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Abstract 

Microporous materials have a wide range of important applications in 
separation, gas adsorption, ion-exchange and catalysis. Open-
framework germanates are a family of microporous compounds and 
are of particular interest. This thesis focuses on the synthesis and 
characterization of new open-framework germanates as well as intro-
ducing the transition-metal nickel into germanate structures. 

One new microporous germanosilicate, SU-78 and four new open-
framework germanates, SU-74, SU-75, SU-69 and SU-76 have been 
obtained by using organic molecules as structure directing agents 
(SDAs). The incorporation of nickel and organic SDAs in the synthe-
sis resulted in five novel nickel germanates, SUT-1, SUT-2, SUT-3, 
SUT-4 and SUT-5, in which nickel complexes act either as frame-
work-forming components or as structure directing agents. 

The general synthesis route is described and the variables that affect 
the synthesis products are summarized. Different techniques applied 
on the characterization of chemical and physical properties of the 
products are also introduced.  

 
  

Keywords: open-framework, zeolites, germanates, nickel germanates, 
structure directing agent, nickel complexes, crystal structure determi-
nation, hydrothermal synthesis.   
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1. Introduction 

Microporous materials, such as aluminosilicates or zeolites, have a wide 
range of important applications in separation, ion-exchange and catalysis.1 
Open-framework germanates are a family of microporous compounds and 
are of particular interest. One reason why germanium was chosen as frame-
work species is that germanium is the closest analogue of silicon, one row 
below silicon in the periodic table. With similar properties to silicon, germa-
nium is expected to adopt framework structures similar to silicate.  

There are several advantages to construct a porous framework with ger-
manium instead of silicon. First, according to the Magnus-Goldschmidt rule2,  
the large ionic radii allows germanium to have more coordination of oxygen 
other than regular tetrahedron. In fact, germanium can be 4-, 5- or 6-
coordinated by oxygen, forming GeO4 tetrahedra, GeO5 square pyramids or 
trigonal bipyramids, and GeO6 octahedra, respectively, as shown in Fig. 1.1. 
The flexibility of coordination numbers for germanium allows for the forma-
tion of frameworks with mixed polyhedral types. With only tetrahedral 
building units, as in aluminosilicates, only a limited number of framework 
types have been developed,3 while with two or more polyhedral building 
units, it is expected to be possible to more rapidly produce new structures. 
Therefore, germanate frameworks are expected to greatly enhance the struc-
ture diversity of microporous materials.  

Moreover, the Ge-O-Ge angle in germanates (~130º) is smaller than Si-O-
Si angle in silicates (~145º) due to the significantly larger Ge-O bond lengths 
(~1.76Å) than Si-O bond lengths (~1.61Å). This geometrical factor strongly 
favors the formation of 3-rings and 4-rings.4 As predicted by Bruner and 
Meier,5 the 3-rings have shown to be the key to the synthesis of very open 
framework with very low framework density. Using germanium as a silicon 
substituent to direct the formation of double 3-rings (D3Rs) and double 4-
rings (D4Rs) in zeolite has resulted in a number of novel germanosilicate 
zeolite frameworks, 6  including ITQ-37, 7  the first chiral zeolite with one 
single gyroidal channel and 30-ring windows and ITQ-438 with a hierarchi-
cal system of micropores and mesopores and channel openings delimited by 
28 tetrahedral atoms. 
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Figure 1.1 Ball--stick and polyhedral model of different coordination of germanium 
in germanate frameworks: GeO4 tetrahedron, GeO5 square pyramid or trigonal 
bipyramid or GeO6 octahedron. Color code: Ge, green; O, red. 

1.1 Open-framework germanates 
 
Since the pioneering work of Xu and co-workers,9 a large number of open-
framework germanates with various porous structures and novel properties 
have been synthesized and characterized.  

Germanate frameworks can be built with only tetrahedral building units to 
form zeolitic structures. Normally, more than one type of polyhedral build-
ing units are found in the framework. By corner-, edge- or face-sharing oxy-
gen atoms these polyhedral units could be linked into large clusters. In gen-
eral, there are four such germanium clusters: Ge7(O,OH,F)19 (Ge7),

10  
Ge8(O,OH,F)20 (Ge8),

11  Ge9(O,OH,F)25-26 (Ge9)
12  and Ge10(O,OH)27-28 

(Ge10),
13 as shown in Fig. 1.2.  

The tendency to form these cluster building units opens opportunities to 
develop new open-framework materials with wide structural diversity. 14  
Taking the Ge10 cluster as an example, the Ge10 cluster can be 4-, 5- or 6-
connected by sharing its tetrahedra or vertex oxygen atoms, or even through 
extra GeO4 tetrahedra to form various frameworks from the dense Na4Ge9O20 
(6-ring, framework density FD=21.6 Ge-atoms/1000Å3),15 to the relatively 
open Ge-pharmacosiderite (8-ring, FD=15.3) 16  and ICMM-7 (14-ring, 
FD=13.0),17  to the very open SU-61 (26-ring, FD=10.2)18 and SU-M (30-
ring, FD=7.1).19   

It is also possible to combine different kinds of cluster building units in 
one framework, which has led to the formation of novel frameworks of 
STAG-1,20 SU-8,21 SU-44,21 SU-MB19 and JLG-12.22 STAG-1 has 16-rings 
comprising Ge7 clusters and double 4-rings (D4Rs) (Ge8). The frameworks 
of SU-8 and SU-44 are built from Ge7 and Ge9 clusters. SU-MB contains 
gyroidal channels built from Ge7 and Ge10 clusters, while JLG-12 has 
straight channels and consists of Ge7 and Ge9 clusters.  

Moreover, the aggregation of cluster building units offers great opportuni-
ties for the synthesis and design of open-frameworks with large pore sizes as 
predicted by G. Férey on the basis of “Scale Chemistry”.23 As a typical ex-
ample, SU-M, the first mesoporous compound with well crystallized frame-
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work, was synthesized in 2005.24 The framework of SU-M was built from 
the Ge10 clusters (Ge10X28, X=O, OH), and contains big cavities with an in-
ner diameter of 18.6×26.2Å. The cavities connect to each other through a 30-
ring window with a free diameter of 10.0×22.4Å. 

 
Figure 1.2 Germanium clusters in germanate frameworks: Ge7, Ge8, Ge9 and Ge10 
clusters. Color code: GeO4 tetrahedra, green; GeO5 square pyramids or trigonal 
bipyramids, yellow; GeO6 octahedra, red; Extra GeO4 tetrahedron, yellow. 

1.2 Transition-metal-incorporated open-framework 
germanates 
 
Many efforts have been made to introduce heteroatoms into microporous 
materials. This may extend the range of framework topologies and chemical 
compositions for the increasing demands in the industry applications of ca-
talysis, adsorption, and ion exchange. Compared to other heteroatoms, the 
transition-metals are more attractive because of their special properties, such 
as magnetic and catalytic properties. Flexible coordination of transition-
metals may also expand the structure diversity of the framework. Another 
interesting activity of transition-metals is to modify the properties of germa-
nates. Generally, transition-metals can be incorporated into the germanate 
structures in two ways: 1) as framework components to form transition-
metal germanate framework; 2) as guest species in pore spaces. 

1.2.1 Transition-metals as framework components 
As other heteroatoms already introduced into germanate frameworks, transi-
tion-metals, as well as germanium atoms, can be coordinated by oxygen 
atoms to form a framework with a composition of TxGey(O, OH, F)z 
(T=Transition-metal). Besides the framework, organic molecules may also 
coordinate to transition-metal atoms through their amino or hydroxyl groups. 
With the substitution of germanium by transition-metals, the thermal stabil-
ity of the framework may be increased and some physical or catalytic prop-
erties may be introduced. As reported, zirconium, niobium, zinc and cobalt 
have been successfully incorporated into germanate frameworks.  
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Zirconium germanates 
 
In general, in the reported zirconium germanates, the zirconium atoms are 

six coordinated by either oxygen or fluorine forming ZrX6 (X=O, F) octahe-
dra which were connected to different numbers of GeO4 tetrahedra by shar-
ing oxygen atoms to form different zirconogermanate frameworks. The re-
ported zirconium germanates include Ge2ZrO6F2·(H2DAB)·H2O (DAB=1,4-
diaminobutane) (ASU-15), 2 26

29

5  (C4N2H12)·[ZrGe4O10F2] (FDZG-1),  
(NH4)2ZrGe3O9 (FDZG-2), 27   (C2H10N2)·H2O· [ZrGe3O9] (FDZG-3), 28   
ZrGe3O8(OH)F·[C10H26N4]·H2O (ASU-23),   
Zr3Ge6O18(OH2,F)4F2·[C6H18N2]·[C6H17N2]2·2H2O (ASU-24),29 

ZrGe3O9·[C3H12N2] (ASU-25), 29 ZrGe3O9·[C2H10N2] (ASU-26) 29 and 
K2ZrGe3O9·H2O (Ge-umbite). 29  

ASU-15 is the first example of an open-framework zirconogermanate. In 
ASU-15, each zirconium atom is coordinated by four oxygen atoms in ap-
proximately square-planar coordination. The zirconium coordination sphere 
is completed by two F atoms forming a trans-ZrO4F2 octahedron. By sharing 
the four O-atoms with four tetrahedrally coordinated Ge-atoms, each Zr-
atom forms two corner sharing ZrGe2 triangles which are joined at the Zr 
vertex to form a planar ZrGe4 “bow tie” (Fig. 1.3a), a novel structure build-
ing unit to construct the Ge2ZrO6F2 framework which has two 3-rings in 
each vertex.  

FDZG-1 is the first organic templated zirconogermanate. It has a 
[ZrGe4O10F2] secondary building unit (SBU), denoted as spiro-5 (Fig. 1.3b), 
in which a ZrO4F2

2+ octahedron is linking to four GeO4 tetrahedra to form 
two 3-rings which share a vertex, similar to the “bow tie” ZrGe4 in ASU-15. 
However, the two 3-rings are not in a plane but oriented by a torsion angle of 
about 90º, and two terminal F atoms are located in the ortho-positions of the 
ZrO4F2 octahedron while in ASU-15 they are in the trans-positions. Depro-
tonated piperazinium cations are located inside the channels and form strong 
hydrogen bonds with oxygen and fluorine atoms in the framework, acting as 
“templates”.  

In FDZG-2, three GeO4 tetrahedra form cyclic trigermanate units (Ge3O9) 
in the ab plane, each of which is linked to ZrO6 octahedra (Fig. 1.3c) to form 
the framework with a cage-like topology. 

 In FDZG-3, one ZrO6 octahedron is connected to three GeO4 tetrahedra 
forming a zirconium trigermanate SBU denoted as 3=1 (Fig. 1.3d). The 
overall topology of FDZG-3 can be described as chains of corner-sharing 
GeO4 tetrahedra linked by ZrO6 octahedra to generate a 3D network.  

ASU-23, ASU-24, ASU-25, ASU-26 and Ge-umbite have the common 
structure motif ZrGe5 (Fig. 1.3e) in which one zirconium atom in an octahe-
dral coordination is connected by corner sharing to five GeO4 tetrahedra 
forming three 3-rings. Their frameworks can also be described as the chains 
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of GeO4 tetrahedra connected by ZrO6 octahedra to form 2D or 3D frame-
works. 

 
Figure 1.3 The connection between Zr(O,F)6 octahedron and GeO4 tetrahedra in 
zirconogermanates. (a) ASU-15; (b) FDZG-1; (c) FDZG-2; (d) FDZG-3; (e) ASU-
23, 24, 25, 26 and Ge-umbite. Color code: Zr(O,F)6 octahedra, orange; GeO4 tetra-
hedra, green. 

Niobium germanates 
 
Generally, niobium germanate frameworks are built from NbX6 (X=O, F) 

octahedra connected to different numbers of GeO4 tetrahedra by sharing 
oxygen atoms. The reported niobium germanates include 
K3Nb5GeO16·2H2O, 30 [(C4N2H11)Nb3GeO10] (NGH-1),  31 (C6H18N2)· 
Ge2.2Nb0.8O6.8F1.2 (NGH-5) 32and (C8H24N4)· [NbOGe6O13(OH)2F].33  

K3Nb5GeO16·2H2O was hydrothermally synthesized under high pres-
sure/high temperature conditions. The niobium atoms in the framework have 
an octahedral coordination to oxygen. There are three parallel chains of 
NbO6 octahedra propagated by oxygen (Fig. 1.4), two of which are joined 
into a double column by edge-sharing of the NbO6 octahedra (Fig. 1.4b). 
Vertical to the double column, a [NbO6-GeO4-NbO6] string was formed 
through vertex-sharing oxygen between NbO6 octahedra and GeO4 tetrahe-
dra (Fig. 1.4c). The [NbO6-GeO4-NbO6] strings connect to the single NbO6 
octahedra chains and the double columns of NbO4 octahedra to form a 3D 
framework with intersecting 2D channels, as shown in Fig. 1.4d.  

 
Figure 1.4 The framework of K3Nb5GeO16·2H2O was built from (a) single NbO6 
chain, (b) double column of NbO4 octahedra and (c) [NbO6-GeO4-NbO6] string, (d) 
viewed along the a-axis. Color code: NbO6 octahedra, blue; GeO4 tetrahedra, 
green. 
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NGH-1 is the first organic templated niobium germanate. In NGH-1, the 
double column of NbO6 and [NbO6-GeO4-NbO6] strings are also present as 
in K3Nb5GeO16·2H2O. However, no single chain of NbO6 is found in NGH-1. 
The double column of NbO6 octahedra and the [NbO6-GeO4-NbO6] strings 
connect by sharing corner oxygen between NbO6 octahedra and GeO4 tetra-
hedra to form a 3D framework of NGH-1.  

NGH-5 owns a structure analogue to zirconogermanate ASU-15 by re-
placing the ZrO6 octahedra with NbO6 octahedra.  

In (C8H24N4)[NbOGe6O13(OH)2F], the niobium is octahedrally coordi-
nated by five oxygen atoms and one fluorine atom. The NbO5F octahedra are 
connected to two GeO5 trigonal bipyramids and two GeO4 tetrahedra to form 
a NbGe6(O,OH,F)19 cluster, similar configuration with the Ge7 cluster where 
the octahedrally coordinated germanium atom replaced by an niobium atom 
and one of oxygen atoms replaced by a fluorine atom. The NbGe6(O,OH,F)19 
clusters are connected to each other by corner-sharing oxygen of GeO4 tetra-
hedra, forming a 2D layered structure of (C8H24N4)[NbOGe6O13(OH)2F]. 

 
Zinc germanates 
 
Besides being coordinated by oxygen to form tetrahedral building units, 

zinc can be also coordinated by organic molecules. The reported zinc 
germanates include [Ge9O18Zn2(OH)4]· 3(C2H8N2) (ZnGe-1A),  
[Ge9O18Zn2(OH)4]· 3(C2H8N2) (ZnGe-1B),

34

34 Na8[Zn4Ge8O18(OH)12]·2H2O,35 
Zn2Ge4O10(C3H10N2)

36 and ZnGe2O5(C2H8N2).
36 

ZnGe-1A and ZnGe-1B are the first amine-directed open-framework 
germanates with divalent metals. They have similar structures in which Ge9 
clusters connect to each other by corner-sharing oxygen atoms of their GeO5 
trigonal bipyramids forming a 3D framework. Two symmetry-related zinc 
atoms attach on one Ge9 cluster through two oxygen atoms. The zinc atom is 
also coordinated by three nitrogen atoms from two ethylenediamine (en) 
molecules, leading to a five-coordinated zinc site (Fig. 1.6a) which is rare in 
literature.  

In Na8[Zn4Ge8O18(OH)12]·2H2O, infinite linear chains of orthogonally ori-
ented corner-sharing [Ge2Zn2] 4-rings are connected together by sharing 
corners of [GeO3(OH)] tetrahedra, thus corrugated 2D layers with the com-
position of [Zn2Ge2O5(OH)3] are formed in the ab plane (Fig. 1.5a, b). These 
layers are nested together and connected by Na+ ions and H2O molecules to 
form the framework of Na8[Zn4Ge8O18(OH)12]·2H2O.  

In Zn2Ge4O10(C3H10N2), each ZnO4N trigonal bipyramid shares two edges 
to form zigzag infinite chains which are linked by 1,3-diaminopropane 
molecules to form hybrid organic-inorganic sheets with the composition of 
[Zn2O4(C3H10N2)] (Fig. 1.5c). The GeO4 tetrahedra are connected together 
by sharing three corners to form an unbranched single layer with the compo-
sition of [Ge4O10]. The [Ge4O10] single layers are connected by the hybrid 
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organic-inorganic sheets via four oxygen atoms to form the 3D neutral 
framework of Zn2Ge4O10(C3H10N2) (Fig. 1.5d).  

In ZnGe2O5(C2H8N2), the Zn-atoms connected by ethylenediamine (en) 
molecules to form infinite chains with the composition [ZnO2(C2H8N2)], 
while the GeO4 tetrahedra are connected together by sharing three corners to 
form unbranched zweier double chains parallel to the a-axis with the compo-
sition [Ge2O5]. The two oxygen atoms of each ZnO2(C2H8N2) moiety are 
joined to GeO4 tetrahedra of the [Ge2O5] chains resulting in the 3D frame-
work of ZnGe2O5(C2H8N2) (Fig. 1.5e). 

 
Figure 1.5 (a) 2D layer in the ab plane with the composition of [Zn2Ge2O5(OH)3] 
formed by corner-sharing between ZnO4 and GeO4 tetrahedra in 
Na8[Zn4Ge8O18(OH)12]·2H2O. (b) The 2D [Zn2Ge2O5(OH)3] layer viewed along the 
b-axis (c) [Zn2O4(NH2CH2CH2CH2NH2)] hybrid organic-inorganic sheet formed of 
infinite zigzag chains of edge-sharing ZnO4N trigonal bipyramids and bidentate-
bridging 1,3-aminopropaneligands. (d) Unbranched [Ge4O10] vierer single layer. 
(e) Structure of Zn2Ge4O10(NH2 CH2CH2CH2NH2), viewed along the a-axis. The 
yellow and green polyhedra are ZnO4N trigonal bipyramids and GeO4 tetrahedra, 
respectively. Black and orange circles are C and N atoms, respectively. H atoms are 
not shown for clarity. 

Cobalt germanates 
 
Only one cobalt germanate, [Co2(C2H8N2)3]·[Ge9O18(OH)4],

37  has been 
reported so far. Its structure is analogous to that of the zinc germanates 
ZnGe-1A and ZnGe-1B. In Co2(C2H8N2)3]·[Ge9O18(OH)4], the main part of  
framework is built from Ge9 clusters as in ZnGe-1A and ZnGe-1B. Co atoms 
connect to the framework by coordination of two en molecules. One en 
molecule acts as a bis-bidentate chelating agent, while the other connects the 
two Co sites in an end-to-end fashion (Co–N–C–C–N–Co), acting as a pillar 
inside a 10-ring channel as shown in Fig. 1.6. 
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Figure 1.6 Coordination environments of (a) Zn2+ in ZnGe-1 and (b) Co2+ in 
[Co2(C2H8N2)3][Ge9O18(OH)4]. The red, yellow and green polyhedra are GeO6 
octahedra, GeO5 square pyramids or trigonal bipyramids and GeO4 tetrahedra. 
Zn2+ and Co2+ ions are presented as orange and purple spheress, respectively. The 
ethylenediamine molecules are present in ball-and-stick model with H atoms omitted 
for clarity. 

1.2.2 Transition-metal complexes as guest species 
Besides being framework components, transition-metals coordinated by or-
ganic species forming metal-organic complexes can also exist in the void of 
germanate framework, playing the role of a templates or structure directing 
agent (SDA) in the formation of the germanate frameworks. Examples can 
be seen in Ni@Ge14O24(OH)3·2Ni(en)3 (en=ethylenediamine) (FJ-1a), 38   
[Ge7O13(OH)2F3]·Cl·[Ni(dien)2] (dien=diethylenetriamine) (FJ-6) 39  and 
[Ni(1,2-PDA)3]2·(HOCH2CH2CH2NH3)3·(H3O)2

· [Ge7O14X3]3 (X=F,OH) 
(JLG-4). 40  In the case of NH4·[Cu(NH3)2]·Ge9O19 (ICMM-Cu) 41  and 
NH4·[Ag(NH3)2]·Ge9O19 (ICMM-Ag), the M(NH3)2

2+ (M=Ag,Cu) complex 
can be ion-exchanged with a H+ ion without any significant change of the 
framework. The catalysis study has shown that ICMM-2 can be a promising 
catalyst for the cyclopropanation of olefins by ethyl diazoacetate. 

 
FJ-1a 
 
In FJ-1a, three Ge3O10 trimers connect to a trigonal-bipyramidal {Ni@Ge5} 

core to form a novel Ni@Ge14 unit. Each Ni@Ge14 building block is bridged 
to six others through O atoms to yield a 3D open-framework with 24-ring 
channels, which intersect with 12-ring channels. There are two types of 
[Ni(en)3]

2+ complexes in FJ-1a. Chiral [Ni(en)3]
2+ complexes are located in 

the center of the 24-ring channel with Δ and Λ configurations alternating 
along the c-axis and further interact with the Ni@Ge14 motifs through H-
bonding interactions. Achiral trigonal prismatic [Ni(en)3]

2+  complexes are 
occluded between the Ni@Ge14 motifs. The ordered separation of chiral and 
achiral [Ni(en)3]

2+ complexes in FJ-1 indicates that the host framework has 
molecular-recognition capability and stereospecificity for guest templates. 
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The chiral [Ni(en)3]
2+ complexes are responsible for the formation of the 

chiral motif as well as leading to the existence of stereospecificity and mo-
lecular recognition between the inorganic host and guest, while the achiral 
metal complex only transfers its symmetry to the framework. 

 
FJ-6 
 
In FJ-6, the Ge7 clusters are connected by sharing vertex oxygen atoms of 

the GeO4 tetrahedra to form chiral chains. The presence of two hydroxyl 
groups and three fluorine atoms prevents the Ge7 clusters from further con-
necting, resulting in 1-D structure of FJ-6. There are two types of chiral Ge7 
chains which make the entire structure of FJ-6 achiral. Two isomers of mer-
Ni(dien)2

2+ and s-fac-Ni(dien)2
2+ are present between the Ge7 chains, while 

another possible configuration of Ni(dien)2
2+ complex u-fac-Ni(dien)2

2+ is 
absent. The Ni(dien)2

2+ complexes interact with the chains both electrostati-
cally and via extensive H-bonding interactions. mer-Ni(dien)2

2+ is chiral and 
susceptible to racemization. Therefore, it is considered to lead to the chiral 
chains and racemization of the entire framework of FJ-6. 

 
JLG-4 
 
In JLG-4, Ge7 clusters are connected through corner sharing of 

oxygen atoms of the GeO4 units, forming infinite 1D hexagonal 12-
ring tubes running along the 63 screw axis. The Ni(1,2-PDA)3

2+ com-
plexes locate among individual tubes, and interact with three nearby 
tubes through H-bonds. Each 12-ring tube is surrounded by six pairs 
of enantiomers of Ni(1,2-PDA)3

2+ cations with Δ- and Λ-
configurations. Ni(1,2-PDA)3

2+ complex is thought to play a co-
structure-directing role in the formation of the unique tube-like struc-
ture of JLG-4. 

 
ICMM-2 
 
The framework structure of ICMM-2 is constructed from a 4=1 structure 

building unit, which consists of a 4-ring of corner-sharing GeO4 tetrahedra 
and an extra GeO4 tetrahedron. These 4=1 units are joined by three-
tetrahedra rings into an infinite sheet of composition [Ge4O9]. Two adjacent 
sheets of nine-rings are joined through GeO6 octahedra in an eclipsed con-
figuration to form a 3D framework of ICMM-2. A row of linear [M(NH3)2] 
(M=Ag, Cu) complexes are hosted inside the channel, interacting with the 
framework by hydrogen bonds through the N atoms and the framework O-
atoms. The framework does not suffer any significant change upon loss of 
the metal complex, which indicates that only a weak interaction exists be-
tween the complex cations and the framework. 
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1.3 The aim of this work 
 

Microporous compounds have widespread applications in industry including 
ion-exchange, selective sorption/separation and catalysis processes. New 
microporous materials with novel structures and properties are extremely 
desired for growing demands in the industry. In this thesis, we focus on the 
synthesis and characterization of new open-framework germanates, a family 
of microporous materials, as well as the study of their structures and proper-
ties. 

To enhance the structure diversity of germanate frameworks and achieve 
new properties for potential applications, many efforts have been made in 
this study to incorporate transition-metals into microporous materials. How-
ever, only a few successful examples were reported. In this thesis, we also 
focus on introducing nickel into germanate structures and studying the role 
that nickel plays in the structures. 
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2. Synthesis and Characterization of Open-
Framework Germanates    

In this thesis, the synthesis was preformed under hydro/solvothermol condi-
tions. The products were characterized by different techniques and the struc-
tures were solved by single-crystal/powder X-ray diffraction using synchro-
tron radiation. 

2.1 Synthesis of open-framework germanates 
 

The synthesis of microporous materials started in the late 1940s with the 
pioneer work of Richard Barrer and Robert Milton. In Barrer’s work, the 
recrystallization of known mineral phases in concentrated solutions of metal 
salt at fairly high temperature (≈ 170~270 ºC) led to the first synthetic zeo-
lites.42 Milton used aluminosilicate gel as starting materials, which made it 
possible to carry out the synthesis under milder conditions. Through this 
method, two novel aluminosilicates, Zeolite A and X, were made in 1959.43 
Organic ions, such as quaternary ammonium were introduced in the synthe-
sis of zeolites in the 1960s.44 Since then, the use of organic molecules as 
SDA or template has become more and more popular in the synthesis of 
microporous materials. The first organically templated open-framework 
germanates were synthesized in 1991.45 Since then, a large number of open-
framework germanates have been synthesized using different amines as 
SDAs. Even though the effects of organic species on the formation of 
framework structures are still not fully-understood, the organic molecules 
are proposed to play three different roles as: 1) templates, 2) structure direct-
ing agents, and 3) space filling species.46 Open-framework structures based 
on transition-metal germanates attracted much attention in the past dec-
ades.47 

2.1.1 General synthesis route 
Our synthesis was carried out under hydro/solvothermal conditions with 
amines as SDAs at a temperature range between 140 ºC and 180 ºC. Water 
was the main or only solvent and amines were used as SDAs. In some cases, 
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a co-solvent such as pyridine was essential. The transition-metal source used 
in our synthesis was Ni(NO3)2·6H2O. A typical synthesis procedure includes 
the following steps: 

a. Germanium dioxide, organic SDAs and solvent (H2O, pyridine, 
HOCH2CH2OH, for instance.) were mixed in a designed ratio and stirred to 
form a clear solution.   

b. For transition-metal germanates, aqueous solution of a nickel salt 
(Ni(NO3)2·6H2O) was added into the solution. The mixture was stirred until a 
clear solution or homogeneous suspension was formed.   

c. The solution or suspension was transferred into an autoclave. The auto-
clave was sealed and kept at an appropriate temperature (140 ºC - 180 ºC) 
for a designated time.  

d. The products were collected by filtration, carefully washed with deion-
ized water or other solvents and finally dried in air at room temperature or 
slightly higher temperature (40 ºC - 80 ºC).  

e. Some as-synthesized crystals may undergo phase transition or even 
structure collapsing during drying due to the lost of SDA or water in the 
structure. In this case, they were kept in the mother solution or other solvents 
for the structure analysis. 

In synthesis, several variables remarkably affect the final products. These 
are the type of SDAs, solvents, temperature, pH value, reaction time, etc.  

2.1.1 Organic structure directing agents (SDAs) 
Amine molecules are commonly used as SDAs in the synthesis of open-
framework germanates. Their molecular geometry such as the length of alkyl 
chain and the number of branches has a significant effect on the structure 
formation of germanate frameworks. In germanate structures, the amine 
molecules usually are protonated to offer complementary positive charge to 
balance the negative charge of the germanate framework and interact with 
the framework through hydrogen bonding of the framework oxygen atoms. 
Using different amines in the synthesis, products with the same framework 
structure may be obtained, while by the modification of synthesis conditions, 
different germanate frameworks can be formed using the same amine. In our 
synthesis, both SU-74 and SU-76 were synthesized using 2-
methylpentamethylenediamine (MPMD), while SU-74 could be also ob-
tained using 3-(aminomethyl)pyridine (AEP). SU-75 could be made with 
either ethylenediamine (dien) or 1,4-diaminobutane (dab) as the SDA. The 
use of amine in the synthesis also helps dissolve germanium dioxide in sol-
vent. Dense-phase germanium dioxide is often used as the starting materials. 
However, the poor solubility of germanium dioxide makes it difficult to 
achieve a high concentration of germanium. The additional amines in solvent 
provide a basic environment and remarkably enhance the solubility of ger-
manium dioxide.  
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2.1.2 Solvent and co-solvent 
The chemical and physical properties of solvents are important factors on the 
crystal nucleation and precipitation, as well as the control of the crystal size 
and morphology. The interaction of solvent molecules with the framework-
forming elements and organic SDAs must be neither too weak to dissolve 
the template and framework nor too strong to prevent the interaction of the 
framework moieties and the SDAs, prohibiting nucleation.48 The most com-
mon solvent used in open-framework germanate synthesis is water, while 
organic solvents such as pyridine, ethylene-glycol and N,N-
dimethylformamide, are often used as a co-solvent. In some syntheses only 
organic solvent was used. The water content is found to be very important in 
our synthesis. For example, when less water was used in the synthesis of SU-
74, the final product changed from SU-74 to SU-76. In the synthesis of 
nickel germanates, SUT-1 and SUT-2, it is observed that addition of pyridine 
facilitated the formation of SUT-2. Without the addition of pyridine, it was 
also possible to obtain crystals of SUT-2, but only as a minor phase together 
with ASU-14 or SUT-1.  

2.1.3 Temperature 
The synthesis of open-framework germanates usually is carried out in the 
temperature range between 100 ºC and 200 ºC. Heating offers the energy for 
the mineralization of crystals. Higher temperature enhances the nucleation 
and crystal growth but generally induces more defects in the final products 
or the formation of dense phases. The design of autoclaves and the materials 
of Teflon-tube restrict the temperature. In our syntheses, the temperature of 
140 ºC - 180 ºC is proper for the formation of open-framework germanates. 

2.1.4 Other synthesis parameters 
There are also other factors which can affect the final product of the synthe-
sis, such as the pH value and reaction time. In solutions with different pH 
values, the SDA protonation state might change, e.g. from monoprotonated 
to diprotonated for diamines, while a longer reaction time is required for 
some germanate synthesis, especially when attempting to get large single 
crystals. 
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2.2 Characterization of open-framework germanates 
 

Different techniques were applied on the phase identification and property 
characterization of the synthesized products, which include polarized light 
microscopy (PLM), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), Energy dispersive X-ray spectroscopy (EDXS), 
powder X-ray diffraction (PXRD), in-situ powder X-ray diffraction, thermo-
gravimetric analysis (TGA), CHN elemental analysis and inductively cou-
pled plasma (ICP). The single crystal X-ray diffraction will be discussed in 
section 2.3. 

2.2.1 Polarized light microscopy (PLM) 
Evaluating the as-synthesized product, e.g. powder or single crystals, pure or 
multiphases, is very important before other treatment or characterization. 
However, after synthesis, the solid products normally stick to the bottom of 
the Teflon container, which makes it difficult to observe the product with the 
naked eye. Optical microscopy is a convenient tool for a quick inspection. 
Under an optical microscope, it is possible to observe small particles 
(>10μm), to obtain the approximate particle shape and size. Particularly, by 
using polarized light microscope (PLM), it is possible to distinguish single 
crystals from an amorphous phase. In a polarized light microscope, non-
polarized white light is filtrated by a polarizer to generate polarized light 
before it reaches the sample. After the light passes through the sample, it 
encounters another filter (analyzer) before it is observed. When the polarizer 
is rotated, the vibration direction of the light is changed, so that the intensity 
of the observed light is changed accordingly. Crystalline objects refract the 
polarized light in their optical axis. So the vibrating direction of the polar-
ized light will be changed when it passes through the object. In contrast, 
amorphous materials don’t refract the polarized light, thus don’t change the 
vibration of the polarized light. When the analyzer is rotated from the same 
orientation as the polarizer to 90º between them, the amorphous objects will 
turn darker and darker while the crystalline phases become first brighter and 
then darker. Therefore, crystalline phases can be distinguished and in a spe-
cial orientation of the analyzer, the crystalline objects will stand out well 
from the background. If the crystals are big enough, it is possible to see the 
shape of the crystals, which may give some important information, for ex-
ample, deducing the possible crystal system and symmetry and identifying 
different crystalline phases. The difference between the images taken on an 
optical microscope with and without polarized light can be seen in Fig. 2.1. 
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Figure 2.1 Optical microcopy images of SUT-2. (Left)  polarized light microscopy 
image; (Right) Non-polarized light microscopy image. 

2.2.2 Scanning electron microscopy (SEM) 
Scanning electron microscope (SEM) is a microscope which uses convergent 
electron beam instead of light to form an image. When the electron beam 
hits the specimen, various signals will be generated, including secondary 
electrons, back-scattered electrons, characteristic X-rays, specimen current 
and transmitted electrons. Analysis of different signals has corresponding 
applications in various aspects, e.g. the secondary electrons and the back-
scattered electrons are commonly used for image formation and the charac-
teristic X-rays is used for energy dispersive X-ray spectroscopy. Compared 
to optical microscopy images, the images formed by SEM have much higher 
resolution due to the shorter wavelengths of electrons than photons. Even the 
crystal size is about hundred nanometers like SUT-5, the morphology can 
still be clearly seen in the SEM images, as shown in Fig. 2.2. Under optical 
microscope, it is very difficult to get the particle surface information, while 
in SEM images the surface of the particle can be observed with more details, 
which helps a lot to judge if the particle is single crystal or aggregation of 
small crystals and if the crystal contains any twining or defects.   

 
Figure 2.2 SEM images of SUT-5 and SUT-4. (a) The crystals of SUT-5 have a fi-
ber-like morphology with dimensions of 0.1×0.1×5.0 μm. (b) The ridges on the 
square-planner surfaces of SUT-4 crystals indicate twinning or disorders in the 
structure. 
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2.2.3 Transmission electron microscopy (TEM) 
Transmission electron microscopes (TEM) also use accelerated electrons to 
interact with the specimen. TEM is a very necessary and powerful tool in 
solving structures of microporous materials, because it is not easy to grow 
large enough crystals for single crystal X-ray diffraction and their powder X-
ray diffraction patterns can be very complicated due to extensive faults, 
intergrowth of nano-sized domains, strongly preferred orientation, large unit 
cell dimensions and others. However, many open-framework germanates can 
not survive very long time when exposed to the electron beam under the 
TEM, and thus are not ideal for TEM study. One of our nickel germanates, 
SUT-5, was stable enough for the collection of a series of electron diffrac-
tion (ED) patterns. By the combination of these ED patterns and its X-ray 
powder diffraction pattern, unit cell parameters and space group were suc-
cessfully determined. This information is very difficult to be obtained for 
SUT-5 from either powder X-ray diffraction due to serious preferred orienta-
tion or single crystal X-ray diffraction due to their small crystal size. 

2.2.4 Energy dispersive X-ray spectroscopy (EDXS) 
When the electron beam hits a specimen, two basic types of X-rays will be 
generated by the inelastic interaction of the electron beam with the specimen. 
One is characteristic X-rays coming from the ejection of inner shell electrons 
of the specimen atoms. The other is continuum (bremsstrahlung) X-rays 
resulted from the interaction of the incident electrons with the nucleus of the 
atoms in the specimen. Each type of atom has characteristic X-rays of de-
fined energies. The characteristic X-rays can be used for the characterization 
of different elements in the specimen. An energy-dispersive X-ray spec-
trometer (EDXS) comprises a detector which detects and converts the X-rays 
into electronic signals and a computer-controlled multichannel analyzer to 
sort the signals by energy, display the energy-dispersive X-ray spectrum and 
further analyze the data, as shown in Fig. 2.3. By the analysis of the energy 
distribution of the signals, the chemical composition of the specimen can be 
obtained. EDXS can give the chemical composition at one point, on a line or 
within a selected area as well as element distribution in the sample. EDXS is 
sensitive in detecting all elements heavier than Li in the periodic table. How-
ever, the calculated chemical composition depends on the specimen orienta-
tion and its relative position to the detector, giving rise to systematic errors. 
The spatial resolution of EDXS is limited by the penetration and spread of 
the electron beam in the specimen. Therefore, other elemental analysis tech-
niques, such as inductively coupled plasma analysis and CHN analysis are 
crucial for the determination of chemical compositions of the sample.  
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Element Weight Atomic Element Weight Atomic 
C K 25.93% 42.77% O K 30.00% 37.15% 
N K 6.96% 9.85% Ni L 1.60% 0.54% 
Ge L 35.50% 9.69%    

Figure 2.3 EDXS analysis of SUT-2. The calculated chemical composition of 
the selected area (marked with a pink box) is shown in the table. 

2.2.5 Powder X-ray diffraction (PXRD) 
Powder X-ray diffraction is a useful technique that can be applied in various 
fields, since it can provide a lot of useful information on the studied materi-
als. Here it is only used for the identification of crystalline compounds by 
their diffraction patterns. The X-ray beam is diffracted by the lattice planes 
with indices h, k and l within a crystal according to the Bragg’s law: 

 
 sin2 hkld                                       (2.1) 

 
where λ is the wavelength, dhkl is the distance between the hkl lattice planes 
and  is the angle between the primary beam and the direction to the hkl 
lattice planes. A powder species contains small crystals with random orienta-
tions. Therefore, the three-dimensional reciprocal lattice studied in single 
crystal diffraction is projected onto a single dimension. A powder X-ray 
diffraction pattern contains a number of peaks with different intensities and 
positions. Each crystalline phase corresponds to a unique diffraction pattern. 
By comparing the obtained pattern with those in the database, such as Inor-
ganic Crystal Structure Database (ICSD)49, Database of Zeolite Structures50 
and Database of Periodic Porous Structures, 51  the studied sample can be 
evaluated, e.g. either an unknown phase or a known phase. To simplify the 
searching in the database, it is better to index the observed pattern and get 
several possibilities of the unit cell. For multi-phase samples, the relative 
amounts of different phases can be evaluated from the peak intensity in each 
phase. The atomic structure model built from structure refinement using 
single crystal X-ray diffraction data can be confirmed by comparing the 
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simulated pattern based on the structure model with the experimental one. 
As an example, the simulated and experimental PXRD patterns of SUT-1 are 
shown in Fig. 2.4. 

. 
Figure 2.4 Experimental (bottom) and simulated (top) X-ray powder diffraction 
patterns of SUT-1. (Paper IV) 

2.2.6 In-situ powder X-ray diffraction 
In-situ powder X-ray diffraction is a technique for studying structural 
changes of a crystalline material at different temperatures. It is widely used 
in the investigation of thermodynamic and related kinetic behavior of mate-
rials. Here we use this technique to study the thermal stability of open-
framework germanates. The sample was kept in a vacuumized chamber and 
heated to high temperature (e.g. 450 ºC) at a designated rate. Powder X-ray 
diffraction was collected at every 50 ºC step. The structure change with in-
creasing temperature is clearly shown in the powder diffraction pattern at 
different temperatures. In the In-situ powder X-ray diffraction in Fig. 2.5, 
minor changes occurred until 200 °C where water was released from the 
voids of the structure. From 250 °C to 400 °C the peak intensities gradually 
diminished, indicating degradation of the crystallinity. The crystal degrada-
tion occurred when organic SDAs were released, as confirmed by TG analy-
sis. At 450 °C the material became amorphous. 

 
Figure 2.5 In-situ X-ray powder diffractions of SU-74. (Paper II) 

 18 



2.2.7 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is commonly applied to evaluate the 
weight percentage of template and solvent molecules in the open-framework 
materials. During heating, the solvent will be released and the SDA mole-
cules will decompose. The release of these small molecules from the sample 
is represented by a weight loss in the TGA curve. Through the interpretation 
of the weight-loss steps, the content of solvent and template in the sample 
can be estimated. An example is given in Fig. 2.6. 

 
Figure 2.6 TGA curve of SU-74-MPMD showing weight losses corresponding to 
water molecules and organic SDAs. (Paper II) 

2.2.8 Elemental analysis (CHN and ICP) 
Elemental analysis is very important in the determination of chemical com-
position of a compound. CHN elemental analysis is used for the determina-
tion of the concentration of only carbon, hydrogen and nitrogen in a sample. 
The most popular technology behind the CHN analysis is combustion analy-
sis where the sample is first fully combusted, which is achieved by providing 
an abundant oxygen supply during the combustion process. After the com-
plete combustion, all of the carbon, nitrogen and hydrogen in the sample are 
converted to carbon dioxide gas, nitrogen oxide gas and water vapor. These 
produced gases are carefully collected and weighed to determine the concen-
tration of only carbon, hydrogen and nitrogen in the sample. Inductively 
Coupled Plasma (ICP) is an analytical technique used for the identification 
and quantification of elements present in the samples by its emission spec-
trum. In ICP, atoms or ions in the sample were desolated, ionized and ex-
cited by plasma. When excited, the constituent elements of the sample will 
emit lights of different wavelength according to the elemental types. There-
fore, optical light spectroscope was coupled to ICP and the concentration of 
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the element within the sample can be quantified by the intensity of the char-
acteristic emission light. Comparing with CHN analysis, ICP can be applied 
to heavier elements. In our cases, the Ge/Ni ratios in all the nickel germa-
nates were determined by this method. The CHN analysis and ICP results of 
all the studied samples are summarized in Table 2.1. 
 
Table 2.1 CHN analysis and ICP results of the selected phases in this thesis 
 

 
CHN analysis  result 

(atomic ratio of  N: C: H) 
ICP analysis  result 

(atomic ratio of Ge/Ni) 
SU-74 1.0 : 1.93 :  7.98 - 
SU-75 1.0 : 1.34 :  7.06 - 
SUT-1 1.0 : 1.02 :  5.34 7.20 
SUT-2 1.0 : 1.02 :  6.22 22.50 
SUT-3 1.0 : 1.52 :  6.88 7.50 
SUT-4 1.0 : 1.50 :  6.45 11.0 
SUT-5 1.0 : 1.33 :  5.39 - 

2.3 Structure determination by single crystal X-ray 
diffraction 

2.3.1 Radiation sources 
Two kinds of radiation sources are commonly used in single crystal X-ray 
diffraction for structure determination: conventional X-rays and synchrotron 
X-rays. 

 
i. Conventional X-rays 
 
Conventional X-rays are produced by hitting a metal target with acceler-

ated electrons. In general, an X-ray generator consists of a cathode and a 
metal anode, between which a high voltage is applied. A filament is set be-
tween the cathode and the anode. When heated, the filament will emit elec-
trons which are accelerated by the applied high voltage and strike on the 
anode at a high speed. Radiation will be generated by the collision of the 
accelerated electrons with the metal atoms. The spectrum of the emitted ra-
diation contains two parts: continuous spectrum of the white radiation 
(bremsstrahlung) and discrete sharp peaks of the characteristic X-rays. The 
wavelength of the characteristic X-rays is related to the material constituting 
the anode. In the characteristic spectrum, Kα lines are normally used for X-
ray diffraction experiments due to their highest intensity. Copper and mo-
lybdenum are two common metals used as the anode in conventional X-ray 
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generators. The copper Kα lines with the wavelength λ=1.5418Å are usually 
used for macromolecular samples and X-ray diffraction for powder sample, 
while molybdenum Kα lines with λ=0.7107Å are used for single crystal X-
ray diffraction experiments on small-organic molecules or inorganic crystals. 

 
Table 2.2 The wavelength of Cu Kα and Mo Kα lines.52 

 

Anode 
material 

Kα* (Å) Kα1 (Å) Kα2 (Å) 

Cu 1.54187107 (50) 1.54059290 (50) 1.54442740 (50) 

Mo 0.710747 0.70931715 (41) 0.713607 (12) 

* The average wavelength of Kα lines was calculated by λKα = (2λKα1 + λKα2)/3. 

 
ii. Synchrotron X-rays 
 
Synchrotron X-rays are generated by a synchrotron radiation source. The 

radiation source is basically composed of three component facilities: a linear 
accelerator, the synchrotron (electron circular accelerator) and the storage 
ring. Charged particles, typically electrons were pre-accelerated to relatively 
low energy, e.g. several hundred MeV, in the linear accelerator. The pre-
accelerated electrons were then injected into electron circular accelerator, 
which consists of an array of magnets for focusing and bending the electron 
beam, and straight linear sections for accelerating the electrons. When the 
appropriate energy, e.g. several gigaelectronvolt (GeV), was reached, the 
highly relativistic electrons were injected into the storage ring. The storage 
ring contains a number of curved magnets providing a strong magnetic field 
to force the injected electrons to circulate on a closed path or orbit, and ac-
celeration sections compensating for the energy losses due to synchrotron 
radiation. The magnetic field in the bending magnets induces a very strong 
centripetal acceleration in the highly relativistic electrons. As known, accel-
erated charged particles emit electromagnetic radiation. The energy of the 
radiation emitted refers to the velocity of the charged particles. In the storage 
ring, the injected electrons move in a speed approaching that of light. As a 
consequence radiations with high energy covering the X-ray range will be 
emitted. More specially, when the electrons move at such a high speed, the 
emission is restricted in a very narrow cone parallel to the instantaneous 
velocity of the electrons. In the synchrotron facilities, this cone is tangent to 
the storage ring.  

Compared to the conventional X-ray diffractometer, the synchrotron ra-
diation facilities are so complicated and expensive that they cannot be built 
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by a single laboratory or institution. In fact, they are designed and built by 
one or several countries and are managed as national or international facili-
ties. However, there are many advantages to use synchrotron radiation in 
single crystal X-ray diffraction experiments. 

a) A wide range of radiation wavelengths can be used. Depending on the 
design and construction of the synchrotron facility, the radiation emitted has 
an energy distribution in a wide range. In a conventional X-ray machine, 
only Kα lines among the characteristic spectrum of the metal target elements 
are sufficiently for diffraction experiments. Therefore, the number of the 
available wavelengths is limited. By applying different monochromators, 
synchrotron X-rays with certain wavelength can be selected and used for 
different applications. 

b) Synchrotron radiation has a very high brilliance. It can be 105 times 
stronger than the conventional X-ray radiation. This high brilliance permits 
data collection of each frame being done in a very short time, down to the 
millisecond time range. So, even single crystals with a size about a few mi-
crometers will diffract with strong enough intensities for structure determi-
nation.   

2.3.2. Data collection and reduction 
During the data collection, the crystal is positioned and rotated in a variety 
of orientations by a goniometer to project different diffracted beams on an 
imaging plate or a CCD detector. Although in principle all symmetry inde-
pendent reflections should be collected, only a limited number are observed 
in practice due to the instrumental limitation. For small-molecule studies 
usually the data with resolution up to sinθ/λ of at least 0.6Å-1 (θmax > 25° for 
Mo radiation, θmax > 67° for Cu radiation) are necessary for solving the crys-
tal structure. Laue symmetry unique data are absolutely sufficient for centro-
symmetric crystal structures. Friedel-pair related data are also needed for any 
sample that crystallizes in a noncentrosymmetric space group. To reduce the 
noise and improve the data quality, each unique reflection can be collected 
more than once.  

Several corrections must be done before the measured intensity is used for 
structure solution. Generally the data corrections include Lorentz correction, 
polarization correction and absorption correction. During the data collection, 
each reflection spot crosses the Ewald sphere in different speeds. Those re-
flections with low resolution will stay on the image plate for a longer time 
thus giving higher intensities than others. The Lorentz correction simply 
takes this factor into account. The polarization factor refers to the attenuation 
of the X-ray beam in different scattering angles. For different polarization 
states of the incident beam, the polarization correction is applied in different 
forms. The adsorption of the incident and diffracted X-ray beams as they 
travel in the crystal also reduces the diffraction intensity. There are several 
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general methods of absorption correction, such as analytical, empirical, 
geometrical, and Fourier. The data reduction can be done using special soft-
ware, such as twinsolve and CrysAlisPro.53  

2.3.3 Structure solution and refinement 
In order to solve a structure we need to know the full information of the 
structure factor. An expression for the structure factor Fhkl is given by equa-
tion 2.2. From data collection and data reduction, the magnitude of Fhkl can 
be deduced from the diffraction data, according that the measured intensities 
are proportional to the square of the structure factor amplitude F, as shown 
in equation 2.3. 

 
 

The summation is over all N atoms in the unit cell, rj is the fractional co-
ordinates, fj is the atomic form factor, and H is the scattering vector. 

The structure factor phases, however, cannot be directly measured from 
the diffraction data. Two of the most famous methods for solving the phase 
problem are the Patterson Method and Direct Methods. The Patterson func-
tion is defined as the convolution of the electron density with itself; see 
equation 2.4. 

     
        

The Patterson function generates a map of a number of peaks indicating 
the interatomic distances in a real structure. The Patterson function only 
depends on the measured intensities and can therefore be calculated directly 
from experimental data. The term 'direct methods' is applied to that class of 
methods which seek directly to solve the phase problem by the use of phase 
relationships based on the observed intensities. Two general features of crys-
tal structures have led to the development of a broad range of mathematical 
relations among the structure factor phases based upon knowing the values 
of the amplitudes: 

(1) The electron density anywhere in real structure must be positive.  
(2) The structure is composed of discrete atoms.  
The Patterson method works comparatively well for crystal structures that 

contain a few heavy atoms and for which the Patterson map is therefore eas-
ier to interpret. This is not so when all atoms in a structure have similar 
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atomic numbers, as the Patterson map then contains many interatomic dis-
tance peaks with similar heights. Direct methods work, on the other hand, 
very well for structures with relatively uniform electron densities. Solving a 
structure by direct methods can be obstructed by the presence of strong 
pseudo-symmetries in the data. 

Patterson method and direct methods only give an initial structure model 
which only consists of a partial set of atoms and may be a wrong structural 
solution. The structure model can be completed by locating remaining atoms 
from the difference Fourier map. Different kinds of structural parameters, as 
atom positions, thermal displacement parameters and site occupancies, can 
then be refined by non-linear least squares. In order to determine the parame-
ters very reliably, the ratio of the number of data points (unique reflections) 
to the number of refined parameters, e.g. the degree of over-determination, 
should be larger than 10, in order to avoid artifacts from an ill-determined 
system. All structures presented in this thesis were solved by direct methods 
and refined with the SHELX97 software.54 
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3. Open-Framework Germanates 

In the synthesis of beta-related zeolite structures, synthesized N-ethyl-N-
methyl-dicyclohexylammonium (R1) and (N,N-dimethyl-
dicyclohexylammonium (R2) were used as organic SDAs, which resulted in 
a novel germanosilicate, SU-78. In the synthesis of new germanate frame-
works, three purchased amines 2-methylpentamethylenediamine (MPMD), 
diethylenetriamine (dien), 4-diaminobutane (dab) and tris(2-
aminoethyl)amine (TAEA) were selected as organic SDAs. MPMD owning 
a chiral carbon atom in the molecule has been successfully used to synthe-
size two new germanates, SU-74 and SU-76. By using dien or dab as a SDA 
a new germanate, SU-75, was synthesized. SU-69 was obtained using TAEA 
as a SDA. All the synthesis reactions were performed under hydro/solvo-
thermal conditions. The corresponding synthesis conditions are listed in Ta-
ble 3.1.  

The structure of SU-78 was determined by combining transmission elec-
tron microscopy (TEM) and single crystal synchrotron X-ray diffraction 
(SXRD). The structure of SU-74 was solved from synchrotron powder X-ray 
diffraction (PXRD) combining powder charge-flipping and simulated an-
nealing, while the structure of SU-75 was determined from single crystal 
synchrotron X-ray diffraction (SXRD). The structure of SU-76 and SU-77 
are still unsolved. However, the unit cell of SU-76 could be estimated from 
its powder X-ray diffraction pattern and that of SU-77 was estimated from 
its single crystal X-ray diffraction. The crystallographic information of the 
above four phases is summarized in Table 3.2. 
 
Table 3.1 Synthetic parameters for the open-framework germanates obtained 
in this thesis. 

 Batch composition Temperature / 
Time  

SU-78 GeO2:SiO2:ROH:H2O=0.4:0.6:0.5:30 180 ºC / 7 days 
SU-74-MPMD GeO2:MPMD:H2O=1.0:15.6:79.8 180 ºC / 7 days 
SU-74-AEP GeO2:AEP:H2O=1.0:3.8:42.0 175 ºC / 5 days 
SU-75-dien GeO2:dien:H2O=1.0:12.1:72.6 160 ºC / 17 days 
SU-75-dab GeO2:dab:H2O=1.0:13.9:77.5 160 ºC / 4 days 
SU-69 GeO2:TAEA:pyridine:H2O=1.0:7.0:38.9:174 150 ºC / 7 days 
SU-76 GeO2:dien:H2O=1.0:9.68:23.2 160 ºC / 7 days 
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Table 3.2 Crystallographic information of the open-framework germanates 
obtained in this thesis. 
 

 
Space 
group 

Unit cell Chemical composition 

SU-78 P2/m 

a=12.590(2)Å; 
b=12.852(2)Å; 
c=13.984(4)Å; 
β=107.63(2)° 

|(CH3)(C2H5)N(C6H12)2OH|· 
[Si0.71Ge0.29O2]16 

SU-74-
MPMD 

P21/c 

a=12.62726(4)Å;  
b=17.35186(5)Å; 
c=16.17343(5)Å;  
β=115.5509(2)° 

|(NH4)2(C6H18N2)|· 
[Ge12O25(OH)2]·(H2O)1.5 

SU-74-
AEP 

P21/c 

a=12.6277(10)Å;  
b=17.3845(11)Å; 
c=16.305(2)Å;  
β=115.870(5)° 

|(NH4)2(C6H18N3)|· 
[Ge12O25(OH)2] 

SU-75-
dien 

I-42d 
a=18.145(3)Å; 
c=41.701(9)Å; 

|(H2dien)2(H2O)n|· 
[Ge10O21(OH)2](n=5~6) 

SU-75-
dab 

I-42d 
a=18.1363(4)Å; 
c=41.426(2)Å; 

|(H2dab)2(H2O)n|· 
[Ge10O21(OH)2](n=5~6) 

SU-69 C2/c 

a=20.311Å;  
b=11.583Å; 
c=18.537Å;  
β =91.106° 

undetermined 

SU-76 P21221 

a=20.412Å;  
b=30.592Å; 
c=13.686Å;  
β =97.360° 

undetermined 

3.1 SU-78 (Paper I) 
 
Germanosilicate SU-78 was synthesized by using N-ethyl-N-methyl-
dicyclohexylammonium (R1) and (N,N-dimethyl-dicyclohexylammonium 
(R2) as organic SDAs. SU-78 is an intergrowth of two new zeolite beta 
polymorphs, SU-78A and SU-7B and contains interconnected 12-ring chan-
nels in three directions. Its structure was determined by combining electron 
crystallography and single crystal X-ray diffraction (SXRD).  



3.1.1 Twining and disorder in SU-78 crystals 
Each SU-78 crystal is a twin of two rhombic prismatic crystals that are ro-
tated by 90° respective to each other along the long rhombic axis and grow 
into each other. This twin rule was deduced from selected-area electron dif-
fraction (SAED) combined with focused ion beam (FIB). SEM also con-
firmed the crystal morphology, as shown in Fig. 3.1.  

The unit cell of SU-78 was determined from a tilt series of SAED patterns 
of a single twin domain. Using this unit cell, all the sharp peaks in the PXRD 
pattern and sharp spots in the SAED and SXRD patterns could be indexed as 
hkl with h = 3n. Streaks in the SAED and SXRD patterns could be indexed 
as hkl with h = 3n ±1, which indicates that stacking disorder exists within the 
domain. The disorder was confirmed by broad peaks in the PXRD pattern, as 
shown in Fig. 3.2. 

 
Figure 3.1 Twining in the SU-78 crystals. (a) SEM image of SU-78 crystals shows a 
twinning morphology.  A thin section was cut from the middle of a SU-78 crystal for 
SAED shown in (c). (b) The SAED pattern taken from one twin domain resembles 
the diffraction pattern of Beta polymorph C along the a-axis, (d) while the one taken 
from twin boundary is similar to that of zeolite beta. (c) A schematic representation 
of the SU-78 crystal showing how the section was cut and where the SAED patterns 
were taken. 

 
Figure 3.2 Powder X-ray diffraction pattern of the as-synthesized SU-78. Broad 
peaks appear at 2θ=7.7º, 20.1º and 28.7º. 
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2D superflip algorithm was applied to the 0kl reflections with sharp spots 
in the SXRD pattern, to firstly determine the structure projection along the 
[100] direction, as shown in Fig. 3.3a. From the projection, Si/Ge atoms can 
be located and 4-, 5-, 6- and 12-rings can be identified. The projection shows 
great similarity to that of BEC along the a-axis. 

Because of disorder in the projections along other directions, it is difficult 
to solve the structure directly from SXRD data. Therefore, HRTEM was 
applied to obtain images along other directions. The HRTEM images along 
the [010] direction was shown in Fig. 3.3b. The HRTEM image shows 
clearly severe twinning in the ab plane or stacking disorders along c*. An 
electrostatic potential projection along the b-axis was obtained by applying 
crystallographic image processing.  

 
Figure 3.3 Projections of SU-78. a) The projection along [100] obtained from SXRD 
by 2D charge-flipping, which is similar to that of BEC. b) HRTEM image along 
[010] and the averaged image (inset) generated by applying p2 symmetry to the 
highlighted area with the yellow box. This projection is similar to that of zeolite-beta 
containing polymorph A and B. (Paper I) 

Combining the structure projection along the a-axis obtained from SXRD 
and the projected potential along the b-axis, a 3D structure model denoted as 
SU-78B was built, which shows the BEC structure feature along the a-axis 
while the zeolite beta polymorph B structure feature along the b-axis, as 
shown in Fig. 3.4a. Based on the structure model of SU-78B, the structure 
model of the other polymorph, denoted as SU-78A, could be also built, as 
shown in Fig. 3.4b.  

The real framework of SU-78 is an intergrowth of SU-78A and B, as pre-
sented in Fig. 3.5. A series of PXRD patterns were simulated with different 
A/B ratios using DIFFaX18. The pattern with 50% of SU-78A fits best the 
experimental pattern, confirming our structure model, as shown in Fig. 3.6. 

The SU-78 material consists of a 3D 12-ring channel system. The straight 
12-ring channels along the a-axis are stacked on top of each other as in beta 
polymorph C (BEC).55 While along the b-axis, these channels are stacked 
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with a shift of ±1/3a, similar to that in zeolite beta.56 These channels inter-
sect to form zigzag 12-ring channel along the c-axis.  

SU-78A and B, together with zeolite beta polymorph A, B and C, are 
built from the same building layer containing 4-, 5-, 6- and 12-rings, as 
shown in Fig 3.7a. The difference among the different structures is the rela-
tive shifts between adjacent layers, as shown in Fig. 3.7. 

 
Figure 3.4 3D frameworks of (a) SU-78A and (b) SU-78B represented by tiles. 

 
Figure 3.5 Channel system in SU-78 superimposed with the 3D structure viewed 
along (a) the a-axis showing the BEC-type channels and (b) the b-axis showing the 
beta-type channel systems. The cyan surfaces are towards the pores while the blue 
ones are towards the framework. The SU-78A and B are marked. (Paper I) 
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Figure 3.6 Simulated patterns arranged according to the ratio of SU-78A stacking 
of the building layers. Here the common layers of zeolite beta were used, but the 
stacking consequences were different. (Paper I) 

 
Figure 3.7 Stacking of the common layer in different structures.  Viewing down the 
c-axis of the zeolite BEC, all the layers are stacked exactly on top of each other (left 
side of a) and this type of layer is then abstracted as a square lattice (right side of 
a).  In zeolite beta polymorph A/B, SU-78A and SU-78B, the stacking of common 
layer are represented in b, c, d and e, respectively. In each figure, the color of the 
different layers changes from dark green to light blue gradually to show the height 
increasing. The common layer in beta are shifted in both x and y directions while in 
SU-78, they are only shifted along the x direction. Note that the 90o rotation around 
the c-axis of the adjacent layer is not presented in the illustration. (Paper I) 
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3.2 SU-74 (Paper II)  
 

SU-74 can be synthesized with either 2-methylpenta-methylenediamine 
(MPMD) or 1-(2-aminoethyl)piperazine (AEP) as organic SDA, denoted as 
SU-74-MPMD and SU-74-AEP, respectively. Microcrystals of SU-74-
MPMD and single crystals of SU-74-AEP have similar plate-like morphol-
ogy (Fig. 3.8). SU-74-MPMD was solved from synchrotron X-ray powder 
diffraction data using charge-flipping algorithm. SU-74-APE was solved 
from synchrotron single crystal X-ray diffraction.  

 
Figure 3.8 SEM images of (a) SU-74-MPMD  microcrystals and (b) SU-74-
AEP single crystals. 

3.2.1 Framework of SU-74 
The framework of SU-74 was built from one Ge10 cluster and two extra 
GeO4 tetrahedra. Each Ge10 cluster directly connects to three neighbouring 
clusters by sharing its oxygen vertices and further links to three other clus-
ters through one of the extra tetrahedra, forming Ge10 layers in the bc plane, 
as shown in Fig. 3.9a. The other extra tetrahedron attaches to the Ge10 cluster 
on an apical position by corner-sharing three oxygen atoms with the Ge10 
cluster. This apical extra tetrahedron doesn’t join the connections within the 
layer. Seven separate rings including one 6-ring, two 7-rings and four 8-rings 
were formed between each Ge10 cluster and its six neighbouring clusters. 
However, all of these rings are elliptical and thus inaccessible. One extra 
tetrahedron attaches to the Ge10 cluster on an apical position sharing three 
oxygen atoms with the Ge10 cluster, while the other is connected to four Ge10 
clusters by sharing its corner oxygen atoms. 

The Ge10 layers stack along the a-axis and connect to form the 3D frame-
work of SU-74 with the composition of [Ge12O25(OH)2]

4-. The interlayer 
connections are only formed by a pair of extra tetrahedra with one in one 
layer and the other in the adjacent layer, acting as pillars between the Ge10 
layers, as shown in Fig. 3.9b. 6-, 10- and 12-rings in parallel to the bc plane 
are formed by two pillars and the participation of the Ge10 clusters, as shown 
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in Fig. 3.10. The 10-ring has diameters of 5.63 × 9.13 Å and the 12-ring 5.99 
× 9.16 Å (O···O distances), which are accessible for guest species. A 2D 
channel system runs through the pillared region in the bc plane, whereas no 
channels are found across in the Ge10 layer. Instead, pockets are found in the 
Ge10 layer which may be accessed from the 2D channels system in the pil-
lared region through 11-ring windows. 

 
Figure 3.9 Projections of SU-74 along [100], [010] and [001]. Color Code: Red, 
GeO6 ochtahedra; Green, GeO4 tetrahedra; Yellow, apical GeO4 tetrahedra; Blue, 
extra GeO4 tetrahedra. The unit cell was highlighted by a  purple box. 

 
Figure 3.10 The 6-, 10- and 12-ring between the Ge10 layers, marked with corre-
sponding numbers: (a) 6-ring; (b) 10-ring; (c) 12-ring. 

3.2.2 Topology and channel system 
In SU-74 the Ge10 clusters form the layered 63 net in the bc plane (Fig. 3.11a, 
b), where each node represents a Ge10 cluster. The presence of extra-cluster 
tetrahedra introduces a total of eight new edges (three in the bc plane, three 
above and two below) resulting in the novel 3D uninodal 11-coordinated 
31842958 net (Fig. 3.11c, d), which can be derived from a fcu net by simply 
removing one edge. The effect of the extra tetrahedra on the framework to-
pologies by creating additional edges between nodes was also found in other 
Ge10 phases, such as ICMM-7 and SU-61. In ICMM-7, the Ge10 clusters are 
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connected to form a 2D planar 44 net alone and the additional tetrahedra join 
the neighbouring layers to form the 3D bnn net. In SU-61, the Ge10 clusters 
along with their apical tetrahedra form one dimensional strips with a width 
of two nodes and each node then forms an additional four edges through the 
additional tetrahedra to form the osf net. 

The topology of the 2D channel system of SU-74 was determined by ex-
amining the connectivity of accessible cavities. The cavity with the face 
symbol [312.43.62.72.83.10.12] was considered as the only node. The cavity is 
centred in the pillared layer and extends into two pockets in separate Ge10 
layers as shown in Fig. 3.12a. The channel’s net may be formed by placing 
nodes in the centre of each cage and creating edges between cages through 
the 10- and 12-ring windows. Each node then connects to five neighbouring 
nodes in the bc plane forming a Shubnikov plane net (tts layer), as shown in 
Fig. 3.12b.  

 
Figure 3.11 Topological effects of the additional tetrahedra. (a) The layer of Ge10 
clusters in the bc plane shown without additional tetrahedra. (b) The 63 layer 
formed by the Ge10 clusters alone. (c) The structure of SU-74 with additional tetra-
hedra. (d) The uninodal 31842958 net of SU-74 with edges formed by the additional 
tetrahedra shown in turquoise. Nets are not shown in their highest symmetry form 
for easier comparison to the framework structures.(Paper II) 

 
Figure 3.12 The cavity and channel system of SU-74. (a) A single cavity with face 
symbol [312.43.62.72.83.10.12]. Oxygen atoms have been excluded for clarity. The 
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pockets formed by the Ge10 clusters in the bc layer are shown in green, while the 
portions in the pillared region are in grey. (b) The tts net of the 2D channel system 
of SU-74 shown in violet. The pockets of the cavities have been excluded for clarity. 
(Paper II) 

3.2.3 Guest species 
The guest molecules in SU-74 were found by combining simulated anneal-
ing and other techniques, such as CHN analysis, TGA and in-situ PXRD.  

In SU-74-MPMD, one unique H2MPMD2+, two NH4
+ cations and two 

H2O are found in the structure (Fig. 3.13a). The H2MPMD2+ cation is located 
in the channels between the Ge10 and interacts with the framework through 
directly hydrogen-bonding to the framework oxygen atoms or through bridg-
ing water molecules. NH4

+ cations were found in the pocket hydrogen bond-
ing to the framework oxygen atoms. The NH4

+ cations are probably from the 
decomposition of the MPMD during synthesis. One of the two H2O mole-
cules is disordered in two positions with equal occupancy and the other acts 
as a bridge between the framework and H2MPMD via hydrogen bonding 
between them. 

SU-74-AEP also contains one unique H2AEP2+ and two unique NH4
+ 

cations, found in similar positions as SU-74-MPMD (Fig. 3.13b and 3.13c). 
All the cations form hydrogen-bonds to framework oxygen atoms, while the 
H2AEP2+ cation was found to be disordered over two positions. In both cases, 
the two -NH2 groups of AEP were protonated and form hydrogen-bonds with 
framework oxygen atoms.  

The organic species in SU-74 not only act as counterions to balance the 
negative charges of the framework, but also play an important role as the 
structure directing agent. Obviously, the cavity of the pocket was taken up 
by NH4

+ cations in both SU-74-MPMD and SU-74-AEP. The pore geometry 
was found to follow the geometry of MPMD and AEP, as shown in Fig. 3.13 
and Fig. 3.14. The similarity of the molecular geometry and position of the 
amino groups of MPMD and AEP gives them the potential to form similar 
pores. However, hydrogen-bonding between the framework with 
H2MPMD2+ and H2AEP2+ is different. N1 of SU-74-MPMD is found in the 
10-ring window forming four hydrogen-bonds with framework oxygen at-
oms, while N3A in SU-74-AEP is located within the cavity and forms only 
two hydrogen-bonds to oxygen atoms of the 10-rings. The discrepancies in 
framework-SDA hydrogen-bonds between H2AEP2+ and H2MPMD2+, as 
well as the disorder of the H2AEP2+ suggest that the positions of these larger 
SDAs have less of a templating role than the NH4

+ cations.  
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Figure 3.13 SDAs in the cavity of SU-74. (a) H2MPMD2+, NH4+ and water mole-
cules in SU-74-MPMD. (b) H2AEP2+ with 82% occupancy and NH4+ in SU-74-AEP. 
(c) H2AEP2+ with 18% occupancy and NH4+ in SU-74-AEP. (PaperII) 

 
Figure 3.14 The structure directing effect of the organic SDAs in the channels of the 
SU-74 framework. (Left) SU-74-MPMD. (Right) SU-74-AEP. The MPMD and AEP 
molecules were presented in a ball-stick model with the absence of H-atoms for 
clarity.  

3.3 SU-75 (Paper III) 
 

SU-75 was synthesized under hydrothermal conditions with diethylenetria-
mine (dien) or alternatively 1,4-diaminobutane (dab) as SDA. The Ge10 clus-
ters in SU-75 connect to one another by sharing GeO4 tetrahedra to form 
4Ge10 building units, which connect to each other via bridging O-atoms to 
form a 3D framework with a pcu net topology. The framework exhibits a 
two-positional disorder resulting from two different possible connections 
between the 4Ge10 units. To simplify the structure, illustrate the disorder, and 
compare to related Ge10 phases, the Ge10 clusters are represented as superoc-
tahedra. 
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3.3.1 Basic framework of SU-75 
The framework of SU-75 is built from one unique Ge10 cluster at a general 
position within the unit cell. The Ge10 clusters connect to each other by shar-
ing GeO4 tetrahedra to form a 4Ge10 building unit (Fig. 3.15b). The 4Ge10 
building units connect to each other via bridging oxygen atoms to form 44 
net layers in the ab plane (Fig. 3.15c, d). Four of these layers in the unit cell, 
which are symmetry related by a d-glide perpendicular to the [110] or [1-10] 
direction, are stacked along the c-axis and connected by sharing the bridging 
oxygen atoms to form the 3D framework of SU-75 with the composition of 
[Ge10O21(OH)2]

4- (Fig. 3.15e). The entire framework of SU-75 adopts a pcu 
net (Fig. 3.15f), a third example of Ge10 germanates following Ge-
pharmacosiderite16 and IM-1457. 

 
Figure 3.15 Structure building units of the SU-75 framework. (a) The Ge10 cluster 
with extra GeO4 tetrahedra (in yellow) in apical position. (b) The 4Ge10 unit built 
from four Ge10 clusters by sharing GeO4 tetrahedra (in blue); (c) The Ge10 layer on 
the ab plane formed by connection of 4Ge10 units via bridging oxygen atoms, corre-
sponding to (d) a 44 net; (e) The Ge10 layers are stacked along c-axis and connect 
together by sharing bridging oxygen atoms to form 3D framework of SU-75, adopt-
ing (f) a pcu net. The different rings were marked with corresponding numbers. 
Color Code: Red, GeO6 ochtahedra; Green, GeO4 tetrahedra; Yellow, apical GeO4 
tetrahedra; Blue, extra GeO4 tetrahedra. The unit cell was highlighted by purple 
box. 

3.3.2 Twinning and disorder in the framework 
The 4Ge10 unit of the SU-75 framework is relatively rigid as mentioned 
above, while the connections between them in the ab plane is more relaxed 
and can be in two different ways. The two connected 4Ge10 units can be ei-
ther in the same orientation or symmetry related by a mirror or a 90º rotation, 
which leads to serous twinning/disorder within the 44 net layers, as shown in 
Fig. 3.18. Due to the serious disorder, the position of the SDAs could not be 
determined from single crystal diffraction data. However, via other tech-
niques, such as thermogravimetric analysis (TGA) and CHN elemental 
analysis, the amount of SDA in the structures could be estimated. Therefore, 
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the chemical composition of SU-75 was finally determined as 
[Ge10O21(OH)2]·2(dienH2)· nH2O (n=5~6). 

3.3.3 Superoctahedral representation 
To evaluate the framework of SU-75, a simplification was applied on the 
Ge10 clusters to clearly show how the 3D framework was built from Ge10 
clusters through various connections of the GeO4 tetrahedra. According to 
their octahedral arrangement around the four GeO6 octahedra in the center 
(Fig. 3.16a), the Ge10 cluster was simplified into an octahedron, where each 
vertex indicates one tetrahedrally coordinated Ge-atom (Fig. 16b). The api-
cal GeO4 tetrahedra do not contribute to ring formation or bridging, however 
its existence allows the assignment of various orientations of the Ge10 clus-
ters in the framework. Therefore, one of the faces of the octahedron was 
colored, according to the position of the apical GeO4 on the Ge10 cluster as 
shown in Fig. 3.16d. 

 
Figure 3.16 Topological simplification of a Ge10 cluster into an octahedron. (a) The 
Ge10 cluster in SU-75 has its six GeO4 tetrahedra in an octahedral configuration. 
Therefore from a topological perspective, the Ge10 cluster can be represented as (b) 
an octahedron. With the inclusion of (c) the extra GeO4 tetrahedron (in yellow), (d) 
one of the faces of the octahedron was colored yellow in accordance to the position 
of the apical GeO4 tetrahedron. (Paper III) 

With the simplification of the Ge10 clusters into super-octahedra, the 
framework of SU-75 can be represented by a network of connected superoc-
tahedra. As the GeO4 tetrahedra are shared between some Ge10 clusters, the 
4Ge10 unit can be represented as four corner-sharing superoctahedra (Fig. 
3.17a, b). The connections between two 4Ge10 units via bridging oxygen 
atoms are indicated by a red line between vertices of two superoctahedra. 
With this representation, the 8-, 10- and 12-rings in the ab plane (Fig. 3.17c) 
and the 10-, 11- and 12-ring channels along the a- and b-directions (Fig. 
3.17d) are evident.  

In the superoctahedral representation, the disorder of Ge10 clusters in SU-
75 can be well depicted. The two connected 4Ge10 units can either have the 
same orientation (connection-i) or their orientations can be related by a mir-
ror plane or a 90º rotation (connection-ii), as shown in Fig. 3.18a. In either 
case, the Ge-O-Ge angles are not strained. With the simplified representation 
of the Ge10 clusters, the orientation relationship between adjacent 4Ge10 units 
is more obvious, as shown in Fig. 3.18b.  

 37 



A model was built to represent the disorder in the framework of SU-75, as 
shown in Fig. 3.19a and b, where the crystal has two domains, denoted as 1 
and 2, separated by a black dotted line. Within each domain, all 4Ge10 units 
have the same orientation (connection-i), while connection-ii forms at the 
boundary of two domains (Fig. 3.19c, d). Disorder is more likely to occur in 
the ab plane rather than between layers stacked along the c-axis due to the 
heavy strain that would cause on the Ge-O-Ge angles (121.0 º).  

 
Figure 3.17 Superoctahedral representation of the SU-75 framework.  (a) The 4Ge10 

units are represented as (b) four corner-shared superoctahedra. The superoctahe-
dral representation of the whole framework viewed along (c) [001] and (d) [010]. 
The connections between clusters through bridging O-atoms are indicated as red 
edges. The different rings are marked with corresponding numbers. The unit cell 
lattice is highlighted with a blue box. (Paper III)  

 
Figure 3.18 Two possible connections between 4Ge10 units within the 44 net. (a) 
Connection i: the adjacent 4Ge10 units are in the same orientations; Connection ii: 
the adjacent 4Ge10 units are symmetry related by a pseudo-mirror symmetry or 90º 
rotation. (b) The superoctahedral representation clearly shows the orientation rela-
tionship between the adjacent 4Ge10 units in each kind of connection. The orienta-
tion of the 4Ge10 unit can be clearly seen by the yellow colored faces. These two 
different connections cause serious disorder/twinning within the 44 net. (Paper III) 
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Figure 3.19 A model of the disordered structure of the SU-75 sample. The 
structure refinement shows the disorder/twin domains with a ratio of Do-
main 1/2  2:1, as illustrated in (a) and (b). (a) The connection-i occurs 
within each twin domain, while connection-ii occurs between the domains. 
(c) The connectives in the green box in (a), where the connection types -i and 
-ii are marked. Color code: GeO6 octahedra in red, shared GeO4 tetrahedra 
in cyan, apical GeO4 tetrahedra in yellow and other GeO4 tetrahedra in 
green (Paper III) 

3.3.4 A comparison with other Ge10 phases 
In IM-14 and Ge-pharmacosiderite, layers of 44 plane nets are formed by 
Ge10 clusters in a different way than in SU-75. In-situ powder XRD (Fig. 
3.20) shows the thermostability of SU-75 is in the range of 50-70ºC, which 
is lower than that of IM-14 (150-200ºC) and Ge-pharmacosiderite (250-
300ºC). In SU-75, the layer is formed by connecting the 4Ge10 units via 
bridging O-atoms, while in Ge-pharmacosiderite and IM-14 the Ge10 clusters 
share GeO4 tetrahedra with each other within the entire layer, as shown in 
Fig. 3.21a and b. Therefore, only 8-rings are formed within these layers in 
IM-14 and Ge-pharmacosiderite. However, the connections between stacked 
layers in IM-14 and Ge-pharmacosiderite differ. In IM-14, the layers are 
connected by sharing bridging O-atoms (Fig. 3.21c), the same as in SU-75, 
while in Ge-pharmacosiderite the connections are formed by sharing GeO4 
tetrahedra between Ge10 clusters (Fig. 3.21g). Superoctahedral representa-
tions are shown in Fig.3.21b, d, f and h. It is worth mentioning that 
neighbouring Ge10 clusters along the a-axis in IM-14 are not in the same 
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orientation but tilted along the c-axis. The framework density decreases from 
Ge-pharmacosiderite (FD=15.3 Ge-atoms/1000Å3) and IM-14 (FD=13.7) to 
SU-75 (FD=11.6) with decreasing number of shared tetrahedra, which sig-
nificantly affects their thermal stability. 

 
Figure 3.20 In-situ powder XRD patterns for SU-75. SU-75 was stable up to 50 ºC 
before crystallinity began to degrade. (Paper III) 

The superoctahedral simplification can also be used for comparing Ge10 
phases with various nets and cluster connectivities such as SU-62 and two 
nickel germanates SUT-1 and SUT-2. These three structures are built from 
similar zigzag chain units composed of Ge10 clusters sharing GeO4 tetrahedra 
between them. These zigzag chains are linked by sharing bridging O-atoms 
between the Ge10 clusters, forming layers, as shown in Fig. 3.22. 

One difference between the structures is minor shifts between the chains. 
As shown in the superoctahedral representation (Fig. 3.22d, h, l), in SUT-1 
all octahedra are almost well orientated along the a- and b-axis. However, in 
SUT-2 and SU-62, the superoctahedra are slightly tilted around the axis per-
pendicular to the layer. Another structural difference from SUT-1 to SU-62 
and SUT-2 is the orientation of the bridging tetrahedra with terminal groups 
GeO3(OH) connecting the zigzag chains. In SU-62 and SUT-2, the terminal 
groups always point in the same direction (Fig. 3.22g, k), while in SUT-1, 
they alternate between the zigzag chains pointing opposite orientations. 
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Figure 3.21 Superoctahedral representation of the framework of IM-14 and Ge-
pharmacosidrite. (a)(e) A 44 net layer is formed by sharing GeO4 tetrahedra be-
tween Ge10 clusters in ac plane in IM-14 and ab plane in Ge-pharmacosidrite. (c) In 
IM-14 the 44 net layers are stacked along the b-axis and connected by sharing 
bridging O-atoms, (g) while in Ge-pharmacosidrite the connections are formed by 
sharing GeO4 tetrahedra. (b)(d)(f)(h) The simplified superoctahedral representation 
clearly shows the architecture of each structure and their relationship. (Paper III) 
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Figure 3.22 Superoctahedral representation of the Ge10 layer in the framework of 
SUT-1, SU-62 and SUT-2. (a)(e)(i) A zigzag chain is formed by sharing GeO4 tetra-
hedra between Ge10 clusters along the a-axis in SUT-1, the [101] direction in SU-62 
and the a-axis in SUT-2. (c)(g)(k) The zigzag chains are stacking on top of each 
other and connecting through sharing bridging O-atoms. (b)(d)(f)(h)(j)(l) The sim-
plified superoctahedral representation clearly shows the architecture of each struc-
ture and their relationship. (Paper III) 

 42 



3.4 SU-69 and SU-76 
 
Two more germanate phases, denoted as SU-69 and SU-76 were obtained. 
Unfortunately, neither of their structures has been solved due to disorder in 
the structure in SU-69 and small crystal size of SU-76. In order to solve the 
structures of SU-76, more work still needs to be done, e.g. modifying the 
synthesis conditions to get big enough crystals for single crystal X-ray dif-
fraction or pure samples for powder X-ray diffraction. Another possibility 
that should be taken account is the use of electron crystallography to solve 
the structure. 

3.4.1 SU-69 
The crystals of SU-69 are disk-like with dimensions of 2×2×0.5 μm, as 
shown in Fig. 3.23. By increasing the amount of water in the synthesis, the 
final product became large distorted hexagonal prisms (Fig. 3.24a, b). Under 
SEM, a lot of cracks were observed on the surface of the prisms (Fig. 3.24c), 
indicating that the prism may be either a big single crystal with many defects 
or intergrowth of aggregated sheets. Therefore, smaller crystals were se-
lected for single crystal X-ray diffraction using synchrotron radiation. One 
good dataset was obtained, from which the ordered part of the framework 
was solved and SDA molecules could be located. A novel Ge13 cluster build-
ing unit was found in the framework, which consists of a 3-ring core with ten 
GeO4 tetrahedra surrounding. The core is formed by one GeO6 octahedron 
and two GeO5 trigonal bipyramids by sharing vertex O-atoms (Fig. 3.25a). 
The GeO4 tetrahedra connect to the core through corner-sharing O-atoms 
(Fig. 3.25 b). The Ge13 clusters are linked together through extra GeO4 tetra-
hedra to form a layer on the ab plane (Fig. 3.25c). These layers stack along 
the c-axis. However, due to disorder between the layers, the 3D structure has 
not been solved yet. 

- 
Figure 3.23 SEM images of SU-69 crystals.  
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Figure 3.24 SEM images of the SU-69 crystals consisting aggregated sheets. 

 
Figure 3.25 Novel Ge13 cluster building unit in SU-69. The Ge13 cluster building unit 
consists of (a) a 3-ring core formed by sharing vertex O-atoms between one GeO6 
octahedron and two GeO5 trigonal bipyramids and (b) 10 GeO4 tetrahedra attached 
to the core through corner-sharing O-atoms. (c) The Ge13 clusters form a layer in 
the ab plane through connections of an extra GeO4 tetrahedron. Color Code: Red, 
GeO6 ochtahedra; Green, GeO4 tetrahedra; Yellow, GeO5 trigonal bipyramids; 
Blue, extra GeO4 tetrahedra. 

3.4.1 SU-76 
SU-76 was synthesized under similar conditions as SU-74, using the same 
SDA: MPMD. By reducing the water content in the starting solution, the 
final product was changed from SU-74 to SU-76. The crystals of SU-76 have 
a fiber-like morphology with dimensions of 0.3×0.5×5 μm, as shown in Fig. 
3.26a and b. The crystals are too small for single crystal X-ray diffraction 
even using synchrotron radiation. The powder X-ray diffraction pattern of 
SU-76 has a strong background from the amorphous impurities, and thus the 
peaks at high angle, especially above 40°, are submerged in the background. 
The indexing of the PXRD pattern suggests a monoclinic unit cell with 
a=20.40 Å, b=30.59Å, c=13.69Å and β=97.36° (Fig. 3.26c). 
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Figure 3.26 SEM images and powder X-ray diffraction pattern of SU-76. (a)(b) SEM 
images of SU-76 at different magnifications. (c) PXRD pattern of SU-76 refined with 
approximated unit cell. 
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4    Open-Framework Nickel Germanates 

Nickel is widely used in industry, such as catalysts for hydrogenation reac-
tions and in consumer products such as alnico magnets, coinage and re-
chargeable batteries. Similar to other transition-metals, nickel can exhibit 
various coordination geometries to oxygen or nitrogen, such as tetrahedron, 
square-plane and octahedron. Nickel has been successfully used in the syn-
thesis of new germanate framework.38,39,40 However, in most of the reported 
syntheses, nickel was not considered as potential framework element. In-
stead of this, nickel complexes, such as [NiCl2(en)3], [NiCl2(enMe)3] and 
[NiCl2(dien)3], were used as organic SDAs. Our aim is to introduce nickel 
into the germanate framework in order to achieve novel framework struc-
tures or novel properties. By using different amines as organic SDAs, a se-
ries of novel nickel germanates have been obtained under hydrothermal syn-
thesis conditions. 

In our synthesis, nickel source, Ni(NO3)2·6H2O, was dissolved in water, 
and then the solution was added to a suspension or solution of GeO2, SDA, 
water and co-solvent, if necessary. The mixture was stirred until homoge-
nous, and then the mixture was transferred into a 30 mL Teflon-lined 
stainless steel autoclave. The autoclave was kept statically at desired tem-
perature for the time from several days to several weeks. The products were 
filtered, washed with deionized water and dried at room temperature. A 
sketch of the synthesis process is shown in Fig. 4.1.  

Six new nickel germanates were obtained by using three different organic 
SDAs, ethylenediamine (en), 1,2-propanediamine (1,2-PDA) and diethyl-
enetriamine (dien). SUT-1 and SUT-2 were synthesized with en as the SDA. 
For the formation of pure SUT-2, the presence of pyridine is essential. SUT-
3 and SUT-4 were synthesized by using 1,2-PDA as the SDA, while SUT-5 
had dien as the SDA. The corresponding synthesis conditions are listed in 
Table 4.1. The structures of SUT-1, SUT-2, SUT-3 and SUT-4 were solved 
from single crystal synchrotron X-ray diffraction data, while the unit cell and 
space group of SUT-5 were determined from the combination of powder X-
ray diffraction and electron diffraction. The crystallographic information of 
the above four phases is summarized in Table 4.2. 
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Figure 4.1 A schematic of the synthesis of open-framework nickel germanates. (a) 
GeO2, SDA, pyridine and H2O were mixed and stirred to form a clear solution. (b) 
Aqueous Ni(NO3)2 was added into the solution, forming a colored suspension. (c) 
The suspension was stirred until it was homogeneous and then transferred to (d) 
Teflon-lined, stainless steel autoclaves. (e) The autoclaves were sealed and kept at 
appropriate temperature for designed time. 

 
Table 4.1 Synthetic parameters for the nickel germanates obtained in this 
thesis. 
 

 Batch composition Temperature 
(ºC) 

Time 
/days 

SUT-1 GeO2:en:Ni(NO3)2:H2O= 
1.00:125:0.24:350 

160 10 

SUT-2 GeO2:en:pyridine:Ni(NO3)2:H2O= 
1.00:18:26:0.23:156 

160 10 

SUT-3 GeO2:1,2-PDA:pyridine:Ni(NO3)2:H2O= 
1.0:40.8:26.0:0.096:77.5 

180 7 

SUT-4 GeO2:1,2-PDA:pyridine:Ni(NO3)2:H2O= 
1.0:33.4:35.4:0.065:211 

180 7 

SUT-5 GeO2:dien:pyridine:Ni(NO3)2:H2O= 
1.0:19.4:34.6:0.38:155 

180 7 
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Table 4.2 Crystallographic information of the open-framework germanates 
obtained in this thesis. 

 
Space 
group 

Unit cell Chemical composition 

SUT-1 Pcan 
a=10.5529(3)Å; 
b=31.5559(5)Å; 
c=20.7333(2)Å 

|2Ni(en)2·2(Hen)2·4.6H2O| 
[Ge20O40(OH)8·Ni(en)2] 

SUT-2 P21/n 

a=10.8907(2)Å; 
b=30.9833(5)Å; 
c=20.7890(5)Å; 
β=98.228(2)° 

|2(H2en)·2(Hen)·9(H2O)|  
[Ge22O45(OH)6·Ni(en)2] 

SUT-3 C2/m 

a=23.751(2)Å;  
b=20.4383(12)Å; 
c=10.3862(7)Å; 
β=90.359(8)° 

[Ge7O13.5(OH)3][Ni(1,2-PDA)2]· 
2H2O 

SUT-4 C2/m 

a=37.7974(11)Å; 
b=10.4874(2)Å; 
c=20.9666(4)Å; 
β=106.765(3)° 

|1.1Ni(1,2-PDA)2]1.1·0.8NH4· 
0.5C3N2H12·1.5C3N2H10| 
[Ge12.5O26(OH)2]·2H2O 

SUT-5 I41/a 
a=52.454Å;  
b=52.454Å; 
c=9.780Å 

undetermined 

4.1 SUT-1 and SUT-2 (Paper IV) 
 

SUT-1 and SUT-2 are the first examples of nickel germanates in which 
nickel complexes are directly linked to the framework as framework-forming 
units. In both structures, [Ni(en)2]

2+ complexes bridge square nets of Ge10 
clusters to form 3D networks. In SUT-1, [Ni(en)2]

2+ complexes were also 
found in the pores as templating species. The SUT-1framework has a bnn 
topology, while in SUT-2 the framework adopts a novel 4,7-connected net.  

4.1.1 Synthesis  
Both SUT-1 and SUT-2 were synthesized under hydrothermal conditions in 
a similar process. Yellow plate-like crystals of SUT-1 and lilac slab crystals 
of SUT-2 were obtained (Fig. 4.2). The differences between the synthesis 
conditions of SUT-1 and SUT-2 are the Ge/SDA ratio and the choice of the 
solvent. As seen in Table 4.1, the addition of pyridine as co-solvent facili-
tates the formation of SUT-2, while high concentration of SDA leads to the 
formation of SUT-1. 
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Figure 4.2 The yellow plate-like crystals of SUT-1 and lilac slab crystals of SUT-2 
and their SEM images. (a) SEM image of SUT-1; (b) SEM image of SUT-2; (c) 
Samples of SUT-1 (yellow) and SUT-2 (lilac).(Paper IV) 

4.1.2 Framework structures of SUT-1 and SUT-2 
Both frameworks of SUT-1 and SUT-2 contain layers of Ge10 clusters with 
apical additional GeO4 tetrahedra and nickel-complex linkages. Two adja-
cent GeO4 tetrahedra of each Ge10 cluster are shared with two other Ge10 
clusters along the [110] and [1-10] directions alternatively, generating a zig-
zag chain along the a-axis. Two opposite GeO4 tetrahedra in the [001] direc-
tion of each Ge10 cluster further connect the chains by corner-sharing the 
GeO4 tetrahedra into a layer, forming a wavy square net expanding in the ac 
plane, where the Ge10 clusters are located at the knots of the net, as shown in 
Fig. 4.3. The difference between the wavy square net layers of Ge10 clusters 
in SUT-1 and those in SUT2 is the orientation of the Ge10 cluster in the layer. 
In SUT-1 the Ge10 clusters are well-aligned along the a- and b-axis. In con-
trast, the Ge10 clusters in SUT-2 are slightly tilted along the c-axis. 

In SUT-1, two such layers in the unit cell are symmetry related by a 2-
fold rotation along the a-axis. The nickel ions in [Ni(en)2]

2+ complexes con-
nect two square nets by coordinating to the terminal oxygen atoms in the 
apical additional GeO4 tetrahedra, forming the 3D framework of SUT-1 (Fig. 
4.4a, b). In SUT-2, the  square nets of Ge10 clusters are also connected by 
square-planar [Ni(en)2]

2+ complexes at inversion centers in a manner similar 
to that in SUT-1, as seen in Fig. 4.4c and d. The difference is that, in SUT-1, 
the terminal -OH groups point into the 20-ring channel to form hydrogen 
bonds between each other (Fig. 4.4a), whereas in SUT-2, they are connected 
by additional Ge2O7 clusters to form extra linkages between four opposite 
Ge10 clusters, as shown in Fig. 4.4d. 
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In SUT-1, the arrangement and connectivity of Ge10 clusters resemble the 
RCSR bnn net describing hexagonal boron nitride if Ge10 clusters are con-
sidered as knots and nickel ions as bridges (Fig. 4.5a). In SUT-2, the extra 
linkages by the Ge2O7 clusters divide the 20-ring channels into two smaller 
ones (Fig. 4.4c) and give rise to a novel binodal 4,7-connected net if Ge10 
and Ge2O7 clusters are considered as knots (Fig. 4.5b). The details of the 
topology of SUT-2 are given in Table 4.3. 

 
Figure 4.3 The wavy square net layers of Ge10 clusters in (a) SUT-1 and (b) SUT-2 
viewed along the a-, b- and c-axis, as well as their superoctahedral representations. 
Color Code: Red, GeO6 ochtahedra; Green, GeO4 tetrahedra; Yellow, apical GeO4 
tetrahedra; Blue, shared GeO4 tetrahedra. 

 
Figure 4.4 Frameworks of SUT-1 (top) and SUT-2 (bottom) viewed along the a- and 
c-axis. Color Code: Red, GeO6 ochtahedra; Green, GeO4 tetrahedra; Yellow, extra 
GeO4 tetrahedra; Dark blue, Ni(N4O2) octahedra. 
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Figure 4.5 (Left) The bnn net topology of SUT-1 and (Right) 4,7-connected net to-
pology of SUT-2. The blue balls, dark blue sticks and yellow balls represent the Ge10 
clusters, nickel-complex linkages and extra Ge2O7 clusters, respectively. 

Table 4.3 Topology of the underlying net of SUT-2 (Paper IV) 
 
Compound SUT-2 
Space group of  
the net embedding 

Pmna 

Transitivity 2432 
Natural tiling signature [44] + [412] 
Point symbol for net {414.67}2{44.62} 
Coordination sequences of  
Vertex 1: 7 23 50  90 143 207 282  368  467  579 
Vertex 2: 4 16 44  80 128 190 264  348  444  550 

4.1.3 Nickel complexes and SDA molecules 
In SUT-1 and SUT-2, the nickel atoms have a square planar coordination of 
nitrogen atoms of the en molecules. As shown in Fig. 4.5, the en molecules 
are bent and covalently bonded to nickel atoms through the two nitrogen 
atoms at the ends. Four N atoms of two en molecules form a square with one 
nickel in the center, resulting in a square-planar [Ni(en)2]

2+ complex. The 
charge of the complex is determined by the calculation of the covalent bond 
valence of Ni and N, as shown in Table 4.4. In SUT-2, the [Ni(en)2]

2+ com-
plex is only found in the framework, while in SUT-2 they are found both in 
the framework and in the pore space. When in the framework, the [Ni(en)2]

2+ 
complex binds to the two oxygen atoms of the GeO4 tetrahedra of two Ge10 
clusters, forming a distorted NiN4O2 octahedron, while in the pore space, the 
[Ni(en)2]

2+ complex interacts with the framework through hydrogen bonds 
between the nitrogen atoms and the framework oxygen atoms (Fig 4.6a). 
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Organic and solvent molecules are usually in the voids of the framework. 
The organic SDAs are thought to play an important role in the formation of 
the inorganic frameworks. However, the determination of template and sol-
vent molecules is really depended on the quality of X-ray diffraction data. 
Because of the relatively large space in the pore and weak interaction be-
tween the carbon atoms and the framework, the template and solvent mole-
cules may move, bend or vibrate in the pore, which may destroy its periodic 
ordering. Therefore, in some case, the template and solvent molecules are 
very difficult or even impossible to locate from single crystal X-ray diffrac-
tion. However, other techniques, such as CHN elemental analysis, EDS, 
TGA, FT-IR and NMR are very useful in confirming the existence of tem-
plate and solvent as well as estimating their quantities in the structure. In 
SUT-2, the Hen+ and H2en2+ ions, together with H2O molecules, interact with 
the framework through hydrogen bonds. Thus, only six-coordinated Ni2+ 
ions exist in SUT-2, which gives it a lilac colour (Fig. 4.6b). 

 

 
Figur 4.6 SUT-1 and SUT-2 samples are in (a) yellow and (b) lilac, respectively, 
because of the different coordination environments of Ni2+. (c) In SUT-1, Ni2+ ions 
are in octahedral and square-planar coordination. (d) In SUT-2, Ni2+ only exists in 
the framework with octahedral coordination. (Paper IV) 
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Figure 4.7 Interaction between the framework and templates: (a) SUT-1 and (b); 
SUT-2. Both Ni(en)2+ clusters and en cations can be found in the pores of SUT-1, 
while only en cations exist in pores of SUT-2. (Paper IV) 

Table 4.4 Bond valences of Ni and their connected O atoms in SUT-2 

bond  bond 
length 

bond 

valence
 bond  bond 

length 

bond 

valence 

2×Ni1 - O15 2.251 Å 0.199   2×Ni2 - O38 2.215 Å 0.220  

2×Ni1 - N1A 2.075 Å 0.407   2×Ni2 - N2A 2.086 Å 0.395  

2×Ni1 - N1B 2.066 Å 0.417   2×Ni2 - N2B 2.083 Å 0.399  

Total bond valence 2.046   Total bond valence 2.028  

bond  

bond 
length 

(Å) 

bond 

valence  

bond 

 

bond 
length 

(Å) 

bond 

valence 

O15 - Ge9 1.765 Å 0.955   O38 - Ge17 1.764 Å 0.958  

O15 - Ni1 2.251 Å 0.199   O38 - Ni2 2.215 Å 0.220  

Total bond valence 1.154*  Total bond valence 1.178* 

* Since the summation of the bond valences for these oxygen atoms is only about 
one, one hydrogen atom was added to each of them in the structure model. 
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4.2 SUT-3 and SUT-4 (Paper V) 
 

SUT-3 and SUT-4 were synthesized under hydrothermal conditions using 
1,2-propanediamine (1,2-PDA) as templates and Ni(NO3)2·6H2O as the tran-
sition-metal source. SUT-3 shows a disordered framework containing Ge10 
clusters, additional GeO4 tetrahedra, and [Ni(1,2-PDA)2]

2+ complexes. In 
SUT-3, Ni complexes and Ge2O7 clusters act as bridges to connect Ge12 clus-
ters forming a novel 4,8-connected net. By building two polymorphs of 
SUT-3, the disorder can be easily interpreted. SUT-4 is built up by Ge13 
clusters, exhibiting an open-framework germanate with 2D 10-ring channels 
along [010] and [001] directions. [Ni(1,2-PDA)2]

2+ complex in SUT-4 adopts 
a square-planar geometry, and only acts as a template. SUT-4 is the first 
example of a Ni complex with square planar geometry only acting as a tem-
plate. 

4.2.1 The structure of SUT-3 
The framework of SUT-3 is built from 1D chains of Ge12 clusters (a Ge10 
cluster with two additional tetrahedra), two different [Ni(1,2-PDA)2]

2+ com-
plexes and extra Ge2O7 clusters. Ge12 clusters form a 1D chain sharing tetra-
hedra between the Ge10 clusters along the c-axis (Fig. 4.8b). These Ge12 
chains are symmetry related by inversion centres and connected by [Ni(1,2-
PDA)2

]2+ complexes along the b-axis, forming a 2D layer in the bc plane, as 
shown in Fig. 4.8c. 

The Ge12 layers stack along the a-axis and connect to form a 3D frame-
work of SUT-3. The interlayer connections are formed by extra Ge2O7 clus-
ters acting as pillars between the Ge10 layers. Interpenetrated 10- and extra-
large 16-ring channels are formed between the layers. The 10-ring channels 
run along the c-axis (Fig. 4.8d) and the 16-ring channel along the b-axis 
(Fig.4.8e). They are interconnected through 10-ring and 16-ring windows.  

From the topology point of view, Ge12 and Ge2O7 clusters can be consid-
ered as two kinds of nodes. As a consequence, a 4, 4-square net in the bc 
plane is constructed with the representation of the Ge12 cluster as a 4-
connected node.  The Ge2O7 cluster can be represented as another 4-
connected node which connects the square nets to form a framework with a 
novel binodal 4,8-connected net topology with Schläfli symbol of 
{416.612}{44.62}, as shown in Fig. 4.8f. 

The adjacent layers can have two different orientation relationships, 
which are described as polymorph A and polymorph B, respectively. Poly-
morph A exhibits the opposite orientations of the neighbouring chains while 
in polymorph B, the chains show the same orientation with the chains from 
the neighbouring layer, as shown in Fig. 4.9. The real crystal can be consid-
ered as an intergrowth of polymorph A and B, which results in two different 
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disorders in the framework. One comes from the two possible orientations of 
the Ge10 chains in the neighbouring layers, which can be considered as non-
disordered P-lattice model, as shown in Fig. 4.9d. The other contains two-
orientated Ge10 chains both within the layer and in the neighbouring layers, 
which indicates C-centred symmetry, as shown in Fig.4.9e. Both C-lattice 
and P-lattice models have been refined. 

The [Ni(1,2-PDA)2]
2+ complex which connects chains of Ge12 clusters in 

the bc plane owns a trans-coordinated Ni2+ ion which is formed by four 
square-planar N atoms of two 1,2-PDA molecules and two O atom from the 
Ge12 clusters, as shown in Fig. 4.10a. A different [Ni(1,2-PDA)2]

2+ complex 
is found to partially occupy the 10-ring channel, in which the Ni ion is coor-
dinated by two chelating 1,2-PDA molecules and two oxygen atoms from 
Ge10 clusters in a cis-coordination manner, as shown in Fig. 4.10b. 

The chemical formula of SUT-3 was deduced by combining the structure 
refinement, CHN analysis, ICP-AES analysis and thermogravimetric analy-
sis to be [Ge7O13.5(OH)3][Ni(C3N2H10)2] (H2O)2.  

 
Figure 4.8 Framework and topology of SUT-3. (a) The Ge12 cluster (octahedra in 
red and tetrahedra belonging to Ge10 cluster in green, additional tetrahedra in yel-
low); (b) 1D chains along the c-axis; (c) a building layer perpendicular to the a-
axis; (d) the 3D framework exhibiting 16-ring channels along [010] direction; (e) 
10-ring channels along [001] direction. (f) A topological description of the SUT-3 
structure as nodes of Ge12 clusters (blue) and Ge2O7 clusters(yellow), where edges 
show the connectivity between the Ge12 clusters and Ge2O7 clusters. The net shows a 
novel binodal 4,8-connected net.  
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Figure 4.9 Simplified representation of the SUT-3 framework. (a) The 1D Ge12 chain 
with two different orientations are represented as blue and grey cylinders. (b) Poly-
morph A and (c) polymorph B are represented with the simplification of Ge12 chain 
viewed along the b-axis. (d) C-lattice model, (e) P-lattice model. The purple connec-
tions represent the linkages of Ge12 chains through Ni complexes, while the connec-
tion between two Ge12 clusters via a Ge2O7 cluster is indicated by a yellow line be-
tween two nodes. 

 
Figure 4.10 (a) Trans- and (b) cis-coordination manner of Ni-complex. 

4.2.2 The structure of SUT-4 
SUT-4 shows an open framework germanate with 2D 10-ring channels along 
the [010] and [001] directions, where a [Ni(1,2-PDA)2]

2+
 complex and a 1,2-

H2PDA2+ cation reside. The structure building unit of SUT-4 can be consid-
ered as a Ge13 cluster, which is a Ge10 cluster attached by one GeO4 and two 
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GeO3(OH) tetrahedra. The Ge13 clusters links each other by corner-sharing to 
form 1D chains along the [010] direction. Those 1D chains connect the 
neighbouring chains related by a c-glide perpendicular to the b-axis to form 
a 2D layer perpendicular to the [100] direction. Three additional tetrahedra 
connect the vertex-sharing tetrahedral pair along the [001] direction forming 
11- and 5-rings in the bc plane. The two adjacent layers, related by a 2-fold 
axis along the b-axis, connect to form a double layer by sharing the common 
tetrahedra. Those double layers further link the neighbors through C-
centered symmetry operation to form the 3D structure, as shown in Fig. 4.11. 

 
Figure 4.11 Polyhedral representation of of SUT-4. . (a) The Ge13 cluster (octahedra 
in red and tetrahedra belonging to Ge10 cluster in green, additional tetrahedra in 
yellow); (b) Ni(1,2-PDA)2

2+ complex with square planar coordination mode ; (c) 2D 
layer perpendicular to the a-axis; 10-ring channels along [001] direction (d) and 
[010] direction (e). 

Different from SUT-3, the Ni complex in SUT-4 is 4-coordinated in 
square planar mode (Fig. 4.10b), and only acts as the SDA and does not link 
to the framework. The Ni complex is located in the 11-ring window and 
shows weak hydrogen-bond interactions with the framework and one water 
molecule. The water molecule holds on to the framework with a strong hy-
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drogen bond. Another 1,2-H2PDA cations is trapped in the 10-ring channels 
along the c-axis with a weak hydrogen bond to the framework. SUT-4 is the 
first example of a Ni complex with square planar geometry only acting as a 
SDA. 

Topological analysis reveals that the SUT-4 framework can be described 
as a vmu net, which is a uninodal 8-connected net with Schläfli symbol 
{36.416.56}. In vmu net, each Ge13 cluster represents a vertex and links to 
eight other Ge13 clusters. It is worth mentioning that the Ge13 cluster in SUT-
4 is the same as that found in SU-67. The Ge13 clusters share vertices, and 
each connects to eight other Ge13 clusters in both structures. However, the 
connectivity of each cluster to the neighbors is slightly different, which re-
sults in different topologies for the two frameworks; a vmu net for SUT-4 
and a nce-8-I41/acd net for SU-67. Both structures have the same double 44 
net layer, but the connection between the layers is different. In SUT-4, the 
relationship between the double 44 net layer is the C-centre shift, while in 
SU-67, the relationship is a 41-screw axis. From the structure of SU-67, it is 
known that the 2D layers can be connected through a 90º-rotation. Thus, if 
one pair of neighbouring layers in SUT-4 connects each other by a 90º -
rotation, and then continuously connects to other neighbor layers through the 
C-center shift, two domains are generated by the “fault” connection with the 
90º-rotation relationship. It is obvious that due to the way of connections in 
SU-67, four twinning domains can be generated. The topology of SU-67 and 
SUT-4 can be seen in Fig. 4.12. 

 
Figure 4.12 Topology of SUT-4 and SU-67. (Left) SUT-4 with a vmu net; (Right) 
SU-67 with a nce-8-I41/acd  net. 
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4.3 SUT-5 
 

SUT-5 was synthesized with diethylenetriamine (dien) as the SDA and pyri-
dine and water as the solvent. Ni(NO3)2·6H2O was used as the nickel source 
in the synthesis. It has typical fiber morphology (Fig. 4.13). In most cases, 
the fibers are aggregated. The unit cell of SUT-5 was determined from sev-
eral tilting series of electron diffraction (ED) patterns to be tetragonal with a 
= 52.45Å and c = 9.78Å. The space group was determined by indexing the 
powder XRD pattern with the unit cell from the ED analysis. The systematic 
absences show the highest symmetry of I41/a for SUT-5. The refinement is 
shown in Fig. 4.14. 

 
Figure 4.13 SEM image of SUT-5. A number of fiber-like crystals with diameters 
from 100 nm to 1 μm are observed in the sample of SUT-5. 

 
Figure 4.14 The powder X-ray diffraction pattern of SUT-5. The pattern can be 
indexed with the unit cell obtained from electron diffraction patterns. 
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5. Concluding Remarks 

Microporous materials have widespread applications in industry. In this the-
sis, open-framework germanates with new framework structures and topolo-
gies were synthesized by using different organic structure directing agents 
(SDAs) and characterized by various techniques. To enhance the structure 
diversity and achieve new properties, the transition-metal element nickel was 
introduced in the synthesis and several novel nickel germanates were synthe-
sized. 

One new germanosilicate, SU-78 and four new open-framework germa-
nates, SU-74, SU-75, SU-69 and SU-76 have been obtained. SU-78 is an 
intergrowth of two new zeolite beta polymorphs, SU-78A and SU-78B and 
contains interconnected 12-ring channels in three directions. The structure 
was solved by combining electron crystallography and single crystal X-ray 
diffraction. SU-74 has a novel 3D framework built from Ge10 clusters and 
extra GeO4 tetrahedra, solved by combining powder charge-flipping and 
simulated annealing. The structure directing effect of organic species on the 
framework of SU-74 was also discussed. SU-75 has a pcu net framework 
built from Ge10 clusters and extra GeO4 tetrahedra, solved by single crystal 
synchrotron X-ray diffraction. A simplified octahedral representation was 
applied on the structure description of SU-75 and other related phases to 
compare their structure relationship. SU-69 has a 3D framework containing a 
novel germanium cluster building unit which has not been reported before. 
The crystals of SU-76 have a needle-like morphology but the structure hasn’t 
been solved due to the small crystal size and low quality PXRD pattern. 

In chapter 4, by incorporation of nickel salts and organic SDAs in the 
synthesis, five new nickel germanates, SUT-1, SUT-2, SUT-3, SUT-4 and 
SUT-5 have been obtained. SUT-1 and SUT-2 are the first examples of 
nickel germanates in which nickel complexes are directly linked to the 
framework as framework-forming units. In both structures, [Ni(en)2]

2+ com-
plexes bridge square nets of Ge10 clusters to form 3D networks. In SUT-3, 
Ni complexes and Ge2O7 clusters act as bridges to connect Ge12 clusters 
forming a novel 4,8-connected net. SUT-4 is built up by Ge13 clusters, exhib-
iting an open framework germanate with 2D 10-ring channels along the [010] 
and [001] directions. Nickel complexes were also observed in the void of the 
frameworks in SUT-1 and SUT-4, acting as SDAs. The crystal structure of 
SUT-5 is still unknown, however, by combining TEM and PXRD, its unit 
cell was determined to be tetragonal. 
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Appendix I. Crystallographic data and structure refinement details of SU-
78B obtained from synchrotron single crystal X-ray diffraction. 

 

Chemical formula |(CH3)(C2H5)N(C6H12)2OH|·[Si0.71Ge0.29O2]16 

Crystal system monoclinic 

Space group  P2/m 

Unit cell parameters (Å) a = 12.590 (2) 

 b = 12.852 (2) 

 c = 13.984 (4) 

 β = 107.63 (2) ° 

Cell volume (Å3) 2156.4 (8) 

Z 2 

Density (calc) (g/cm3) 1.755 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 150 (2) 

F(000) 1104 

Crystal size (mm) 0.03×0.01×0.01 

θ min, max (deg) 2.96, 25.16 

Dataset (h; k; l) -15~15; -15~15; -17~17 

Tmin/Tmax 0.829/1.000 

Refinement method Full-matrix least-squares on F2 

Nref, Npar 2625, 156 

Data Completeness 33.2% * 

R1, wR2, S 0.1139, 0.2917, 0.974 

Largest diff. Peak and hole 0.663/-0.621(e/Å3) 

Twin components (%) 29/25/16/28 

* Two thirds of the reflections are not included in the refinement due to the disorder. 
Note that four twin components are included in the refinement: (1 0 0, 0 1 0, 0 0 1), 
(0 1 0, -10 0, 0.333 -0.333 1), (-1 0 0, 0 -1 0, 0.667 0 1) and (0 -1 0, 1 0 0, 0.333 
0.333 1) with 90° rotation between each other. 
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Appendix II. Crystallographic data and structure refinement details of SU-
74-MPMD obtained from synchrotron powder X-ray diffraction. 
 

Chemical formula |(NH4)2(C6H18N2)(H2O)1.5|[Ge12O25(OH)2] 

Crystal system monoclinic 

Space group  P21/c 

Unit cell parameters (Å) a = 12.62726 (4) 

 b = 17.35186 (5) 

 c = 16.17343 (5) 

 β = 115.5509 (2) ° 

Cell volume (Å3) 3164.23(2) 

Z 4 

Density (calc) (g/cm3) 3.121 

Wavelength  0.828704 Å 

Radiation type synchrotron 

Temperature (K) 150 (3) 

F(000) 2828 

2θ min, max (deg) 3.8, 59 

Refinement method Rietyeld refinement 

Nref, Npar 55200, 297 

Rp, Rwp, Rexp 0.0639, 0.0816, 0.0589 

R1 0.0173 
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Appendix III. Crystallographic data and structure refinement details of SU-
74-AEP obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula |(NH4)2(C6H18N3)|[Ge12O25(OH)2] 

Crystal system monoclinic 

Space group  P21/c 

Unit cell parameters (Å) a = 12.6277 (10) 

 b = 17.3845 (11) 

 c = 16.305 (2) 

 β = 115.870 (9) ° 

Cell volume (Å3) 3220.7 (5) 

Z 4 

Density (calc) (g/cm3) 3.039 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 298 (2) 

F(000) 2792 

Crystal size (mm) 0.006×0.007×0.012 

θ min, max (deg) 1,76, 24.21 

Dataset (h; k; l) -15~15; -20~20; -19~18 

Tmin/Tmax 0.8895/0.9425 

Refinement method Full-matrix least-squares on F2 

Nref, Nres, Npar 2625, 60, 156 

Data Completeness 96.4%  

Rint, R1, wR2, S 0.1863, 0.0962, 0.2225, 0.986 

Largest diff. Peak and hole 3.111/-2.113(e/Å3) 
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Appendix IV. Crystallographic data and structure refinement details of SU-
75-dien obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula |(H2dien)2(H2O)n|[Ge10O21(OH)2] (n= 5~6) 

Crystal system Tetragonal 

Space group  I-42d 

Unit cell parameters (Å) a = 18.145 (3) 

 c = 41.701 (9) 

Cell volume (Å3) 13730 (4) 

Z 16 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 120 (2) 

F(000) 7904 

Crystal size (mm) 0.06×0.06×0.01 

θ min, max (deg) 1.19, 25.50 

Dataset (h; k; l) -22~22; -22~19; -52~52 

Tmin/Tmax 0.826/1.000 

Refinement method Full-matrix least-squares on F2 

Data, restraints, parameters  7022, 0, 281 

Data Completeness 99.7%  

Rint, R1, wR2, S 0.0694, 0.0563, 0.1664, 1.043 

Largest diff. Peak and hole 1.663 /-1.120(e/Å3) 
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Appendix V. Crystallographic data and structure refinement details of SUT-
1 obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula 
|2Ni(en)2·2(enH)2·4.6H2O| 

[Ge20O40(OH)8·Ni(en)2] 

Crystal system orthorhombic 

Space group  Pcan 

Unit cell parameters (Å) a = 10.5529 (3) 

 b = 31.5559 (5) 

 c = 20.7333 (2) 

Cell volume (Å3) 6904.3 (2) 

Z 4 

Density (calc) (g/cm3) 2.858 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 150 (2) 

F(000) 5745 

Crystal size (mm) 0.05×0.01×0.002 

θ min, max (deg) 1.9, 25.5 

Dataset (h; k; l) -10~12; -39~39; -25~25 

Tmin/Tmax 0.878/1.000 

Refinement method Full-matrix least-squares on F2 

Data, restraints, parameters 7013, 0, 517 

Data Completeness 99.6%  

Rint, R1, wR2, S 0.0722, 0.0802, 1.037 

Largest diff. Peak and hole 1.691/-0.925(e/Å3) 
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Appendix VI. Crystallographic data and structure refinement details of 
SUT-2 obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula |(CH3)(C2H5)N(C6H12)2OH|·[Si0.71Ge0.29O2]16 

Crystal system monoclinic 

Space group  P21/n 

Unit cell parameters (Å) a = 10.8907 (2) 

 b = 30.9833 (5) 

 c = 20.7890 (5) 

 β = 98.228 (2) ° 

Cell volume (Å3) 6942.6 (2) 

Z 4 

Density (calc) (g/cm3) 2.878 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 150 (2) 

F(000) 1104 

Crystal size (mm) 0.03×0.25×0.01 

θ min, max (deg) 1.59, 25.50 

Dataset (h; k; l) -13~13; -38~38; -17~25 

Tmin/Tmax 0.845/1.000 

Refinement method Full-matrix least-squares on F2 

Data, restraints, parameters 13967, 14, 1000 

Data Completeness 98.3%  

Rint, R1, wR2, S 0.0593, 0.0466, 0.1209, 1.043 

Largest diff. Peak and hole 1.556/-1.511(e/Å3) 
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Appendix VII. Crystallographic data and structure refinement details of 
SUT-3 obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula [Ge7O13.5(OH)3][Ni(C3N2H10)2](H2O)2 

Crystal system monoclinic 

Space group  C2/m 

Unit cell parameters (Å) a = 23.751 (2) 

 b = 20.4383 (12) 

 c = 10.3862 (7) 

 β = 90.359 (8) ° 

Cell volume (Å3) 5041.7 (6) 

Z 4 

Density (calc) (g/cm3) 2.498 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 150 (2) 

F(000) 3560 

Crystal size (mm) 0.02×0.02×0.02 

θ min, max (deg) 2.36, 24.41 

Dataset (h; k; l) -27~27; 0~23; 0~12 

Tmin/Tmax 0.644/1.000 

Refinement method Full-matrix least-squares on F2 

Data, restraints, parameters  4276, 78, 285 

Data Completeness 99.8%  

Rint, R1, wR2, S 0.0416, 0.1281, 0.2935, 0.974 

Largest diff. Peak and hole 2.799/-2.984(e/Å3) 
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Appendix VIII. Crystallographic data and structure refinement details of 
SUT-4 obtained from synchrotron single crystal X-ray diffraction. 
 

Chemical formula [Ge12.5O26(OH)2][Ni(C3N2H10)2]1.1(NH4)0.8 
(C3N2H12)0.5(C3N2H10)1.5(H2O)2 

Crystal system monoclinic 

Space group  C2/c 

Unit cell parameters (Å) a = 37.7974 (11) 

 b = 10.4874 (2) 

 c = 20.9666 (4) 

 β = 106.765 (3) ° 

Cell volume (Å3) 7957.8 (3) 

Z 4 

Density (calc) (g/cm3) 2.741 

Wavelength  0.68890 Å 

Radiation type synchrotron 

Temperature (K) 150 (2) 

F(000) 6240 

Crystal size (mm) 0.05×0.05×0.01 

θ min, max (deg) 2.19, 26.41 

Dataset (h; k; l) -47~46; -13~13; -26~26 

Tmin/Tmax 0.770/1.000 

Refinement method Full-matrix least-squares on F2 

Data, restraints, parameters  7998, 33, 494 

Data Completeness 97.7%  

Rint, R1, wR2, S 0.0602, 0.636, 0.1822, 1.056 

Largest diff. Peak and hole 2.805/-2.579(e/Å3) 
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