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Abstract 

Novel open-framework germanates and open low-dimensional structures 
were synthesized, characterized. Their crystal structures were solved by sin-
gle crystal X-ray diffraction or X-ray powder diffraction combined with 
other techniques. Although related open-framework materials, such as zeo-
lites, are of interest for the ability to selectively accommodate guest species 
in their rings, pores and channels, germanates are primarily of interest for 
their unique structural properties. Compared to aluminosilicate-based zeo-
lites, germanium oxides readily form frameworks with extra-large rings and 
low framework density. The formation of elegant germanate architectures is 
attributed to the unique Ge-O bond geometries compared to Si-O, and the 
tendency to form large clusters.  

This thesis is to serve as an introduction to germanate synthesis, struc-
tures and characterization. Structures are categorized in accordance to their 
building units; the Ge7X19 (Ge7), Ge9X25-26 (Ge9) and Ge10X28 (Ge10) (X = O, 
OH, or F) clusters. Structure determination techniques as well as the charac-
terization techniques used to examine the properties of the materials are pre-
sented. While most of the discussed techniques have routinely been used to 
study crystalline open-frameworks, we introduce the use of infrared spec-
troscopy for the identification of cluster types, valuable for structure deter-
mination by X-ray powder diffraction. Structures and properties of the novel 
materials ASU-21, SU-62, SU-63, SU-64, SU-65, SU-66, SU-71, SU-72, 
SU-73, SU-74, SU-75 and SU-JU-14 are described and put into context with 
previously known structures. The novel structures are all built of the Ge7, 
Ge9 or Ge10 clusters, and vary from a framework with novel topology to the 
first open zero-dimensional germanate cavities built of such clusters. 

 
Keywords: Open-framework, germanate, crystal structure, hydrothermal 
synthesis, zeolite.  
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1. Introduction 

1.1 Inorganic porous materials 

Porous materials with uniform channels and cavities with dimensions on the 
nano-scale are of academic, commercial and industrial interest for their abil-
ity to selectively accommodate guest species in accordance to size and 
shape.1 Their sorption, catalytic and exchange properties allow for a wide 
range of applications including separation, controlled release, cracking, ca-
talysis in organic synthesis, and as heating or cooling devices.2 The accessi-
bility of guest species through pores and channels is delimited by the dimen-
sions of the windows, allowing for size and shape selectivity (i.e. linear hy-
drocarbons may be enter a cage, where as more branched molecules may not 
enter). Many of the properties of porous materials are heavily influenced by 
the structure of the framework at an atomic scale. In addition, the chemical 
composition of the framework relates to the surface properties of the materi-
al. Therefore, by tuning the structural and chemical features of the frame-
work, accessibility of the pores can be controlled. Designing frameworks 
would allow for the optimization of host-guest interactions tailored for spe-
cific applications. Numerous classes of porous materials have been devel-
oped over the years including zeolites,3 metal phosphates,4 mesostructured 
materials,5 metal-organic frameworks (MOFs)6 and germanates7,8 amongst 
others, each with characteristic properties.9 Porous materials in general can 
be categorized in accordance to pore size; microporous (<20 Å), mesoporous 
(20-500 Å), or macroporous (>500 Å). Microporous materials such as zeo-
lites have been a hot research topic for several decades due to their ordered 
framework atoms, high thermal stability, and interesting catalytic behavior. 
However, transport of guest species and sorption capacities are limited by 
their relatively small pore size. Mesostructured materials on the other hand 
allow for faster diffusion rates, but have reduced stability and activity at-
tributed to their amorphous disordered framework. In order to find a middle 
ground, research over the last decade has been focused towards the devel-
opment of materials with ordered frameworks but with larger pore dimen-
sions. 
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1.2 Zeolites 

Zeolites form the first widely studied class of microporous materials with 
uniform pores and ordered framework atoms. The first naturally occurring 
zeolite was discovered and named by mineralogist Alex Fredrik Kronstedt in 
1756 after the Greek words ζέω (zeo = boil) and λίθος (lithos = stone).3 
Kronstedt realized that heated zeolites would emit steam, which originated 
as water molecules trapped in the pores. Their early discovery and numerous 
desirable properties for industrial and commercial applications have made 
zeolites an extensively studied class of porous materials. Zeolites are three-
dimensional aluminosilicate frameworks with pore size typically in the mi-
croporous range (Figure 1.1). Framework atoms, such as silicon and alumi-
num, each coordinate to four oxygen atoms forming a tetrahedral primary 
building unit. These tetrahedrally coordinated atoms (T-atoms) connect to 
one another through corner-shared oxygen atoms to form a three dimension-
al framework. The strong Si-O and Al-O bonds allow for high thermal stabil-
ity of the framework, desirable for catalytic cracking at high temperatures 
(>800 °C). Thermal stability tends to be higher in silica-rich frameworks. 
The ratio of silicon to aluminum can be varied in certain cases, though with 
limitations.  

Lowenstein’s rule states that in aluminosilicates two aluminum atoms are 
forbidden from sharing an oxygen atom, based on the repulsion of two nega-
tively charged tetrahedra, and thus the value of Al/Si can range from zero to 
one.10 As each AlO4 tetrahedron bears a negative charge, a charge balancing 
species must also be present. Charge balance can be accomplished by the 
presence of positively charged guest ions in the pores or by the formation of 
Brønsted acid sites on the framework, in the form of hydroxyl groups. 
Charge balancing guest species in channels are often exchangeable. Not only 
do cations balance framework charge but they also play a crucial role in 
zeolite synthesis, directing the formation of the framework structure. Hence, 
guest species used in the synthesis of porous materials are termed structure 
directing agents (SDAs). Though naturally occurring zeolites and the early 
synthetic zeolites prepared by the pioneering work of Barrer have metal cati-
ons as charge balancing SDAs, the use of organic cations, in particular al-
kylammonium compounds which were also introduced by Barrer, is now of 
common practice.1 As the size, shape and number of cationic sites in organic 
SDAs can be varied and controlled, a growing number of novel zeolite struc-
tures with unique pore features have since been developed. The use of 
framework forming elements other than silicon and aluminum allows for 
varied bond geometries within the framework, and has also played a crucial 
role in the development of novel porous materials.9c 
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Figure 1.1 Various representations of the LTA zeolite framework type. (a) Ball-and-
stick representation with oxygen atoms in red and T-atoms in grey. (b) Polyhedral 
representation with tetrahedra centered at T-atoms and vertices at coordinated oxy-
gen atoms. (c) Stick representation with T-atoms as nodes and oxygen atoms as 
sticks. (d) Tiling of LTA with α-cavity shown in grey, sodalite cage shown in blue 
and double 4-ring in yellow.11  

The structures of zeolites are typically described by ring size, secondary 
or composite building units (SBUs and CBUs respectively), dimensionality 
of the channel system and framework density (FD). SBUs are achiral assem-
blies of primary building units and can be used to construct the entire 
framework, whereas CBUs are assemblies that appear in at least two sepa-
rate structures and do not necessarily represent a unit that can be used to 
construct an entire framework. Common CBUs include the double 4-ring 
(D4R), double 6-ring (D6R), sodalite cage (β-cage) and α-cavity (Figure 
1.2). Rings containing eight or more T-atoms (≥8-rings) are usually accessi-
ble windows for the diffusion of guest species, unless heavily distorted. Dis-
regarding framework element type, all zeolite structures are assigned a three 
letter code assigned by the International Zeolite Association (IZA).12 The 

a                                                     b 
 
 
 
 
 
 
 
 
 
 
 
c                                                    d 
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Linde type A (LTA) framework type has sodalite cages connected by D4Rs 
with an α-cavity centered in the cell. The faujasite (FAU) structure also has 
sodalite cages but connected by D6Rs instead, forming larger cavities in the 
structure.  

 
Figure 1.2 Selected zeolitic CBUs shown in stick representation. (a) The D4R, (b) 
D6R, (c) sodalite cage and (d) α-cavity. Nodes and edges represent T-atoms and 
oxygen atoms respectively.  

Zeolites have a number of commercial and industrial applications relating 
to their selectivity of guest species.13 Laundry detergents include zeolite 
NaA with the LTA framework. Hard ions such as Ca2+ cause precipitation of 
surfactants and so are removed from tap water by zeolite NaA in exchange 
for the softer ion Na+. The petrochemical industry has utilized zeolite Y with 
the FAU structure as an acid catalyst to selectively crack linear hydrocarbons 
from crude oil into gasoline. Zeolites have also been used in water filters,  
storage media for waste from nuclear reactors, for the slow release of am-
monia into soil, in the synthesis of numerous organic chemicals,14 and in-
cluded in animal feed.15 Zeolites were also used in areas around the Fuku-
shima Daiichi nuclear plant in order to remove cesium from seawater. 

1.3 Other classes of porous materials 

In the 1980’s Edith M. Flanigen of Union Carbide Corp. introduced a new 
class of porous materials based on metal phosphates.4,16 Aluminophosphates 
(AlPOs) are also built of T-atoms as in aluminosilicates, however the T-
atoms alternate between aluminum and phosphorus resulting in neutral 
frameworks with only even membered rings.4 Neutral frameworks do not 
require charge balancing guest ions in their pores and can allow for full 
evacuation of the channels. A number of AlPOs were discovered with extra-
large pores (≥14-ring), such as VPI-5 with 18-ring channels (Figure 1.3a).17 
These materials can form pores larger than those observed in aluminosili-

a                         d                                 
      c 
 
 
 
b 
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cate-based zeolites, which currently have a maximum ring size of 14. The 
work prompted the exploration of other framework element types, leading to 
discoveries such as the gallophosphate cloverite with 20-ring channels.18  

Another class of porous materials are the mesoporous silicates, such as 
MCM-41, templated by micelles of surfactants or block copolymers.5 While 
their pore sizes far exceed those of zeolites, the walls are composed of 
amorphous silica, and their crystallinity is dependent of the spatial arrange-
ment of pores and channels, rather than ordered framework atoms. Metal-
organic frameworks (MOFs) are an emerging class of compounds involving 
metal ions or clusters linked by divergent polydentate organic ligands (Fig-
ure 1.3b).19 The controllable functionality and void volume make MOFs 
candidates for hydrogen storage and heterogeneous catalysis.  

 
Figure 1.3 (a) The aluminophosphate VPI-5 with VFI framework type. (b) MOF-5 
built of zinc oxide clusters linked by divergent bidentate carboxylic acids.19 

Germanium, falling in the same group as silicon on the periodic table of 
elements, has naturally been studied to construct novel open-framework 
oxides (Paper X). Unlike aluminosilicates and AlPOs, open-framework ger-
manates not only include T-atoms but can also include other coordination 
polyhedra, due to the longer Ge-O bond length. Access to other coordination 
polyhedra allows the formation of large clusters that by definition do not 
exist in zeolitic systems. In turn these large clusters promote the formation of 
frameworks with extra-large pores, some of which fall within the mesopo-
rous scale. Thus germanates can be seen as materials that bridge the gap in 
the pore size distribution between zeolites and mesostructured materials, 
while forming crystalline materials with ordered framework atoms (Figure 
1.4).  

a                                                       b 
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Figure 1.4 The pore size distribution of germanates compared to zeolitic silicates 
and mesostructured silicates between 0 to 40 Å. Mesostructured materials can have 
pores larger than 100 Å. 

1.4 Germanium production and applications 

Germanium is a relatively uncommon element, with an abundance of 1.0-1.7 
ppm in the earth’s crust.20 Germanium sulphide, found in zinc ores such as 
sphalerite, is oxidized to germanium dioxide by roasting in air. In industry, 
germanium is primarily used in the production of infrared optics, fiber op-
tics, semiconductors, as a substrate in solar cells and as a catalyst for poly-
ethylene terephthalate (PET) production.21 During 2010 germanium metal 
and germanium dioxide were priced at US$940 and US$580 respectively per 
kilogram. Typically germanium dioxide with the quartz structure is used for 
the synthesis of open-framework germanates.  

1.5 Online porous structure databases 

The IZA hosts a database of the 201 discovered zeolite structure types 
(March 2012).12 The structures include framework materials built of various 
T-atoms including silicon, aluminum, phosphorus, gallium, germanium, 
transition metals etc. The largest ring size in aluminosilicates hardly exceeds 
12-membered rings, and many of the frameworks with larger pores are 
formed by phosphates or germanates (Figure 1.5). The zeolite currently with 
the largest ring size, ITQ-37,22 is in fact a germanosilicate. As zeolites are 
classified as porous architectures constructed solely of T-atoms, many ger-
manates have been excluded from this database due to the presence of other 
coordination polyhedra in their structures. The growing number of novel 
open-structures built of atoms in other coordination environments has 
prompted the development of the database for periodic porous structures, 
which includes germanates.23 Germanates built of Ge7X19, Ge9X25-26 and 
Ge10X28 clusters (where X = O, OH, or F), denoted Ge7, Ge9 and Ge10 re-
spectively, are composed of multiple primary building units with various 
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coordination environments. These materials readily form structures with 
maximum ring size larger than the 14-ring.   
 

 
Figure 1.5 The maximum ring size distribution of zeolites of all compositions12 
compared to those of germanates built of Ge7, Ge9 and Ge10 clusters.23 

1.6 Topology 

With the increasing number of intricate framework structures grows the ne-
cessity to simplify and describe framework structures in a clear systematic 
way. Topological analysis allows for a numerical representation of frame-
works, and takes into account the connectivity of building units in a net-
work.24 Bond lengths and angles are negligible in topological studies. Thus 
distorted structures with identical connectivity are considered equivalent 
according to topology.  

Topology not only allows for a systematic description of frameworks, but 
also plays an important role in structure prediction and comparison. The 
reticular chemistry structure resource (RCSR) is a database of two and three 
dimensional nets, many of which are observed in zeolites, MOFs and ger-
manates.25 In a simple topological study, building units are simplified as 
point nodes and connections are represented as edges. The building unit, 
however, is ambiguous and can be an individual polyhedron or a large clus-
ter. In augmented nets, nodes are instead represented as polygons or polyhe-
dra that reflect the connectivity of the building unit with the number and 
arrangement of vertices. The 44 net and 3.6.3.6 net (kagomé lattice) are two 
uninodal layered nets (Figure 1.6). In both nets, each node has four edges but 
participate in different circuits. Topology is particularly important to ger-
manates due to their often complicated structures and large building units.26 
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Figure 1.6 Use of various topological representations to simplify germanate struc-
tures. (a) 44 net. (b) Augmented 44 net. (c) Polyhedral representation of 
|(H3dien)0.5(H2O)2|[Ge7O14F3·0.5[In(dien)2]].

27 (d) Kagomé lattice. (e) Augmented 
kagomé lattice. (f) Polyhedral representation of SU-63.28 

1.7 Scale chemistry 

The concept of scale chemistry29 allows for the comparison of structures 
with identical topology but with varying building unit size. The ReO3 struc-
ture is formed by octahedral ReO6 units, each 6-connected in a cubic array 
and decorating the pcu net (Figure 1.7a). On the other hand, the structure of 
Ge-pharmacosiderite30 involves a larger building unit, the Ge10 cluster (Fig-

a                                                    d 
 
 
 
 
 
 
 
 
 
b             e 
 
 
 
 
 
 
 
 
 
c                  f 
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ure 1.7b). The Ge10 clusters are each 6-connected in a cubic array and follow 
the pcu net (Figure 1.7c-d). Instead of individual polyhedra represented as 
nodes, the entire Ge10 cluster is represented as a node. Due to the larger 
building unit, Ge-pharmacosiderite has a 3D channel system unlike the dense 
nonporous ReO3 structure.  

 
Figure 1.7 Comparison of ReO3 and Ge-pharmacosiderite as an example of scale 
chemistry. (a) ReO3 structure built only of octahedra. (b) Ge-pharmacosiderite in 
polyhedral representation. GeO4 tetrahedra and GeO6 octahedra are shown in green 
and red respectively. (c) Augmented pcu net. (d) pcu net. 
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2. Building units in germanates 

2.1 Primary building units 

The utilization of germanium as a framework element has had a significant 
impact in zeolite science. Over 18 zeolite framework types were first synthe-
sized with germanium. Notable examples include SU-32,31 a chiral zeolite 
with helical channels, and ITQ-37,22 a mesoporous germanosilicate with 
chiral 30-ring channels. Chiral frameworks are of potential interest for enan-
tiomeric selectivity.32 GeO4, with tetrahedral coordination environment, 
forms longer bonds (Ge-O ~1.74 Å) and can form smaller bond angles (Ge-
O-Ge >130°) relative to analogous silicon oxide geometries (~1.61 Å and 
>145°).8 These geometries allow for the formation of phases such as UCSB-
7 which has relatively small bond angles.33 The coordination geometries 
observed in germanates also promote the formation of building units such as 
the 3-ring and the distorted D4R.  

In addition to zeolite structures, germanates also form an entirely different 
class of zeolite-related porous materials constructed of large clusters. Ger-
manium can adopt a variety of coordination polyhedra with oxygen includ-
ing the primary building units of GeO4 tetrahedra, GeO5 trigonal-bipyramids 
or square pyramids and GeO6 octahedra (Figure 2.1). The Ge7, Ge9 and Ge10 
clusters are all commonly reoccurring clusters containing multiple polyhe-
dral types (Figure 2.2).  

 
Figure 2.1 Translucent germanium oxide polyhedra. Oxygen atoms are shown as 
red spheres around germanium atoms. (a) GeO4 tetrahedron in green. (b) GeO5 trig-
onal bipyramid in yellow. (c) GeO5 square pyramid in orange. (d) The GeO6 octahe-
dron in red.  

a                          b                          c                            d 
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2.2 Germanate clusters 

The ability of germanium oxides to form clusters that are uncommon or un-
observed in other classes of materials makes them ideal for the construction 
of novel framework structures. D4Rs in silicate systems have m-3m sym-
metry, but have reduced m-3 symmetry in germanates due to the distortion 
caused by the smaller bond angles.34 The distorted D4R (Figure 2.2b) is fa-
vorable for the formation of certain structures such as ASU-7.35 In pure ger-
manate systems the D4R has the composition Ge8O20 and has been referred 
to as the Ge8 cluster. Zeolites that were first discovered as pure germanates 
include ASU-7 (ASV),35 IM-10 (UOZ)36 and FOS-5 (BEC).37  

 

     
Figure 2.2. Germanium oxide rings and composite building units in polyhedral 
representation. (a) 3-ring. (b) Double 4-ring. (c) Ge7 cluster. (d) Type I Ge9 cluster. 
(e) Type II Ge9 cluster. (f) Type III Ge9 cluster. (g) Ge10 cluster. Tetrahedra are 
shown in green, trigonal bipyramids in yellow, the square pyramid in orange and 
octahedra in red.  

a                                                           b 
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All three structures contain D4Rs. FOS-5 with the zeolite beta polymorph C 
structure was synthesized as a germanate phase through the promotion of the 
D4R. Polymorphs A and B display intergrowth with one another and lack 
D4Rs in their structures. Introducing germanium in the framework allowed 
the formation of pure polymorph C. The incorporation of germanium along 
with other framework forming elements has lead to many new zeolites struc-
ture types with the D4R including IRR,38 ITR,39 -ITV,22 IWR,40 IWS,41 
IWW,42 SOF,31 STW,31 UOS,43 UTL44 and UWY.45  

In addition to the distorted D4R, formation of the 3-ring is promoted by 
the smaller tolerated Ge-O-Ge bond angle (Figure 2.2a). The 3-ring has been 
hypothesized by Brunner and Meier to play a key role in the formation of 
structures with low framework density.46 3-rings have yet to be observed in 
zeolitic silicates but exist in at least six germanium containing zeolites 
(IRR,38 JST,47 PUN,48 RWY,49 SBN50 and SOS).51  

Many novel frameworks found in the ASU, ICMM, JLG and SU structure 
series involve mixed polyhedral clusters such as the Ge7, Ge9 and Ge10 clus-
ters allowing for the formation of numerous elegant structures with extra-
large rings, as will be discussed henceforth (Figure 2.2c-g).  

2.3 Ge7 cluster 

Ge7 phases have the widest structural diversity amongst open-germanates. 
Unlike Ge9 and Ge10 phases, which are nearly all 3D frameworks, the Ge7 
phases can form 3D frameworks as well as 2D slabs and layers, 1D tubes 
and chains and 0D isolated cavities. Dimensionality of the structures is in-
fluenced by the connectivity number of the cluster, the presence of other 
building units such as clusters and additional polyhedra, and topology. A low 
connectivity number for the cluster, such as two or four, tends to result in 
low dimensional structures. Although 3D frameworks can form by 4-
connected square building units,52 none have been discovered with the Ge7 
cluster. The Ge7 cluster is built of four tetrahedra, two trigonal bipyramids 
and one octahedron. Each polyhedron has one vertex available for forming a 
terminal bond (Ge-OH or Ge-F) or connecting to another building unit such 
as another cluster or an additional polyhedron. Thus the Ge7 cluster has a 
maximum connectivity of seven, but is often observed to have lower connec-
tivity numbers of two, four, five and six. The various connectivity modes of 
the Ge7 cluster have been presented by Yu and coworkers.53 The connectivi-
ty mode indicates the number of and type of each polyhedron that bridges 
clusters or additional polyhedra. The letters T, P and O refer to tetrahedra, 
trigonal-bipyramids and the octahedron respectively. The number in super-
script indicates the number of bridging polyhedra of each type. The absence 
of a number indicates that only one polyhedron of that type participates in 
bridging. For example T4PO indicates a 6-connected cluster with four tetra-
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hedra, one trigonal bipyramid and the octahedron making further connec-
tions. The other trigonal bipyramid forms a terminal Ge-OH or Ge-F bond. 
All known Ge7 phases, with the exceptions of |N4C6H21|[Ge10O21(OH)]54 and 
PKU-1055 form in the presence of HF. The two exceptions are the only  

Table 2.1 Structural information on pure Ge7 phases. 

CM = Connectivity Mode of Ge7 cluster, FD = Framework Density (framework polyhedra 
/1000 Å3), HF = whether HF was added during synthesis, Max. Ring = Maximum ring size in 
phase.  

Material Structure CM FD Max.  
Ring Ref. 

SU-73 0D cavity T4 - 10 (Paper II) 

FJ-6 1D chain T2 - 4 56 

JLG-4 1D tube T4 - 10 53 

JLG-5 1D tube T4 + T4P  - 12 57 

ASU-20 2D layer T4 - 12 58 

SU-22 2D layer T4 - 12 59 

SU-23 2D layer T4 - 10 59 

|(H3dien)0.5(H2O)2| 
[Ge7O14F3·0.5[In(dien)2]]  2D layer T4 - 10 27 

|C8H24N4| 
[NbOGe6O13(OH)2F] 2D layer T4 - 10 60 

SU-71 2D layer T4 - 10 (Paper II) 

SU-63 2D layer T4 - 18 28 (Paper I) 

ASU-19 2D slab T4P + T4O - 12 58 

SU-72 2D slab T4 + T4P - 23 (Paper II) 

ASU-12 3D  T4P 12.0 16 61 

ASU-16 3D  T4P 8.6 24 62 

SU-12 3D  T4P 8.6 24 63 

SU-65 3D T4P 8.9 24 (Paper III) 

SU-JU-14 3D T4P2 13.7 24 (Paper IV) 

|N4C6H21|[Ge10O21(OH)] 3D  T4P2O   15.3 7 54 

PKU-10 3D  T4P2O 11.0 13 55 
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examples of Ge7 phases where the cluster has a connectivity of seven, and 
also have relatively high framework density and small maximum ring size 
compared to other germanates. Although it has been shown possible to form 
the Ge7 cluster in the absence of HF, synthesis of structures with low con-
nectivity (≤5) of the Ge7 cluster are likely to be promoted by HF. 

Amongst pure Ge7 phases, ASU-16 and SU-12 have the lowest frame-
work density and largest rings, and are built of 5-connected Ge7 clusters 
(Figure 2.3). The structures have identical topology as well as similar orien-
tations and connectivity of the Ge7 clusters. ASU-16 is a germanate with 
flexible elliptical 24-ring channels that flatten with increasing temperature. 
SU-12 is a silicogermanate with cylindrical 24-ring channels that are more 
rigid when subjected to heating.  

    
Figure 2.3 (a) Germanate ASU-16 with flexible 24-ring channels. (b) Rigid sili-
cogermanate SU-12 with related structure to ASU-16.   

The T4 connectivity mode is most common amongst Ge7 phases and is of-
ten found in layered or tubular structures. Low dimensional materials may 
potentially be pillared, swollen, delaminated, or used as building blocks for 
framework structures.64 Since the four tetrahedra of the Ge7 cluster roughly 
lie in a plane, the Ge7 cluster in T4 mode can be simplified and represented 
as a square building unit. Simplification is particularly useful for comparing 
polymorphs and other related structures. As the octahedral site of the cluster 
is perpendicularly out of the plane formed by the four tetrahedra, the clusters 
can be described as either pointing up or down with respect to the octahe-
dron. The red face of the square represents the side of the cluster with the 
octahedron, while the yellow face indicates the side with trigonal bipyramids 
(Figure 2.4). The Ge7 clusters in |C8H24N4|[NbOGe6O13(OH)2F],60ASU-20,58 
|(H3dien)0.5(H2O)2|[Ge7O14F3·0.5[In(dien)2]]

27 and SU-2359 all follow the 
layered 44 topology, but their differing orientations of the clusters make the 
structures unique polymorphs. In ASU-20 the orientation of clusters alter-

a                                                       b 
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nate (Figure 2.5). On the other hand |C8H24N4|[NbOGe6O13(OH)2F] and 
|(H3dien)0.5(H2O)2|[Ge7O14F3·0.5[In(dien)2]] have all clusters in a single layer 
with the same orientation, however in the latter the orientation alternates 
between layers, forming two types of interlayer voids (Figure 2.6). Two 
types of SDAs were used simultaneously for the synthesis of 
|(H3dien)0.5(H2O)2|[Ge7O14F3·0.5[In(dien)2]] which are found in different 
voids.  

 
Figure 2.4 Simplification of the Ge7 cluster in T4 coordination mode to square 
nodes. The faces of the square are colored in accordance to whether the octahedral 
site or trigonal bipyramids points up towards the viewer, represented as red and 
yellow faces, respectively. 

 
 

    
Figure 2.5 (a) A polyhedral representation of ASU-20. (b) The simplified ASU-20 
structure with square nodes representing Ge7 clusters. 

a                                                             b 
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Figure 2.6 (a)|C8H24N4|[NbOGe6O13(OH)2F] represented as an augmented net (c) 
and in polyhedral form. (b) The augmented net of |(C7N2H19)(C7N2H20)(3H2O)| 
[Ge7O14(OH,F)3][GeO2]0.2 (d) and its polyhedral representation.  

2.4 Ge9 cluster 

 
At least three types of germanate clusters including nine germanium atoms 
have been observed in open-framework germanates. The most common, type 
I, includes a central GeO6 octahedron sharing corners with four GeO4 tetra-
hedra and four GeO5 trigonal bipyramids. Each trigonal bipyramid has one 
terminal equatorial vertex while the axial position is available for bridging 
clusters. In all structures except UTM-4, the Ge9 cluster is eight connected 
with each trigonal bipyramid and tetrahedron contributing towards bridging 
(T4P4 connectivity mode). In an augmented net, the cluster may be simplified 
and represented as a cube. ASU-14 is a germanate where Ge9 clusters deco-
rate the bcu net (Figure 2.7).65 Numerous other germanates with various 
framework compositions, SDAs and symmetry but with the same basic 
structure have been reported.66 In UTM-4,67 however, the Ge9 cluster is 4-
connected, forming a layered structure with the 44 net. The positions of the 
tetrahedra and trigonal bipyramids are disordered in UTM-4. Both ASU-14 

a                                                     b 
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and UTM-4 are synthesized with HF, while other germanates with types II 
and III Ge9 clusters are synthesized in the absence of HF.  

Table 2.2 Structural information on pure Ge9 phases.  

 
FD = Framework density (framework polyhedra /1000 Å3), Max. Ring = Maximum ring size 
in phase. 

 
Figure 2.7 (a) Polyhedral representation of ASU-14.65 Type I Ge9 clusters connect 
with the bcu net. (b) Augmented representation of the environment around a single 
node in the bcu net. 

A similar Ge9 cluster, type II, has been found in ICMM-668 (Figure 2.8) 
and (C2N2H10)4(H2O)2|[Ge18O38(OH)4]

69 with the same number and types of 
GeOx polyhedra. Unlike the type I Ge9 cluster, two of the trigonal bipyra-
mids instead have no terminal equatorial vertices as these two trigonal bipyr-
amids share a vertex. ICMM-6 and (C2N2H10)4(H2O)2|[Ge18O38(OH)4] have 

Material Structure Cluster FD Max  
Ring Ref. 

UTM-4 2D layer Ge9 I - 12 67 

ASU-14 3D Ge9 I 13.4 10 65 

ICMM-6 3D Ge9 II 14.9 11 68 

|(C2N2H10)4(H2O)2| 
[Ge18O38(OH)4] 3D Ge9 II 15.0 10 69 

FDU-4 3D Ge9 III 11.1 24 70 

|(H3NC3H7)5(H3O)(H2O)3| 
[Ge18O36(OH)6] 3D Ge9 III 11.7 16 71 

a                                                         b 
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the same framework structures, but some of the SDAs in ICMM-6 are disor-
dered. The frameworks are chiral structures, and ICMM-6 exhibits enanti-
oselective catalytic properties (Figure 2.9). As the structure is formed using 
the achiral SDA, ethylenediamine (en), samples of ICMM-6 contain crystals 
of both handedness. However, possibly due to spontaneous resolution, the 
two enantiomers do not crystallize in equal quantities. As-synthesized 
ICMM-6 with en in the channels was used as a catalyst for the Michael addi-
tion of 5-methoxy-2,5(H)-furanone with benzenethiol, nitroethane and 2-
methyl-2-propanethiol. Products with trans-sterochemistry were formed in 
enantiomeric excess (e.e.) of 30%, 32% and 40%, respectively. Full conver-
sion could be reached after 72 minutes, and the catalyst was successfully 
reused for at least four cycles. In addition to its base catalysis properties, 
ICMM-6 also exhibits Lewis acid properties. ICMM-6 catalyzes the acetali-
zation of 2-(R,S)phenyl propionaldehyde with trimethylorthoformate, form-
ing 2-(R,S)phenyl propionaldehyde dimethylacetal in e.e. of 57%.  

     

                        
Figure 2.8 (a) The type II Ge9 cluster as observed in ICMM-6 along (a) [100] (b) 
and [011].68  

Like the types I and II Ge9 clusters the type III Ge9 cluster involves four 
tetrahedra and four trigonal bipyramids, however the central polyhedron is 
instead a square-based pyramid. The square pyramid shares edges of its base 
with two trigonal bipyramids, and shares corners with the other two trigonal 
bipyramids. The four trigonal bipyramids share corners of their equatorial 
vertices with the tetrahedra. The type III Ge9 cluster has only been reported 
in FDU-470 and (H3NC3H7)5(H3O)[Ge18O36(OH)6]⋅3H2O

71 (Figure 2.10). 
FDU-4 has a hexagonal lattice and a framework with 24- and 12-ring chan-
nels, while (H3NC3H7)5(H3O)[Ge18O36(OH)6]⋅3H2O crystallizes in a tetrago-
nal lattice and has 16- and 14-ring channels. 
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Figure 2.9 Catalytic reactions with ICMM-6. (a-c) Michael addition of 5-methoxy-
2,5(H)-furanone with various nucleophiles. The major products had trans stereo-
chemistry. (d) Acetalization of 2-(R,S)phenyl propionaldehyde with trimethylor-
thoformate.  

               
Figure 2.10 Structures with the type III Ge9 cluster. (a) Polyhedral representation of 
(H3NC3H7)5(H3O)[Ge18O36(OH)6]⋅3H2O. (b) Polyhedral representation of FDU-4.  
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2.5 Ge10 cluster 

The Ge10 cluster is composed of four octahedra and six tetrahedra. At the 
core of the cluster is a tetramer of edge-sharing octahedra with the composi-
tion Ge4O16. The cluster can have a maximum symmetry of -43m as found in 
Ge-pharmacosiderite.30 However each tetrahedron corner-shares with two 
octahedra and can pivot, thus reducing the symmetry of the cluster. While 
the Ge7 and Ge9 clusters can be considered as CBUs, the Ge10 cluster is not 
considered a true building unit in the majority of structures that comprise the 
cluster. In structures such as Ge-pharmacosiderite, IM-14,72 Na4Ge9O20,

73 
SU-M,74 SU-6275 and SU-75, some of the tetrahedra may be described as 
“shared” between two clusters (i.e. a single tetrahedron connects to two 
Ge4O16 cores). Hence these shared tetrahedra would have to be assigned only 
to a single Ge10 cluster in order to define a true building unit. Although the 
building units vary from structure to structure (Figure 2.11), the Ge10 cluster 
assignment is useful for comparing and predicting structures. Additional  
 

Table. 2.3 Structural information on Ge10 phases. All structures are 3D Frameworks.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FD = Framework density (framework polyhedra /1000 Å3), Max. Ring = Maximum ring size 
in phase. 
 

Material FD Max Ring Ref. 

Ge-Pharmacosiderite 15.1 8 30 

Na-Enneagermanate 21.6 6 73 

ICMM-7 14.0 14 76 

IM-14 13.7 10 72 

ASU-21 12.7 18 77 (Paper IX) 

SU-61 10.2 26 78 

SU-62 13.5 14 75 (Paper V) 

SU-66 10.1 26 (Paper VIII) 

SU-74 15.2 12 (Paper VII) 

SU-75 11.6 12 (Paper VI) 

SUT-1 12.2 20 79 

SUT-2 13.3 10 79 

SU-M 7.1 30 74 
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extra-cluster tetrahedra are common in Ge10 structures. The majority of Ge10 
clusters have an apical tetrahedron corner-shared with three tetrahedra from 
a single Ge10 cluster.  

All known Ge10 phases are 3D frameworks and are formed in the absence 
of HF. In all known structures the Ge10 cluster has a connectivity of five or 
higher. Their structures range from relatively dense materials with small 
rings such as sodium enneagermanate73 to one of the most open framework 
structures with ordered framework atoms, SU-M.   

 
Figure 2.11 The Ge10 cluster in various solved structures. Unshared tetrahedra are 
represented in dark green, shared tetrahedra in light green, additional tetrahedra in 
turquoise and octahedra in red. Vertices representing terminal Ge-OH coordination 
are indicated by spheres.  

The most notable of Ge10 phases is SU-M, the first framework discovered 
with 30-rings, mesoporous channels and ordered framework atoms. The Ge10 
clusters of the framework are found along the gyroidal minimal surface (G-
surface). The G-surface divides space into two regions of opposite chirality, 
and hence SU-M has two channel systems with opposite handedness and is 
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an analogue of MCM-44.5 SU-61 and ASU-21 have extra-large 1D channels 
(Figure 2.12). Due to their pseudohexagonal symmetry, the two compounds 
can be considered as analogues of the MCM-41 structure.5 Ge-
pharmacosiderite is a germanate that forms from a large variety of SDAs 
from metal to organic cations. The structure is analogous to the mineral 
pharmacosiderite with natural composition KFe4(AsO4)3(OH)4·6-7H2O.30b  

 
Figure 2.12 Polyhedral representation of ASU-21 with Ge10 clusters (Paper IX). 

2.6 Mixed cluster structures 

Germanate structures are not only limited to one cluster type, a number of 
structures have been solved containing Ge7 clusters with either Ge9 clusters, 
Ge10 clusters or D4Rs. Mixed cluster structures can be categorized into three 
groups; entirely novel structures where the combination of clusters allows 
formation of a polynodal net, modified structures where one cluster type 
blocks the channels of a framework built of another cluster, and structures 
that exhibit disorder between two cluster types.  

In the mixed Ge7-Ge9 phases each Ge9 cluster connects to eight Ge7 clus-
ters forming a pseudo body centered cluster aggregate (PBCCA). The 
PBCAAs form 1D chains as each Ge7 cluster also forms a vertex of a neigh-
boring PBCCA. The PBCCAs chains crosslink in either one or two other 
directions forming either 2D slabs like SU-64,28 or 3D frameworks like SU-
8,80 SU-4480 or JLG-12.81 In the augmented net of JLG-12, the Ge9 cluster 
may be represented as a cubic node, while Ge7 clusters in T4 connectivity 
mode are represented as squares, forming a binodal 3D net (Figure 2.13).  
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The second category of mixed cluster structures is exemplified by SU-
MB (Figure 2.14).74 SU-MB has the same structure of Ge10 clusters follow-
ing the G-surface as in SU-M. However, Ge7 clusters impregnate only one of 
the channel systems, leaving the other chiral channel system available for 
accommodating guest species. The addition of Ge7 clusters in SU-MB is 
attributed to the introduction of HF to the synthesis mixture of SU-M.  

STAG-1 is an example of a mixed cluster phase with disorder between 
the Ge7 cluster and D4R (Figure 2.15).82 STAG-1 consists of layers of tetra-
hedra in the bc-plane, which are linked along the a-axis by either Ge7 clus-
ters or D4Rs. In order to convert a Ge7 cluster into a D4R, the trigonal bipyr-
amids must be replaced by tetrahedra, and the octahedron by two tetrahedra.  

 
Table 2.4 Structural details of mixed cluster germanates built of multiple cluster 
types.  

 
 

 
 
 
 
 

 
 

 
FD = Framework density (framework polyhedra /1000 Å3), Max. Ring = Maximum ring size 
in phase. 

 
Figure 2.13 (a) Polyhedral representation of JLG-12 with Ge7 and type I Ge9 clus-
ters in grey and red respectively. (b) The augmented net of JLG-12 with grey 
squares and red cubes representing Ge7 and type I Ge9 clusters respectively.   

Material Structure Cluster FD Max Ring Ref. 

SU-64 2D slab Ge7 + Ge9 I - 18 28 

SU-8 3D  Ge7 + Ge9 I 11.5 16 80 

SU-44 3D  Ge7 + Ge9 I 10.2 18 80 

JLG-12 3D  Ge7 + Ge9 I 9.3 30 81 

SU-MB 3D Ge7 +Ge10 9.8 30 74 

STAG-1 3D  Ge7 +D4R 12.1 16 82 

a                                                     b 
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Figure 2.14 (a) Polyhedral representation of SU-M built of only Ge10 clusters. Tet-
rahedra and octahedra are shown in green and red respectively. (b) The structure of 
SU-MB with Ge7 and Ge10 clusters in grey and blue respectively. The Ge10 part of 
the SU-MB framework is equivalent to the SU-M framework.   

 
Figure 2.15 Polyhedral representation of STAG-1. The structure exhibits positional 
disorder between D4Rs and Ge7 clusters. Ordered tetrahedra are shown in grey, D4R 
in yellow and Ge7 clusters in green.  

2.7 The formation of clusters 

Do germanates form clusters in solution that then aggregate to form frame-
works or do the structures form polyhedron by polyhedron? Little is under-
stood of the mechanism of framework formation, and questions such as these 
are still a topic of debate. Schüth and co-workers have examined the for-
mation of silicogermanates such as ITQ-21 and ITQ-29 using electrospray 
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ionization mass spectrometry (ESI-MS).83  Results suggest a dominant pres-
ence of solvated silica and germanium hydroxide monomers at early stages 
in solution. Larger units later appear that correspond to the mass of CBUs 
such as the D4R. However whether these building units then assemble, ex-
change fragments, or depolymerize is unconfirmed.  

Mechanistic studies have yet to be performed on germanate systems in-
volving the Ge7, Ge9 and Ge10 clusters. As with zeolites, whether the clusters 
form in solution first before polymerizing into a framework or whether the 
clusters only exist in the final solid is still unclear. Studying germanate syn-
thesis in situ or at selected stages during the synthesis process by techniques 
such as infrared spectroscopy (IR), nuclear magnetic resonance (NMR) and 
pair distribution function (PDF) may provide insight. In an attempt to under-
stand the formation of the discussed germanate structures, we have used IR 
spectroscopy to examine the frameworks and solvated germanium species in 
solutions, as discussed in characterization. A better understanding of how the 
various synthesis parameters affect germanate synthesis would also enhance 
knowledge of the cluster formation process. 
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3. Synthesis 

Germanates are prepared by hydrothermal synthesis, a method that has been 
described as a black box or a witch’s brew. Due to the complex nature of the 
sol-gel process involving silicate and germanate synthesis, controlling and 
predicting the formation of new products can not be achieved currently in a 
manner such as with organic synthesis. Thus germanate synthesis is attempt-
ed through a rather Edisonian approach. However each synthesis parameter 
affects the product in various ways. In order to efficiently synthesize and 
grow sufficiently large single crystals or produce a high quality pure powder 
for structure determination, it is paramount to understand how these varia-
bles affect the system.  

Synthesis during the thesis work involved preparing starting mixtures by 
adding germanium dioxide, solvents and SDAs in that order (Figure 3.1). 
Optionally additional framework element sources may be introduced or a 
mineralizing agent such as HF can be added at the last step. The mixtures 
were stirred while aging for a couple hours at room temperature. After aging, 
germanium dioxide usually dissolves due to the high pH, typically above 11, 
of the basic mixture of solvents and amines. Mixtures were then heated in a 
Teflon-lined stainless-steel autoclave between 160 and 180 °C for at least 
four days. Solid products were filtered, rinsed with distilled water and dried 
in air at room temperature.  

 
Figure 3.1 Key synthesis parameters and the typical order reagents are added and 
treated during the synthesis of germanates.  
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3.1 Framework elements 

The quartz form of germanium dioxide is most commonly used for the syn-
thesis of germanates, rather than the rutile form. Typically 100-300 mg of 
germanium dioxide is added per starting mixture. Reducing the quantity of 
germanium dioxide added or diluting its concentration in solution can reduce 
the nucleation rate more so than the growth rate, and can both improve the 

 
Figure 3.2 Clusters found in germanium-containing systems. Clusters in zircono-
germanates (a) ASU-1584 and (b) ASU-23.85 The octahedral zirconium and tetrahe-
dral germanium atoms are shown in blue and green, respectively. (c) (d) Four GeO4 
tetrahedra surround an octahedrally coordinated uranium atom, shown in yellow, in 
the uranyl germanate Cs6[(UO2)3(Ge2O7)2].

86 (e) A Ni@Ge14 cluster from FJ-1.87 
Nickel is located in the center of the cluster and coordinates to four germanium 
atoms. (f) A NdGe12 cage from FJ-19 with 8-coordinated Nd atoms in purple.88  
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quality and increase the size of the product crystals. Inclusion of other 
framework forming species may alter the properties of the final framework 
tailored for certain applications or lead to entirely new framework structures. 
Due to the high cost of germanium dioxide, including other framework 
forming elements such as silicon or aluminum to synthesis may reduce pro-
duction costs. Incorporation of silicon can also potentially improve thermal 
stability of the framework as done in SU-12. Silicogermanates with Ge7 and 
Ge10 clusters have been observed in SU-12, SU-61 and SU-JU-14, of which 
the latter two have unique structures. Germanium has been used in combina-
tion with other elements such as nickel,87 zirconium,84-85, 89 uranium86 and 
lanthanides88 to form structures with unique clusters that have not been ob-
served in pure germanate systems (Figure 3.2). Many zeolite structures have 
been developed through the combination of germanium with elements such 
as silicon, boron and gallium. SU-3231 and ITQ-3722 are two chiral germano-
silicate zeolites. The addition of nickel salts to germanate synthesis has 
shown to have a number of various effects. Nickel can form novel clusters as 
in FJ-1,87 or form a metal complex with diamines during hydrothermal syn-
thesis which in turn can either participate as a SDA or be incorporated as 
part of the framework. SUT-1 and SUT-2 are two nickel germanates where 
[Ni(en)2]

2+ complexes link Ge10 clusters.79      

3.2 Solvents 

Solvents influence mass transport and have a strong influence over nuclea-
tion and crystal growth. An ideal solvent should form intermediate interac-
tions with both the SDA and framework forming species. Overly strong in-
teractions with either can reduce the interactions between SDA and frame-
work forming species, and ultimately prevent open-frameworks from form-
ing. Both water and organics are used as solvents in germanate synthesis, 
and often a combination of both is used. At very low quantities water can 
reach a reagent level and phase formation is often very sensitive to the quan-
tity of water added. Similar sensitivity has been observed in zeolite systems, 
and its influence on phase formation is believed to be a kinetic effect.1 In 
addition water can behave as a SDA itself. Water molecules are often found 
in the pores of germanates, forming hydrogen-bonds with framework oxygen 
atoms and as a hydrogen-bond acceptor to amines or ammonium cations. 
Water is suspected to play an important structure directing role in the syn-
thesis of JLG-5. JLG-5 is a tubular structure built of 68126 cavities linked 
only in one direction. In the center of the cavity is a cubic arrangement of 
water molecules, which form hydrogen-bonds with one another and to 
framework oxygen atoms (Figure 3.5d).  

Organic solvents used in the synthesis of germanates include pyridine, 
dimethylformamide (DMF), butanol and ethylene glycol. Pyridine has been 
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used for the synthesis of numerous germanate structures, but unlike water 
molecules, has never been found in the pores of the crystal structure by 
XRD. DMF on the other hand can decompose into dimethylamine (DMA) 
under basic conditions, which has been found as a guest specie in the pores 
of SU-65. HDMA+ cations were found in 10-rings of SU-65, comparable to 
those of ASU-12,61 which also contain HDMA+ cations (Figure 3.3). In both 
rings the nitrogen atom forms hydrogen-bonds with two Ge7 clusters that 
contribute three germanium atoms each to the 10-ring.  

  
Figure 3.3 Comparison of the 10-rings formed by Ge7 clusters containing HDMA+ 
in a) ASU-12 and b) SU-65.  

3.3 Structure directing agents 

SDAs are guest species found in the pores and channels of as-synthesized 
framework structures that influence the formation of pores, rings and chan-
nels. SDAs in germanate synthesis can vary from metal cations, organic 
molecules and cations, metal complexes and water molecules. Amines are 
most typically added as organic SDAs (Figure 3.4). In Ge7, Ge9 and Ge10 
phases the framework bares a negative charge. The charge balance is 
achieved by the presence of metal cations or the protonation of the amines 
during hydrothermal synthesis to form ammonium species. The size, shape, 
hydrophobicity and positions of potential hydrogen-bond acceptors and do-
nors all significantly influence the interactions that the SDAs make with the 
framework and with other guest species. Hydrogen-bonds between the SDA 
and framework are of particular importance. In germanate structures the 
addition of a small SDA can result in structures with extra-large pores. In 
such cases, the SDA influences the Ge-O-Ge bond angle between clusters, 
and allows scale chemistry to construct the large pores. SU-12 contains 24-
ring channels that form in the presence of the small monoamine 1-
aminopropane (Figure 3.5a). SU-72 has 23-ring channels where the SDA 
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simply helps define the bond angles between Ge7 clusters. SU-23 is another 
example illustrating how the size of the SDA does not necessarily corre-
spond to the size of pores and channels of the framework (Figure 3.5b). The 
long linear SDA 1,7-diaminoheptane separates layers of Ge7 clusters. The 
nitrogen atoms form hydrogen-bonds with the framework but the long hy-
drophobic carbon chains cause the SDA to stack, resulting in a lamellar ger-
manate phase with 10-ring openings within the layer (Figure 3.5c).  

During this project 1,4-diaminobutane (DAB) was used for the synthesis 
of SU-62 and SU-75; 1,6-diaminohexane (DAH) for the synthesis of ASU-
21, SU-63, SU-64 and SU-65; 1-(2-aminoethyl)piperazine (AEP) for the 
synthesis of SU-70, SU-71 and SU-72; and 2-methylpentamethylenediamine 
(MPMD) for the synthesis of SU-66 and SU-74. In addition novel phases  

 
Figure 3.4 Organic amines used as structure directing agents for the synthesis of 
novel structures.  (a) Ethylenediamine (en).  (b) 1,4-diaminobutane (DAB). (c) 1,6-
diaminohexane (DAH). (d) 1-(2-aminoethyl)piperazine (AEP). (e) 2-
methylpentamethylenediamine (MPMD). (f) Diethylenetriamine (DETA). (g) Pen-
taethylenehexamine (PEHA).  
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discussed in this thesis but synthesized by other researchers include SU-JU-
14 and SU-73 synthesized with ethyelene diamine (en) and pentaethylene-
hexamine (PEHA), respectively. SU-74 could alternatively be synthesized 
with AEP and SU-75 with diethylenetriamine (DETA). 

      

 
Figure 3.5 Structure directing agents in the pores and channels of selected german-
ates. (a) Small guest species, water and protonated 1-aminopropane, direct the for-
mation of 24-ring channels in SU-12. (b) H2AEP2+ helps define the angles between 
Ge7 clusters in SU-72. (c) 1,7-diaminoheptane in SU-23 form layers separating the 
Ge7 clusters resulting in a lamellar phase. (d) Water molecules arranged in cubes 
within the cages of JLG-5. Hydrogen-bonds are indicated by dashed magenta lines.  

Isolated framework forming species like nickel complexes [Ni(1,2-
PDA)3]

2+ (PDA = propanediamine) and [Ni(en)2]
2+ as well as Ge(OH)6

2- can 
also exist as SDAs in pores.53, 79 Ge(OH)6

2-
 octahedra were found in the cavi-

ties of SU-73 and in the channels of SU-72. The isolated octahedra form 
hydrogen bonds with framework oxygen atoms in SU-73. In the nickel com-
plexes the nitrogen atoms of the ligands form hydrogen-bonds with the 
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framework. Isolated Ge(OH)6 species have been discovered in pores of the 
zeolite cancrinite (CAN) as well.90 

3.4 Mineralizing agent 

Mineralizing agents such as hydroxide or fluoride anions are commonly used 
in the synthesis of germanates and other porous materials to promote crystal 
growth. Fluoride anions do not only promote growth but have a strong influ-
ence over phase and cluster formation. In zeolites fluoride anions promote 
the formation of D4Rs, and reside in the center of the building unit. Also in 
zeolites the presence of fluoride reportedly prevents Si-O- defect sites.91 In 
germanate synthesis though hydrofluoric acid (HF) is added during synthesis 
to promote formation of CBUs such as the Ge7 cluster. Unlike in the D4R, 
fluoride forms terminal Ge-F bonds in the framework, reducing connectivity 
of the cluster. However due to the similar electron densities of oxygen and 
fluorine, often terminal Ge-OH and Ge-F groups can not be distinguished 
from crystallographic data alone.  

Of the 26 mentioned structures containing Ge7 clusters only three are syn-
thesized in the absence of HF. Ge10O21(OH)⋅N4C6H21

54 and PKU-1055 are the 
only two Ge7 phases where the Ge7 clusters have the maximum connectivity 
of seven. The third example is mixed Ge7-Ge9 phase SU-8 which has 6-
connected Ge7 clusters.80 Modifying the synthesis conditions of SU-8 by 
introducing HF resulted in SU-44, which has both 4- and 6-connected Ge7 
clusters. The ratio of Ge7/Ge9 clusters in SU-8 and SU-44 are two and six 
respectively. SU-M is a Ge10 phase forming in the absence of HF, however 
the addition of HF forms the Ge7-Ge10 phase SU-MB.74 SU-63, SU-64 and 
ASU-21 form under similar synthesis conditions, but their synthesis mix-
tures contain a relatively low, medium and high concentration of HF, respec-
tively.28 By increasing the concentration of HF the resulting phase is more 
Ge7-rich as discussed in section 3.6.  

3.5 Heating conditions 

Temperature and heating time both have crucial roles in germanate synthe-
sis. Crystal size, morphology and phase formation are all sensitive to heating 
conditions. Crystal growth and nucleation are competing processes, and 
crystal growth in particular is promoted at elevated temperatures, although 
nucleation is also promoted to a lesser extent. Hence higher heating tempera-
tures often lead to larger single crystals more desirable for diffraction stud-
ies. However, open-frameworks have an upper temperature limit for phase 
formation as they are metastable phases. Thus, one of the more important 
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tasks during synthesis optimization is identifying the upper temperature lim-
it.  

Open-framework germanates are typically reported to form between 160 
and 180 °C. Phases that are more thermodynamically stable, such as quartz, 
rutile or Ge-pharmacosiderite often result at higher heating temperatures. 
Temperature is also important in separating phases that form under similar 
synthesis conditions. In the case of SU-62 and SU-75, separating the for-
mation of the two phases was accomplished by varying heating temperature. 
Pure SU-75 samples could be obtained at 160 °C while pure SU-62 was ob-
tained at 180 °C. The crystal structure of SU-62 also exhibits higher thermal 
stability than SU-75.   

3.6 The SU-63, SU-64 and ASU-21 phase diagram (Paper I) 

Perhaps one of the ultimate goals for researchers working on the synthesis of 
novel porous materials is to have absolute control over the building units, 
topology and pore dimensions of the final product by tuning synthesis pa-
rameters. Much research has yet to be conducted to bridge the gap, known as 
hydrothermal synthesis, separating synthesis conditions from the final crystal 
structure. However strong influence can now be achieved by understanding 
which synthesis parameters affect building unit type. In zeolite systems for-
mation of the D4R is promoted through the addition of either HF or germa-
nium dioxide during synthesis. In pure germanates the cluster type can be 
influence by the quantities of HF and water added in the synthesis mixture. 
SU-63, SU-64 and ASU-21 form under similar synthesis conditions. All 
three can form with the same quantities of germanium dioxide, pyridine and 
DAH. The first phase diagram for open-germanates was then established by 
varying water and HF contents in the starting mixtures (Figure 3.6). The 
three phases form within distinct phase boundaries. SU-63 forms in the re-
gion with high HF and low water contents, SU-64 with intermediate contents 
of both, and ASU-21 in a region of low HF and high water contents. The 
three phases are built of different clusters but all have a maximum ring size 
of 18. As aforementioned HF promotes the formation of Ge7 clusters. SU-63 
is composed only of Ge7 clusters, SU-64 has both Ge7 and Ge9 clusters, and 
ASU-21 is built of Ge10 clusters. Constructing such phase diagrams is ex-
pected to aid in the discovery of novel framework structures, by allowing the 
chemists to promote certain cluster types.  
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Figure 3.6 The phase diagram of the ASU-21, SU-63 and SU-64 system. The water 
and HF contents added in the initial mixture are variables expressed in moles per 
mole of GeO2 added. Grey regions indicate amorphous products or dense GeO2. 
Reprinted with permission from Guo, B. et. al. Inorg. Chem., 2011, 50, 201-207. 
Copyright 2012 American Chemical Society.  

3.7 Synthesis of novel crystal structures 

Novel germanate structures were synthesized and their synthesis conditions 
were optimized for crystal growth using a number of different strategies. 
Novel germanates can be targeted by using a SDA that had previously not 
been used. Alternatively SDAs that have been used for germanate synthesis 
can also lead to interesting novel structures. Perhaps a SDA had been used 
for the synthesis of a germanate with Ge7 clusters, but no structure exists 
with Ge10 clusters using the same SDA. Also knowledge of the sensitivity in 
which the various reagents affect phase formation is also crucial to efficient-
ly discover novel phases.  
 



 51



 52

3.7.1 Synthesis of SU-62 and SU-75  
SU-62 was discovered by targeting a Ge10 phase with DAB as the SDA. 
DAB had in fact been previously used in the synthesis of ASU-16, a phase 
built of Ge7 clusters promoted by the presence of HF in synthesis. By ex-
cluding HF from the synthesis the likelihood of synthesizing a Ge10 phase 
was increased. DAB was also selected since it can form phases with large 
pores such as the 24-rings in ASU-16. SU-62 was synthesized by replacing 
the SDA in the synthesis of SU-M, MPMD, for DAB. Both SU-M and SU-
62 were synthesized using only GeO2, water and a diamine as starting rea-
gents. Both phases can be synthesized at 160 °C. The Ge10 clusters in both 
structures connect to five neighboring Ge10 clusters and each has three ter-
minal groups (Figure 3.7). The structures, however, have different topologies 
due to the differing size and shape of the diamine.  

 
Figure 3.7 Comparison between the connectivity of Ge10 clusters in (a) SU-M and 
(b) SU-62. 

SU-75 was in fact discovered simultaneously with SU-62 in the same 
batch. In order to obtain a pure sample of SU-75, the temperature was re-
tained at 160 °C instead of 180 °C used for SU-62, and the water content 
was varied. Due to the disorder of the framework and SDAs in SU-75 it is 
difficult to reason how the different synthesis parameters affect the final 
product. Unlike SU-62 though, each Ge10 cluster in SU-75 connects to six 
neighboring Ge10 clusters. SU-75 was also synthesized independently by 
Huang with DETA instead as the SDA. Again due to the disorder of the 
SDAs, structural comparisons between SU-75-DAB and SU-75-DETA could 
not be made in order to study how the two SDAs can promote formation of 
the same framework. 
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3.7.2 Synthesis of SU-64  
SU-64 had been first synthesized years earlier but the structure was only 
solved during this thesis work due to small crystal size. Structure determina-
tion by XRPD seemed unlikely due to the presence of too few strong Bragg 
reflections (only three were evident). The small number of strong reflections 
was caused by the plate-like morphology of the crystals, leading to preferen-
tial orientation, and also due to the 2D structure. Much synthesis optimiza-
tion was required to grow crystals large enough for single crystal XRD. Up-
on discovery of the SU-63, SU-64 and ASU-21 phase diagram, synthesis 
was then focused on the center of the region in which SU-64 forms. Heating 
temperature was then elevated from 160 °C to 180 °C to promote crystal 
growth. Eventually crystals just large enough for synchrotron radiation were 
obtained.  

3.7.3. Synthesis of SU-65  
Most other Ge7 phases that were developed during the PhD work were pre-
pared with pyridine as the solvent. Pyridine has not yet been crystallograph-
ically located in the pores of any germanate structures. By changing the sol-
vent to DMF the solvent can decompose to form dimethylamine under basic 
conditions and participate as a SDA. SU-65 has 24-ring channels similar to 
those found in ASU-16 and SU-12. In all three cases the SDAs are much 
smaller than the pores themselves, and while the formation of smaller 8-, 10- 
or 12-rings and the Ge-O-Ge bond angles are influenced by the organic 
SDA, formation of the larger 24-rings are attributed to scale chemistry.  

3.7.4. Synthesis of SU-66  
Synthesis of SU-66 was again based on that of SU-M. MPMD has been used 
as a SDA in some of the most interesting germanates, such as SU-M with 
30-rings, SU-8 and SU-44 which were the first examples of germanates built 
of two types of clusters, and JLG-12 which has both 30-rings and two types 
of clusters. Gallium in combination with germanium has led to a number of 
novel zeolites structures, and due to its lower oxidation number and longer 
bond lengths with oxygen, can induce the formation of novel phases. Though 
the discovery of this novel phase was immediate, much effort was then put 
into to synthesis optimization. Although the effects of many synthesis pa-
rameters were investigated such as the quantities of GeO2, water, MPMD 
and Ga(NO3)3⋅6H2O as well as heating conditions, none of the efforts result-
ed in crystals suitable for single crystal X-ray diffraction. However changing 
from a 50 mL autoclave to a smaller 20 mL autoclave did result in better 
quality powder samples, which were sufficient for structure determination by 
X-ray powder diffraction.   
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3.7.5. Synthesis of SU-71 and SU-72 
SU-71 and SU-72 were discovered by using a SDA that had previously not 
been used in germanate synthesis. AEP was selected due to its low price and 
for its size and shape. The primary and secondary amines are separated by 
five atoms, the same as in MPMD. In addition the piperazine ring is bulkier 
than a linear hydrocarbon chain, which may also promote the formation of 
large pore structures. Over five germanate phases were synthesized with 
AEP, including previously known phases, entirely novel phases, as well as 
structures yet to be solved. JLG-4 was synthesized from AEP, a phase that 
was originally reported to be synthesized using two SDAs simultaneously; 
the nickel complex [Ni(1,2-PDA)3]

2+ (where PDA is propanediamine) and 3-
amino-1-propanol. Synthesis with AEP however requires just one SDA and 
thus is a simpler route to JLG-4 than reported in literature. SU-71 was also 
discovered as a minor phase to JLG-4 under certain synthesis conditions. 
Despite the large efforts put into synthesis optimization, a pure sample of 
SU-71 was not obtained.  

High quality crystals of pure SU-72 on the other hand were obtained with 
relative ease. As anticipated, AEP in this particular structure had directed the 
assembly of a structure with extra-large pores. Unlike many other german-
ates with pore sizes exceeding 20-rings, all organic SDA cations were locat-
ed in the channels by crystallography.   

3.7.6. Serendipity and synthesis of SU-74 
Serendipity has undoubtedly played a significant role in science, paving the 
way to discoveries such as penicillin, as well as novel germanate structures. 
Little work has been put into developing transition metal germanates, and 
are thus a nearly untapped source of new framework structures with poten-
tially interesting catalytic properties. The synthesis of copper containing 
germanates was attempted with the SDA MPMD. This leads to the discovery 
of SU-74. Synthesis was then continued further by Huang, who replaced the 
copper source for other transition metal sources such as iron salts and still 
obtained the same phase. However after several repeated experiments, all 
resulting in SU-74, the phase could no longer be obtained despite repeating 
the earlier experimental procedures. Huang realized that SU-74 could not be 
synthesized using a new batch of MPMD, and the phase only forms if old 
discolored MPMD were used. As a matter of fact SU-74 could be synthe-
sized in the complete absence of transition metals, as long as MPMD had 
oxidized. Thus instead of the transition metals playing any role, the degrada-
tion of SDA was the true key to obtaining this particular new phase. SU-74 
could then be repeatedly synthesized using MPMD that had been heated in 
air at 80 °C for one week, changing from a colorless liquid to dark red-
brown. Oxidation of MPMD is crucial as this allows the SDA to decompose 
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into smaller species such as ammonium cations during hydrothermal synthe-
sis. Ammonium cations have been observed in the pores of SU-192, ASU-
2177 and FDZG-289a despite the addition of only larger amines during synthe-
sis. Although no evidence was obtained that SU-74 contained any transition 
metals, Huang later discovered a number of novel nickel germanate struc-
tures, where nickel complexes undoubtedly participate in the framework.79  

3.7.7 General remarks on germanate synthesis 
Below is a summary of three general strategies used to synthesize novel 
germanates in this thesis work.  

 
I Selection of a SDA that had previous not been used for germanate 

synthesis (AEP in table 3.2) 
II Selection of a SDA that had been used but targeting a structure with 

different building units by either adding or removing HF from synthe-
sis (DAB and DAH in table 3.2) 

III Selection of a SDA that had been used but introduce other framework 
forming elements (SU-66) 

 
Table 3.2 Germanate phases organized by cluster type that form with DAB, DAH, 
or AEP. The synthesis of germanates recently discovered during this thesis project 
are shown in grey, while known synthesis of reported germanates are in black. 

 Ge7 Ge7-Ge9 Ge10 

DAB ASU-16 -- SU-62 

DAH SU-63 SU-64 ASU-21 

AEP JLG-4 
SU-71 
SU-72 

-- SU-74-AEP 

 
The reported synthesis conditions of various germanates built of the same 

building units are often quite similar. For example SU-M and SU-62 have 
molar ratios of GeO2, water and diamine of 1:10:40: and 1:14:52, respec-
tively. Discovering novel structures can be done more efficiently by modify-
ing reported synthesis conditions rather than selecting quantities of reagents 
at random. When varying the quantities of reagents added ,taking large ini-
tial steps may be a more effective way towards synthesis of a novel phase, 
which can then be followed by taking smaller steps during synthesis optimi-
zation. However knowledge of how sensitive the system is towards certain 
reagents is also crucial. Rather often varying the quantity of added solvent or 
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SDA by several milliliters does not significantly influence phase formation 
or the quality of crystals. However, varying the water content at a reagent 
level by several tenths of a milliliter in the GeO2, H2O, AEP, HF, pyridine 
system leads to the formation of three different germanate phases (Table 
3.3). The structure of SU-72 was eventually solved; however, the structure 
of NEW10 still remains elusive despite much efforts put into optimizing the 
synthesis conditions.     

 
Table 3.3 Synthesis series where the water content was varied by several tenths of a 
mL, resulting in three different phases.    

GeO2 
/g 

Water 
/mL 

Pyr.  
/mL 

AEP / 
mL 

HF 40% 
/ mL 

Temp. 
/°C 

Heating 
/days 

Product 

0.150 0 4.5 1.5 0.08 180 7 JLG-4 

0.150 0.1 4.5 1.5 0.08 180 7 JLG-4 

0.150 0.2 4.5 1.5 0.08 180 7 NEW10 

0.150 0.4 4.5 1.5 0.08 180 7 SU-72 

 

3.8 Prospects in germanate synthesis 

 
Although the discussed strategies have contributed towards the synthesis 

and structure determination of several novel germanate phases, many other 
strategies have yet to be explored. Though commercially available organic 
SDAs were used in this work, larger designed SDAs could be synthesized to 
target novel phase formation with unique pore features. The recent emer-
gence of nickel complexes bridging germanate clusters may suggest that 
other complexes with various metal centers may also be used as linkers to 
improve properties of the material. A continuing problem for germanates is 
the high cost and relatively low thermal stability compared to aluminosili-
cate-based zeolites. Replacing germanium for other framework forming ele-
ments such as silicon or aluminum may reduce costs and improve stability. 
Although a number of silicogermanate frameworks and germanosilicate zeo-
lites have been developed,93 these materials typically do not have sufficient 
hydrothermal stability to participate in applications such as cracking, alt-
hough perhaps they may be useful in other applications that do not require 
such high hydrothermal stability. In addition to introducing other framework 
elements during synthesis, post-synthesis modification can also be implicat-
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ed to improve properties as well. For example, germanium atoms in the sili-
cogermanate zeolite ITQ-1794 can specifically be replaced by aluminum 
under reflux conditions. Postsynthesis alumination of ITQ-17 resulted in a 
material with improved thermal stability and adsorption capacities.95 Such 
studies have yet to be performed extensively on pure germanate. 
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4. Characterization techniques  

Synthesis of novel germanates was followed by various types of characteri-
zation, and most important to this work was crystal structure determination. 
Single crystal X-ray diffraction (XRD) is currently the most standard method 
for structure determination of crystalline microporous materials. However, in 
order to tackle a wide variety of structure determination problems an arsenal 
of crystallographic techniques can certainly be helpful. Single crystal XRD 
is most suitable for large crystals (>10µm), X-ray powder diffraction 
(XRPD) for crystals on the scale of several micrometers, and transmission 
electron microscopy (TEM) for even smaller nanocrystals. Each technique 
has its strengths and weaknesses.  

In addition to being subjected to structure determination techniques, ger-
manate crystals have been analyzed using scanning electron microscopy 
(SEM) to study crystal size and morphology, energy dispersive X-ray spec-
troscopy (EDS) for elemental analysis, thermogravimetric analysis (TGA) to 
determine the temperature guest species evacuate from the channels, in situ 
XRPD for thermal stability of the framework and structure dynamics, CHN 
analysis and solid state 13C-NMR to confirm presence of organic guest spe-
cies and infrared (IR) spectroscopy to identify organic guest molecules and 
building units in the framework.  

4.1 Single crystal X-ray diffraction 

4.1.1 Crystals and diffraction 

The International Union of Crystallography (IUCr) defines a crystal as any 
material that produces sharp diffraction spots focused on Bragg peaks. Con-
ventional crystals such as germanates discussed in this thesis have a periodic 
arrangement of ordered atoms or molecules in space. Repeating motifs are 
related by translational symmetry. On the contrary amorphous materials lack 
long-range order and periodicity in terms of the arrangement of atoms. The 
dimensions of the periodically repeating unit cell in crystals can be deter-
mined by examination of the array of diffracted beams in reciprocal space. 
X-rays, electrons and neutrons make suitable probes as their wavelengths are 
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on a similar scale to interatomic distances. Constructive interference of dif-
fracted waves results from specific interatomic distances (d) within a sample 
as described by the Bragg’s Law (Eqn. 1). The distance between diffracted 
beams relates to the distance between lattice planes defined by Miller indices 
hkl, as well as wavelength (λ) and diffraction angle (θ). Diffraction can be 
described to occur at positions where the Ewald sphere intersects with reflec-
tions in reciprocal space. The Ewald sphere is a sphere in reciprocal space 
with a radius of 1/λ with one point on the surface always positioned at the 
origin.96 

 

( ) θλ sin2 hkldn =    (Eqn. 1) 

4.1.2 Structure factors and electron density 

In order to solve a crystal structure and locate the positions of atoms in a unit 
cell, one must determine the structure factors of the reflections (Eqn. 2). The 
structure factor (F) includes information regarding the position and amount 
of electron density in the unit cell and has two parts, the amplitude (F) and 
the phase (φ). The equation can be expanded to include the atomic form fac-
tor (f) of the jth atom in a cell with a total of N atoms (Eqn. 3). Coordinates 
of atoms in real space are expressed in xyz while reflections in reciprocal 
space correspond to Miller indices hkl. The square of the amplitude is pro-
portional to the measured intensity (I) of a reflection (Eqn. 4) but must be 
corrected for by the Lorentz-polarization factor. The phase is needed for 
determining the location of electron density in the unit cell, however it can-
not be measured from diffraction data. Patterson method, direct methods, 
maximum entropy, model building and charge-flipping are various methods 
used to solve the phase problem. Once both the amplitudes and phases have 
been determined, the electron density (ρ) map in real space with a cell vol-
ume (V) can be determined by performing an inverse Fourier transform on 
the structure factors (Eqn. 5).  
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4.1.3 Data collection and crystal size 

The crystal structures of germanates are typically solved by single crystal 
XRD data due to ease of collecting full and accurate data sets (Figure 4.1). 
In-house data was collected on an Oxford Xcalibur 3 with molybdenum ra-
diation (λ = 0.71073 Å). Data reduction and numerical absorption correction 
were applied using CrysAlis.  In-house diffractometers require crystals with 
dimensions typically larger than 20 µm. This is however a major issue as 
many phases of porous crystals do not form sufficiently large crystals. Thus 
much effort in this project has involved synthesis optimization to grow crys-
tals large enough for single crystal XRD. The phase SU-64 was discovered a 
number of years ago, however its structure remained elusive for years due to 
small crystal size. Synchrotrons are sources of X-rays with intensities much 
higher than those obtainable from an in-house diffractometer. Synchrotrons 
generate high intensity electromagnetic radiation by accelerating charged 
particles, such as electrons, through a curved path using bending magnets. 
The high intensity allows for improved data with higher resolution especially 
for smaller crystals such as SU-64 (150 × 80 × 20 µm). Synchrotron data 
were collected at beamline I911-5, MAX Lab, Sweden or beamline I19, Di-
amond Light Source Ltd., Didcot, UK. At MAX lab all data were collected 
at 100K with a MarCCD detector using a wavelength of 0.9077 Å. Data 
reduction and numerical absorption correction were applied using Twin-
solve. At Diamond Light Source diffraction data were collected on a Saturn 
724+ detector with λ = 0.6889 Å. Data reduction and numerical absorption 
correction were applied with d*TREK within CrystalClear.97 Structure de-
termination in this thesis work was performed using SHELXS97 and refined 
by SHELXL97.98 
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Figure 4.1 An unwarped image of the 0kl reflections of SU-62 from in-house single 
crystal XRD data. 

4.2 X-ray powder diffraction 

XRPD follows some similar principles as single crystal XRD, with the major 
difference being that polycrystalline samples are studied with XRPD. Due to 
the random orientations of the individual crystals, reflections from all orien-
tations appear in a diffraction pattern each in the form of a ring as detected 
by an area detector. The radii of the rings are measured in 2θ and correspond 
to d-spacing in accordance to Bragg’s Law (Eqn. 1). As XRPD patterns are a 
1D projection of 3D intensity data, reflections overlap. This complicates 
determination of the unit cell, space group and structure. The intensities of 
overlapping peaks must be partitioned more or less correctly for successful 
structure determination and refinement, making structure determination from 
powder diffraction data less trivial compared to single crystal diffraction. 
Germanates tend to have large unit cells and thus the overlap problem is 
enhanced. TREOR,99 ITO100 and DICVOL101 are programs that have been 
devised for unit cell determination from powder data. Once a reasonable unit 
cell and a space group have been obtained, structures may be solved using 
techniques such as direct methods, charge-flipping, Patterson method, or 
simulated annealing. Porous materials often form crystals too small (<10 
µm) for single crystal diffraction experiments even with a synchrotron 
source. In such cases structure determination may be attempted using pow-
der data. Additional information obtained from TEM or IR spectroscopy can 
be input along with the powder data to improve the likelihood of successful 
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structure determination. XRPD data for structure determination were collect-
ed on beamline I11, Diamond Light Source Ltd., UK or through the mail-in 
system at beamline 11-BM of the Advanced Photon Source, in Argonne 
National Laboratory, USA.  

In addition to structure determination, XRPD has been utilized to study 
structure dynamics and for phase identification (Figure 4.2). Every crystal-
line material has a unique powder diffraction pattern that can be used as a 
“fingerprint” for identification. XRPD was extensively used for phase identi-
fication during the thesis work, and is a valuable tool for synthetic chemists 
working with crystalline samples. Changes to the unit cell parameters and 
the thermal stability of germanate frameworks were studied by recording 
powder patterns at elevated temperatures. Such in situ XRPD experiments 
combined with TGA data can explain changes or collapse of the framework 
upon departure of certain guest species. Unit cell analysis from powder dif-
fraction data was performed using JANA2006102 and PowderCell.103 

 
Figure 4.2 Observed and calculated XRPD patterns of SU-75-dab. 

In situ XRPD of SU-72, SU-64 and SU-65 are shown in Figure 4.3. Data 
were collected on a PANalytical X’Pert PRO MPD with copper Kα radiation 
(λ = 1.5406 Å). An Anton-Parr XRK900 reaction chamber was used for in 

situ experiments.  All in situ XRPD experiments were performed in vacuum 
with a heating rate of 7 °C/min. The temperatures of the samples were 
equilibrated for two minutes prior to each measurement. The crystal struc-
ture of SU-72 was stable until 250 °C, and at higher temperatures the struc-
ture collapses. No significant changes were observed otherwise in terms of 
unit cell parameters. SU-64 on the other hand underwent minor changes in  
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Figure 4.3 In situ XRPD patterns of (top) SU-72, (middle) SU-64 and (bottom) SU-
65. Crystallinity of SU-72 degrades at temperatures above 250 °C. Gradual changes 
to the unit cell parameters are observed in SU-64 after evacuation of water mole-
cules at 150 °C. A sudden phase transformation occurs to SU-65 at 180 °C. The in 
situ XRPD patterns of SU-64 are reprinted with permission from Guo, B. et. al. 
Inorg. Chem., 2011, 50, 201-207. Copyright 2012 American Chemical Society. 
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its unit cell parameters between 150 °C and 250 °C. This is signified by the 
gradual shift in the peak positions either to higher or lower 2θ angles. SU-65 
showed little changes in its powder pattern until 170 °C. However at 180 °C 
a sudden and significant change in the pattern was observed. Although the 
quality of the high temperature phase was rather poor, the pattern could be 
indexed with unit cell related to that of SU-65.  

 
Table 4.1 Unit cell parameters of SU-64 at various temperatures. 

Temp. /°C a / Å b / Å c / Å α / ° β / ° γ / ° 

30 12.18 18.19 22.52 88.21 89.93 82.83 

150 12.14 18.10 22.35 84.84 90.12 82.01 

200 11.85 17.67 22.08 79.57 90.89 81.98 

 
 

Table 4.2 Unit cell parameters of SU-65 at various temperatures. A phase transfor-
mation occurs above 170°C resulting in a phase that could be indexed with related 
cell parameters but with orthorhombic cell settings.   

Temp. /°C a / Å b / Å c / Å β / ° 

30 16.55 25.84 28.57 93.50 

100 16.49 25.59 28.80 92.96 

200 16.96 28.53 30.64 90 

 

4.3 Transmission electron microscopy 

The various operating modes in TEM allow for a variety of methods to re-
veal structural information.104 Electron microscopes may be operated in im-
aging mode to visualize images pores and in certain cases the atomic struc-
ture of a crystal. Diffraction mode is used to obtain electron diffraction pat-
terns along certain projections. Imaging mode reveals both amplitude and 
phase information of structure factors unlike diffraction, however this mode 
requires good stability of the sample under an electron beam. Diffraction 
mode may be used for more beam sensitive samples if handled by an experi-
enced microscopist. As the interaction of electrons with matter is much 
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stronger than for X-rays, electron diffraction may be used to study crystals 
far too small to study even with X-rays from a synchrotron source. Electron 
diffraction can provide unit cell dimensions, systematic reflection conditions 
to help determine space group, and intensity data. However due to the strong 
interaction of electrons with matter, the intensities of diffracted electrons 
should be handled with caution due to dynamic effects as a result of multiple 
scattering. Dynamic effects may be reduced by precessing the electron beam 
around an axis or by examination of thin specimens.  

TEM is a technique complimentary with XRPD as unit cell and space 
group information can be very helpful in solving structures from XRPD da-
ta.104 Intensity and phase information obtained from TEM can also be input 
into structure factors from a XRPD. Weak reflections observed in selected 
area electron diffraction (SAED) or preferably precession electron diffrac-
tion (PED) may be eliminated in XRPD data to help improve partitioning of 
overlapping reflections.105 The synergy of these techniques has led to fruitful 
collaborations resulting in structure determination of phases such as TNU-
9106 and IM-5107 that could not be solved by single crystal XRD. Ongoing 
research relating to this project involves the structure determination of SU-
66 (Figure 4.4) by powder diffraction with unit cell and space group infor-
mation obtained from TEM. The electron diffraction pattern taken of the 
sample has helped confirm the unit cell dimensions and to deduce possible 
space groups. The systematic absences due to a 21-axis along the a-axis are 
shown clearly in the SAED pattern.  

 

 
Figure 4.4 A selected area electron diffraction pattern of SU-66 along the projection 
[010], showing h0l reflections, courtesy of Tom Willhammar.   
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4.4 Scanning electron microscopy 

Morphologies of crystals were studied by SEM (Figure 4.5). The morpholo-
gy may provide insight regarding the point group of the crystal. Crystal 
shape and size are easily visible using SEM and can aid in optimization of 
synthesis conditions to grow larger crystals. Other details such as domains, 
intergrowth and twinning can be examined by SEM allowing for crystal 
quality analysis. SEM micrographs were recorded on a JEOL JSM-7000F 
with BSE, EDS and WDS options.  

4.5 Energy dispersive X-ray spectroscopy  

EDS is often coupled with electron microscopes to quantify various element 
types in a sample. Electrons from the incident beam penetrate and interact 
with atoms in the sample within an interaction volume. The electrons from 
the beam may then remove non-valence electrons from atoms in the sample. 
In such cases electrons from higher energy orbitals of the atom replace the 
removed electron, releasing photons in the form of X-rays. The X-rays are 
then emitted from the sample and then detected in accordance to its energy. 
Every atom type emits a unique line-spectrum of X-rays corresponding to K, 
L and M-lines which can be identified and quantified with an accuracy of 3-
4%. The lightest elements are more difficult to detect by EDS due to absorp-
tion of low energy X-rays from materials such as the detector window. EDS 
has been used to investigate the composition of frameworks, and to deter-
mine the degree of successful ion exchange.  
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Figure 4.5 SEM micrographs of germanates. (a) JLG-4. (b) SU-72. (c) SU-65. (d) 
SU-75. (e) SU-64. (f) SU-66. 

4.6 Thermogravimetric analysis 

TGA involves the measurement of a sample’s weight at various temperatures 
(Figure 4.6). The atmosphere may be altered, and inert atmospheres such as 
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nitrogen are preferable to study the evacuation of guests from pores. TGA is 
useful for determining the quantity of water molecules and other guest spe-
cies in a crystalline sample, especially when guest species are disordered in 
the pores and not be confirmed by XRD. TGA plots were collected on a 
Perkin-Elmer TGA7 with nitrogen atmosphere. 

 
Figure 4.6 The TGA plot for SU-62 reveals loss of two water molecules per Ge10 
cluster from 50°C, followed by the loss of the structure directing agent 1,4-
diaminobutane from 260 °C. 

4.7 CHN analysis and solid state NMR 

While X-ray diffraction often leads to successful structure determination of 
the framework, difficulties are often encountered regarding the position and 
presence of guest species. Due to the large voids commonly observed in 
germanates, guest species can be disordered. Since the average positions of 
atoms in the unit cell are determined by diffraction, disordered species can 
be difficult to identify. CHN analysis and 13C-NMR are two techniques that 
aid in the identification of organic species. The presence of an organic guest 
can be supported if the observed C:H:N ratios match the expected ratio. Cas-
es where the observed and calculated ratios do not match may indicate de-
composition of the organic template during hydrothermal synthesis. The 
high observed N:C ratio in ASU-21 suggested the presence of nitrogen-rich 
species in addition to DAH (Paper IX). The presence of DAH was supported 
by 13C-NMR, which revealed no other carbon environments. The higher than 
expected nitrogen content was deduced to be from ammonium cations. CHN 
analysis was performed on a Fisons Instruments 1108, University of Santia-
go de Compostela, Spain.  
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4.8 Infrared spectroscopy 

IR spectroscopy reveals information regarding vibrational modes of both 
organic guest species as well as framework atoms. To the best of our 
knowledge IR spectroscopy has previously only been implicated in the study 
of germanate frameworks to determine the presence of certain guest mole-
cules in the pores. Often guest molecules are disordered especially when 
located in large pores, making confirmation of their presence by crystallog-
raphy a difficult task. Bands characteristic to certain features such as aro-
matic rings and carbonyl groups may be investigated by IR spectroscopy to 
confirm accommodation of certain species in pores.  

Flanigen et. al. have studied framework features of zeolites by infrared 
spectroscopy.108 Two types of T-O vibrational modes were reported, intra-
tetrahedral vibration modes common to all zeolites, and inter-tetrahedral 
vibration modes that are sensitive to building units, ring size and topology of 
the framework. In silicate based zeolites bands between 500 and 650 cm-1 
are attributed to the presence of double-rings such as the D4R and D6R, 
while bands between 300 and 420 cm-1 are attributed to pore openings. Pre-
viously such studies have not been reported on open-framework germanates. 
Our preliminary results indicate that vibrational modes detected by Fourier 
transform infrared (FT-IR) spectroscopy are strongly influenced by cluster 
type. We have recently identified infrared “finger prints” of germanate clus-
ters. The technique will be useful in determining clusters in unsolved phases. 
In particular, knowledge of the cluster type can be useful for solving  

 
 
Figure 4.7 The FT-IR spectrum of ASU-21 between 400-4000 cm-1. The intense 
bands below 1000cm-1 relate to Ge-O vibrational modes, the bands between 1400-
1700 cm-1 include contributions from the organic structure directing agents, and the 
very wide band from 2500-3500 cm-1 corresponds to OH vibrations.  
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structures from XRPD data by real-space methods. As aforementioned the 
nucleation and growth mechanisms of framework materials are poorly un-
derstood at this time. IR spectroscopy may allow the possibility to identify 
various germanium polyhedra and other building units in solution during the 
early stages of synthesis. Also this opens the possibility to study building 
units in X-ray amorphous materials.   

The mid-IR spectra of nearly all germanate phases with solved framework 
structures available in our laboratory were recorded. FT-IR spectra were 
collected on a Varian 670-IR spectrometer. Bands around 3000 cm-1 corre-
spond to OH stretches, and those around 1400-1600 cm-1 to vibrational 
modes of the template (Figure 4.7). The larger absorption bands around 800, 
500 and < 400 cm-1 relate to the asymmetric stretching, symmetrical stretch-
ing, and bending modes of Ge-O respectively.54 The spectra were sorted 
according to the building units in their framework. The two dense phases of 
germanium dioxide have evident differences in their spectra (Figure 4.8). 
Tetrahedrally coordinated germanium in the quartz structure shows a spec-
trum comparable to the silicate form of quartz but with bands shifted to low-
er frequencies due to the longer Ge-O bonds. Asymmetric stretching modes 
appear as bands in the region 700-975 cm-1 and symmetric stretches are  
found at 400-600 cm-1.109 Bending modes were expected at frequencies in the  
far-IR region (< 400 cm-1) but were not recorded. The tetragonal rutile struc-
ture with octahedrally coordinated germanium has a band at 450-700 cm-1 
corresponding to a A2u stretch and a band in the far-IR region to 450 cm-1 
corresponding to an Eu stretch.110 The CBUs with mixed GeOx polyhedra 
have many overlapping bands and their assignment will be a topic of future 
work. The characteristic features of these Ge-O bands will be described 
merely for cluster identification purposes. 

 
Figure 4.8 The FT-IR spectra of dense GeO2 phases with the quartz and rutile struc-
tures. 
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IR spectra were recorded on the Ge7 phases ASU-16, SU-63, SU-65, JLG-
4 and SU-72 (Figure 4.9). The spectra all show a characteristic sharp doublet 
at 400 and 440 cm-1, as well as another peak emerging near the cutoff of 389 
cm-1. A series of weaker bands were found between 500 and 600 cm-1. A 
band with strong absorption is common in all structures peaking at 765-780 
cm-1. The strong band is followed by a weaker band at 850-860 cm-1. Close 
examination reveals minor differences in the spectra, likely due to either the 
various structural features such as topology or the connectivity of the clus-
ters.   

 
Figure 4.9 The FT-IR spectra of the structures ASU-16, SU-63, SU-65, JLG-4 and 
SU-72 all built solely of the Ge7 cluster.  

Due to the existence of very few type I Ge9 frameworks, the spectrum of 
only ASU-14 was recorded (Figure 4.10). The spectrum had two strong 
bands peaking at 410 and 480 cm-1, the later with a shoulder at 460 cm-1. An 
isolated band with lower absorption follows at 570 cm-1. Two bands were 
found at 700 and 760 cm-1. The peak at 700 cm-1 is unique to structures with 
the Ge9 cluster. This peak was observed in the mixed Ge7-Ge9 phases as 
well. The Ge7 and Ge9 clusters both are constructed of tetrahedra, trigonal 
bipyramids and an octahedron, however the ratio of the polyhedra vary as 
well as their arrangement of terminal coordination sites. Trigonal bipyramids 
in the Ge7 cluster have only bridging oxygen atoms in axial coordination, 
while terminal axial coordination of oxygen atoms is observed in the Ge9 
cluster. The different coordination of terminal sites as well as structural fea-
tures of the frameworks are expected to be the cause of the characteristic 
bands observed in the various clusters.   
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Figure 4.10 The FT-IR spectrum of ASU-14 built of type I Ge9 clusters.  

The mixed Ge7-Ge9 phases SU-8, SU-44, SU-64 and JLG-12 have more 
complicated spectra (Figure 4.11). While certain bands appear to have simi-
lar positions and shapes to the bands in the Ge7 or Ge9 phase spectra. For 
example SU-64 displays peaks at 400 and 440 cm-1 as in the Ge7 phases but 
also peaks at 480 and 700 cm-1, which were observed in the Ge9 phases. SU-
8, which has a low Ge7/Ge9 ratio of two, has an IR spectrum that more close-
ly resembles that of pure Ge9 phase ASU-14 than SU-64, which has a 
Ge7/Ge9 ratio of six.  

 

 
Figure 4.11 FT-IR spectra of the mixed Ge7-Ge9 phases SU-8, SU-44, SU-64 and 
JLG-12.  
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The Ge10 phases Ge-pharmacosiderite, ASU-21, SU-M and SU-62 have a 
number of overlapping bands between 400 and 500 cm-1 and a wide band 
centered at 750 cm-1 (Figure 4.12). Unlike the Ge7 and Ge9 phases, the heavi-
ly overlapping peaks especially between 400 and 500 cm-1 appear as broad 
bands. Contrary to Ge7 phases, no peak is observed at the lower cut off of 
389 cm-1. 

 
Figure 4.12 FT-IR spectra of Ge10 phases, SU-M, ASU-21, Ge-pharmacosiderite, 
SU-62 and SU-75. 

FT-IR spectroscopy was also used to study germanate species in various 
solutions that resulted in crystals containing different cluster types. Two 
samples with equivalent quantities of GeO2, water and MPMD were pre-
pared, however in one mixture 0.18 mL of 40% HF was added. GeO2 had 
dissolved after 40 minutes of stirring. The IR spectra of the solutions were 
then recorded (Figures 4.13 and 4.14) with a background taken on a mixture 
of water and MPMD with the same ratio. The two mixtures were then heat-
ed, and a few drops of the solution were extracted from the top of the mix-
ture after 1, 2 and 12 days of heating and their IR spectra were recorded. The 
mixture without HF (Sample 59) ultimately resulted in SU-M with Ge10 clus-
ters, while the mixture with HF (Sample 88) resulted in JLG-12 with both 
Ge7 and Ge9 clusters. The IR spectra of samples 59 and 88 appeared very 
similar throughout the experiment, although their final crystalline products 
displayed evident differences. With increasing heating time the absorbance 
generally decreased due to consumption of solvated germanate species to 
produce crystals. Although further investigations should be attempted, the 
similarities in the spectra of samples 59 and 88 may suggest that the distinct 
clusters in the final crystal structures may not be in abundance in solution at 
the selected measurement times.    
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Figure 4.13 FT-IR spectra of sample 59 without HF after stirring for 40 minutes at 
room temperature, and after heating for 1, 2 and 12 days. The spectra are compared 
to the spectrum of the crystalline product SU-M built of Ge10 clusters.  

 

 
Figure 4.14 FT-IR spectra of sample 88 with HF after stirring for 40 minutes at 
room temperature, and after heating for 1, 2 and 12 days. The spectra are compared 
to the spectrum of the crystalline product JLG-12 built of Ge7 and Ge9 clusters. Sim-
ilarities with the spectra of sample 59 may indicate that similar germanate species 
are in abundance in solution, despite the differences in the clusters found in the final 
products.  
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Table 4.3 Synthesis parameters for the examination of germanium oxide bands in 
solution by IR spectroscopy.  

 GeO2  
/g 

H2O  
/mL 

MPMD  
/mL 

HF 40%  
/mL 

Product 

AI100811-59 0.3 2.22 4.23 0 SU-M 

AI100811-88 0.3 2.22 4.23 0.18 JLG-12 
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5. Novel crystal structures: crystallography 

and topology 

The crystallographic parameters, chemical formulae and structural features 
of the novel germanate structures are presented in Table 5.1. For comparison 
the FAU zeolite framework type has a framework density of 13.5 T-
atoms/1000 Å3 and a maximum ring size of 12. Figures of structures with 
SDAs are provided in the appendix. 

5.1 Ge7 phases 

All novel Ge7 phases discussed in this thesis were synthesized in the pres-
ence of HF. Structures of various dimensionality were developed including 
3D frameworks (SU-JU-14 and SU-65), 2D slabs (SU-64 and SU-72), 2D 
layers (SU-63 and SU-71) and for the first time in a germanate system iso-
lated open cavities (SU-73). The Ge7 clusters either have T4, T4P, or T4P2 
connectivity modes. The novel phases suggest that curvature of the struc-
tures can relate to the orientations of clusters, and also that polymorphism 
can affect the properties of frameworks such as flexibility.  

5.1.1 SU-63 (Paper I) 
A number of planar Ge7 phases have previously been reported, all with 44 net 
topology, 27, 58-60 but SU-63 is the first hexagonal example with clusters dec-
orating the 3.6.3.6 kagomé lattice (Figure 5.1).28 Each Ge7 cluster connects 
to neighboring clusters through the four tetrahedra, while the trigonal bipyr-
amids and octahedron form terminal Ge-F or Ge-OH bonds. Two types of 
18-rings are present in the structure. One is centered at a 63-screw axis and 
the other along a 3-fold axis, with free diameters of 10.59 and 10.11 Å re-
spectively. Six Ge7 clusters circumscribe the 18-rings. 6-rings are formed by 
three Ge7 clusters. Layers are separated by 3.8 Å and are too distant for hy-
drogen-bonding between one another. The organic SDA, DAH, could not be 
crystallographically located, although CHN analysis and TGA suggest its 
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presence. DAH is likely located in the rings and between the layers stabiliz-
ing the stacking. Layered Ge7 germanates were previously deemed unstable 
previously on steric grounds.   

            
Figure 5.1 (a) Polyhedral representation of SU-63. (b) The augmented kagomé 
lattice with square nodes indicating the orientations of the Ge7 clusters.  

5.1.2. SU-71 (Paper II) 
Like ASU-20,58 SU-22,59 SU-23,59 |C8H24N4|[NbOGe6O13(OH)2F]60 and 
|(H3dien)0.5(H2O)2|[Ge7O14F3·0.5[In(dien)2]],

27 the structure of SU-71 is a 2D 
network of Ge7 clusters in a 44 net. However the orientations of the clusters 
in SU-71 are unique and result in a sinusoidal surface (Figure 5.2). ASU-20, 
SU-22 and SU-23 have clusters with opposite orientations connected to each 
other (i.e. each cluster with an octahedron pointing up has four neighboring 
clusters with octahedra pointing down as shown in Figure 5.3c). Each cluster 
in SU-71 has two neighboring clusters with the same orientation and two 
with the opposite orientations.  

As in numerous other Ge7 structures, clusters connected with similar ori-
entation can result in curvature of the surface. Octahedral sites are found on 
the concave surfaces of JLG-4,53 JLG-5,57 SU-71, SU-72 and SU-73. In SU-
71 the net has strips with alternating orientations, each with a width of two 
nodes (Figure 5.3b). Each strip forms maxima or minima in the wave (Figure 
5.3e). The regions between the strips are considered as roughly planar.  

Curvature of surfaces in layered Ge7 phases with T4 connectivity mode is 
related to the orientations of linked clusters. The side of the Ge7 cluster with 
one octahedron is often found as part of a concave surface, as supposed to 
the sterically bulkier side with two trigonal bipyramids. Problems with hav-
ing trigonal bipyramids on the concave surface can be easily illustrated with 
the example of JLG-4 (Figure 5.3d). The tubular structure has all Ge7 clus-
ters oriented in the same way with octahedral sites pointing towards the cen-
ter of the tube (Figure 5.3d). However, inverting the orientation so that the 
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trigonal bipyramids point towards the center of the tube results in the colli-
sion atoms and an unreasonable structure (Figure 5.4). 

 

 
Figure 5.2 (a) Polyhedral representation of SU-71 viewing the stacking of sinusoi-
dal layers viewed along [010]. (b) A single layer of SU-71 along [001]. 

 
 

 
Figure 5.3 Ge7 phases relating to the 44 net. (a-c) Augmented 44 net with various 
orientations of the Ge7 cluster indicated by colored nodes. Augmented nets of (d) 
JLG-4, (e) SU-71 and (f) ASU-20/SU-22/SU-23. 
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Figure 5.4 a) Oxygen-oxygen interatomic distances between Ge7 clusters in ASU-20 
viewed along [001]. b) A hypothetical structure similar to ASU-20 with an inverted 
Ge7 cluster. Collisions between atoms are shown as red circles with crosses. 

The organic SDA in SU-71 was found between the sinusoidal layers as 
shown in Figure A1 in the appendix. The secondary amines of two separate 
AEP cations are separated by 2.77 Å, indicative of hydrogen-bonding. Thus 
at least one of these nitrogen atoms must be a hydrogen-bond acceptor and 
must not be an ammonium cation. As no other charge balancing species were 
located, two AEP cations were assumed to possess a total charge of +3.  

5.1.3 SU-73 (Paper II) 
SU-73 is the first example of an open 0D germanate structure (Figure 5.5). 
Cavities are built of twelve Ge7 clusters each in T4 connectivity mode as in 
SU-63 and SU-71. All Ge7 clusters are oriented with octahedral sites point-
ing towards the center of the cage, creating curvature that is consistent with 
the discussed Ge7 structures. 7-, 9- and 10-rings form between Ge7 clusters 
on the surface of the spheres. The cavities have an 18-ring circumference, 
with a diameter of 9.05 Å (O···O distance). The spheres are arranged in a C-
centered lattice. A free octahedral Ge(OH)6

2- ion was found at the center of 
each cavity forming hydrogen-bonds with the terminal coordination sites of 
octahedral in Ge7 clusters.  

The augmented net resembles a truncated cuboctahedron with Ge7 clus-
ters occupying the square faces resulting from truncation (Figure 5.6). The 
truncated cuboctahedron in Figure 5.6c takes similar form as the α-cavity 
(Figure 1.2d) found in the LTA structure but with clusters found in the posi-
tion of 4-rings. The augmented net can be constructed from a strip of the 44 
net. A strip of four by three nodes (Figure 5.6a) is rolled into a cylinder simi-
lar to JLG-4 (Figure 5.6b). The nodes along the top and bottom of the cylin-
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der can then connect with each other to form the truncated cuboctahedron 
(Figure 5.6c). 

 

  
Figure 5.5. (a) Polyhedral representation of SU-73 along [102]. (b) The augmented 
net with the cavity indicated by a sphere.  

 
Figure 5.6 Construction of the truncated cuboctahedron from a strip of the 44 net. 
(a) A strip from the 44 net. (b) The net rolled into a cylinder. (c) The truncated cub-
octahedron. 

5.1.4 SU-72 (Paper II) 
SU-72 is a slab structure with 23-ring channels along the [010] direction 
with dimensions of 12.93 × 9.37 Å (O…O distance). The 23-rings are encir-
cled by eight Ge7 clusters. 4- and 5-connected clusters alternate around the 
circumference of the ring (Figure 5.7). Five neighboring clusters have octa-
hedral sites pointing in towards the center of the ring. The remaining three 
clusters have octahedral sites pointing away towards the center of a neigh-
boring 23-ring. As in the previous examples the GeO6 octahedra of the Ge7 
clusters are positioned on the concave surface, resulting in crescent shaped 
channels. The 5-connected Ge7 clusters join two neighboring 23-rings with 
crescents in each slab pointing in the same direction.  
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Figure 5.7 The crystal structure of SU-72 with slabs containing 23-ring crescent 
shaped channels viewed along [010]. The guest species are omitted for clarity.  

The unit cell comprises two slabs, related by inversion, with opposite 
crescent orientations along the c-axis. The unit cell is only one Ge7 cluster 
thick along the b-axis, and each cluster connects to the clusters in the neigh-
boring cells. Eight 10-ring windows along the walls circumscribe the 23-ring 
channels (Figure 5.8). Neighboring 23-ring channels are interconnected by 
the 10-ring windows. The shortest interatomic distance between slabs is 2.84 
Å, between two terminal groups of trigonal bipyramids, indicative of hydro-
gen-bonds between layers.  

H2AEP2+ cations were positioned in the crevices between clusters (Figure 
A2 in Appendix). Six H2AEP2+ were located within each 23-ring with one 
H2AEP2- per 10-ring. In addition H2AEP2+ were found to form hydrogen-
bonds between two slabs. The primary and secondary ammonium groups of 
the template form hydrogen-bonds to framework oxygen atoms, while the 
tertiary amine forms hydrogen-bonds only with solvent water molecules 
found in the channels, suggestive of an unprotonated amine group and a 
formal charge of +2 per cation. Near the center of each 23-ring were two 
germanium atoms. The electron densities found at these positions were too 
high for solvent water molecules and were thus assigned as Ge(OH)6

2-, as 
was the case for SU-73. The occupancy of the germanium found during re-
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finement was 0.18, a value similar to the occupancy of 0.13 required for 
charge balance.  

             
Figure 5.8 Walls of the 23-ring channels of SU-72 viewed along a) [100] and b) 
[001]. 

The SU-72 structure can yet again be derived from the 44 net despite the 
presence of five connected clusters (Figure 5.9). A net with infinite length 
and a width of five nodes has five coordinated nodes on the second and 
fourth positions across the width of the net. The five connected nodes are 
represented as square pyramids. The net is curved into a C-shape so that the  

 
Figure 5.9 Construction of the SU-72 net. (a) A net of square and square pyramidal 
nodes with a width of five nodes. (b) The curled nets with the red faces along the 
concave surfaces. Square nodes along the edge of the net connect to pyramidal 
nodes of neighbouring nets. (c) Neighbouring slabs are oriented in opposite direc-
tions.  
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octahedral sites are along the concave surface. The curved net is then con-
nected to a neighboring net so that the 4-coordinated nodes along the edge of 
the net connect to the five coordinated nodes of the neighboring net. 

5.1.5 SU-65 (Paper III) 
ASU-16,62 SU-12111 and SU-65 are all Ge7 phases with the fee net. ASU-16 
is a germanate with flexible 24-ring channels and has an orthorhombic lat-
tice, and SU-12 is a silicogermanate with a tetragonal lattice and improved 
thermal stability as aforementioned. While their compositions and symmetry 
vary, the connectivity and orientations of the clusters are identical. SU-65 
has a monoclinic lattice and is a polymorph of ASU-16 as the orientations of 
the clusters are unique (Figure 5.10). Phase transformation between SU-65 
and ASU-16 would require breaking of Ge-O bonds, rotation of clusters and 
reassembly. The differing orientation of clusters is most obvious in the rows 
of Ge7 clusters in Figures 5.10e-g. Certain rows of clusters have similar ori-
entations in all three phases while others have unique orientations. The for-
mation of the various polymorphs appears to be influenced by the use of 
different template molecules. DAH and dimethylamine (DMA) were found 
in different 10-rings in SU-65. The 10-rings accommodating DAH have four 
Ge7 clusters contributing 3, 2, 3 and 2 germanium atoms around the ring. 
DMA is found in 10-rings also built of four Ge7 clusters but with the se-
quence 3, 3, 2 and 2. Similar ring shapes have been observed in ASU-12 
which also had DMA centered in similar 10-rings. In situ XRPD revealed a 
decrease in the unit cell angle β rather than unit cell lengths, as was the case 
in ASU-16 (Table 5.3). Thus the flexibility of the channels is significantly 
influenced by polymorphism. SU-65 also undergoes a phase transformation 
between 170 and 180 °C. Although the structure of the heated unidentified 
phase was not determined, the unit cell parameters appear related to those of 
SU-65. Also the IR spectra of SU-65 and the unidentified phase show similar 
Ge-O vibrational modes, suggesting that the heated phase also contains Ge7 
clusters (Figure 5.11). 

SU-65 was solved using single crystal synchrotron data collected at Dia-
mond. However, due to beam sensitivity all four data sets had large Rint val-
ues above 0.25. To improve data quality the data was cut using only the 
frames collected early in the experiment. Although cutting the data in such a 
matter resulted in acceptable Rint values, the completeness of the data fell 
below a publishable level due to the low symmetry of the crystal. An attempt 
to combine multiple data sets was made by first scaling the data. Scale fac-
tors were calculated by Triple,112 but all attempted combination resulted 
either in a low completeness or high Rint. Further synthesis optimization, data 
collection and combination will be attempted in future work.  
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Figure 5.10 (Top row) The 24-rings of ASU-16, SU-12 and SU-65 with their locat-
ed structure directing agents. The arrows correspond to paired rows of clusters 
viewed below. (Bottom three rows) Rows of Ge7 clusters centered along the corre-
sponding arrow as indicated above. The clusters run along the lengths of the 24-ring 
walls.  

 
Figure 5.11 FT-IR spectra of SU-65 and the unidentified phase, which forms at 
180°C. Both show characteristic features of Ge7 phases.  
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5.1.6 SU-JU-14 (Paper IV) 
The silicogermanate SU-JU-14 was first synthesized and solved by Tang, but 
due to the poor quality of the crystal data the results were not published. 
Synthesis conditions were optimized by Yu and coworkers of Jilin Universi-
ty. Structure refinement was done as part of this thesis work. The structure  

 
Figure 5.12 (a) The crystal structure of SU-JU-14 viewed along the 24-ring chan-
nels. The ordered zweier chains are colored magenta, while two separate Ge7 do-
mains are colored blue and black. (b) Two separate domains in the bc-plane illustrat-
ing the relationship by a shift of ½c.  

a                                    
                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 
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contains Ge7 clusters with T4P2 connectivity mode and zweier double chains. 
24-ring channels run along the c-axis and are formed solely by eight Ge7 
clusters, which are linked by the zweier double chains along the b- and c-
directions (Figure 5.12a). 

SU-JU-14 is a disordered structure with two possible positions of the Ge7 
cluster in the unit cell. Each domain has Ge7 clusters in the same position in 
the unit cell. Separate domains are then related by a shift of ½c (Figure 
5.12b-c). The zweier double chains however are not affected by the shift and 
thus only Ge7 clusters are disordered. Disorder was also evident by inspec-
tion of the single crystal diffraction data. All hkl reflections with an even 
value of l appeared as sharp spots, while hkl reflections with odd values of l 
displayed diffuse scattering (Figure 5.13). The spread of the reflection along 
the a*-axis indicates that the disorder only occurs along the a-axis. The in-
tensity data for all hkl reflections, hkl where l is even and hkl where l is odd 
were separately evaluated. The Rint for all reflection was 0.091, which takes 
into account both sharp Bragg reflections as well as intensities from diffuse 
reflections. Intensities from diffuse reflections however are extracted only 
from calculated reflection positions assuming no structural disorder and are 
thus inaccurate. This becomes very evident when comparing the Rint from 
reflections with either even or odd values of l. The Rint of hkl reflections with 
even integers of l was 0.067, and is considerably lower than the Rint of 0.18 
considering only hkl reflections with odd l. Despite the inaccurate contribu-
tions from diffuse scattering, the structure could still be solved and refined 
using all reflections.  

Atomic occupancies were split on two levels during refinement of SU-JU-
14, firstly from the disorder of the Ge7 clusters over two positions, and sec-
ondly from the shared positions of the germanium and silicon in the T-
atoms. Refinement of the occupancies was accomplished using the command 
SUMP in SHELX and along with 37 free variables. For example, let free 
variable 2 (FV2) represents the occupancy of one Ge7 cluster, FV3 equals to 
the occupancy of a tetrahedrally coordinated germanium atom in the Ge7 
cluster, and FV4 is the occupancy of a silicon atom sharing the same posi-
tion as the germanium atom with occupancy FV3. FV2 can be freely refined, 
however the sum of FV3 and FV4 must equal to FV2. This can be accom-
plished in SHELX with the command “SUMP 0 0.1 1 3 1 4 -1 2” which cre-
ates the linear restraint 0 = (1×FV3) + (1×FV4) + (-1 × FV2) with sigma 
equal to 0.1. Thus FV3 + FV4 = FV2 within the defined standard deviation 
sigma. The refinement indicated that the zweier double chains in the struc-
ture were silicon rich with an average Si:Ge ratio of 82:18, while T-atoms of 
the Ge7 clusters were more germanium rich (Si:Ge = 0.20:0.80).  
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Figure 5.13 Unwarped images from single crystal X-ray diffraction data collected 
on SU-JU-14. The hkl reflections with odd values of l exhibit diffuse scattering 
along a*. 

5.2 SU-64: A Ge7-Ge9 phase (Paper I) 

SU-64 is the fourth reported mixed Ge7-Ge9 structure following SU-8, SU-
44 and JLG-12. Like ASU-19 and SU-72 the structure has 2D slabs with 
channels running through the length of the slab. The structure includes 1D 
18-ring channels that are connected by Ge9 clusters along the c-axis (Figure 
5.14). As in SU-8, SU-44 and JLG-12, each Ge9 cluster connects to eight 
Ge7 clusters forming a pseudo-body centered cluster aggregate (PCCBA). 
Ge7 clusters are 4-connected with T4 connectivity and form strips with a 
width of three Ge7 clusters. Two strips are joined by Ge9 clusters resulting in 
the slab (Figure 5.15). The terminal groups of the Ge7 clusters form hydro-
gen bonds across the 18-ring, forming elliptical channels. The slabs hydro-
gen-bond with one another along the b-axis. The linear organic SDA 
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H2DAH2+ was found running along [100] within the slabs, as well as be-
tween the slabs (Figure A3 in appendix). The thin plate-like morphology of 
the crystals is attributed to the layered structure.  

 

  
Figure 5.14 The slab structure SU-64 with 18-ring channels.  

 

 
Figure 5.15 The augmented net of SU-64 with {416⋅612}{44⋅62}6 topology. 
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5.3 Ge10 phases 

Two novel Ge10 phases, SU-62 and SU-75, can form under similar synthesis 
conditions. In many of the prepared samples the two phases coexisted. As 
with all previously known Ge10 phases the novel structures are 3D frame-
works. SU-66 is a gallogermanate also with Ge10 clusters. The structure was 
solved from in-house XRPD data using a simulated annealing parallel tem-
pering algorithm in FOX.113 The structure includes 26-ring channels similar 
to SU-61, along with additional 12- and 18-ring channels. SU-74 was also 
solved by XRPD and can be synthesized either with MPMD or AEP.  

5.3.1 SU-62 (Paper V) 
SU-62 was discovered by replacing MPMD in the SU-M synthesis, for the 
shorter diamine DAB. The two phases have similar Ge10 clusters but their 
topologies, pore dimensions and symmetries differ greatly. A 3D channel 
system runs through SU-62 with 10-rings and irregular shaped 14-rings 
(Figure 5.16). The 14-rings are formed from five Ge10 clusters. Two clusters 
across the ring form a pair of hydrogen-bonds, with each cluster contributing 
a hydrogen bond donor and acceptor. The hydrogen bond donors are Ge-OH 
groups found on apical tetrahedra attached to clusters, while hydrogen bond 
acceptors are bridging oxygen atoms. The hydrogen bonds across the ring 
split the 14-ring window into two accessible sections. Two nitrogen atoms of 
separate H2DAB2+ cations were found in the 14-rings forming hydrogen 
bonds to the framework (Figure A4).  

 

                  
Figure 5.16 (a) Polyhedral representation of SU-62. (b) The xbj net of the frame-
work of SU-62 in blue and the tsi net of the channel system in gold. (c) The polyhe-
dral representation of SU-62 with the xbj and tsi nets superimposed. The nets are 
not drawn in their highest symmetry form in order to better resemble SU-62.  

 

a                                 b                                   c 
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A water molecule and another H2DAB2+ nitrogen atom were found in the 
10-rings. SU-62 has a novel framework topology of uninodal five-connected 
nodes. The topology can be derived by removal of two edges in the svh net 
to form the xbj net. In addition to the framework, the channel system can 
also be described by topology.  

Nodes are created in the center of cavities, which then connect through 
accessible windows of the cavity, forming a tsi net in SU-62. Nets can be 
described by their transitivity. If a net has p vertices, q edges, r faces and s 
unique tiles then the transitivity is [p q r s]. The dual of a net then has transi-
tivity [s r q p].114 The xbj net has one unique vertex, three edges, two faces 
and one tile and thus has a transitivity of [1 3 2 1]. On the other hand the tsi 
net has a transitivity of [1 2 3 1] and is thus the dual of the xbj net.  

5.3.2 SU-75 (Paper VI) 
 

SU-75 is a disordered Ge10 phase. In all crystals the systematic absences of 
reflections suggested a space group of I41/amd, yet a reasonable structure 
solution was not obtained with this space group. Attempts to solve the struc-
ture in I41/amd result in two Ge10 clusters overlapping on top of one another 
but with differing rotational orientations. The clusters were related by a mir-
ror plane perpendicular to either the a-axis or b-axis (Figure 5.17), and thus a 
subgroup of I41/amd with removed mirror symmetry was selected. The space 
group I-42d can be used to describe the framework without overlapping clus-
ters. Positional disorder can arise from twinning with twins related by mirror 
symmetry, or disorder of smaller domains.  
 

 
Figure 5.17 Domains in the disordered germanate SU-75 are related by a mirror 
plane shown as a black line.  
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Crystals of various sizes and synthesized from very different synthesis 
conditions all result in disordered structures with roughly a 2:1 ratio of the 
two twins or disordered orientations. The four Ge10 clusters around each 8-
ring form a rigid building unit as the tetrahedra are shared between these 
clusters. Disorder is expected to occur between connected rigid units. SU-75 
can crystallize using DETA or DAB as SDAs.  

 
Figure 5.18 (a) One of the four layers in the SU-75 structure viewed along [001]. (b) 
The layer is simplified by representing Ge10 clusters as superoctahedra. Superocta-
hedra with shared vertices indicate Ge10 cluster with shared GeO4 tetrahedra, where 
superoctahedra linked by edges resemble Ge10 clusters connected without sharing 
tetrahedra.  

 
Figure 5.19 (a) Polyhedral representation of SU-75 along [010]. (b) The correspond-
ing superoctahedral representation.   
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The Ge10 clusters in SU-75 each connect to six neighboring clusters (Fig-
ures 5.18 and 5.19), and is the third Ge10 phase with the pcu net after Ge-
pharmacosiderite30b and IM-1472 (Figure 5.20). Yet the three phases are far 
from isostructural. The Ge10 clusters in each of the three phases are unique. 
All six tetrahedra are shared between clusters in Ge-pharmacosiderite, four 
are shared in IM-14, and only two for SU-75. In addition SU-75 includes an 
apical tetrahedron, which are absent in the other two phases. Channels run-
ning along [001] pass through a sequence of windows of 8-, 10-, 12- and 10-
rings within ordered domains. The channels intersect with 10-, 11- and 12-
ring channels along [100] forming a 3D channel system.   

 

 
Figure 5.20 Ge10 clusters in the pcu net. Polyhedral and superoctahedral representa-
tions of (a-b) Ge-pharmacosdierite (c-d) and IM-14.  

a                                                    b  
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5.3.3 SU-74 (Paper VII) 
SU-74 is a relatively denser framework (Figure 5.21) compared to other 
germanates such as SU-M, SU-61, SU-66 and JLG-12 synthesized from 
MPMD all with 26- or 30-ring channels. SU-74 is built of layers of Ge10 
clusters in the bc-plane stacked and connected by additional tetrahedra. The 
structure has elliptical 12-ring windows and cavities between layers of Ge10 
clusters where the organic SDAs reside (Figure 5.22). The smaller pore size 
in SU-74 is likely due to the presence of other smaller SDAs such as ammo-
nium cations. In addition to MPMD, Chen discovered that SU-74 could be 
synthesized from AEP as well. SU-74-AEP has positional disorder of the 
H2AEP2+ cation. MPMD and AEP are related as they both contain two nitro-
gen atoms separated by five other atoms, and are sterically bulkier than line-
ar amines. Although the positions of the H2MPMD2+ and H2AEP2+ cations in 
the two structures vary, the positions of the NH4

+ cations are nearly identical. 
The consistent position of the ammonium cations suggests their importance 
as SDAs, while the varying locations of the larger SDAs may suggest less of 
a true templating role and more of a space-filling role.    

 
Figure 5.21 Polyhedral representation of SU-74. Apical and additional tetrahedra 
are shown in turquoise.  
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Figure 5.22 Guest species in the cage of SU-74. (a) The cage in SU-74-MPMD. (b-
c) Two of the orientations of AEP in SU-74-AEP. NH4

+ cations have similar posi-
tions in all three cases. 

5.3.4 SU-66 (Paper VIII) 
SU-66, to the best of our knowledge, is the first example of an open-
framework structure solved by combining information from IR spectroscopy, 
electron diffraction and XRPD. Structure determination of complicated ger-
manate structures from XRPD data alone can be a challenging task. As the 
crystals tend to have large unit cells, reflections tend to have significant 
overlapping problems. As aforementioned, unit cell and space group infor-
mation obtained from TEM can be used to solve structures form XRPD data. 
However even with this additional information, structure determination can 
be far from trivial. Prior knowledge of the cluster types identified by IR 
spectroscopy can significantly simplify structure determination. Cluster 
types may also be conjectured from synthesis conditions or from crystal 
structures with similar cell parameters. Once a cluster type has been identi-
fied or assumed, the cluster can be inserted into a program such as FOX113 
that operates real-space structure determination methods such as simulated 
annealing parallel tempering. The cluster type, unit cell, space group and a 
powder pattern must be input for structure determination. Starting with a 
random orientation of the cluster, the software adjusts the position of the 
cluster in the unit cell through a Monte-Carlo algorithm. If the input infor-
mation is correct, a rough structure of the framework can result. The rough 
structure can then be refined, or inserted into another structure determination 
program such as powder charge-flipping with histogram matching115 as a 
model file.116  The structure factor phases from the model are used as a start-
ing point for charge-flipping. Performing charge-flipping after FOX can be 
used as a means to confirm the structure and space group, without implying 
the constraints of the building units used in FOX.116 The resulting structure 
can then be refined using Rietveld programs such as XRS117 to refine the 

a                                    b                                    c  
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geometries of the GeOx polyhedra and to locate SDAs in the channels in the 
Fourier difference maps.  

 
Figure 5.23 A flow chart of the steps towards structure determination and refine-
ment from XRPD data using cluster information from IR spectroscopy.  

The steps indicated in the flow chart (Figure 5.23) were implicated in the 
structure determination of the gallogermanate SU-66. The structure was sus-
pected to be built of Ge10 clusters based on three factors. The IR spectrum of 
a gallogermanate SU-66 (Figure 5.24), when compared to the spectra of 
structures with various cluster types, shows strong resemblance of a Ge10 
phase. SU-66 has three bands between 400 and 500 cm-1 and another strong 
band around 760 cm-1

, which are particularly similar to the bands observed in 
ASU-21. In addition, the unit cell parameters and space group of SU-66 are 
related to those of SU-61 (Table 5.3), which has Ge10 clusters and was tem-
plated by the same SDA, MPMD. Finally SU-66 was synthesized in the ab-
sence of HF, which is the usual case for Ge10 phases, and had related synthe-
sis conditions to that of SU-61 but with the addition of a gallium source in-
stead of tetraethylorthosilicate.  

Ge10 clusters were then inserted into FOX along with the unit cell and 
space group as confirmed by XRPD and SAED. Two Ge10 clusters each with 
apical tetrahedra attached were inserted as the asymmetric unit of SU-66 has 
roughly twice the volume of that of SU-61, which has one Ge10 cluster with 
an apical tetrahedron in its asymmetric unit. After 20 minutes the structure 
had converged into a reasonable framework. Multiple runs lead to similar 
framework structures. In addition to the two Ge10 clusters an additional GeO4 
tetrahedron was located in the Fourier difference map.  

Not only are the unit cell parameters and space groups of SU-66 and SU-
61 related, but the framework structures also show similarities. Both frame-
works are built of Ge10 clusters and have 26-ring channels. EDS revealed a 
Ge/Ga ratio of 19, roughly indicating the presence of one gallium atom per 
asymmetric unit. Gallium is expected to have a structure directing role, and 
by replacing the silicon atoms in SU-61 for gallium in SU-66, the longer Ga-
O bond influences the structure of the final framework. SU-66 has lower 
symmetry than SU-61, and half of the 26-rings in SU-61 are replaced by 18-
rings. This is accomplished by rotating the orientations of half of the Ge10 
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clusters (Figure 5.25). In effect this also converts half of the 8-rings in SU-
61 into 12-rings in SU-66. Not only has the discovery of SU-66 proven that 
IR data can be combined with XRPD to solve framework structures, but also 
that related structures can be synthesized by modifying framework forming 
elements.     

 
Figure 5.24 FT-IR spectrum of SU-66 compared to the spectra of structures with 
various cluster types. 

 
Table 5.3 Space group and unit cell parameters of SU-61 and SU-66.  

 SU-61 SU-66 

Space Group Cmcm Pmcm 

a / Å 34.48 31.60 

b / Å 19.88 18.66 

c / Å 14.86 14.96 
The space group and unit cell for SU-66 is not shown in the standard setting in order to make 
it comparable to SU-61. In the standard setting SU-66 has space group Pmma with a = 14.96 
Å, b = 31.60 Å and c = 18.66 Å. 
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Figure 5.25 The framework structures of SU-61 and SU-66. (a) A single layers of 
Ge10 clusters in SU-66. (b) The framework structure of SU-66. (c) A single layers of 
Ge10 clusters in SU-61. (d) The framework structure of SU-61. Figures of SU-66 are 
shown in the standard space group Pmma.  

As SU-66 was the first open-framework germanate solve by a simulated 
annealing parallel tempering algorithm, further tests were conducted to con-
firm the correctness of the frameworks produced by FOX. Two Ge10 phases, 
SU-62 and SU-74, originally solved from single crystal XRD were exam-
ined. Ge10 clusters with random positions were inserted into FOX with the 
correct unit cell dimensions and space group. The models were then adjusted 
using simulated annealing parallel tempering. Within a matter of minutes the 
correct cluster positions and orientations in the framework of the two phases 
were correctly determined (see appendix Figure A5 for FOX output of SU-
62). High resolution synchrotron XRPD data was used for SU-74, and a 
short 10 minute in-house XRPD pattern between 5°<2θ<40° recorded during 
part of an in situ experiment was used for SU-62. The XRPD data of SU-62 
contained both Cu Kα1 and Kα2 radiation, strong preferential orientation and 
was not corrected for automatic divergent slits. While the models produced 
by FOX display obvious distortions, its ability to solve complicated frame-
work structures from low quality powder data from an in-house diffractome-
ter is rather astonishing. However, higher quality powder data would be re-
quired for proper Rietveld refinement. 
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6. Conclusions and further work 

In summary, eight novel germanates (SU-62, SU-64, SU-65, SU-66, SU-71, 
SU-72, SU-74 and SU-75) were synthesized and their structures were solved 
by either single crystal XRD or XRPD in combination with IR spectroscopy 
and electron diffraction. In addition, the structures of SU-73 and SU-JU-14 
were refined with single crystal XRD data. Of these structures some form 3D 
frameworks, while others are 2D slabs and layers and 0D cavities. In situ 
XRPD indicated that polymorphism can influence framework flexibility as 
exemplified by SU-65, ASU-16 and SU-12. The importance of topology to 
describe complicated structures was demonstrated using various types of 
nets (SU-62). Replacing framework elements for others can influence the 
channel dimension as shown by SU-66. Germanate clusters can now be iden-
tified by IR spectroscopy, which is valuable information for solving struc-
tures by XRPD. SU-71, SU-72 and SU-73 illustrate the importance of cluster 
orientation of surface curvature in low dimensional structures. New ways of 
structure simplification were utilized to compare structures built of similar 
clusters and topology such as SU-75, Ge-pharmacosiderite and IM-14. Small 
SDAs, such as ammonium cations in SU-74, play just as important roles, if 
not more important, in phase formation as larger SDAs. Disordered struc-
tures like SU-JU-14 can be solved and refined to a certain extent by standard 
procedures, although additional efforts should be employed towards model-
ing diffuse scattering. We have also shown that HF and water contents play 
key roles in cluster formation with the ASU-21, SU-63 and SU-64 phase 
diagram. However much is yet to be learnt on the relationship between syn-
thesis conditions and the final crystal structures.  

Plans for future work include further FT-IR studies to improve our 
knowledge in the formation of clusters. Porous materials with improved 
thermal stability and reduced synthesis costs will also be studied. Titanosili-
cates and germanosilicates fit this category although the development of 
novel structures with these compositions is hindered by their tendencies to 
form amorphous materials. Post synthesis modification, as discussed with 
the alumination of ITQ-17, may also pave a path for more stable materials.  
Much of the discussed structure determination work involved the use of just 
single crystal XRD. XRPD and TEM are also very useful techniques for 
structure determination, and future work would benefit from the synergy of 
these methods. As crystals of various phases tend to have different problems, 
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knowledge of various techniques can open wider possibilities for successful 
structure determination.  
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9. Appendix 

9.1 SDAs in novel germanate structures 

 

 
Figure A1. SU-71 with H2AEP2+ as an SDA.  
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Figure A2. SU-72 with H2AEP2+, water and Ge(OH)6

2- as SDAs.  

 
Figure A3. SU-64 with H2DAH2+ as an SDA.  
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Figure A4. SU-62 with H2DAB2+ and water as SDAs.  
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9.2 Comparison of structure solution by reciprocal space direct 
methods from single crystal XRD and real space methods 
from XRPD 

 
Figure A5. The crystal structure of SU-62 determined from (a) single crystal XRD 
data and (b) FOX using in-house XRPD data collected over 10 minute between 
5<2θ<40° with Cu Kα1 and Kα2 radiation. The powder data used in FOX was part of 
an in situ experiment to determine the thermal stability of SU-62, and is of 
considerably low quality for standard structure determination techiques. 
Surprisingly, the final structure models are very similar. 

a                                                         b 
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9.3 Crystal data and structure refinement of novel germanates 
Table A1. Crystal data and structure refinement for SU-62 

identification code SU-62 

empirical formula |(C4H14N2)4(H2O)3|[Ge20O41(OH)6] 

formula weight 2618.54 

temperature 100 K 

wavelength 0.9077 Å 

crystal system orthorhombic 

space group Fdd2 (No. 43) 

unit cell dimensions a = 15.297 (3) Å 

b = 53.58 (1) Å 

c = 14.422 (3) Å 

volume 11821 (4) Å3 

Z 8 

density (calculated) 2.943 g/cm3 

absorption coefficient  19.054 mm-1 

F(000) 10032 

crystal size 0.022 × 0.037 × 0.037 mm3
 

θ range for data collection 3.74 to 32.96°  

index ranges -18≤h≤18, -63≤k≤64, -17≤l≤17 

reflections collected 32695 

independent reflections 5275 [R(int) = 0.0640] 

absorption correction empirical 

max. and min. transmission 0.5769 and 1 

data / restraints / parameters 5275 / 13 / 358 

goodness-of-fit on F2
 1.082 

final R indices [I>2σ(I)] R1 = 0.0267, wR2 = 0.0632  

Flack parameter -0.007 (8) 

largest diff. peak and hole 1.237 and –0.788 e/Å3 
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Table A2. Crystal data and structure refinement for SU-64 

identification code SU-64 

empirical formula |(C6H18N2)11(H2O)16|[Ge9O18X4][Ge7O14X3]6 

formula weight 7296.85 

temperature 150 K 

wavelength 0.6889 Å 

crystal system triclinic 

space group P-1 (No. 2) 

unit cell dimensions a = 12.101 (4) Å 

b = 18.113 (6) Å 

c = 22.444 (8) Å 

α = 87.86 (1) ° 

β = 89.50 (2) ° 

γ  = 83.17 (1) ° 

volume 4881 (3) Å3 

Z 1 

density (calculated) 2.238 g/cm3 

absorption coefficient  7.817 mm-1 

F(000) 10032 

crystal size 0.030 × 0.008 × 0.002 mm3
 

θ range for data collection 1.38 to 25.50 °  

index ranges -14≤h≤14, -22≤k≤22, -26≤l≤25 

reflections collected 42228 

independent reflections 15210 [R(int) = 0.2430] 

absorption correction empirical 

max. and min. transmission 0.566 and 1 

data / restraints / parameters 15210  / 11 / 617 

goodness-of-fit on F2
 1.049 

final R indices [I>2σ(I)] R1 = 0.1296, wR2 = 0.3363  

largest diff. peak and hole 2.042 and –2.321 e/Å3 
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Table A3. Crystal data and structure refinement for SU-65. The crystal experienced 
beam damage during measurement resulting in a high R(int). More data will be 
collected in future synchrotron visits.  

identification code SU-65 

empirical formula |(C6H18N2)(C2H8N)(H2O)4|[Ge7O16.5(OH)2] 

formula weight 1042.64 

temperature 297 K 

wavelength 0.6889 Å 

crystal system monoclinic 

space group I2/a (No. 15) 

unit cell dimensions a = 16.788 (3) Å 

b = 25.811 (5) Å 

c = 29.117 (6) Å 

β = 94.34 (3) ° 

volume 12581 (4) Å3 

Z 16 

density (calculated) 2.072 g/cm3 

absorption coefficient  6.655 mm-1 

F(000) 6392 

crystal size 0.005 × 0.005 × 0.015 mm3 

θ range for data collection 1.06 to 25.35°  

index ranges -20≤h≤20, -30≤k≤31, -35≤l≤35 

reflections collected 52530 

independent reflections 11494 [R(int) = 0.2175] 

absorption correction empirical 

max. and min. transmission 0.619 and 1 

data / restraints / parameters 11494 / 0 / 476 

goodness-of-fit on F2
 0.937 

final R indices [I>2σ(I)] R1 = 0.0782, wR2 = 0.1905  

largest diff. peak and hole 2.063 and –1.384 e/Å3 
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Table A4. Crystal data and structure refinement for SU-71 

identification code SU-71 

empirical formula |(C6H16N3)(C6H17N3)|[Ge7O14(OH)3] 

formula weight 1044.71 

temperature 100 K 

wavelength 0.9077 Å 

crystal system orthorhombic 

space group Pbca (No. 61) 

unit cell dimensions a = 17.445 (4) Å 

b = 13.883 (3) Å 

c = 24.348 (5) Å 

volume 5897 (2) Å3 

Z 8 

density (calculated) 2.226 g/cm3 

absorption coefficient  13.332 mm-1 

F(000) 3812 

crystal size 0.100 × 0.100 × 0.100 mm3 

θ range for data collection 3.67 to 33.42°  

index ranges -21≤h≤21, -15≤k≤15, -29≤l≤29 

reflections collected 72545 

independent reflections 5182 [R(int) = 0.0527] 

absorption correction empirical 

max. and min. transmission 0.5567 and 1 

data / restraints / parameters 5182 / 30 / 242 

goodness-of-fit on F2
 1.185 

final R indices [I>2σ(I)] R1 = 0.0679, wR2 = 0.1864  

largest diff. peak and hole 2.615 and –1.078 e/Å3 
 
 



 118

Table A5. Crystal data and structure refinement for SU-72.  

identification code SU-72 

empirical formula |(C6H17N3)7.59(Ge(OH)6)0.41(H2O)3| 
[Ge7O14(OH)3]5 

formula weight 5038.01 

temperature 100 K 

wavelength 0.9077 Å 

crystal system orthorhombic 

space group Pcca (No. 54) 

unit cell dimensions a = 54.37 (1) Å 

b = 8.860(2) Å 

c = 31.224 (6) Å 

volume 15041 (5) Å3 

Z 4 

density (calculated) 2.207 g/cm3 

absorption coefficient  13.223 mm-1 

F(000) 9642 

crystal size 0.100 × 0.010 × 0.010 mm3 

θ range for data collection 3.09 to 33.48°  

index ranges -65≤h≤64, -10≤k≤10, -37≤l≤37 

reflections collected 180891 

independent reflections 14057 [R(int) = 0.1138] 

absorption correction empirical 

max. and min. transmission 0.9856 and 1 

data / restraints / parameters 14057 / 36 / 591 

goodness-of-fit on F2
 1.006 

final R indices [I>2σ(I)] R1 = 0.0535, wR2 = 0.1359  

largest diff. peak and hole 3.055 and –1.567 e/Å3 
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Table A6. Crystal data and structure refinement for SU-73 

identification code SU-73 

empirical formula |(C10H30N6)3(Ge(OH)6)(H2O)8| 
[Ge7O14(OH)3]12 

formula weight 10421.26 

temperature 100 K 

wavelength 0.9077 Å 

crystal system monoclinic 

space group I2/m (no. 12) 

unit cell dimensions a = 23.062 (5) Å 

b =32.711 (7) Å 

c = 23.936 (5) Å 

β = 96.77 (3) ° 

volume 17931 (6) Å3 

Z 2 

density (calculated) 1.857 g/cm3 

absorption coefficient  13.274 mm-1 

F(000) 9352 

crystal size 0.300 × 0.300 × 0.300 mm3 

θ range for data collection 2.48 to 33.15°  

index ranges -24≤h≤24, -39≤k≤39, -28≤l≤28 

reflections collected 110814 

independent reflections 15229 [R(int) = 0.1138] 

absorption correction empirical 

max. and min. transmission 0.5895 and 1 

data / restraints / parameters 15229 / 6 / 689 

goodness-of-fit on F2
 1.081 

final R indices [I>2σ(I)] R1 = 0.1000, wR2 = 0.2414 

largest diff. peak and hole 0.912 and –0.776 e/Å3 
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Table A7. Crystal data and structure refinement for SU-JU-14. 

identification code SU-JU-14 

empirical formula |C2N2H10|3[Ge6.2Si0.8O15X]2[GeSi3O8] 

formula weight 1930.49 

temperature 293 K 

wavelength 0.71073 Å 

crystal system monoclinic 

space group C2/c (No. 15) 

unit cell dimensions a = 35.625 (7) Å 

b = 28.580 (6) Å 

c = 10.403 (2) Å 

β = 98.30 (3) ° 

volume 10481 (4) Å3 

Z 8 

density (calculated) 2.271 

absorption coefficient  7.825 

F(000) 6730 

crystal size 0.120 × 0.020 × 0.020 

θ range for data collection 4.08 25.35 

index ranges -42≤h≤42, -34≤k≤33, -12≤l≤11 

reflections collected 30123 

independent reflections 9554 [R(int) = 0.0914] 

absorption correction SADABS 

max. and min. transmission 0.0979 and 0.1196 

data / restraints / parameters 9554 / 62 / 609 

goodness-of-fit on F2
 0.966 

final R indices [I>2σ(I)] R1 = 0.0869, wR2 = 0.2457  

largest diff. peak and hole 2.237 and –2.782 e/Å3 
 

 


