

conformation. Accordingly, the molecules reside in this case also statistically 

in two orientations, with corresponding half-filled sites. In the refinement, 

however, the C4B atom did not shift from its special position. 

For template C (Figure 4.13c), four unique atoms were located in the differ-

ence Fourier map. The molecule is located at a mirror plane, generating two 

methyl groups. One of the atoms is disordered (N12C and N21C), showing 

that we have two orientations of a ring with chair conformation. During re-
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finements there were some indications on which atom the methyl group re-

sides. This indicated the locations for the nitrogen atoms. The methyl group 

was added, in accordance with tetrahedral angles, and kept unrefined.  

Template D (Figure 4.13d) was found to be ordered. However, the inter-

atomic distances in the molecule had to be constrained in the refinement. 

Further structure details can be found in paper IV and section 5.1. 

4.7 Structure determination of SU-44 (Paper V) 

Data from single crystal X-ray diffraction gives a structure that is an average 

over the different unit cells in the crystal. This means that if there is any 

possibility for different orientations either of the template or in the frame-

 

 

 

  
(c) (d) 

Figure 4.13 Disordered templates in JLG-5: (a) template A, (b)template B, 
(c) template C and (d) template D. 

(a) (b) 
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work itself then this will show up as disorder in the refinement. Disorder can 

be seen as extra residues in difference Fourier maps, close to already found 

atoms. Commonly, disorder is accompanied by higher R-values, due to the 

difficulties of modelling the electron density.  

Most common is disorder in the templates. One type of disorder is due to 

large amplitude thermal vibrations.  The data quality can then be improved 

by collecting data at low temperatures, at which the thermal vibrations are 

smaller. A second type is static disorder, i.e. a template may take different 

orientations in different unit cells. A similar disorder can also be present in 

the framework, provided parts of the framework have enough freedom to 

adopt alternative positions. 

SU-44 is a 3D open-framework germanate with intersecting 8-, 14-, 16- and 

18-rings along the a-axis, 8-, 10- and 18-ring channels along the b-axis and 

8- and 10-ring channels along the c-axis. The structure is built from Ge7 and 

Ge9 clusters, together with additional tetrahedra.  

The crystals of SU-44 are needle-like. It was observed that some of the need-

le-like crystals were bending when the crystals became too long. Therefore it 

is important not to have a too long crystal compared to the diameter of the 

needle crystal.  A crystal of 10 µm × 10 µm × 60 µm was mounted and data 

collected with the MarCCD diffractometer at MAX-Lab. All framework 

atoms were located using Direct Methods. Further refinements revealed the 

presence of a disordered tetrahedral pair, illustrated in Figure 4.14. The extra 

atoms were added and the occupancies were refined. The distance between 

the disordered (Ge28-Ge30 and Ge29-Ge31) sites is 1 Å. The disordered 

tetrahedral pair is only occupied to 70%. This implies that in some unit cells 

the tetrahedral pair is not present and that the pores in these are larger. An 

additional single tetrahedron is also partially present in an amount of 

28.4(7)%.   
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Figure 4.14 Top: Polyhedral representation of SU-44 
viewed along the a-axis. Additional tetrahedra are in pur-
ple. The additional tetrahedral pair is disordered and 
enlarged below. Octahedra, trigonal bipyramids and tetra-
hedra belonging to the clusters are in red, yellow and green, 
respectively. 

 

All germanium atoms in SU-44 were refined anisotropically, except for 

those of the partially occupied tetrahedral pair. The number of templates was 

determined from charge balancing and CNH analysis, since it was only pos-

sible to locate four out of the five unique templates in the difference Fourier 

maps. More information on SU-44 can be found in section 5.3 and in paper 

V.  
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5 The large clusters in open-framework 
germanates 

Four different kinds of large clusters can be identified in open-framework 

germanate structures, namely the Ge7 [Ge7X19], Ge8 [Ge8X20], Ge9 [Ge9Xn, n 

= 25-26] and Ge10 [Ge10X28], (X = O, OH, F) clusters (Figure 5.1). A colour 

scheme is here used in their illustrations, with GeX6 octahedra in red, GeX5 

trigonal bipyramids in yellow, GeX4 (X = O, OH and F) tetrahedra belong-

ing to a cluster in green, and additional tetrahedra, not belonging to any clu-

ster, in blue. Focus in this chapter is on those clusters that contain different 

kinds of polyhedra, namely the Ge7, Ge9 and Ge10 clusters, and their ability 

to form different structures. 

5.1 The Ge7 (Ge7X19, X = O, OH, F) cluster 

The Ge7 cluster, illustrated in Figure 5.1a and d, consists of one octahedra 

connected to four tetrahedra and two trigonal bipyramids, and has a maxi-

mum symmetry of mm2. Each polyhedron in the cluster has one terminal 

position that is available for connections upon condensation of the clusters 

into a framework. This implies that the Ge7 cluster can be up to 7-coordina-

ted. The Ge7 clusters form various kinds of zero-dimensional (0D), 1D, 2D 

and 3D structures. The number of terminal F or OH-groups in the Ge7 cluster 

is changing depending on the number of coordination for forming 0D, 1D, 

2D and 3D structures. A summary of open-framework germanates built from 

Ge7 clusters is given in Table 5.1. 
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(a) (b) (c) 

 
 

 
(d) (e) (f) 

Figure 5.1 Polyhedral representation of different germanium clusters (a) and (d) 
Ge7, (b) ideal Ge9, (e) disordered Ge9 and (c) and (f) Ge10 cluster. GeO6 octahedra 
are red, GeO4 tetrahedra are green and GeO5 trigonal bipyramids are yellow. 
 

 

Table 5.1 Open-framework germanate structures built by the Ge7 clusters. 

Compound Dimension  Coordination of Ge7 cluster Ring Ref. 

JLG-5 1D tube 
  4,   [Ge7O14(OH)F2]

3- 
  5,   [Ge7O14.5(OH)F]3- 

10, 12 IV 

JLG-4 1D tube   4,   [Ge7O14(OH,F)3]
3- 10 29 

FJ-6 1D chain   2,   [Ge7O13(OH)2F3]
3- --- 30 

SU-22 2D   4,   [Ge7O14F3]
3- 8, 12 31 

SU-23 2D   4,   [Ge7O14F3]
3- 10 31 

ASU-20 2D   4,   [Ge7O14F3]
3- 8, 12 32 

ASU-19 2D   5,   [Ge7O14.5F2]
3- 8, 12 32 

ASU-12 3D   5,   [Ge7O14.5F2]
3- 8,10,16 33 

ASU-16 
SU-12 

3D   5,   [Ge7O14.5F2]
3- 

8, 10, 
12, 24 

34
35 

Ge10O21(OH) 
·N4C6H21 

3D   7,   [Ge7O15.5]
3- 6, 7 36 
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5.1.1 JLG-5 (Paper IV) 

The 1D structure of JLG-5 (Figure 5.2a) contains large 68126 cages with 

eight 6-ring and six 12-ring windows. Each cage is formed from twelve Ge7 

clusters, four of them 4-coordinated and eight of them 5-coordinated. They 

form a 4-coordinated cuboctahedron, with each of its twelve vertices deco-

rated by a Ge7 cluster. The 12-ring windows are situated opposite to each 

other. The cages are arranged in a body-centered array, and further linked 

along the c-axis by additional GeO2(OH)2 tetrahedra to form tubes parallel 

with the c-axis. 

The cuboctahedron can be regarded as a 0D cavity and be used to build hy-

pothetical 3D frameworks with extra-large pores. One possible net for con-

necting cuboctahedra is the six-coordinated reo-e net 37. Each cuboctahedron 

is connected to neighboring cuboctahedrons by linking their six 12-rings 

through additional tetrahedra, in a similar way as in JLG-5. If a Ge7 cluster is 

placed at each vertex of a reo-e net, a hypothetical 3D framework (Pm-3m, a 

= 22.9078 Å) results that exhibits two types of cavities, the 68126 cavity and 

a 681061212 super-cavity, the latter with a free diameter of 17.8 Å.  

5.1.2 JLG-4 

JLG-429 is built purely by 4-coordinated Ge7 clusters and is an example of a 

1D tubular network. Each tube contains 4-coordinated Ge7 clusters that are 

connected by corner-sharing. Each level in the tube of JLG-4 contains three 

Ge7 clusters, as illustrated in Figure 5.2b. For both JLG-5 and JLG-4, the 

octahedra point towards the centres of the tubes and the trigonal bipyramids 

are on the outsides of the tubes. The tubes are parallel with each other along 

the c-axes, and form for JLG-5 a C-centred array and for JLG-4 a hexagonal 

array.  
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(a) 

 
(b) 

Figure 5.2 Side view of tubes in the structures of (a) JLG-5, and (b) JLG-
4. Water molecules and organic molecules are left out for clarity. 
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5.1.3 44 plane nets 

The structures of SU-22, SU-2331 and ASU-2032 contain layers, built by dif-

ferent arrangements of 4-coordinated Ge7 clusters. The structures of SU-22 

and SU-23 are shown in Figure 5.3c and e, respectively. The 4-coordinated 

Ge7 cluster in 2D open-framework germanates can for illustrative purpose be 

represented by a rectangle with two short (S) and two long (L) edges, as 

shown in Figure 5.3a and b. The 4-connected 44 plane nets for SU-22 and 

SU-23 are accordingly illustrated in Figure 5.3d and f, respectively. For SU-

22, the plane net can be viewed as exhibiting the sequence LLLL (or SSSS), 

with the four long (or short) edges forming a ring. In SU-23 the correspond-

ing sequence is LSLS. Another possible sequence is LLSS, but this type of 

structure has not yet been observed. ASU-20 exhibits the same type of 

framework layers as SU-22, but with a slightly different packing of the lay-

ers due to a different template. Through hydrogen bonding the templates 

affect the rotation of the clusters relative to each other. Further reading on 

structural variations of 44 nets with 4-coordinated Ge7 clusters is found in the 

paper on SU-22 and SU-23 by Shi et al31. 

ASU-1932 is a 2D structure (Figure 5.5a) built by 5-coordinated Ge7 clusters. 

As described later, a 5-coordination may lead to 3D frameworks, but two 

layers can also be connected to each other and form a 2D double layer struc-

ture. The two connected single layers are formed by 4-coordinated Ge7 clus-

ters and show a LLLL sequence similar to that found for SU-22. They are 

connected by additional tetrahedra, which link vertices of Ge7 clusters in 

adjacent single layers. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5.3 (a) a Ge7 cluster, with oxygen atoms participating in 4-coordination in 
black, (b) the Ge7 cluster represented as a rectangle, (c,e) polyhedral representa-
tions of the structures of SU-22 and SU-23, respectively,  viewed along their c-
axes, (d,f) arrangement of the rectangles in SU-22 and SU-33, respectively. Both 
exhibit the44 net topology.   
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5.1.4 Summary of 4-coordinated Ge7 clusters 

As Table 5.1 shows, the Ge7 cluster is mainly found to be 4- or 5- coordi-

nated. The structures with 4-coordinated Ge7 clusters described on the pre-

vious pages show that a variety of different structures are formed, ranging 

from the one of JLG-5 with 0D cages to the 1D tubular structure of JLG-4 

and to the 2D 44 planer nets of SU-22, SU-23, ASU-20 and ASU-19. All 

these types of frameworks can be predicted upon inspection of the possibili-

ties to form different kinds of networks by linking planar squares with equal 

linkers38 (Figure 5.4).  

 

 

 
Figure 5.4 Polyhedra and networks formed by linking 
squares. The picture is adopted from ref. 38. 
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For 0D structures it is truncated octahedron, a truncated cuboctahedron and a 

truncated icosidodecahedron. Different cylindrical (tubular) 1D structures, 

with variable diameters, are possible as well as 2D structures. There are also 

possible 3D structures, but counterparts to these have not yet been found 

among real germanate structures. It should also be pointed out that the four 

planar terminal vertices of the Ge7 cluster form a rectangle and not a square. 

This gives an increased flexibility to form different networks, by different 

choices for the orientations of the Ge7 clusters.  

5.1.5 5-coordinated Ge7 clusters 

With a 5-coordinated Ge7 cluster it is possible to form 3D open-framework 

germanate structures, such as those of ASU-1233, ASU-1634, SU-1235 and 

[Ge10O21(OH)·N4C6H21]
36. For both ASU-12 and ASU-16 (Figure 5.5c and d, 

respectively), the Ge7 clusters are linked to each other by sharing the corner 

oxygen of the four tetrahedra and one trigonal bipyramid (GeO4F unit). Sili-

con can be incorporated into the structure of SU-12. The structure resembles 

that of ASU-16, but the 24-rings are more circular. With exception of the 2D 

structure of ASU-19, the Ge7 clusters are in all these structures directly 

linked to each other by sharing vertex oxygen atoms. The structure of 

[Ge10O21(OH)·N4C6H21] (Figure 5.5b) is unique in that the Ge7 cluster is 

further connected by additional tetrahedra, resulting in a maximum cluster 

coordination of seven. 
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(a) (b) 

 
(c) 

 
(d) 

Figure 5.5 Polyhedral representation of the structures of (a) ASU-
19 viewed along the b-axis, (b) [Ge10O21(OH)·N4C6H21] along the 
c-axis, (c,d) ASU-12 and ASU-16, respectively, illustrating 3D 
framework layers. 
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5.1.6 Summary for the Ge7 clusters 

The degree of linkage of Ge7 clusters is found to vary considerably, ranging 

from 2-coordinated Ge7 clusters in the 1D chain-like structure of FJ-630 to 5-

coordinated Ge7 clusters in 3D open-framework structures. A variety of dif-

ferent networks exist with 4-coordinated Ge7 clusters, including the 1D 

structures of JLG-4 and JLG-5 and the 2D layered structures with 44 net 

topology. 

It can be noted that the tetrahedra and trigonal bipyramids of the Ge7 cluster 

often are connected to other polyhedra in other clusters whereas the octahe-

dra seldom have further connections. The vertex anion of the octahedron, 

available for connection, is often found to be a fluorine atom. So far there is 

only one known example of a structure where a Ge7 cluster has the full con-

nectivity of seven, i.e. [Ge10O21(OH)·N4C6H21]
36. 

5.2 The Ge9 (Ge9Xn, n =25-26, X = O, OH, F) cluster 

An ideal Ge9 cluster has a 2/m symmetry (Figure 5.1c), but some structures 

are built from disordered Ge9 clusters (Figure 5.1e). In a Ge9 cluster one 

tetrahedral pair and one pair of trigonal bipyramids are connected to form a 

4-ring unit. Two such 4-ring units are connected by a GeO6 octahedron, via 

corner sharing, to form a Ge9 cluster. For an ideal Ge9 cluster the two 4-

rings are turned 180° to form a body-centred parallelepipe as seen with re-

spect to the germanium atoms. In a disordered Ge9 cluster, the 4-rings are 

only rotated by 90°, and the two trigonal bipyramids at the opposite sides of 

the octahedron connect and push the octahedron to one side of the cluster. 

Each trigonal bipyramid has one terminal site that can be occupied by either 

a hydroxyl group or a fluorine atom. The Ge9 cluster was found for the first 

time in the structure of |(C2N2H10)4(H2O)2|[Ge18O38(OH)4]
45 and given its 

name by Yaghi and co-workers upon reporting the structure of ASU-1439. 
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Open-framework germanates built from ideal and disordered Ge9 clusters 

are summarized in Table 5.2 and Table 5.3, respectively. 

 

 

 

Table 5.2 Open-framework germanate structures built by ideal Ge9 clusters. All these 
structures are isostructural. 

Compound Unit cell and space group* Template Ref. 

ASU-14 
a=10.1385(3), b=10.3465(3), c=12.8517(1) Å 

α=89.597(1)°, β=89.291(1)°, γ=88.923(1)° 
P-1(2) 

PPZ 39 

USCB-41 
a=10.3439(4), b=10.3890(4), c=12.8515(1) Å 

α=90.761(1)°, β=90.854(1)°, γ=91.250(1)° 
P-1(2) 

PPZ 40 

|(H2en)2(en)| 
[Ge9O18(OH)4] 

a=9.963(2), b=10.167(2), c=13.032(3) Å 
β=90.11(3)° 
P121/n1 (14) 

EDA 41 

SU-3 
a=9.975(1), b=10.195(2), c=13.165(2) Å 

α=90.695(17)° 
P21/n11 (14) 

EDA 42 

USCB-40  
a=10.056(1), b=10.284(1), c=13.213(1) Å 

Pnmn (58) 
PDA 40 

ZnGe-1B 
a=14.2490(1), b=14.9037(2), c=13.0379(1) Å 

γ=91.51° 
P1121/a (14) 

Zn, PPZ 43 

ZnGe-1A  
a=13.9570(1), b=14.8453(3), c=12.9684(3) Å 

Pcab (61) Zn, PDA 43 

|Cd2(C2N2H8)3| 
[Ge9O18(OH)4] 

a=14.318(3), b=14.580(3), c=13.106(3) Å 
Pcab (61) 

Cd, EDA 44 

|(C8N4H26)| 
[Ge9O18(OH)4] 

a=14.158(3), b=14.553(3), c=13.213(3), Å 
Pcab (61) 

C8N4H26 44 

* Transformed to have similar unit cell settings. 

Table 5.3 Open-framework germanate structures built by disordered Ge9 clusters. 

Compound 
Special  

comments 
Rings Ref. 

|(C2N2H10)4(H2O)2|[Ge18O38(OH)4] --- 8, 10  45 
ICMM6 Chiral structure  8, 11 46 
UTM-4 2D structure 12 47 
FDU-4 9 polyhedra 8, 12, 24 48 
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Generally the Ge9 cluster is found to be 8-coordinated with each of the 8 

vertices connected to another Ge9 cluster. The ideal Ge9 cluster only forms 

3D structures with smaller 8- and 10-rings and with the Ge9 cluster decorat-

ing a bcu net37. An ideal Ge9 cluster is found in the structure of ASU-1439 

(Figure 5.6a). Each tetrahedron in a cluster is connected to a trigonal 

bipyramid in another Ge9 cluster. Adjacent Ge9 clusters are rotated by 180° 

relative to each other, so that every second Ge9 cluster has the same orienta-

tion. The structures of ASU-14, USCB-4140, |(H2en)2(en)|[Ge9O18(OH)4]
44, 

SU-342 and USCB-4040, all built by the ideal Ge9 cluster, have unit cells that 

are all close to orthorhombic with dimensions of approximately 10 × 10 × 

13 Å (Table 5.2). The observed variations in unit cell size and space group 

can be attributed to the presence of different templates. For large templates, 

e.g. [Cd2(C2N2H8)3]
44 and N,N’-bis(3-aminopropyl)ethyle diamine45 

(C8N4H26), the unit cell is rotated by ~45° in the ab-plane to give a larger 

orthorhombic unit cell, namely 14 × 14 × 13 Å. A similar increase in unit 

cell size also occurs upon incorporation of Zn43 in the structures. 

The ideal Ge9 cluster is a very rigid unit, which restricts the degree of struc-

tural flexibility. A larger structural diversity is observed for structures built 

by disordered Ge9 clusters. In the structures of |(C2N2H10)4(H2O)2|-

[Ge18O38(OH)4]
45 and ICMM646, disordered Ge9 clusters are connected in 

the ab-plane, by corner-sharing of a trigonal bipyramid and a tetrahedron, to 

form layers. These layers are then further connected in the c-direction to 

form a 3D framework. The main difference between |(C2N2H10)4(H2O)2|-

[Ge18O38(OH)4] and ICMM6 is in the way the clusters are connected in the 

ab-plane (Figure 5.6b and c, respectively). 

The polyhedra are regular in the ideal Ge9 clusters and also in the disor-

dered Ge9 clusters, whereas in the 2D layered germanate UTM-447 contain-

ing 12-rings (Figure 5.6d) the polyhedra are distorted.  FDU-448 has a struc-

ture that contains 8-, 12- and 24-rings (Figure 5.6e) and is built by assem-
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blies of nine polyhedra. These assemblies have, however, no resemblance to 

the Ge9 cluster. It can also be observed here that, in both of the latter struc-

tures, a polyhedron of one cluster is never connected to the same kind of 

polyhedron in an adjacent cluster.  

 
 

(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5.6 Polyhedral representation of (a) ASU-14, (b) |(C2N2H10)]4(H2O)2|-
[Ge18O38(OH)4], (c) ICMM6, (d) UTM-4 and (e) FDU-4. 
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Indeed, in structures built by Ge9 clusters, it is always two different kinds of 

polyhedra that link the clusters. A comparison of the structures shows that 

there is a tendency for the ideal Ge9 cluster to be found in 3D structures with 

small 8- and 10-rings. With the disordered Ge9 cluster, a larger diversity in 

the structures is found; for example the chiral structure of ICMM646 and the 

2D structure of the germanate UTM-447. In open-framework germanate 

structures formed by the Ge9 cluster, each cluster is often linked to eight 

other clusters through eight of its vertices; one from each tetrahedron and 

one from each trigonal bipyramid.   

5.3 Mixed clusters in a framework (Paper V and VI) 

For open-framework germanates the presence of two types of clusters in the 

same structure was for the first time found in SU-MB49 built by the Ge7 and 

Ge10 clusters. However the open-framework is only built by Ge10 clusters, 

and the Ge7 clusters fill one gyroidal channel. This section describes two 

open-framework germanates, SU-8 and SU-44, for which the frameworks 

themselves are built by two types of clusters, namely the Ge7 and Ge9 clus-

ters (Paper V). Crystallographic information on SU-8 and SU-44 is found in 

Table 4.1. 

The structure of SU-8 (Figure 5.7a and b) is built up of one unique Ge7 clus-

ter and one unique Ge9 cluster per unit cell. The Ge7 clusters are connected 

along the c-axis via a single tetrahedron, forming 1D chains in the c-

direction. Adjacent chains are related by a 21 axis along the b-axis. The 

chains are connected in both the a- and b-directions by Ge9 clusters to form a 

3D framework. Each Ge9 cluster is linked to eight Ge7 clusters while each 

Ge7 cluster is linked to four Ge9 clusters, implying that there are twice as 

many Ge7 clusters as Ge9 clusters.  

In the structure of SU-44 (Figure 5.7c and d) there are three unique Ge7 clus-

ters and one unique Ge9 cluster per unit cell. The Ge7 clusters are connected 
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to each other by corner-sharing in a centred manner to form a chain along 

the a-axis. Neighbouring Ge7 clusters in the chain are rotated relative to each 

other by about 90°. The chains are connected by Ge9 clusters to form a layer 

in the ab-plane. Partially occupied tetrahedra stabilize the layer by connect-

ing two adjacent chains of Ge7 clusters. The layers in the ab-plane are further 

connected by pairs of tetrahedra along the c-axis to form a 3D framework. 

There are in the structure six times as many Ge7 clusters as there are Ge9 

clusters. A comparison of structural features of the structures of SU-8 and 

SU-44 is given in Table 5.4. 

Table 5.4 Comparison of structural features of SU-8 and SU-44. 

 SU-8 SU-44 
Pores along a-axis 8- and 16-rings 8-, 14-, 16- and 18-rings 
Pores along b-axis 8-ring 8-, 10- and 18-rings 
Pores along c-axis 8- and 10-rings 8- and 10-rings 
Framework 
density 

11.5 germanium 
atoms/1000Å3 

10.2 germanium 
atoms/1000Å3 

Ge7 : Ge9 ratio 2:1 6:1 

By comparing the two frameworks of SU-8 and SU-44 an even larger build-

ing unit forming these two structures can be identified, highlighted by red 

rings in Figure 5.7b and d. For open-framework germanates formed by the 

Ge9 cluster it is often the case that each Ge9 cluster is linked to eight other 

Ge9 clusters, via its vertices, to form a Pseudo-Body-Centred Cluster Aggre-

gate (PBCCA). In SU-8 and SU-44 a similar PBCCA is found, but here with 

eight Ge7 clusters at each of the vertices of the Ge9 cluster. Two single tetra-

hedra, each connecting two Ge7 clusters, stabilize the PBCCA. It is noted 

that these bridging tetrahedra do not connect to the tetrahedra within the Ge7 

clusters.  
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In the structure of SU-8, the PBCCAs are arranged in a centred manner in 

the bc-plane and linked together by corner-sharing of their Ge7 clusters to 

form a layer. The framework layers are stacked along the a-axis and con-

nected by sharing Ge7 clusters to form a 3D framework. In the structure of 

SU-44, the PBCCA are linked together along the a-axis by sharing the Ge7 

clusters and along the b-axis via additional Ge7 clusters to form a framework 

  
(a) (b) 

  
(c) (d) 

Figure 5.7 Polyhedral representation of SU-8, viewed along (a) the b-axis and (b) 
the a-axis,(c) SU-44 viewed along the c-axis and (d) the a-axis. The Ge9 clusters 
are in blue, Ge7 clusters in yellow and single tetrahedra in purple. For clarity the 
templates are not drawn. A larger building unit, namely the PBCCA, forming SU-
8 and SU-44 is for each structure indicated by a red ring. 
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layer in the ab-plane. These layers are connected along the c-axis via a pair 

of tetrahedra to form a 3D framework.  

  
(a) (b) 

Figure 5.8 The PBCCAs in (a) SU-8 and (b) SU-44, viewed along the a-axis. 

The arrangement of the PBCCAs is pseudo-A-centred (related by a 21-screw 

axis along the b–axis) for SU-8 and primitive for SU-44 as seen in Figure 

5.8. SU-44 can be considered as a modified SU-8, where two Ge7 clusters 

and two pairs of tetrahedra replace every second PBCCA in SU-8. SU-8 and 

SU-44 are excellent examples of scale chemistry, where we start with three 

different polyhedra that can form different clusters for example Ge7 and Ge9 

clusters. These clusters can then be used as a building unit to form even lar-

ger aggregates. If a Ge9 cluster replaces the octahedron in a Ge9 cluster and 

Ge7 clusters replaces the other eight polyhedra, a larger building unit, 

namely the PBCCA unit is formed. The PBCCAs can then be used in differ-

ent ways to build new structures such as SU-8 and SU-44.  

 
Figure 5.9 Schematic drawing of (a) a Ge9 cluster transformed 
into a Ge7 cluster by(b) removing one trigonal pyramidal pair and 
(c) rotating the tetrahedral pair. GeO6 octahedra are red, GeO5 
trigonal bipyramids in yellow and GeO4 tetrahedra in green. 
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When comparing the two clusters Ge9 and Ge7, it can be seen that the Ge7 

cluster can be derived from the ideal Ge9 cluster by removal of one of the 

two trigonal bipyramidal pairs in the Ge9 cluster. The tetrahedral pair con-

nected to the removed trigonal bipyramidal pair is then rotated towards the 

other trigonal bipyramidal pair and linked to it by corner sharing as seen in 

Figure 5.9. 

SU-8 and SU-44 are special since they are the first two open-framework 

germanates consisting of more than one type of clusters in the framework. 

This may be due to the similar synthesis conditions, where SU-44 is synthe-

sized with HF, with otherwise similar conditions as for SU-8. A comparison 

of the synthesis conditions for SU-8/SU-44 and SU-M/SU-MB, where the 

same template was used in all cases, suggests that the addition of hydrofluo-

ric acid may direct the synthesis to form more Ge7 clusters. In the case of 

SU-M and SU-MB, one of the gyroidal channels is filled with the Ge7 clus-

ters, whereas for SU-8 and SU-44 more Ge7 clusters are incorporated into 

the framework of SU-44. One may assume that the fluorine ions either dis-

solve a part of the Ge9 cluster, or hinder the addition of the last two trigonal 

bipyramids of the Ge9 cluster, so preferentially Ge7 clusters are formed. 

5.4 The Ge10 (Ge10X28, X =O, OH, F) cluster (Paper I, 

VI and VII) 

A Ge10 cluster contains four octahedra and six tetrahedra (Figure 5.1c and 

f). The four octahedra share edges and form a rather rigid unit, whereas the 

six tetrahedra are two-connected to the octahedra and are able to rotate. The 

Ge10 clusters connect in different ways: by sharing a common tetrahedron, 

by sharing a bridging oxygen atom of their tetrahedra, or via one or two 

additional tetrahedra. Structures built by the Ge10 clusters are summarized in 

Table 5.5.  
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Table 5.5 Open-framework germanate structures built by Ge10 clusters. 

Compound Coordination FD Rings Net Ref. 
SU-61 7 10.2 8, 26 osf I 
SU-M 5 7.1 12, 30 fcz 49 

ICMM7 5 13.0 12, 14 bnn 50 
Ge-pharmacosiderite 6 13.8 8 pcu 51, 52 

Na4Ge9O20 6 21.6 6, 10 bsn 53 

The structure of SU-61 (Paper I) is built from 7-coordinated (Ge,Si)10 clus-

ters. In the ab-plane, each (Ge,Si)10 cluster is linked to three neighbouring 

clusters by one or two additional tetrahedra, forming a 63 planer net, the type 

of net formed by carbon atoms in a graphite layer. Large 26-rings are formed 

with free diameters of 13.05 Å × 17.26 Å. The hexagonal layers are related 

by a c-glide perpendicular to the b-axis and connected further along the c-

axis to form a 3D open-framework (Figure 5.10a). The channels are inter-

secting in 2D with 26-rings along the c-axis. It is interesting to note that the 

layers forming the large pores are undulated in the bc-plane, due to alterna-

ting orientations of (Ge,Si)10 clusters, as seen in Figure 5.10b.  

By examining the features of Ge10 clusters in different structures we may 

gain an increased understanding as to why the Ge10 cluster can form both 

dense frameworks, e.g. for Na4Ge9O20
53, and very open frameworks, e.g. for 

SU-M49. All the structures built by Ge10 clusters contain only one unique 

Ge10 cluster illustrated in Figure 5.11. The highest possible symmetry of the 

cluster, -43m, is found in Ge-pharmacosiderite52. The symmetry is lower in 

the other structures due to rotations of the tetrahedra, as for example for 

Na4Ge9O20
53, where four out of the six tetrahedra are rotated. For SU-M49, 

ICMM750 and SU-61, additional tetrahedra are connected to the Ge10 clus-

ter. In all three structures an extension of the Ge10 cluster is found where 

three tetrahedra have turned and connected to a single additional tetrahedron 

shown in yellow in Figure 5.11. For SU-61 only one mirror plane is pre-

served and all symmetry of the Ge10 cluster is lost for SU-M and ICMM7.  
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(a) 

 
(b) 

Figure 5.10 Polyhedral representation of SU-61 viewed along (a) the c-
axis and (b) the a-axis. 

 

  
 (a) (b) (c) (d) (e) 

Figure 5.11 The unique Ge10 cluster in (a) Ge-pharmacosiderite, (b) Na4Ge9O20, 
(c) SU-M, (d) ICMM7 and (e) SU-61.  
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(a) (b) 

 

(c) 

 

 

(d) 

 

 

(e) 

 
Figure 5.12 Net and polyhedral representations of the structures (a) Ge-pharmacoside-
rite, (b) Na4Ge9O20, (c) SU-M, (d) ICMM7 and (e) SU-61. 
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Pharmacosiderite51 is a mineral that contains mainly iron and arsenic. Ge-

pharmacosiderite refers here to the germanium analogue of pharmacoside-

rite that was obtained in our syntheses. In the structure of Ge-pharmacoside-

rite (Figure 5.12a), each Ge10 cluster is linked to six neighbouring clusters 

by sharing their tetrahedra. The clusters lie on a 6-coordinated primitive 

cubic pcu net and the structure contains 3D intersecting 8-ring channels. 

For Na4Ge9O20, each Ge10 cluster is also linked to six neighbouring clusters, 

but by sharing two tetrahedra and linking the other four by corner-sharing. 

In the ab-plane, the clusters are connected through corner-shared tetrahedra 

to form layers. Adjacent layers are connected by sharing of the cluster tetra-

hedra at the top and bottom of each layer. The resulting framework is rather 

dense, containing only 6-rings, and corresponds to the 6-coordinated β-Sn 

bsn net (Figure 5.12b).  

SU-M is the only known example of a mesoporous open-framework germa-

nate with completely ordered crystalline walls. It has the largest primitive 

unit cell and lowest framework density of any inorganic material. In the 

structure of SU-M there are three different kinds of Ge10 cluster links: a 

shared tetrahedron, a corner-shared oxygen atom and an additional tetrahe-

dron connected to three tetrahedra of a cluster. The clusters for SU-M are 5-

coordinated. The Ge10 clusters reside on a G (gyroid) minimal surface and 

are located at the nodes of a fcz net, to form a framework with two gyroidal 

30-ring channels with diameters of 10.0 Å × 22.4 Å (Figure 5.12c). 

The structure of ICMM7 is built by 5-coordinated Ge10 clusters and addi-

tional tetrahedra. In the bc-plane, the clusters connect to each other via cor-

ner-sharing of two tetrahedra in a zigzag fashion along the b-axis. These 

strands are then connected through two additional tetrahedra along the c-

axis to form a layer in the bc-plane. The layers are then connected directly 

on top of each other by sharing tetrahedra at the top and bottom of each 
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layer. The Ge10 clusters in ICCM7 lie on a boron nitride bnn net (Figure 

5.12d). 

For SU-61, the Ge10 clusters are located at the nodes of the osf net (Figure 

5.12e). The underlying osf net of SU-61, with 7-coordinated clusters, has not 

been observed for any other crystalline structure. 

The framework densities (FDs) for these structures, listed in Table 5.5, can 

be rationalized in terms of their nets and frameworks. Na4Ge9O20 has the 

densest framework of all the five framework structures. By comparing 

Na4Ge9O20 and Ge-pharmacosiderite, the structure of Ge-pharmacosiderite 

(FD=13.8) is considerably more open than that of Na4Ge9O20 (FD=21.6). 

Upon looking at the bnn net, one would expect a lower FD than 13.0 for 

ICMM7. The reason why ICMM7 has a FD close to that for Ge-pharmacosi-

derite, is that the pores are squeezed and therefore have significantly smaller 

sizes than they would have for an ideal bnn net. SU-61 has a FD of 10.2. 

This value is between those of the two 24-ring open-framework germanates 

FDU-4, with FD= 11.1, and ASU-16, with FD= 8.6. The structure of SU-M, 

with a FD = 7.1 and large gyroidal channels, has the lowest framework den-

sity reported so far. 

These observations show that the Ge10 cluster is a very promising candidate 

for forming more exotic structures. In the future we need to understand how 

we can control the connectivity and the amount of additional tetrahedra in-

corporated into the structures. SU-M and SU-61 are formed from the same 

synthesis composition, but SU-61 at a higher temperature and with the addi-

tion of TEOS. This raises the question whether we can control the amount of 

additional tetrahedra by adding different kinds of elements, as silicon or 

aluminium, in the form of different sources. By experimenting with incorpo-

ration of silicon, aluminium, and other elements, it might be possible over 

time to get a better understanding for the experimental parameters that de-

termine the formation of the Ge10 clusters and their connectivity.  
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6 Concluding remarks 

The focus in this thesis has been on the crystallographic challenges and the 

knowledge we gain from studying the different open-framework germanates. 

Each compound have had a speciality; whether it is choice of crystal system 

in SU-61, twinning and possible ordering of the Al and Ge sites in SU-46, 

superstructure and variation in elemental content of Al, Si and Ge in SU-57, 

weak diffraction and template disorder in JLG-5, or disorder of a tetrahedral 

pair in the framework of SU-44. It is important to be observant from the 

beginning, when mounting crystals, till the end, when doing the final re-

finements. During this process different warning signs might arise and give 

clues to a different way of solving and refining the structure. 

In the structures of SU-8 and SU-44 a larger cluster aggregate was found, 

namely the PBCCA, built from the Ge7 and Ge9 clusters. It is interesting in 

the future to see if it is possible to form more structures with the PBCCA and 

if it can be formed with other types of templates. In this way we can learn 

how to control the formation of the even larger building unit PBCCA and 

use it in scale chemistry.  

Both the Ge7 and Ge10 clusters are promising candidates for forming more 

exotic structures. The 4-coordinated Ge7 clusters have the possibility to form 

a variety of different structures based on the different kinds of network that 

can be formed by linking squares/rectangles. It could be interesting to try to 

modify the synthesis of JLG-5 in order to obtain the even larger structure 

built by the cuboctahedrons as suggested in chapter 5.1.1. The structures 

built by the Ge10 cluster have been analysed in terms of their nets. We have 
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gained a deeper understanding for the structures and especially how the Ge10 

clusters connect.  

Some future aspects of producing new structures could be incorporation of 

silicon and titanium into the Ge10 cluster in order to make titanium silicate 

and titanium germanate analogues of SU-M and SU-61. The possibility for 

modifying SU-M and SU-61 are indicated in literature, where titanium sili-

cate and titanium germanate analogues of pharmacosiderite are found. It has 

been possible to incorporate Si and Al into SU-M, as well. From new com-

pounds built by the Ge10 cluster we can gain a better understanding for the 

formation of these structures and get more ideas about how to control the 

assembly of the Ge10 clusters. 

With this said there are still a lot of possibilities to synthesize new structures 

of open-framework germanates in the future and gain more information 

about the parameters controlling the formation of the different clusters. 
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