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Abstract 
Novel open-framework germanates and vanadoborates, which are 
constructed from typical types of clusters, have been synthesized based 
on different strategies. The crystal structures are solved by using single 
crystal X-ray diffraction (SCXRD) technique or by combined techniques. 
Additionally, the structures of two open-framework materials, PKU-3 
and PKU-16, are determined from nano-sized crystals by rotation 
electron diffraction (RED) combined with powder X-ray diffraction 
(PXRD).  
This thesis serves as an introduction to synthesis of open-framework 
germanates and vanadoborates based on different design strategies. Two 
germanates are obtained; SU-74 is achieved by employing a novel 
structure directing agent (SDA), SUT-8 is achieved by assembling the 
novel structure building units (SBUs) of Co@Ge14 with the introduction 
of cobalt ions in the synthesis. Four strategies are successfully used in 
construction of open-framework vanadoborates: using metal-oxo 
polyhedra as the linkages in SUT-6; applying the scale chemistry 
approach in SUT-7; employing metal-organic complexes as the linkages 
in SUT-12, SUT-13, SUT-14; and introducing covalent bond organic 
linkages into SUT-10 and SUT-11. Single crystal X-ray diffraction is 
used to conduct the structure determination in combination with other 
techniques.  
Furthermore, the structures of two open-framework materials, an 
aluminoborate PKU-3 and a germanosilicate PKU-16, are solved from 
nano-sized crystals using RED data. The structures are further confirmed 
by Rietveld refinement against PXRD data. The advantages of the RED 
techniques are demonstrated in two aspects. In PKU-3, the presence of 
seriously preferred orientation and light elements in the structure makes 
it difficult for structure determination by PXRD, but it is easier by RED. 
In PKU-16, the RED technique is used to determine its structure from the 
as-synthesized multi-phasic sample containing nano-sized crystals. After 
the structure of PKU-16 has been solved, the synthesis of this interesting 
phase can be optimized and pure PKU-16 can be obtained. 

Keywords: Open-framework, germanates, vanadoborates, 
aluminoborates, germanosilicates, crystal structure, hydrothermal 
synthesis, single crystal X-ray diffraction, rotation electron diffraction, 
powder X-ray diffraction  
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1. Introduction 
 

Microporous materials such as zeolites, phosphates, germanates, borates, 
metal-organic frameworks (MOFs), covalent organic frameworks (COFs), 
and hydrogen-bonding organic frameworks (HOFs) are crystalline 
materials with pores less than 2 nm. They have attracted great interests 
due to their structural diversity and broad applications in ion exchange, 
catalysis, and separation.1–10 Among them, inorganic framework materials 
such as zeolites, phosphates, germanates, and borates draw special 
attention due to their broad industrial applications.1,3,7,10,11 These 
inorganic, microporous materials are normally constructed from 
inorganic polyhedra, which are built with three to six oxygen atoms 
coordinated to metal or metalloid polyhedra. These polyhedra can be 
further assembled to form second building units (SBUs), and similar 
SBUs are frequently found in different microporous structures. SBUs can 
be classified into different types based on their structural features, such as 
germanates and vanadoborates, SBUs normally form cluster-like 
configurations. In this thesis, we have defined these cluster-like SBUs as 
cluster-based structure building units (CBSBUs). For example 
germanium-oxo polyhedra tend to form specific types of clusters, 
including Ge7, Ge8, Ge9 and Ge10. These clusters can be further assembled 
to form different germanate frameworks. In other cases, such as zeolites, 
in which the SBUs have richer configurations, some of their SBUs (such 
as D4Rs, D6Rs) also show obviously cluster-like feature. 

In microporous material synthesis prospects, the synthesis of new types 
of inorganic microporous based on CBSBUs is being rapidly developed 
to better understand the inorganic chemistry of cluster formation and 
assembling mechanism. Many synthesis strategies5,12–14 are also used to 
develop diverse microporous material structures. Müller et al.14 and Khan 
et al.5 introduced linkages between isolated clusters to create porosity. 
Férey et al.8,13 proposed the scale chemistry methodology and predicted 
that the larger the SBUs, the larger the pores. Wang et al.12 demonstrated 
that using organic structure direct agents (OSDAs) with longer carbon 
chains, the channels in the phosphates can be successfully expanded from 
microporous to mesoporous. Among these three strategies, the first two 
were demonstrated to be successful in CBSBUs.15,16  

Understanding the crystal structure of materials is the key to exploring 
their applications. In microporous materials, the crystal structure has a 
more important role to explore the catalytic or separation performance. 
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Conventionally, the single crystal X-ray diffraction (SCXRD) technique 
is the main approach for determining crystal structures. However, due to 
the small crystal sizes of many newly discovered microporous materials, 
SCXRD cannot be applied. Alternatively, the powder X-ray diffraction 
(PXRD) technique can provide the 1D fingerprint of the diffraction 
intensities for polycrystaline materials. However, due to the heavily 
compact effect of 3D information into 1D in PXRD, peak overlapping 
problem arises, which hinders the application of PXRD. Besides, 
structure determination based on PXRD can be very time consuming. 
Instead of X-rays diffraction techniques, electron crystallography 
methods, which mainly refer to electron diffraction and high-resolution 
TEM imaging here, can be used to determine the crystal structure of nano 
crystals of sizes down to a few unit cells. These techniques have been 
vigorously developed in our group during the past 30 years, led by Sven 
Hovmöller and Xiaodong Zou. Among them, an amazing new technique 
developed in the recent years is the rotation electron diffraction (RED). 
By using this technique, 3D diffraction data of nano-sized crystals can be 
obtained in 2 h. Furthermore, the obtained data can be used to determine 
the unit cell and crystal structure in a straightforward manner through 
traditional structure determination algorithms.  

In this thesis, Chapter 2 reviews germanate and vanadoborate cluster-
based microporous materials. Chapter 3 introduces the fundmental 
problems and techniques for determining crystal structures. Chapters 4 
and 5 introduce novel germanates and vanadoborates from the synthesis 
and structure point of view in detail. SCXRD techniques will also be 
demonstrated to determine the crystal structures of synthesized materials. 
Chapter 6 describes a germanosilicate and an aluminoborate structure by 
using RED and PXRD techniques. Chapter 7 is a summary and 
perspective regarding synthesis and structure characterization of 
microporous materials. 
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 2. Germanate and Vanadoborate Cluster-
based Inorganic Open-frameworks 

 

 

2.1 A brief history of inorganic open-frameworks  

Inorganic open-framework materials are of great importance due to their 
interesting pore structures and broad applications in industry. The oldest 
open-framework materials are zeolites, which were discovered in 1756 by 
Swedish mineralogist Axel Fredrik Cronstedt. He named them zeolites 
(the Greek words zeo and lithos stand for boil and stone.) after he heated 
the silicate mineral and observed that it fused in a blowpipe flame with 
remarkable intumescence.17,18 The synthesis of open-framework materials 
also started from zeolites, which can be traced back when St. Claire 
Deville first reported the hydrothermal synthesis of zeolite levynite in 
1862.19–22 The crystal structure determination for zeolites also started 
after the discovery of natural zeolites. The initial work on structure 
determination first started from a few zeolites, including zeolite analcite, 
sodalite, and scolecite.23 In 1928, Gruner24 obtained the first diffraction 
pattern, unit cell, and space group information of zeolite analcite. Later in 
1929, Jaeger25 was able to get the unit cell and space group and possible 
framework atomic positions for zeolite analcite. However, he ran into a 
problem of locating the water molecules in the channel. In 1930, Taylor23 
found the complete, correct crystal structure of zeolite analcite. At the 
same time, Pauling26 found the correct structure of sodalite. Figure 2.1 
shows the first diffraction pattern and the structure model of zeolite 
analcite. 
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Figure 2.1. a) The diffraction photograph of analcite John W. Gruner 
obtained,24 and b) the structure model of analcite proposed by W. 
H.Taylor23 

In the 1940s, Barrer27–29 and Milton30,31 began synthesizing zeolites. 
Barrer used the hydrothermal synthetic method to synthesize zeolites 
from minerals. Milton used more active materials such as fresh 
aluminosilicate gels, which led to the discovery of new types of zeolites. 
Today most synthesis of new framework types of aluminosilicates still 
benefits from these discoveries. In 1965, Barrer introduced Ga and Ge 
atoms into the zeolite synthesis to substitute Al and Si, respectively,32 
which expanded the elements used in the synthesis.  

In the early 1980s, Flanigen et al.33 expanded the inorganic framework 
synthesis to aluminophosphates. The aluminophosphates, or APOs, are 
the III-V analogue to SiO2 based on the consideration of isoelectronic. 
APOs can be synthesized similarly to zeolites synthesis through a 
hydrothermal or so-gel process.34 APOs can vary their structures and 
porosities by varying the Al/P ratios, different SDAs, temperatures, and 
solvents used in synthesis. Many zeolite analogue structures with large 
pore sizes and novel topologic structures other than silica zeolites were 
found in APOs. Furthermore, Si and other tetrahedrally-coordinated 
metals, such as Co, Zn and Ti, could be introduced into the synthesis of 
APOs, which further enriched the zeolite analogue structures, such as 
silicoaluminophosphates (SAPOs) and metal aluminophosphates 
(MAPOs). Figure 2.2 shows the pioneers in zeolite research. 
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Figure 2.2. Pioneers in discovering zeolite and zeolite analogue synthesis 
(Copyright International Zeolite Association and American Chemical 
Society). 

With the discovery of different types of zeolites and zeolite analogues, 
the templating and structure directing effects of the cations or guest 
organic amine molecules were gradually revealed. Natural zeolites 
always contained alkali or alkaline earth ions such as Na+, K+, Ca2+ and 
Ba2+. In synthesized zeolite materials, most frameworks are  negatively 
charged but some can be neutral (such as in pure silica polymorphs, 1:1 
APOs or some SAPOs). The cations, which are frequently used in the 
synthesis of open-framework materials, evolved from inorganic cations to 
organic amines in the 1960s35 after Barrer introduced the organic 
alkylammounium in the zeolite synthesis. The inorganic cations, protons, 
and organic amines can simultaneously or independently occur in the 
synthesized materials. Depending on the charge on the frameworks, the 
materials can be classified into anionic and cationic frameworks for 
negative and positive charges respectively.  

The templating or structure directing effects of the guest species in the 
channels lead to the extensive synthesis of open-framework materials in a 
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controllable and designable way. After different templates or organic 
structure directing agents (OSDAs) were employed in the synthesis of 
zeolites and their analogues, there was an enormous growth of open-
frameworks. The open-frameworks are expanded from zeolite analogues 
to open-framework materials or three dimensional (3D) crystalline 
microporous materials. These open-frameworks can be built with the 
basic atoms in tetrahedral coordination environments (TX4, T is the 
central atom in a polyhedron and X is the coordination atom surrounding 
the T atom; the X atoms in inorganic open-framework materials are 
normally oxygen atoms, but they can also be OH group or other type of 
group VI or VII atoms), such as APOs, SAPOs, silicagermanates, and 
borosilicates. If we further extend the diversity of polyhedra to TX3, TX4, 
TX5, TX6, TXn, (n is the coordination number of T atoms), the inorganic 
open-frameworks can be further expanded, which are constructed from 
combining different types of polyhedra such as aluminoborates, 
vanadoborates, and germanates. 

Almost half of the elements on the periodic table can be used to construct 
open-framework materials. By combining multiple elements and 
designed synthetic strategies, the building units of the open-frameworks 
can range from a single polyhedron to well defined complicated clusters.  

The cluster-based open-framework materials refer to the type of materials 
that are constructed from CBSBUs. With different cluster types and 
linkages, the material shows different dimensionality and porosity. 
Cluster-based frameworks can not only have larger pore size based on the 
scale chemistry,8,13,36 but also the merits of single clusters, such as 
catalytic, luminescence and magnetic properties, can be embedded in 
their corresponding open-framework materials. Here in this chapter, we 
will focus on cluster-based open-frameworks and review the progress of 
the typical materials in detail, such as germanates and vanadoborates. 

 

2.2 Typical types of cluster-based open-framework materials 

2.2.1 Germanates 

Germanates are a type of typical cluster-based open-framework material. 
The germanium was first used to construct open-framework materials in 
1965 by Barrer32 in zeolite synthesis to replace silicon. But back in 1954, 
Nowotny37 performed hydrothermal synthesis on an alkaline ion-GeO2-
H2O system and obtained the first open-framework germanate structure 
Na3HGe7O16∙4H2O. This is now known as the pharmacosiderite, which is 
constructed with typical Ge10 clusters and can be synthesized by using 
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organic amines as SDAs.38 In 1991, Xu et al.39 introduced organic amines 
into germanate synthesis and obtained the first organic amine templated 
germanates. Unlike silicon atoms, which normally exhibit the tetrahedral 
coordination configuration, the germanium can be found in various 
configurations when coordinated with oxygen atoms under hydrothermal 
conditions. The GeOx (X= 4, 5, 6) can be a 4-coordinated tetrahedron, a 
5-coordinated trigonal bipyramid, a square pyramid, or a 6-coordinated 
octahedron (Figure 2.3). Many types of complicated germanium clusters 
can be formed by combining different polyhedra, such as Ge7 (Ge7X19), 
Ge8 (Ge8X20), Ge9 (Xn, n = 25, 26), and Ge10 (Ge10X28) (X = O, OH, F). 
These basic clusters can either be assembled alone, or combined with 
other types of clusters, to form open-framework materials with different 
ring sizes from microspores to mesopores. For instance, the 24-ring FJ-
140, SU-1241, ASU-1642, the 26-ring SU-6143, and even mesoporous 30-
ring SU-M44 can be formed based on germanium oxo-clusters.  

 
Figure 2.3. The coordination configuration of GeOx (x = 4, 5, 6). a) 
tetrahedral (in green); b) trigonal bipyramidal (in yellow); c) square 
pyramidal (in blue); and d) octahedral (in red). The color will be kept in 
the whole thesis for the corresponding geometry. 

Similar to zeolites, the germanate frameworks also have various 
properties for their potential applications in catalysis, separation, and ion 
exchange. Xu et al.45 used trans- and cis-1,4-diaminocyclohexane as 
reactants to perform the hydrothermal reaction. After the reaction 
finished, the cis-1,4-diaminocyclohexane was found to be concentrated in 
the Ge-O layers as the guest molecules, and the isomers could be 
separated. ICMM-646 with three kinds of interconnected helical 8-, 11- 
and 11-ring channels is an active chiral catalyst for Michael addition 
reaction and acetalization of aldehydes. It is stable in water and can be 
recovered and reused. Similar properties were also observed in ICMM-
4.47 In UCR/20GaGeS-TAEA, the material exhibits the type I isotherm 
that is characteristic of microporous solids and shows a high Langmuir 
surface area of 807 m2/g. This sulphur germanate also exhibits strong 
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photoluminescence at 480 nm, and heavier elements incorporated into the 
germanium sulphur clusters can enhance the luminescence properties.48 
The first  chiral microporous [Me2NH2]2[Sb2GeS6] synthesized by Feng49 
shows good properties for ion exchange with alkali metal cations. It can 
be potentially used to remediate radioactive Cs+ from nuclear wastes and 
semiconductor functional materials. Incoporating the transition metal-
organic complexes in selenidogermanates, Jia50 synthesized two 
compounds that show well-defined abrupt absorption edges from the 
optical absorption spectra and the estimated band gaps for 
[Mn(en)3]2Ge2Se6 and [Fe(dien)2]2Ge2Se6 are 2.36 eV and 2.25 eV, 
respectively; this indicates that  these materials can be potentially used as 
semiconductors. 

2.2.1.1 Germanate framework constructed from germanium-oxo 
clusters 

Silicon is normally in a tetrahedral coordination environment, with 
average Si-O-Si angles of about 145º and average Si-O bond distances of 
1.61 Å. In comparison, germanium can adopt tetrahedral to octahedral 
coordination configurations in oxides, with typical Ge-O-Ge angles 
around 130º and Ge-O bond distances of 1.76 Å. This favors the 
formation of different types of clusters containing a defined number of 
polyhedra. In germanium-oxo constructed germanates, this kind of 
polyhedra can be constructed to specific germanium oxo clusters, such as 
4=1 units, Ge7 (Ge7X19) clusters, Ge8 (Ge8X20) clusters (or double four 
rings), Ge9 (Ge9Xn, n = 25-26) clusters, and Ge10 (Ge10X28) clusters, (X = 
O, OH, F). In most cases, germanate frameworks consist of specific 
germanium-oxo clusters as the SBUs. In a few instances, different 
germanium clusters co-exist in the crystalline framework. Moreover, 
typical germanate clusters can link with other types of clusters such as 
coordinational metal-organic complexes to form transition metal-organic, 
complex incorporated open-framework germanates. 
2.2.1.1.1 Ge4=1 Cluster 

The simplist germanium-oxo cluster is Ge4=1, which was originally found 
in natural zeolites such as edingtonite (EDI), natrolite (NAT), and 
thomsonite (THO). It has also been observed in several germanates, such 
as ICMM-4,47 ICMM-2,51 UCSB-46,52 UCSB-9,53 UCSB-11,53 and 
UCSB-9L.54 Among these structures, the Ge4=1 clusters consist of five Ge 
polyhedra. Normally four form a 4-membered ring and the fifth is a 
bridge for Ge atoms from the different 4-rings. As Figure 2.4 shows, the 
Ge4=1 clusters can be constructed by pure tetrahedral GeO4 (UCSB-9, 
Figure 2.4a), mixed GeO4 with GeO5 (ICMM-4, Figure 2.4b), or mixed 
GeO4 with GeO6 (ICMM-2 in Figure 2.4c and UCSB-9L in Figure 2.4d). 
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With different elements incorporated into germanate frameworks, any of 
the four coordinated tetrahedral positions can be partially replaced by 
different T atoms. For instance, in UCSB-9, the Ge4=1 clusters are formed 
by mixed GeO4 and SiO4 tetrahedra. 

 
Figure 2.4. Different configurations of Ge4=1 clusters. 

2.2.1.1.2 Ge7 Cluster 

The Ge7 cluster is a frequently observed cluster in germanates. This 
cluster was first found in ASU-12 (Figure 2.5a).55 It comprises seven 
germanium atoms arranged in a point group of C2v: four tetrahedral GeO4, 
two trigonal bipyramidal GeO4X, and one octahedral GeO5X (X = F, O, 
OH). A tricoordinated oxygen atom is located at the center of the 
heptamer, bonding to three germanium atoms to give one octahedron and 
two trigonal bipyramidal germanium atoms. The other four germanium 
atoms are located in the tetrahedral position. The Ge7 cluster possesses 
seven potential connecting sites linking out through Ge-O bonds, with 
consistent intracluster Ge-O-Ge angles (average value ca. 119.6º) and 
varying intercluster Ge-O-Ge angles (126.5º-154.2º). The flexibility of 
Ge-O-Ge angles found in the Ge7 clusters facilitates the formation of 
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different interesting structures. Pan et al.56 theorized that the Ge7 clusters 
can be linked out by combining its different connection sites in 10 
different ways. Many germanates with large ring channels are built from 
Ge7 clusters. For example, ASU-1642 and SU-1257 were constructed by 
Ge7 clusters with 24-ring channels. Using of HF was the key to achieving 
Ge7 clusters. So far, this unique cluster has not been synthesized without 
the presence of HF.  

 
Figure 2.5. Ge7 a) and Ge8  b) clusters constructed by different polyhedra. 

2.2.1.1.3 Ge8 cluster  

The Ge8 clusters, also known as double four membered rings (D4R), is a 
cube formed by pure GeO4 (Figure 2.5b). All GeO4 tetrahedra are 
located at the corner of the cube, linked by the bridging oxygen atoms. 
The eight corners of the Ge8 cubes can either be bridged by additional 
GeO4 tetrahedra or terminated by OH groups. The first two germanates 
constructed by Ge8 clusters were reported by Yaghi et al.58 They 
presented (Me2NH)[GeO2]10·H2O (ASU-7) and (Dabco)[GeO2]10·H2O 
(ASU-9). ASU-7 possesses a remarkable new zeolite-type net containing 
1D channels, and ASU-9 adopted an octadecasil net with large cages. 
Later, in 2000, Conradsson et al.59 reported another zeotype germanate 
FOS-5, which is built by Ge8 clusters and has large interconnected 12-
ring channels along all three principal axes. The structure is thermally 
stable up to 450 °C. The isolated D4Rs was first synthesized by 
hydrothermal method and found in [DECDMP,F]-GeO2-D4R, which can 
be used as a precursor to form other 3D germanate frameworks. In 2004, 
Villaescusa et al.60 used a starting reagent containing isolated 
[Ge8(O,OH,F)21] clusters to synthesize two germanate frameworks, a 
GeO2-BEC analogue and STAG-1, both contain cubic D4R 
[Ge8(O,OH,F)21] clusters.  



11 
 

2.2.1.1.4 Ge9 Clusters 

The Ge9 clusters exhibit various of configurations. Three types of Ge9 
clusters have been discovered: Type I and Type II Ge9 clusters (Figure 
2.6a and 2.6b) consist of one germanium atom in an octahedral 
configuration, four GeO4 tetrahedra and four GeO4X (X = F,O,OH) 
trigonal bipyramids. However, the geometrical arrangements of the pairs 
of GeO5 trigonal bipyramids and two pairs of GeO4 tetrahedra within the 
parallelepiped Ge9 cluster are quite different. There are differences 
between the centrosymmetric [Ge9O18(X)4]4- and noncentrosymmetric 
[Ge9O19(X)2]4- (X = F, O, OH) clusters. For the centrosymmetric Ge9 
cluster, a GeO6 octahedral germanium center links two Ge4 units that are 
related by an inversion center. Each of their units is constructed from a 
pair of GeO4 tetrahedra and a pair of GeO4(OH) trigonal bipyramids. The 
GeO6 octahedron is at the center of the Ge9 cluster and connects with the 
other eight polyhedra through double- and triple-bridging oxygen atoms 
to yield a body-centered, parallelpiped Ge9 cluster. The eight polyhedra 
are related by an inversion center at the position of the GeO6 octahedron. 
The terminal groups of each trigonal bipyramid or octahedron can be 
either a hydroxyl group or a fluorine atom. The noncentrosymmetric Ge9 
cluster is closely related to the centrosymmetric one. The GeO6 
octahedral germanium also links two GeO4 units, but in this case, the pair 
of GeO4 tetrahedra and the pair of trigonal bipyramids sit in a cis position. 
This cluster has only two terminal hydroxide groups. The type III Ge9 
cluster (Figure 2.6c) has no GeO6 octahedron. Instead, it has one square 
pyramid, four GeO5 trigonal bipyramids, and four GeO4 tetrahedra. 

 

 
Figure 2.6. Three types of Ge9 clusters constructed from different 
numbers of tetrahedra. 

Many germanates with large ring sizes were constructed by pure Ge9 
clusters, such as FDU-461 with 24-ring channels and SU-8 with 16-ring 
channels. There are also structures constructed of mixed clusters. For 
instance, SU-44 with 18-ring channels62 and JLG-1215 with 30-ring 
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channels are both made of a mixture of Ge7 and Ge9 clusters. In JLG-12, 
the restrictive alternation of Ge7 and Ge9 clusters contributes to a 30-ring 
3D open-framework germanate.  
2.2.1.1.5 Ge10 Clusters 

The Ge10 cluster is the largest building unit in germanates, which consists 
of four germanium atoms in octahedral coordination, while the remaining 
six atoms are in tetrahedra coordination. The four octahedral coordinated 
Ge atoms form rigid tetrameric units, Ge4O16, in which each octahedron 
shares three edges with the three other octahedra, with a tetrahedral hole 
at the center. The tetramers with cubic symmetry (43m) share their 12 
free oxygen atoms with six tetrahedral germanium atoms to give Ge10 
clusters. Each of the six tetrahedra in the cluster is connected to two 
octahedra of the tetramer unit, permitting free rotation and flexibility. 
This allows the Ge10 cluster to condensate into different framework 
structures. 

The Ge10 clusters can be divided into two different types, based on how 
the six tetrahedra are connected with Ge4O6 (Figure 2.7). Extra tetrahedra 
can be attached with Ge10 clusters to form 3D frameworks with great 
structure diversity. Such frameworks range from the dense Na4Ge9O20 (6-
ring, FD = 21.6) to the relatively open Ge-pharmacosiderite (8-ring, FD = 
13.8),38 and ICMM-7 (14-ring, FD = 13.0),63 to the very open SU-61 (26-
ring, FD = 10.2)64 and SU-M (30-ring, FD = 7.1).44 The typical Ge10 
phase is known as Ge-pharmacosiderite, which is isostructural to the 
naturally occurring mineral pharmacosiderite KFe3(AsO4)3(OH)4·6-
7H2O.65 The Ge-pharmacosiderites can be synthesized in the presence of 
different univalent cations. The six tetrahedra follow the -3 axis 
symmetry in Ge10 cluster (Figure 2.7a), and it connects to six 
neighboring clusters by sharing their tetrahedra, resulting in a 3D 
framework with intersecting 8-ring channels. Compared to Ge10 clusters 
in Ge-pharmacosiderites, the tetrahedra in Ge10 clusters of Na4Ge10O20

66 
are slightly twisted due to the fact that the tetrahedra share the different 
neighboring oxygen atoms with Ge4O6 (Figure 2.7b). Ge10 clusters can 
construct mesoporous germanates. In the most interesting mesoporous 
germanate SU-M, Ge10 clusters connect to neighboring clusters by three 
extra tetrahedra, and the clusters fall onto the G minimal surface and are 
located at the vertices of topologically fcz net. Through the five 
connection points, the Ge10 clusters connect to five neighboring clusters, 
which crystallize in a cubic structure with the a-axis about 51.3 Å and 
exhibit the lowest framework density of 7.10 atoms nm-3. Combining 
Ge10 clusters with Ge7 clusters, another mesoporous germanates SU-MB 
with 30-ring channels can be obained.44  
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Figure 2.7. The two typical Ge10 clusters a) in Ge-pharmacosiderite and b) 
in Na4Ge9O20. 

2.2.1.1.6 Germanates framework constructed from mixed germanium 
oxo clusters 

Germanate frameworks can not only be obtained from a single type of 
germanium oxo clusters. They can also be assembled by mixed types of 
germanium oxo clusters. SU-MB is the first example constructed by 
mixed types of clusters. It is a mesoporous framework containing Ge7 and 
Ge10 clusters.44 Other mixed cluster germanates are SU-8, SU-44,62 JLG-
12,15 and SU-64.67 SU-8, SU-44, and JLG-12 are synthesized by the same 
templates 2-methylpentamethylenediamine (MPMD). All of them are 
built from Ge7 and Type I Ge9 clusters. Each Ge9 cluster in the three 
structures connects with eight neighboring Ge7 clusters through four 
GeO4X (X = F, O, OH) trigonal pyramids and four GeO4 tetrahedra. The 
Ge7 cluster connects with four neighboring Ge9 clusters in SU-8 and JLG-
12. While in SU-44, each Ge7 cluster connects with Ge9 clusters at a ratio 
of 2:1. The largest pore openings in SU-8, SU-44, and JLG-12 are 16-, 
18-, and 30-ring, respectively. In SU-64,67 the compound was synthesized 
with 1,6-diaminohexane, and six Ge7 clusters and two Ge9 clusters are 
mixed together to form a 18-ring. The Ge9 cluster environment is similar 
to SU-8, SU-44, and JLG-12, which connects to eight Ge7 clusters to 
form a pseudo body-centered cluster aggregate (PBCCA). 
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2.2.1.2 Germanate frameworks constructed by germanium-transition 
metal mixed clusters 

In most cases, germanate frameworks consist of specific germanium oxo 
clusters as the SBUs. In some instances, typical germanate clusters can be 
incorporated with transition metal to form new SBUs or linked with other 
types of clusters, such as coordination metal-organic complexes to form 
novel framework germanates. 

2.2.1.2.1 Transition metal incorporated into germanium oxo clusters  

To enhance the structural diversity and improve the properties of 
different germanates, other metals, such as Ni, Zr, Ga, Nb, or V are 
introduced into germanate clusters with M-O-Ge or Ge-M-Ge bonds to 
form different kinds of germanate frameworks. These germanates can be 
divided into two types. In the first type, the transition metal is 
incorporated into germanium clusters, and a new type of metal 
germanium cluster is formed. In this type, many germanates that formed 
are classified to zirconium germanates, vanadogermanates niobium 
germanates, and gallogermanates. They can form zeolite types of building 
units or CBSBUs. Yu et al.68 presented a novel 3D gallogermanate, 
GaGeO-CJ63, which is a strictly 4-connected zeolite structure 
constructed exclusively by 3-rings and has very low framework density. 
In this structure, the Ge and Ga are partially occupied by two types of T 
atoms with a possible ratio of 2:1. Unlike most of the transition metal 
incorporated germanium oxo clusters with M-O-Ge bonds, there is a 
second type of metal incorporated germanate which contains the rare Ge-
Metal bonds. FJ-169 is the only reported example where Ni is incoporated 
into germanium oxo-clusters assembled as chiral [Ni@Ge14O24(OH)3] 
clusters. In FJ-1, the Ni+ ion is located at the center of a trigonal-
bipyramidal core in the cluster and bonded with five Ge2+ ions.  

2.2.1.2.2 Transition metal-organic complex combing with germanium -
oxo clusters 

The transition metal-organic complexes can not only be used as SDAs in 
germanate synthesis, but also work as SBUs that can link with germanate 
clusters to form new transition metal coordination complexes 
incorporated into germanate frameworks. The first two germanates with 
transition metal-organic complexes as structural building units were 
discovered by Shiliang Huang in our group.16 SUT-1 and SUT-2 are 
synthesized under hydrothermal conditions using ethylenediamine, GeO2, 
and Ni(NO3)2·6H2O as the starting materials. Both structures are 
constructed of Ge10 clusters and [Ni(en)2]2+ complexes. The Ge10 clusters 
form a layer in the ac plane, and the [Ni(en)2]2+ complexes bridge the 
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square nets via Ni-O-Ge bonds to form 3D networks. Another Ge7 
germanate compound with the formula of [Ni(H2O)(μ-
C2H6NO)2Ge7O14(C2H7NO)]·C2H5OH was later reported by Luo et al.70 
In this germanate, the 2D Ge7 clusters layers were linked by the transition 
metal-organic complex [Ni(H2O)(μ-C2H6NO)2] (C2H7NO = 
ethanolamine). The ligand ethanolamine is coordinated onto the Ge atom 
directly by the hydroxyl group of ethanolamine. Besides, instead of 
working as linker, the transition metal-organic complexes can also be 
bonded together with Ge9 clusters via bridging oxygen atoms to form 
metal-organic complexes decorated germanate clusters. These clusters are 
further connected together to form metal-organic complexes incoporated 
germanates, such as Zn-germanates,71–73 Co-germanates,74 and Cd-
germanates.75  
 

2.2.2 Vanadoborates 

Vanadoborates result from the original development of polyoxoanions,76 
in which the early transition metals tend to form large polynuclear metal-
oxygen anions containing up to hundreds of atoms. They are also known 
as polyoxometalates (POMs).77,78 Compared to normal POMs constructed 
with a high ratio of metal-oxo polyhedra, vanadoborates are constructed 
from vanadium and non-metal boron polyhedra in which the boron 
polyhedra are richer than vanadium polyhedra. The first vanadoborate 
cluster-based compound was synthesized by Rijssenbeek et al.79 It was 
obtained by hydrothermal treatment of the B2O3, V2O3 mixture or H3BO3, 
V2O5 mixture with organic amine at 170 °C in water. Single crystal form 
of vanadoborates constructed by vanadoborate clusters denoted as V12B17 
and V12B18 was harvested. The vanadoborates then expanded to different 
types of vanadoborate clusters with different connections of VO5 and 
BO3/BO4 polyhedra. There were mainly four types of cage-like 
vanadoborate clusters with many derivatives: V6B20,80,81 V10B28,82,83 
V12B18

79,84,85 and V12B16.79,86,87 A ring-like V12B32 cluster88 was also 
reported once. 

2.2.2.1 V12B18 cluster 

The V12B18 cluster in Figure 2.8a consists of a puckered B18O36(OH)6 
ring sandwiched by two V6O18 triangles. The V6O18 unit is a triangular 
metal oxo motif composed of six alternatively cis/trans edge-shared 
VO5 square pyramids (Figure 2.8b). The B18O36(OH)6 ring (Figure 
2.8c) contains six B3O7(OH)6- units , and it exhibits a cyclohexane-like 
chair conformation with the B3O7(OH)6- unit at each of the six 
vertices. According to the fundamental building theory Kniep Rüdiger 
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proposed,89 the B3O7(OH)6- and B18O36(OH)6
24- units can be described 

as Δ2□:<Δ2□> and 6Δ12□:<Δ2□><Δ2□><Δ2□><Δ2□><Δ2 □><Δ2□> 
(□, tetrahedron; Δ, trigonal planar; <···> , ring motif; [···], branching 
polyhedron/anion; |, seperator for branches; −,=, ≡ ···, 1, 2, 3, ··· 
common polyhedra). The V6O18 triangles sandwich the puckered 
B18O36(OH)6 rings through six B-(µ3-O)-V2 bonds and three B2-(µ3-
O)-V bonds with all VO5 pyramids pointing outside of the cluster. 

 
Figure 2.8. The V12B18 cluster in a), V6O18 cluster in b) and 
B18O36(OH)6 ring in c).The hydrogen atoms are omitted for clarity. 

Among all the vanadoborate clusters, V12B18 cluster is the most 
frequently reported. There are more than 30 compounds with this 
cluster involved. Most frequently, this cluster crystallizes in isolated 
clusters.79,90–93 It can be also decorated with metal-organic motifs such 
as Zn(TETA),94 Zn(EDA)2,84,95 Cu(EDA)2,96 and Zn(DETA).90,93 It can 
be also decorated with metal-aqua complexes, such as Ni(H2O)5

84 and 
Na(H2O)x(X=2, 3,6).84 Furthermore, it can be decorated with metal-
aqua-organic motifs such as Ni(H2O)3(EDA).84 Furthermore, through 
the connection of polyborates,90 metal-oxo polyhedra,84,85,90,97 and 
metal-organic complexes,97 this cluster can be connected to framework 
materials.  

2.2.2.2 V12B16 cluster 

The V12B16 cluster79 (Figure 2.9a) consists of a contorted vanadium 
12-ring (V12, Figure 2.9b) attached with two B8 bands (Figure 2.9c), 
where all the vanadium atoms are coordinated by oxygens in a square 
pyramid configuration. The boron atoms are coordinated by oxygen 
atoms in the trianglar or tetrahedral geometry. This twisted V12 ring is 
not only found in vanadoborates, but also shown in 
vanadogermanates.98 The two B8 motifs are inverse center-related. The 
B8 exhibits a chain-like configuration and is composed of two linked 
B3O6(OH) fundamental building blocks (Δ2□:<Δ2□>) which are 
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capped on each end by a tetrahedral BO3(OH) group in 2Δ6□: 
□<Δ2□><Δ2□>□ fashion.89 

 
Figure 2.9. a) V12B16 cluster; b) twisted V12 ring; and c) B8O19(OH)2 
motif. The hydrogen atoms are omitted for clarity. 

There are three vanadoborate structures reported with V12B16 clusters. 
The first V12B16 cluster denoted as VOBOH-1 was discovered by 
Kniep,79 where the cluster was reported as V12B17, which can be 
considered as the derivative of  the V12B16 cluster. However, there is a 
pendant planar BO(OH)2 triangle replaced the OH group on the 
terminal boron atom on the V12B16 cluster. Later, they reported 
another 2D net vanadoborate composed of the same type of cluster, 
which is linked by Mn(H2O)2. Very recently, Sun et al.86 reported a 
1D chain structure where the ethylenediamine decorated clusters are 
connected by Na(H2O)3.  

2.2.2.3 V10B28 cluster 

The V10B28 cluster (Figure 2.10a) consists of an edge-shared V10 ring, 
sandwiched by two B14 rings. The V10 ring (Figure 2.10b) is constructed 
by ten edge shared VO5 square pyramids to form an ellipse. Similar to 
other vanadoborate clusters, the vandyl groups also radiate away from the 
cluster surface. The B14 ring (Figure 2.10c) is composed of four 
B3O6(OH) fundamental building blocks (Δ2□:<Δ2□>), linked by two 
BO3 triangles in a 4Δ10□: Δ<Δ2□><Δ2□>Δ<Δ2□><Δ2□> fashion.89 
There are big cavities in the ring of the V10B28 cluster. However, this 
cluster cannot exist independently. No vanadoborates are constructed 
from the V10B28 cluster with an empty cavity. In most cases, there are 
transition metal polyhedra or boron oxo motifs occupied in the cavity. 
With the combination of different inclusive polyhedra or motif, this 
cluster can be extended to a lot of derivatives. 
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Figure 2.10. a) the V10B28 cluster; b) V10 ring; and c) B14 ring. The 
hydrogen atoms are omitted for clarity. 

This cluster was firstly reported by Wu et al. in 200583. Different 
units, such as Zn4(μ-B2O4H2), Mn4(C2O4)(B4O9H2) and Mn4(C2O4)3 
can be housed inside the elliptical cavity. A 1D chain or 2D network 
can be formed by the connection of B4O9H2 or Zn(DEA)2. The metal-
organic complexes, such as Zn(DEA)(H2O) groups, can also decorate 
the cluster surface.  

2.2.2.4 V6B20 cluster 

V6B20
80 (Figure 2.11a) is composed of one V6 ring sandwiched by two 

raft-like polyborate ligands with the formula of [B10O16H3] layers (B10). 
The V6 ring (Figure 2.11b) is connected by sharing the edge of VO5 
square pyraminds. The B10 motif (Figure 2.11c) is composed of three 
BO2(OH) decorated on a triangle to form B7O19 cluster, with which the 
B7O19 cluster is constructed from seven BO4 tetrahedra connecting 
together by sharing the μ3 oxygen atom. As stated in the 
literature,80,81,99,100 this cluster can be obtained by both the boric acid flux 
method or hydrothermal synthesis. Extra BO(OH)2 groups can decorate 
the two central BO4 tetrahedral units of B10 motif to form the derivative 
V6B22 cluster.81 The decorated BO(OH)2 group can be further dehydrated 
with its neighboring clusters to form [BO2(OH)]2 diborate to connect the 
V6B20 clusters into 1D chain structures.80 
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Figure 2.11. a) V6B20 cluster; b) V6 ring; and c) B10 motif. The 
hydrogen atoms are omitted for clarity. 

2.2.2.5 Other vanadoborate clusters 

Except for the aforementioned vanadoborate clusters, there is another 
vanadoborate cluster that was reported once, which is the V12B32 cluster. 
This cluster is constructed of a dodecavanadate V12 ring sandwiched by 
two square-shaped B16 polyborate rings. The B16 ring is composed of four 
B3O6(OH) fundamental building blocks that share oxygen atoms with 
four BO3 groups. This vanadoborate cluster was synthesized by Zubieta’s 
group88 by the reaction of BPO4, NaVO3, ethylenediamine and H2O in the 
hydrothermal condition. The product has a formula of 
(H3O)12[(VO)12{B16O32(OH)4}2]∙H2O. An interesting feature in this 
structure is that the organic amine and P were not found in the final 
crystalline compound. Many H2O and H3O+ motifs reside both inside and 
between the clusters. The compound was also extremely unstable in air 
and could easily turn from a transparent dark green crystal to an opaque, 
light green, cracked mass in a matter of seconds. 
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3. Structure Elucidation Basics 
 

3.1 The basic flow of structure determination  

The structure determination by diffraction method includes the following 
steps as shown in Figure 3.1. 

 
Figure 3.1. The typical steps included in structure determination process. 

Data collection: Data are commonly collected through three different 
techniques, including X-ray diffraction, neutron diffraction, and electron 
crystallography methods. The main techniques used to collect data are the 
X-ray diffraction techniques, such as SCXRD, PXRD, and synchrotron 
X-ray diffraction. Additionally, the neutron diffraction, and electron 
crystallography methods which include electron diffraction and imaging, 
are rapidly developing for data collection. 
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Unit cell determination: Determining the primitive unit cell can usually 
be easily achieved if there is 3D diffraction data. The lattice periodicity 
can be resolved directly from the reconstructed reciprocal space. Three 
shortest non-coplanar reciprocal vectors can be chosen as the reciprocal 
basis vectors. The difficulty comes for the 1D diffraction data, such as 
that from PXRD. In this case, a series of d values can be obtained. 
However, some reflections may be missing and there are errors in the d 
values due to peak-overlapping or zero-shift problems. A proper unit cell 
must be found so that all the observed d values fulfill the equation 
d*∙d*=1/d2=h2(a*∙a*)+k2(b*∙b*)+l2(c*∙c*)+2hk(a*∙b*)+2hl(a*∙c*)+2kl(b
*∙c*). Algorithms such as DICVOL,101 ITO,102 TREOR,103 and 
Mcmaille104 were developed to address this problem. These algorithms 
can be used to find possible unit cells based on PXRD data.  

Define the crystal system and lattice type: Normally, the crystal system 
and lattice type are quite obvious if the complete 3D diffraction data were 
obtained. For PXRD, it could be difficult due to some impurities and lack 
of Laue symmetry.  

Space group determination: After high-quality data is obtained, space 
group determination is the next key step for achieving a successful 
structure determination. A correct space group should be defined by 
summing up all the symmetry elements of the real structure model. A 
space group with any missing symmetry elements that shows in the real 
structure is definitely wrong. Over-interpreting the structure model with a 
higher symmetry than the real structure, is also wrong and will give a bad 
refinement result. However, this may be difficult to handle in some cases, 
especially in some disordered structures. Normally, the inorganic 
frameworks are constructed from heavy elements. The structure-directing 
agents (SDAs) or templates in the channels normally contain light 
elements. In this situation, a higher space group that is suitable for 
describing the framework, but not the SDA, may also be preferred. 
Sometimes, even by decreasing the space group down to P1, the SDA or 
templates cannot be located properly during the refinement process.  

Phasing process: The phasing process is the key for structure 
determination. Normally, the ab-initio structure determination process is 
based on diffraction intensities. The diffraction intensity of a specific 
reflection Ih depends on the square of the structure factor amplitude Fh. 
The phase information, which is very important for the reconstruction of 
the density map, is missing during diffraction data collection. In order to 
achieve a successful ab-initio structure determination, different 
mathematic algorithms are used to do the phasing process. 
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Location of atoms in the density map: After the correct phase is found for 
the strong reflections, a rough electron density map for the structure 
could be obtained by Fourier transformation. Based on the height of each 
electron density peak, corresponding elements can be directly identified 
in the map. In principle, if the resolution of the electron density map is 
high enough, and the phasing process is successful, a very high-
resolution, trustworthy density map in the refinement process can be 
found. No extra chemical information is needed to aid in locating the 
atoms.   

Structure refinement: After the phasing and allocation of the atoms in the 
density map, a rough structure model that fits the experimental data is 
obtained. However, more details related to the structure need to be 
completed through the structure refinement process. The commonly used 
refinement is the least-square refinement.105,106 The least-square 
refinement minimizes the difference between the calculated intensities 
from the proposed structure model and experimental intensities. Two 
main criterias including the R values (R=∑|Fo-Fc|/∑Fo, where Fo is the 
observed structure factor, Fc is the calculated structure factor based on the 
obtained structure model) and the estimated standard deviations (ESDs) 
of the derived parameters are used to judge the success of this process. In 
order to obtain refinement results with consideration of the reliablity of 
the data, the weighted R factor, which takes the errors σ(F) into account 
during refinement, is used. The weight factor is defined as 
wR=  

          

       
, and reflections with higher σ are given less weight. 

Through the refinement process, the global minimum with correct phases 
for each reflections will be obtained.  

Structure validation: The structure validation concerns the refinement 
results to ascertain that the obtained structure model makes chemical 
sense and the crystal information file (.cif) is in the standard format for 
deposition. This procecess can normally be done by the software 
platon.exe or through the online website http://checkcif.iucr.org 

3.2 Diffraction data collection techniques 

The choice of diffraction technique mainly depends on the crystal size 
and the type of materials. Different radiation sources have different 
power and can generate beams with different wavelength and brightness. 
The electron beam shows stronger interactions with matter compared to 
X-ray beam, and it has significant advantage on handling nano-sized 
crystals. Figure 3.2 illustrated the crystal size range that different 
diffraction techniques can handle. 

http://checkcif.iucr.org/
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Figure 3.2. Crystal sizes that different diffraction techniques can handle. 

3.2.1 Single crystal X-ray diffraction 

SCXRD is the most widely used technique to reveal the structure of 
crystalline materials. The theoretical basis of this technique is quite 
simple: The incident X-rays interact with single crystals and when the 
Bragg’s law is satisfied, constructive interference will be generated, and 
diffraction spots will be created. The SCXRD diffractometer mainly 
consists of three basic elements: The X-ray tube, a sample holder, and the 
X-ray detector. Since the wavelength of an X-ray is relatively long, the 
radius of the Ewald sphere is small. In order to achieve proper resolution 
and a complete data set, a proper geometry was designed for the single 
crystal X-ray diffractometer to rotate the crystal by the sample holder, 
and detector, such as those four angles shown in Figure 3.3.  
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Figure 3.3. Schematic of four circle diffractometer showing the angles 
between the incident X-ray, the detector, and the sample (image courtesy 
of the International Union of Crystallography). 

3.2.2 Powder X-ray diffraction 

PXRD is one of the most frequently used phase identification techniques. 
It can also be used for structure determination. The main difference 
between PXRD and SCXRD is that the diffraction information comes 
from millions of tiny crystals, or powders, rather than a single crystal. 
Diffraction patterns from randomly orientated tiny crystals overlap with 
each other to form powder diffraction rings (Figure 3.4). After further 
compression of these different rings with different semi-radii of d values 
into 1D, the line profile of the diffraction pattern can be obtained as a 
PXRD pattern.  
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Figure 3.4. a) diffraction pattern obtained from a single crystal; and b) 
from powders with millions of tiny crystals. 

The 3D positional information of the reflections is lost and compressed 
into 1D. The peak overlapping problem and preferred orientation problem 
arise which cause difficulties in solving and refining the crystal structure 
based on PXRD. 

As aformentioned, we know the PXRD compresses 3D information into a 
1D profile, regarding the distribution of d values. The reflections have 
different indices but similar d values overlap on the same profile as 
shown in Figure 3.5. In a cubic phase, reflections (443), (621), and (054) 
exactly overlap into one peak. The reflections of similar d values with a 
difference less than the angular resolution of the instrument can also 
overlap to the same powder diffraction peak and reflections (622) and 
(542) with similar d values are partially overlapped. These cause 
difficulties in recovering the hkl indices and repartitioning the peak 
intensity for the reflections with the similar d values. Erroneous 
reflections will influence the structure determination in various steps, 
such as unit cell and space group determination, structure determination, 
and refinement. Inaccurate positions and intensities obviously influence 
the unit cell determination and space group. We will discuss in detail its 
influence on structure determination and refinement.  
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Figure 3.5. Exact and partial overlapping peaks in a PXRD pattern of a 
cubic-phase material. 

The influence of peak overlapping on structure determination. Assume a 
sample with the unit cell volume of V and a data set with resolution of 
dmin in a SCXRD experiment. The number of reflections obtained is 
      4πV/3dmin

3. We consider that each atom has four parameters to 
be determined in the structure determination process, including x, y, z, 
and isotropic atomic displacement parameters. Consider V = kN, in which 
k defines the volume of the atoms (which is around 17.5 Å3 for non-
hydrogen atoms in dense packing structures), and N defines the number 
of atoms in the unit cell. The number of measured symmetry-independent 
reflections per number of structural parameters Ninf can be defined as Ninf 
  πk/3dmin

3. If we consider the Friedel’s law, Ninf becomes  πk/6dmin
3.107 In 

single crystal X-ray diffraction, Ninf just depends on dmin. However, in 
powder X-ray diffraction, due to the overlapping problem, the 
overlapping indices cannot be properly extracted and this results in lower 
Ninf of the diffraction data set used in the phasing process. This low Ninf 
causes  difficulty in ab-initio structure determination based on PXRD data, 
as seen in light atoms missed or in false positions.108 That is why the 
direct space or dual-space methods are being actively developed in 
structure determination based on PXRD.  

The influence of peak overlapping to the structure refinement. The 
intensity of the reflections from the decomposed profile is not accurate. 
The difference Fourier refinement algorithm, which relies on the 
diffraction intensity, is not suitable for PXRD data. Instead, the Rietveld 
refinement algorithm, which takes account of the observed experimental 
counts on the diffraction pattern instead of the integrated intensities, is 
used. The key of Rietveld refinement is that it tries to minimize the 
differences of the observed and calculated profile via least-square 
techniques. The basic equation is       (      )

 , in which wi is 
1/yi, yi is the observed counts, and yci is the counts in the calculated profile, 
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defined as                (       )       . Here, s is the 
scale factor, h is the Miller indices of a specific reflection, L contains the 
Lorentz, polarization, and multiplicity factors, F is the structure factor, ϕ 
is the reflection profile function, 2θh is the Bragg reflection position, A is 
the asymmetry, P is the preferred orientation function, and ybi is the 
background intensity at the ith step.109 Finally, instead of trusting the 
Bragg R agreement factor, the Rietveld refinement uses the profile 
agreement factor Rp and the weight profile agreement factor Rwp to 

evaluate the final refinement result, in which    
    (   )   (    ) 

   (   )
 and 

    {
   (  (   )   (    ))

 

   (  (   ))
 }  

  . 

3.2.3 Synchrotron diffraction  

The synchrotron diffraction radiation technique is quite similar to the in-
house X-ray diffraction, except that the source of X-rays is different an its 
mutiple functions. The synchrotron X-ray source is an extremely intense 
radiation facility with the wavelength in X-ray range. It has significant 
advantages over laboratory diffractometer, such as requiring SCXRD data 
for smaller single crystals. The PXRD data collected on the synchrotron 
source has high angular resolution and more diversity to collect the data 
under different experimental conditions. It is also higher time-resolution 
for in-situ studies.  
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Figure 3.6.Schematic illustration of a synchrotron storage ring.110 

Figure 3.6 shows a synchrotron storage ring, where electrons are 
accelerated to speeds close to light and circulated in ultrahigh vacuum 
tubes guided by arrays of magnets. This storage ring then serves as an X-
ray source and the X-ray beam can be emitted from the side station 
around the storage ring. Different side stations are also called as different 
beamlines. On different beamlines, before the X-rays reach the sample, 
many different magnets and X-ray optics are installed along the straight 
line, including filters, monochromators, and mirrors. The modern 
synchrotron source is a powerful facility, and many experiments can be 
done with a synchrotron source, such as diffraction, spectroscopy, and 
microscope experiments. It is still actively developing, from theory, 
instrumentation, and application perspectives. 

3.2.4 Rotation electron diffraction 

Electron diffraction was first used in structure analysis in the 1950s by 
Russian crystallographer Vainshtein and coworkers. They believed that 
the contribution of light elements in electron diffraction is greater than 
that in X-ray diffraction, and applied the electron diffraction method to 
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analyze materials, including those with light elements.111 Later, Dorset 
applied the direct phasing method of X-ray crystallography to electron 
diffraction data and determined the structure of layered silicate and 
organic compounds.112 Although electron diffraction has been developed 
for more than 50 years, the use of electron diffraction for structure 
determination is still not as popular as X-ray techniques. The main reason 
is the dynamical effects, causing experimental intensities have 
complicated relations with structure factors. Moreover, until recent 10 
years, electron diffraction was collected manually, which requires 
experienced operators. In this situation, electron diffraction was 
frequently used as an aid for PXRD to determine the unit cell and space 
group and then in combination with PXRD for structure determination. 

 
Figure 3.7. Illustration of precession electron diffraction. The electron 
beam is tilted off the optical axis by a precession semiangle φ and 
precessed with a rotation angle ω around the optical axis on the surface of 
the sample. 

In 1994, precession electron diffraction (PED) was developed by Vincent 
and Midgley,113 which provides more accurate diffraction intensity. 
During the precession process, the electron beam is tilted off the optical 
axis at a constant certain angle and precessed around the optical axis 
(Figure 3.7). The direction of the incident beam can be off the main zone 
axis when it hits the sample. Many reflections intercepted by the Ewald 
sphere are recorded in the PED patterns. The intensities can be extracted 
by an integration process on the Bragg diffraction condition. Excitation 
errors caused by the curvature of the Ewald sphere and dynamical effects 
can be reduced in the data, so the PED data is more suitable for structure 
determination. With the development of PED, many structures were 
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solved by manually reconstructing 3D data with PED images recorded 
with different goniometer tilt angles.  

In 2007, Kolb’s114 group developed the automated electron diffraction 
tomography (ADT) method based on PED. Her group developed software 
to collect a series of PED patterns at different goniometer angles with the 
rotation of the goniometer. The ADT method automatically combines 
STEM imaging with diffraction pattern acquisition in nanodiffraction 
mode, and the 3D data can be recorded with crystal sizes down to 5 nm. 
The ADT method led to a growth of crystal structures solved by electron 
diffraction. However, there are drawbacks. For instance, a nano-beam 
operated under STEM mode is necessary, which may not be possible for 
all microscopes.   

Alternatively, the rotation electron diffraction (RED) technique 
developed in our group by Zhang et al.115 and Wan et al.116 overcomes 
some of the drawbacks. RED was developed to combine the beam tilt and 
the goniometer tilt (Figure 3.8). After each goniometer tilt, tens of beam 
tilt will be peformed. The beam tilt can be in very accurate steps as small 
as 0.01º, and the goniometer tilt can be done at a coarse step of 2.0º. This 
method can collect a 3D ED data up to 150º rotation in conventional 
miscroscopes, such as the JEOL 2100. Thousands of electron diffraction 
patterns can be obtained during the data collections. The RED data 
processing program can then process the 3D electron-diffraction data to 
generate unit cell parameters and intensities. The crystal structure can 
then be solved with structure determination program such as SHELXS or 
SIR2011. Since the Ewald sphere of the electron diffraction is relatively 
flat, the 150º rotation covers 300º range of reciprocal space at atomic 
resolution. This is normally sufficient for structure determination through 
direct methods.  
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Figure 3.8. Illustration of RED data collection in a) and reconstruction in 
b). 

Compared to SCXRD, RED can handle crystals down to the nanometer-
sized range. It does not have the overlapping or preferred orientation 
problems as for PXRD. With RED data, not only can the structure be 
easily solved, but the least square refinement result can be as accurate as 
X-ray data in some cases (Table 3.1). For example, the RED data for a 
nano-sized barite crystal was collected with the goniometer tilt range 
from -71º to 61º at 2º tilt step and beam tilt step of 0.10º. The 
completeness of the data was 93.7 % with the resolution up to 0.8 Å. 
Compared to the SCXRD results, the refined structure based on RED data 
has a similar accuracy of the coordinates for most atoms compared to that 
obtained by SCXRD. The biggest deviation was for the z value of O1, 
which is 0.0093.  
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Table 3.1 The least-square refinement results of the coordinates on barite. 

Atom x y z Uiso(Å
2
)  

Ba1 

0.25 0.1561 0.1838 0.0618 RED 

0.25 0.1584 0.1845 0.0105 Barite[117] 

0 0.0023 0.0007 0.0513 Deviation 

S1 

0.25 0.1904 0.4398 0.0419 RED 

0.25 0.1908 0.4375 0.0100 Barite[117] 

0 0.0004 0.0023 0.0319 Deviation 

O1 

0.75 0.0437 0.3269 0.0579 RED 

0.75 0.0498 0.3176 0.0176 Barite[117] 

0 0.0061 0.0093 0.0403 Deviation 

O2 

0.9676 0.3138 0.4188 0.0492 RED 

0.9704 0.3118 0.4194 0.0134 Barite[117] 

0.0028 0.0020 0.0006 0.0358 Deviation 

O3 

0.75 0.1159 0.5927 0.0511 RED 

0.75 0.1072 0.5870 0.0238 Barite[117] 

0 0.0087 0.0057 0.0273 Deviation 

 

In addition to the intrinsic advantage of using RED for nano-crystal 
structure determination, RED can be used as a powerful tool for synthetic 
chemistry: 

1) Distinguish the multiple phases in the as-synthesized powders. Figure 
3.9a shows the PXRD pattern of an as-synthesized zeolite sample. The 
chemist who provided the sample thought it was a pure, novel zeolite 
material, based on the PXRD pattern. However, the TEM images (Figure 
3.9b and c) showed that there were crystals with two different 
morphologies. The chemist identified the cubic crystal to be most 
probably ITQ-21, which accounted for most of the PXRD peaks. 
However, we were still not sure about the minor phase, which had a 
needle-like morphology. After collecting the RED data on this needle-
like crystal, we found the unit cell (a = 12.7581 Å, b = 12.8649 Å, c = 
13.1182 Å, α = 90.7546°, β = 90.3956°, γ = 89.379°) and the structure 
could be solved by the program SIR 2011 with the space group P42/mmc. 



 
 

34 
 

By comparing the structures in the IZA database, the crystal with the 
needle-like morphology can be identified as a BEC-type phase.  

 
Figure 3.9. Identification of a multiple phases sample by using RED. a) 
PXRD pattern; b) TEM image of the as-synthesized sample; and c) RED 
data of the needle-like crystal. 

2) Facilitate exploration of novel, interesting  materials down to 
nanosizes. Traditionally, the typical routine for synthesizing and 
characterizing a new crystalline material is shown in Figure 3.10: After 
the sample is obtained from the autoclave or other reaction process, 
PXRD is used to check the crystallinity of the samples. If the sample has 
sufficient crystallinity, the light microscope can then be used to check the 
crystal size. If the crystal size is big enough, SCXRD can be used to 
collect the data for structure determination. For pure inorganic synthesis, 
the crystal size will usually not be big enough from the first sample batch. 
In this case, the electron microscope can check crystal size and purity. 
We can then synthesize a pure sample to use the PXRD for determining 
the crystal structure, or we can alter the experimental conditions to grow 
bigger single crystals to use SCXRD for structure determination. In either 
case, a great deal of time will be consumed in the synthesis process and 
more time may be spent during the structure determination process using 
PXRD. However, all of this time will not guarantee that the structure is 
novel or interesting. If the structure is not interesting, all time and efforts 
will have been wasted.  
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Figure 3.10.Tradition routine of exploring the new crystalline materials. 

If RED can be combined with synthesis, the synthesis procedure will be 
much simpler (Figure 3.11). In this case, after the crystallinity has been 
checked by PXRD, the sample can directly go to the electron microscope. 
The morphology and EDS spectrum, which provide the composition 
information and RED data, can be obtained from TEM. Based on the 
composition and RED data, the structure model for different phases can 
be explored easily. Finally, if the structure is interesting, we can then pay 
more attention to purifying the synthesis. Otherwise, a new experiment 
can be designed to obtain the interesting phase.  

 
Figure 3.11. New routine of exploring the new materials when combining 
the RED method. 
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In addition to the aforementioned advantages of RED, there are some 
disadvantages for all 3D electron diffraction techniques, including RED. 
The main disadvantages concern data completeness, dynamical effects, 
absorption effect and beam-damage problems. 

1) Completeness problem.  

In 3D electron diffraction, there are usually two reasons for loss of data 
completeness. The first is the coarse tilt step, which is caused by being 
unable to fine scan the reciprocal space in a smaller and more accurate 
step. A technique mainly based on goniometer tilt could miss reflections 
between the goniometer tilt. With RED, since we can do accurately fine 
scanning as small as 0.01º, this effect can be solved. The other reason for 
missing reflections is caused by the missing wedge effect. As Figure 
3.12a shows, when only one tilt series is done for an angle of φ1 on a 
crystal, the completeness may be close to 100%; however, for low 
symmetry crystals such as P1, even assuming the Ewald sphere is 
absolute flat, the completeness is only φ1/180º×100%. The dual-axis 
sample holder can be used to collect another data set on the same crystal 
with the rotation axis rotated a certain degree in relation to the former 
rotation axis in the Y rotation axis plane (Figure 3.12b). Ideally, multiple 
data sets can be collected based on the rotation of the dual axis to 
different angles relating to the rotation axis of the first data set. However, 
the missing wedge effect still cannot be omitted. Assuming all tilt angles 
are equal to φ1, then the highest data completeness collected on a crystal 
by using a dual axis holder will be [1/2+cos(180º-φ1)/2]×100%. 
Alternatively, we can get data from another crystal with different 
orientation. In this way, even for the crystal with P1 symmetry, we may 
get 100% complete data. 

 
Figure 3.12 a) data coverage with one φ1 rotation; and b) the minimized 
missing cone with nφn rotation by the dual-axis tomography holder.  

2) Dynamical effects 

Electrons have a stronger interaction with matter because the charged 
electrons can interact with both the negatively charged electrons and the 
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positively charged nuclei. Due to this strong interaction, electron 
scattering is difficult to predict and the diffraction beams generated from 
the crystal plane can serve as incident beams to excite other crystal planes 
to generate other diffraction beams (Figure 3.13). This multiple 
scattering makes the intensity of the reflections deviate from the 
kinematical intensity, which contributes to the high Rint value in the RED 
data. This effect is much stronger when the crystal is relatively thicker 
and the direct beam is well aligned along the major zone axes. For a long 
time, researchers believed that the dynamical effect was serious and that 
dynamical effect data could not be used in structure determination. 
However, we now believe the dynamical effect for the RED data 
resulting from a random orientation is actually not so serious. At least, 
the dynamical effects will not hinder the structure determination. Of 
course, more research is required in order to understand the basic 
mechanism and the necessary corrections to reduce this effect.  

 
Figure 3.13. Illustration of the dynamical effects in electron diffraction. 

Although the dynamical effects are difficult to quantify, many scientists 
are working to understand it. Eggeman118,119 did a lot of testing to 
optimize the precession angle during PED data collection and reduce the 
dynamical effect. He concluded that a proper precession angle can reduce 
the dynamical effect. Moreover, Palatinus et al.120 did excellent work on 
dynamical effect correction using two-beam approximations and full 
dynamical refinement strategy with the 3D PED data. They demonstrated 
that dynamical refinement yielded significantly lower figures of merit and 
high accuracy of the refined parameters. Even the atomic occupancies of 
mixed crystallographic sites can be refined to an accuracy approaching 
the X-ray diffraction method. Now, with the development of computers 
and more fundamental research on in this topic, this effect will be further 
reduced. 
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3) Absorption effect   

 
Figure 3.14. The absorption effect under the select area diffraction mode. 
a) Illustration of the illuminated area and thickness changing during the 
rotation process; and b) different possible crystal morphologies under the 
electron beam. 

When the electron beam passes through the crystal, a percentage of the 
beam will be absorbed or inelastically scattered by the crystal. The degree 
of absorption is related to the distance it travels through the sample and 
the sample composition.121 For  RED, the absorption effect of a crystal 
with anisotropic morphology along different directions varies because the 
crystal is rotated under the electron beam, so the thickness and 
illuminated area change (Figure 3.14a). To minimize the absorption 
effect, a spherical crystal (Figure 3.14b) is ideal. However, in real cases, 
the crystal morphologies are diverse. The absorption effect in X-rays can 
be corrected by various methods, but this is not the case for performing 
similar corrections for RED data, because it is difficult to quantify the 
intensity of the direct beam for each experiment. Besides, intensity 
fluctuation was found in the direct electron beam based on our test. We 
performed a preliminary study by using an X-shaped program to do the 
absorption correction,122 which significantly brought down the Rint value  
for the RED data set. However, the refinement result was worse, because 
effects other than absorption contributed to the high Rint value. The 
refinement result was over-corrected by X-shape program. A preliminary 
correction for dynamical effects, beam damage, and geometry effects 
may be required before the absorption correction is applied. 

4) Beam damage  

The electron beam has not only the wave-function feature, but also has a 
particle feature. Due to its high speed and negative charge, the electron 
beam can interact with the atoms as high-speed negatively charged 
particles. This causes various effects to the sample, including heating, 
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electrostatic charging, ionization damage (radiolysis), knock-on 
(displacement) damage, sputtering, and hydrocarbonization.123 In each 
case, it will destroy the atoms’ periodicity in the crystal and cause the 
disappearance of diffraction spots in the resulting diffraction patterns. 
Some of these effects can be reduced by proper experimental conditions. 
For example, knock-on beam damage is related to the momentum of the 
electrons, which can be reduced by increasing or decreasing the voltage. 
To prevent beam damage, the heating can be reduced by using a cooling 
holder. It is often necessary to develop a damage correction function, in 
order to remedy this problem as was done in protein crystallography. As a 
result of beam damage, the intensities of diffraction spots of the 
reconstructed RED data in high-resolution may decrease following a time 
dependent function.  

3.3 Structure determination algorithms 

3.3.1 Direct methods 

Direct methods are the most widely used method for structure 
determination. It was first developed in 1960s by Hauptman and Karle,124 
who won the 1985 Nobel Prize in chemistry. Mathematically, triple 
invariants exist in the phasing process. To obtain the exact phase of a 
given reflection by combining the triple invariant with the Sayre’s 
equation, the tangent formula can be deduced, and used to determine the 
phases. This is the core of direct methods. The tangent formula is: 
      

          (       ) 

          (       ) 
.125 The traditional direct method mainly 

contains the following steps:107 

1) Normalizing the structure factors. The scattering factor of any atom 
decreases with the increase of reflection angle θ. The expected intensity 
<|F|2>θ of a reflection is given by            

 ( ) 
   . The 

reflections measured at different θ angles cannot be directly compared. 
Instead, a normalized structure factor      =     

   
  

   

  which is θ 

independent is used in direct methods. 

2) Setting up phase relationships. Since we already employed the 
symmetry before starting the structure-phasing process, the symmetry 
information can group the reflection data. Among the symmetry 
independent reflections after normalization, a subset of reflections 
(NLAR) with a value larger than a threshold value that we want to phase 
is defined. The indices of reflection symmetry equivalent to the NLAR 
are calculated and written into the expanded list. For any given h, all 
pairs of triple reflections (k, h-k) with a normalized structure factor 
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intensity bigger than the given threshold are found. These triplets with h  
in the NLAR subset are retained for the phasing.   

3) Assigning starting phases. The tangent formula requires to fix one 
phase given of the other phases, but it is difficult to know what such 
phases are. Traditionally, it has been possible to fix the phases of some 
reflections for a given space group with the highest intensity normalized 
factors, then derive and assign the phases from these. In this case, the 
error introduced in the first step may significantly influence the phase 
determination in the subset steps. Nowadays, the most popular approach 
is the random phase approach. In this approach, random phase values are 
assigned to all of the NLAR reflections, which then constitute at the same 
time the starting set and the set of reflections to phase. 

4) Phase determination. By using a weighted tangent formula, a 
weighting factor is simultataneously calculated every time a phase is 
determined, which indicates the reliability of the ϕh estimation. It is 
normal that many trials are to be performed in order to obtain a series of 
convergent correct phases.  

5) Finding the correct solution. To identify the correctness of the results, 
the figure of merits (FOMs) with different definitions or combined figure 
of merits (CFOMs) is used to rank the trial solutions. The FOMs ranking 
is a guide for arranging the solutions according to their probability of 
being correct. 

6) E-map interpretation. After the FOMs ranking, the trials with the best 
FOMs will be sent for Fourier syntheses. However, the best FOMs do not 
always correspond to the true structure. Therefore, peak search, 
identifying the atomicity, and carefully examining the chemical 
environment of each atom process are needed in order to determine that 
the structure is chemically correct. The reasons for failed interpretation of 
a structure model include: phase errors, amplitude truncation effects, and 
Fourier coefficients used to calculate the map.  

7) Phase extension and refinement. If the phasing process following the 
routine fails, a simple alternative is to refine and extend phases to a |E| 
that is smaller than the default threshold value used in standard direct 
procedures. This procedure can sometimes change an uninterpretable 
electron density map into a perfectly interpretable map. The most 
efficient way to perform phase extension is through the electron density 
modification (EDM) procedure via direct space. Besides, it can also be 
done in reciprocal space.126–131 



41 
 

3.3.2 Patterson method 

The main feature of the Patterson method132 is to derive the relationship 
between the scattering centers in a crystal lattice in which the diffraction 
phases are unknown. The interatomic vectors within the unit cell are 
calculated based on the Patterson function 
 (   )  (   )   ( )       (        )  Traditionally, the 
Patterson method has the strong advantage of solving structures with 
mono-heavy atoms. However, after the enhanced Patterson function was 
developed in protein crystallography in the past few years, this method 
became actively used and strengthened its capability in structure 
determination no matter the experimental technique (SCXRD or PXRD) 
or the structure size (small, medium or macromolecules).133–135 

3.3.3 Charge flipping  

The mathematic algorithm of charge flipping was developed several 
decades ago. In 2004, Oszlányi and Sütő136 introduced it for SCXRD. 
This algorithm was then introduced to PXRD by Palatinus et al.137 
through the superflip program. The basic flow diagram of this algorithm 
is shown in Figure 3.15. In the first step, after the unit cell was obtained, 
random phases were assigned to the structure factors, and a density-
flipping threshold was set. In this step, no space group must be specified, 
and the charge flipping algorithm will calculate the density on P1. Next, a 
δ will be applied on the density map. The density below the threshold will 
be flipped and the perturbed density map will be generated. This is the 
very simple flipping algorithm in the first version of the superflip. In the 
latest version superflip program, this flipping step became somewhat 
complicated in order to converge to the global minimal. Based on the 
perturbed density map, the inverse Fourier transform is performed, and 
new structure factors and phases are created. Afterward, the symmetry is 
determined and the R value is calculated. If it is converged, the charge 
flipping cycles will be stopped. If not, the new generated phases will be 
combined with the experimental structure factor to perform the charge 
flipping process again. Since the charge flipping process does not require 
space group information, and everything is done automatically, this 
algorithm has attracted a great deal of attention.  
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Figure 3.15. Basic flow chart of charge flipping. 

3.3.4 Non ab-initio structure determination methods 

Although ab-initio structure determination algorithms are powerful, they 
are still limited by many factors. One of the main factors is the 
experimental data resolution, including the angular resolution (as referred 
in PXRD), and the d space resolution based on diffraction techniques. 
Sheldrick138 wrote an empirical rule 25 years ago that if fewer than half 
the number of theoretically measurable reflections in the range 1.1 to 1.2 
Å are observed with F > 4σ(F), it is unlikely that the structure can be 
solved by traditional direct methods. This critical ratio may be reduced 
somewhat for centrosymmetric structures or structures with heavier 
atoms. Other algorithms, such as charge flipping also required a high 
completeness of data139 because a lack of resolution will significantly 
lower the Rinf . To improve this situation, we must reduce the parameter 
numbers, which can be targeted by treating the whole molecule or part of 
the molecule motif as a rigid-body. The parameters for each of the total 
atoms will then be significantly reduced, as compared to treating 
individual ones. The rigid-body is then combined together with other 
calculation algorithms conducted by the powerful computer. The phase 
process is easy to achieve, especially for lower-resolution data structures. 
Without going into the different algorithms in great detail, a few 
algorithms have been reported including Monte Carlo,140,141 simulated 
annealing,140,141 genetic algorithm,141 and the big-bang crunch 
approach.142 
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4. Synthesis and Structure of Germanates  
 

4.1 Synthesis of open-framework germanates  

Synthesis of 3D open-framework germanates has been under 
development for more than 60 years since the first germanate 
Na3HGe7O16∙4H2O was hydrothermally synthesized in 1954.143 Organic 
amines were introduced into the germanate synthesis by Xu et al.39 in 
1991, which further opened the fruitful chemistry of germanate cluster-
based open-framework materials. Based on previous work, several typical 
variables have frequently been judged in the synthesis of  the novel 3D 
open-framework germanate structures (Figure 4.1). The SDAs or 
templates, solvents, reaction temperatures, ratios of raw materials, aimed 
cluster types, and extra linkages are the main factors that significantly 
influence the open-framework germanate structures. In order to achieve 
new open-framework germanates, it is common to carry out experiments 
with different parameters other than those reported, which will hopefully 
lead to new germanate frameworks. 

 
Figure 4.1. Typical variables for achieving new types of open-framework 
germanates. 
4.2 SU-74-AEP A pure germanates (Paper I) 

SU-74-AEP (AEP is short for 1-(2-aminoethyl) piperazine was achieved 
by using AEP as SDA. AEP was successfully used as SDA to construct 
open-framework phosphates,144 chalcogenide zeolites analogs,48 and 
vanadogermanates,145 rather than in germanates. By introducing AEP as 
SDA in germanates synthesis, novel germanate frameworks are expected 
to be achieved. 



 
 

44 
 

4.2.1 Synthesis of SU-74-AEP 

The detailed procedure for synthesis of SU-74-AEP is as follows: A 
mixture of GeO2 (417 mg), deionized water (3.0 mL) and AEP (2.0 mL) 
with molar ratio of 1:42.0:3.8 was weighed, respectively. The mixture 
was placed in a 23 mL Teflon-lined stainless-steel autoclave and heated at 
175 °C for 5 days. Crystals with dimensions of several micrometers were 
filtered, rinsed in distilled water, and dried at room temperature. The 
typical morphology is shown in Figure 4.2. The crystal is electron beam 
sensitive. A scanning electron beam can burn holes in the crystal during 
the EDX spectra recording time.  

      
         Figure 4.2. SEM image of SU-74-AEP single crystals. 
 

4.2.2 Structure determination of SU-74-AEP 

SCXRD data on SU-74-AEP was collected from a prismatic crystal on a 
Rigaku Saturn 724+ diffractometer at 150(2) K, using a synchrotron 
radiation (λ = 0.6889 Å) at beamline I19, Diamond Light Source, UK. 
Data reduction and empirical absorption correction were applied using 
CrysAlisPro.146 The structure was solved and refined by SHELX.147,148 
The framework is the same as the previously solved SU-74-MPMD 
structure. The organic AEP cations were located as rigid-bodies based on 
some of the Q peaks, which can be found from the difference Fourier 
map. Here, the rigid-body model of the AEP molecule is obtained from 
the CCDC database. DFT calculation was carried out to optimize the 
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AEP molecule structure to the energetic minimization configuration. 
Finally, the AEP molecules were found  disordered in two positions and 
refined as rigid-bodies with respective occupancies of 0.82 and 0.18. 

4.2.3 Structure of SU-74-AEP  

SU-74 is constructed by Ge10 clusters and extra GeO4 tetrahedra. Each 
Ge10 cluster connects to six neighboring clusters to form a layer in the b-c 
plane (Figure 4.3a). Among these six clusters, three are connected by 
sharing oxygen vertices, and the other three are linked by the additional 
GeO4 tetrahedra. The Ge10 layers stack along the a-axis and connect to 
each other through the apical and additional tetrahedra (Figure 4.3b,c). 
Each apical tetrahedron connects to an additional GeO4 tetrahedron in a 
neighboring layer. The Ge10 clusters in neighboring layers are separated 
by apical and additional tetrahedra that behave as pillars between the Ge10 
layers (Figure 4.3c). 6-, 10- and 12-ring channels in parallel to the b-c 
plane are found between the pillars and formed by two, three, and four 
Ge10 clusters, respectively. A 2D channel system runs through the pillared 
region parallel to the b-c plane with 10-rings and 12-rings. In contrast, no 
channels are found perpendicular to the Ge10 layer (b-c plane).  

 
Figure 4.3. Polyhedral representation of the SU-74 framework viewed 
along the a) a axis, b) b axis and c) c axis directions.  

Structure refinement and elemental analyses revealed that there are one 
symmetry independent H2AEP2+ cation and two symmetry independent 
NH4 cations in the void of SU-74-AEP. The NH4 cations were in similar 
positions as SU-74-MPMD as synthesized by A. Ken Inge. 
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4.3 SUT-8 A Co-Ge bond involved germanate (Paper II)  

4.3.1 Synthesis of SUT-8 

 
Figure 4.4. a) and b) typical morphology of SUT-8 and c) the 
corresponding PXRD pattern.  

SUT-8 was prepared from solvothermal methods by introducing 
Co(NO3)2·6H2O as Co source. Distilled water, ethylene glycol, glycerol 
mixture were used as solvent, and ethylenetriamine was used as SDA. 
The crystals of SUT-8 crystallized in tiny rod-like crystals with size 
around 2×2×10 micrometers. The typical morphology is shown in Figure 
4.4a-b. Based on the morphology, seriously twinning feature can be 
observed. PXRD is shown in Figure 4.4c, which indicates good 
crystallinity with the resolved peaks up to about 27° under Cu Kα 
radiation. 

4.3.2 Structure determination of SUT-8  

SCXRD data on SUT-8 was collected from a rod-like crystal on a Rigaku 
Saturn 724+ diffractometer at 150(2) K using synchrotron radiation (λ= 
0.6889 Å) at beamline I19, Diamond Light Source, UK. Data reduction 
and empirical absorption correction were applied using CrysAlisPro.146 
The structure was solved and refined by SHELX.147,148 One set of 
reflections was extracted from the single crystal diffraction data which 
contains at least four main twin components and supercell feature. The 
present SCXRD data is relatively poor, despite our efforts of many data 
collections on synchrotron beamlines and in-house diffractometers. 
However this is the best data set we can get. Based on this data, a rough 
structure model can be obtained by using direct methods with VLD 
algorithm in SIR 2011131. 
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4.3.3 Crystal structure of SUT-8 

The building cluster in SUT-8 is composed of one Co atom and fourteen 
germanium tetrahedra which can be denoted as Co@Ge14 cluster (Figure 
4.5). The cobalt is located in an octahedral coordination environment 
with six germanium atoms coordinated to the cobalt atoms. Among the 
fourteen germanium tetrahedra, six are contributed by disordered 
[GeO3Co] tetrahedra, and the other eight are contributed by [GeO4] 
tetrahedra. As far as we know, this type of Co-Ge connections is the first 
example observed in germanates. There is only one similar example, 
which is the Ni@Ge14 cluster as reported in FJ-1.40 Compared to the 
cluster in FJ-1, in which the Ni atom is coordinated by five germanium 
atoms in triangular bipyramidal geometry, the Co atom in SUT-8 is 
coordinated by six germanium atoms in octahedral configuration. Each 
Co@Ge14 cluster is linked to other three clusters by sharing the apical 
oxygen atoms of two tetrahedra in the a-b plane following the 3-fold 
symmetry to form a layer containing 18-rings. The layers are further 
connected by sharing the apical oxygen atoms of Co@Ge14 clusters along 
the c-axis to form a 3D open-framework structure.  
 

                     
                   Figure 4.5. The Co@Ge14 cluster in SUT-8. 
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In SUT-8 framework, 18-ring straight channels are shown along [001] 
(Figure 4.6a). 12-ring channels are shown along [100] (Figure 4.6b) and 
[110] (Figure 4.6c), respectively.  
 

 
Figure 4.6. 3D structure of SUT-8. Viewed along the a) [001]; b) [100]; 
and c) [110] direction. Color scheme: purple, cobalt; green, germanium. 
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5. Open-framework Vanadoborates 
 

5.1 Construction of open-framework vanadoborates 

As reported in germanates synthesis, most of the germanate structures are 
constructed through cluster condensation strategy13149. However, there is 
no report on using this mechanism to synthesize 3D vanadoborates, 
although the possibility of doing so cannot be ruled out. In addition to the 
condensation mechanism, another strategy which is to introduce extra 
linkage between the cluster-building units seems more promising. There 
are already several 1D chains, 2D nets vanadoborate structures reported 
by using polyborate, metal-oxo polyhedra or metal-organic complexes as 
linkages80,83,84. Furthermore, considering the dehydrate reaction between 
B-O-H and H-O-R (R = organic group), the polyol can also be introduced 
to link the isolated vanadoborate cluster to higher dimensional open-
frameworks. Figure 5.1 lists the possible routines for constructing 3D 
open-framework vanadoborates.  

 
Figure 5.1. Different routines for constructing open-framework 

vanadoborates. 

5.2 SUT-6, 3D vanadoborates constructed by using transition 
metal polyhedra as linkage (Paper III)  

SUT-6 represents the strategy of using transition metal polyhedra as 
linkage to construct 3D open-framework vanadoborates. When the 
transition metal source is introduced into the vanadoborates synthesis by 
carefully controlling the experimental parameters, the transition metal 
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polyhedra could be in situ formed and link the specific type of 
vanadoborate clusters into higher dimensional structures.  

5.2.1 Synthesis of SUT-6  

The synthesis of SUT-6 was performed in the hydrothermal condition. 
The metal ions Zn, Ni and Mn play a very important role in 
assembling the open-framework vanadoborate structures since they 
connect the isolated V12B18 clusters. However, similar synthesis with 
these transition metal sources were widely used in previous work,83–

85,92,94–96,150 but only zinc complexes modified V12B18 clusters94,95 were 
obtained. In those previous reported cases, except for the coordination 
sites from V12B18 cluster, the other sites were saturated by the engaged 
organic amines. There were no other coordination sites to link the 
other V12B18 clusters for constructing higher dimensional structures. 
Therefore, we believe that the small amount of amines could be the 
key factor for achieving 3D vanadoborates. 

With this idea in mind, we took the SUT-6-Zn synthesis condition as 
an example to systematically investigate the synthesis conditions. We 
retained all synthesis parameters apart from the amount of 
diethylenetriamine, which varied from 0.5 mmol to 2 mmol. When the 
amount of diethylenetriamine was between 0.5 mmol and 1 mmol, pure 
SUT-6 could be obtained. When the amount of diethylenetriamine was 
increased, we obtained different lower dimensional vanadoborate 
structures. The results confirm that with high concentrations of 
diethylenetriamine, the possible linker (Zn) is more likely to be 
saturated by amines. Only low dimensional structures were obtained. 
Thus in order to synthesize 3D vanadoborates with metal polyhedra as 
linkers, it is important to use small amounts of amine as SDAs. 

5.2.2 Structure characterization  

SCXRD data collected at 100 K was used for structure determination for 
SUT-6. Structure solution and refinements were routinely conducted with 
the SHELXL 97 program.147,148 SUT-6 shows a cubic phase with space 
group Pn . It is impossible to locate the SDA in the channels because of 
the high symmetry of the framework and lower symmetry of the SDA. So 
the final refinement was done after using SQUEEZE to remove the 
solvent and organic molecule contributions in the diffraction intensities. 

5.2.3 Crystal structure of SUT-6 

The framework of SUT-6 is constructed from V12B18 clusters bridged 
by MO5 (M=Zn) or MO6 (M=Ni,Mn) polyhedra. The 3D framework of 
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SUT-6 can be clearly presented using topology analysis. Each V12B18 
cluster connects to six V12B18 clusters through the MO5 or MO6 
polyhedra in a planar manner. This can be represented by a hexagon 
where each MO5 or MO6 polyhedron is a vertex, with the V12B18 
cluster in the center. In contrast to the normal assembling of hexagons 
where a regular hexagonal layered topology is formed, adjacent 
hexagons in SUT-6 have a dihedral angle of 70.5o from each other and 
are connected into a cubic hxg topology network.151  

 

Figure 5.2. Hexagon representation of SUT-6: a) 12-ring windows 
along the [100] direction; b) 18-ring windows along the [110] 
direction; c) 18-ring windows along the [111] direction; and d) the 
interpenetrated diamond-like channel system shown as the red nets. 

Figure 5.2 shows the channel system in SUT-6-Zn. Along the [100] 
direction, four edges form 12-ring windows (Figure 5.2a). However, 
due to the BO3 and V=O pointing to the channel, this window is 
almost closed. Along the [110] and [111] directions, 18-ring windows 
are formed by six edges (Figure 5.2b-c). Small cage-like voids in 
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SUT-6 are connected through these 18-ring windows and form two 
interpenetrated diamond-like channel systems (Figure 5.2d). 

5.3 SUT-7, a mesoporous vanadoborate (Paper IV) 

5.3.1 Scale chemistry strategy employed for constructing 
mesoporous vanadoborates 

Crystalline inorganic mesoporous materials with channel sizes above 2 
nm are especially interesting, as the enlargement of the porosity can 
enhance the diffusion of large organic molecules into the pores when the 
porous materials are used as catalysts or supports. However, only a few 
inorganic examples have been reported with such meso-pores, such as 
ITQ-43152 (a 28-ring germanium silicate), SU-M,153 JLG-1215 (the 30-ring 
germanate), ITQ-37154 (a 30-ring germanium silicate), and NTHU-1312 (a 
series of gallium zincophosphites with 24 to 72-ring). Expanding the pore 
size in the inorganic crystalline materials presents its own difficulties and 
cannot be done as with metal-organic frameworks (MOFs), in which the 
pore size can be rationally expanded and designed based on reticular 
chemistry6,155 or modular chemistry.156,157 Férey et al.13,36 proposed scale 
chemistry methodology and predicted that the larger the structure 
building unit (SBU), the larger the pores. This was demonstrated to be 
very successful in cluster-based building units in germanates.15,16 Here, 
with different amounts of amines used in the synthesis, the vanadoborate 
cluster types can be changed from the V12B18 cluster in SUT-6 to another 
V10B28 cluster. The V12B18 cluster, which shows a high coordination 
number, makes its surroundings very crowded, and results in relatively 
smaller pores in SUT-6. Inspired by this observation and the scale 
chemistry strategy, we controlled the amount of amine and Zn/V ratio 
used in the synthesis, and successfully obtained a bigger vanadoborate 
cluster V10B28 as the SBU to build 3D frameworks. V10B28 has D2h point 
group symmetry and acts as a 4-coordinated node, which could facilitate 
the formation of mesopores in the SUT-7 framework. 

5.3.2 Synthesis of SUT-7  

The amount of amine and Zn/V ratio are two important parameters for 
synthesizing SUT-7. The amount of amine plays an important role in 
controlling the cluster type in forming SUT-7 based on our experimental 
results. Keeping all other parameters fixed at the optimal condition, pure 
SUT-7 with high yield was only obtained with amine amounts between 
12 mmol to 16 mmol. In addition, the Zn/V ratio was even more crucial 
for synthesizing SUT-7. We studied its influence in the range of 1:18 to 
3:1 with the total amount of zinc and vanadium fixed at 3.8 mmol. SUT-7 
was only formed with the amount of Zn/V ratio in the range of 7:12 to 
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3:2. Lower concentration of Zn/V ratio will only result in V12B18 clusters, 
indicating that a sufficient amount of Zn was required to form SUT-7. 
The Zn atoms not only acted as the bridging polyhedra, but also 
facilitated the formation of V10B28 clusters since no V10B28 cluster was 
formed with lower amounts of Zn. 
 

5.3.3 Crystal structure of SUT-7 

The structure of SUT-7 is determined by SCXRD, and it crystallizes in 
the P42/nnm space group with a = 26.7659(1) Å, c = 14.7911(2) Å. The 
SUT-7 framework is constructed with (V10B28O74H8)8− clusters, which are 
frequently found in the reported vanadoborates. Inside the ellipsoidal 
cavity of the V10B28 cluster, there is a Zn4(BO3H2) unit (Figure 5.3a). 
These tetrahedrally coordinated Zn assisted the formation of the V10B28 
cluster.83 Outside of the V10B28 cluster, there are four additional five-
coordinated Zn atoms, which further link the clusters into a 3D 
framework.  

 
Figure 5.3. Cluster and 3D structure of SUT-7. a) the V10B28 cluster with 
a Zn4(BO3H2) unit inside and four ZnO5 polyhedra outside can be 
abstracted into a rectangle; b) the 3D framework structure of SUT-7; c) 
the structure of SUT-7 represented by two interpenetrated lvt nets with 
nodes shown as rectangles (blue and yellow).  
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A rectangle can represent the V10B28 clusters, in which the corners are 
located the ZnO5 polyhedra and the long/short edges stand for five/four 
polyhedra. Topologically, SUT-7 structures have an interpenetrated lvt 
net (i.e. the lvt-c net in Figure 5.3b-c) with the optimum symmetry. The 
single lvt net mainly contains 4-rings and 8-rings. After decoration by 
V10B28 in SUT-7, they become 16-rings and 38-rings. The 16-ring can 
only be observed along the [001] direction (Figure 5.4a-b). The 38-ring 
has a mesoscale pore opening, i.e. 24.7×12.7Å, which is the largest for 
vanadoborates. Based on the 38-rings, the single lvt net of SUT-7 
contains a 3D channel system that is viewed along different directions as 
shown in Figure 5.4a-f. When two lvt nets are interpenetrated together 
by shifting half of the c-axis, the channels formed by 38-rings along the 
[110] and [101] directions are almost blocked, while the big channels 
along the [001] direction keep a pore opening of 6.0×9.5Å.  
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Figure 5.4. Channel system of the single lvt net in SUT-7. (a) and (b) are 
viewed along the [001] direction; (c) and (d) along the [110] direction; (e) 
and (f) along the [101] direction. In (a), (c) and (e), each V10B28 cluster is 
presented as a rectangle for a clear view of the channel system.  
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5.4 Construction of vanadoborates by introducing metal-organic 
complexes as linkage in SUT-9, SUT-12 and SUT-13 (Paper V)  

Introducing metal-organic complex is an efficient way to construct open-
framework materials, as it has been demonstrated to be successful in 
germanates16 and POMs158 synthesis. The metal-organic complexes can 
connect the isolated clusters into higher dimensional structures. They are 
normally in situ formed, simultaneously as cluster formation. Here, this 
strategy has been employed in vanadoborate synthesis, and demonstrated 
to be successful in SUT-9, SUT-12, and SUT-13. 

5.4.1 Synthesis of SUT-9, SUT-12 and SUT-13 

SUT-9 was synthesized from a mixture solution of 2 mmol of NH4VO3, 4 
mmol NH4B5O8.4H2O, 4 mmol H3BO3, 0.5 mmol Cu(NO3)2.3H2O, 10 ml 
distilled H2O and 0.22 ml NH(CH2CH2NH2)2 in a 23 ml Teflon tube by 
hydrothermal synthesis process. The Telflon tube was put into the 
stainless steel autoclave, heated in a 100 ºC oven for 7 days, and then 
cooled to room temperature. Dark blue cubic crystals of a typical size 
around 80 micrometers were harvested after washing with distilled water.  

SUT-12 was synthesized through the boric acid reflux method with a 
small amount of extra water added. The mixture in the Telflon tube was 
put into the stainless steel autoclave, heated in a 180 ºC oven for 7 days, 
then cooled down to room temperature. The extra H3BO3 was washed 
away by 80 ºC hot water.  

SUT-13 was synthesized by the hydrothermal method in 120 ºC. Dark 
blue prism crystals with copper metal fibers were harvested after being 
washed with distilled water.  

5.4.2 Crystal structure of SUT-9 

SUT-9 is crystallized in the cubic space group Ia ̅, with a=27.6469 Å. It 
composes of V12B18 clusters as shown in Figure 5.5a. Cu(DETA)(H2O) 
complexes are in situ formed with three N and one O coordinated to the 
square plane of the CuO3N3 octahedron. The Cu(DETA)(H2O) complex 
connected to two V12B18 clusters by sharing apical oxygen atoms on the 
V=O group (Figure 5.5c). An interesting point is that the 
Cu(DETA)(H2O) complex is crystallographically refined to two different 
disordered positions, with the occupancy of each position at 
approximately 45% and 55%, respectively (Figure 5.5b). The whole 
framework shows a pcu net with 12-ring channels running along the [100] 
direction. The structure was published by Zhou et al.97 in 2013. 
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Figure 5.5. The cluster and crystal structure of SUT-9. 

5.4.3 Crystal structure of SUT-12 

SUT-12 is constructed from V6B20 clusters (Figure 5.6a) linked by 
Zn[NH(CH2CH2NH2)2]2 complexes (Figure 5.6b). Previous reports 
showed that V6B20 clusters were difficult to connect into 2D or 3D 
structures, although efforts have been made.80 Benefited from the 
introduction of zinc and organic templates in our synthesis, the V6B20 
clusters are connected by four apical V1=O and V2=O bonds by 
Zn[NH(CH2CH2NH2)2]2 complexes (Figure 5.6c) to further form a tilted 
2D square net as shown in Figure 5.6d. Here SUT-12 represents the first 
2D structure constructed from V6B20 clusters. An interesting feature in 
this compound is that the dangling amine groups are observed in both 
diethylenetriamine molecules. In other words, only two of the three 
nitrogen atoms in the diethylenetriamine ligand are coordinated to the 
zinc atom.  
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Figure 5.6. The cluster and linker in SUT-12. a) V6B20 cluster; b) 
Zn(DETA)2 complex; c) V6B20 cluster linked out through four zinc 
complexes; and d) the 2D layered net in SUT-12. Color scheme for 
different elements: red, oxygen; yellow, boron; grey, carbon; light grey, 
zinc; green, vanadium.  

5.4.4 Crystal structure of SUT-13 

In SUT-13 synthesis, H3PO4 was introduced, considering the similar 
coordination geometry of BO4 and PO4 polyhedra. SUT-13 comprises 
V6B6P12O72

18- (V12B6P12) clusters (Figure 5.7a) linked by Cu(DETA)2 
complexes (Figure 5.7b). The V12B6P12 cluster is further linked to six 
others by Cu(DETA)2 complexes through V=O to form a 2D network as 
shown in Figure 5.7c-d. In a single layer of SUT-13, two different types 
of 12-rings are formed. The dangling feature of DETA is also shown in 
SUT-13. 
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Figure 5.7. The cluster and linker in SUT-13. a) A polyhedral view of the 
V12P12B6 cluster; b) the ball and stick view of the link Cu(DETA)2; c) the 
cluster of SUT-13 surrounded by six Cu(DETA)2 complexes; and d) a 
single 2D layer of SUT-13. Color scheme for different elements: red, 
oxygen; yellow, boron; dark yellow, phosphor; grey, carbon; blue, copper; 
green, vanadium. 

5.5 Construction of open-framework vanadoborates through 
covalent bonds in SUT-10 and SUT-11 (Paper VI) 

5.5.1 Background on construction of vanadoborates based on 
covalent bond 

Although many 3D cluster-based open-framework materials have been 
reported, cluster-based structure building units that are connected by 
covalent bond through organic linkers to form 3D open-framework 
materials is an undeveloped area of research. To explore the structural 
diversity of 3D crystalline POM hybrid materials through covalent bond 
connection, we designed a strategy to utilize the –OH groups on POMs to 
react with ethylene glycol through the dehydrate oxolation mechanism to 
construct 3D covalent bonded POMs (CBPOMs). We achieved two new 
3D crystalline POMs that were connected by designed B-O-C covalent 
bonds through the dehydrate oxolation process of –OH groups on 
vanadoborate clusters and ethylene glycol.  
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5.5.2 Synthesis of SUT-10 and SUT-11 

SUT-10 and SUT-11 were synthesized through the hydrothermal process 
by mixing the vanadium, boron sources with the organic SDA in the 
ethylene glycol solution. The main difference of achieving SUT-10 and 
SUT-11 is the organic amines used in the synthesis. The carbon nitrogen 
chain of tetraethylenepentamine used as SDA in SUT-11 is longer than 
the diethylenetriamine as used in SUT-10. 

5.5.3 Crystal structure of SUT-10 

 
Figure 5.8. a) The ethylene glycol linked V10B20 cluster in SUT-10; b) 
V10B20 cluster; c) V10 ring in SUT-10; d) B20 ring in V10B20 cluster. Colour 
codes: V atoms: dark green; B atoms: yellow; O atoms: red; C atoms: 
grey; H atoms are omitted for clarity. The corresponding polyhedron also 
shown in the same colour. 

SUT-10 is composed of V10B20O60 clusters covalently linked by ethylene 
glycol (Figure 5.8a) to form a 3D framework. The SUT-10 cluster 
(Figure 5.8b) is composed of two boron 10-ring(B10) sandwiching a 
vanadium 10-ring (V10). The V10 ring (Figure 5.8c) is constructed by 
edge-sharing VO5 square pyramids, while the B10 ring (Figure 5.8d) is 
composed of five BO3BO4 units connected together by sharing apical 
oxygen atoms in sequence. Compared to other frequently reported 
vanadoborate clusters that have a dense cluster feature, the new 
V10B20O60 cluster in SUT-10 shows a 10-membered ring open window 
with solvent molecules occupied in the ring-like cluster. The SUT-10 
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cluster is further covalently connected by ethylene glycol through the ten 
dangling oxygen atoms on the BO4 tetrahedra. Among six of the ten BO4 
positions in the SUT-10 cluster, six ethylene glycol molecules attached to 
the V10B20O60 cluster keep the corresponding ethylene glycol molecules 
dangling as an ending group without linking to other vanadoborate 
clusters. Only four ethylene glycol molecules connect to other V10B20O60 
clusters to form a 3D framework structure. Topologically, if considering 
the cluster as node, and the linker of ethylene glycol as bridge, SUT-10 
forms a α-quartz topology network. 

5.5.4 Crystal structure of SUT-11  

SUT-11 is constructed from another new type of vanadoborate cluster 
V10B24O62(OH)4, which is linked by four ethylene glycol motifs as shown 
in Figure 5.9a,b. This cluster is a new cluster but similar to the cluster in 
SUT-10. The SUT-11 cluster exhibits C2h symmetry and one V10 ring 
(Figure 5.9c) is sandwiched between two mirror symmetry related 
polyborate ligands B12O26(OH)2(OCH2CH2O)2

22- (Figure 5.9d). In the 
polyborate ligand B12O26(OH)2(OCH2CH2O)2

22- motif, two BO3 and two 
OCH2CH2O2- decorated on the B10 ring (the denoted B10 ring is 
constructed from an edge shared BO3 and BO4). Compared to the B10 ring 
in SUT-10, which is constructed by the BO3 and BO4 polyhedra in an 
alternative sequence, the sequence of the B10 ring in SUT-11 is slightly 
different, as it is in a BO3BO4BO4BO3BO4BO3BO4BO3BO4BO4 fashion.  

 
Figure 5.9. a) The V10B24 cluster linked by ethylene glycol in SUT-11; b) 
polyhedron view of structure-building units in SUT-11; c) the V10 ring; 
and d) B12 ring.  
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The V10 ring in the SUT-11 cluster is composed of ten edge sharing 
square pyramidal VO5. The ten V=O distances range between 1.591 and 
1.645 Å, with an average V=O bond distance of 1.621 Å. The twenty 
basel V-O bonds are with distances range from 1.917 to 2.005 Å, and the 
average V-O distance is 1.960 Å. There are two different types of 
channels in the framework along the [100] direction as shown in Figure 
5.10a. One is contributed by the opening feature of the cluster in SUT-11 
which is the 10-membered V10 ring with pore size of 5.9 Å × 5.7 Å, 
assuming the van der Waals diameter as 2.7 Å for oxygen. The other type 
of channel is attributed to the concave ring stacking by the clusters linked 
by ethylene glycol. Two different types of channels are also involved 
along the [001] direction as shown in Figure 5.10b. One is constructed of 
V10B24 clusters linked by ethylene glycol; the size of this channel is 4.7 Å 
× 4.7 Å. The other type of channel is constructed of V10B24 clusters linked 
by ethylene glycol and hydrogen bonds with a channel size of 10.6 Å × 
9.7 Å. 

 
Figure 5.10. Channels in SUT-11 a) along [100]; b) channels along 
[001]. 
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6. Structure Determination of PKU-3 and 
PKU-16 by RED 

 

6.1 Structure determination by PXRD and RED in PKU-3 (Paper VII) 

6.1.1 Structure determination of aluminoborates 

Aluminoborates normally crystallize as submicrometer-sized crystals. 
The crystal structure is not easy to be elucidated by SCXRD.159–166 Until 
now, there are more than 10 new aluminoborates reported with 
undetermined atomic structures.159–162 PXRD worked well for 
determining the crystal structures of PKU-1,167 PKU-5,164 PKU-6,165 and 
PKU-8.166 However, it is less feasible when the crystals have severely 
preferred orientated morphologies together with severely overlapping 
problem. PKU-3, which is determined and described here, shows needle-
like morphology with a typical size of 300 nm×300 nm×10 µm. The 
severely preferred orientation, peak overlapping problem and the 
presence of light element B are the main three factors, which hinder the 
structure solution through PXRD. However, with the RED method,116 the 
structure determination of PKU-3 become straightforward.  

6.1.2 Structure determination of PKU-3 

There is a long story behind the structure determination of PKU-3. 
Although this pure phase has been obtained for more than 10 years, the 
first successful attempt of ab initio structure determination of PKU-3 was 
performed in EXPO 2009168 by using high-resolution synchrotron data. 
However, due to the complexity of the PXRD pattern of PKU-3 
(including the prefered orientation, peak overlapping problem169),  
together with the light and complex coordination feature of boron atoms, 
and the disordered Cl- anions in the channel, only three Al atom positions 
and part of the oxygen atoms were resolved. Although a reasonable 
model with more oxygen and boron atoms could be found based on the 
obtained structure model by simulated annealing later, the whole 
procedure was very time consuming.  
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Figure 6.1. Reconstructed three dimensional RED data. a) Overview of 
the data; due to the electron beam damage, the reflections at high 
resolution following a clockwise direction become weaker and weaker. 
b)-d) selected planes in the reciprocal lattice and corresponding to hk0, h-
hl, and hhl planes, respectively. The reflection conditions can be obtained 
as: h-hl, l=2n, 00l, l=2n. Due to the dynamical effects, some reflections 
violate the reflection conditions. 

A RED data set for crushed, nano-sized PKU-3 crystals was collected. 
Figure 6.1a shows an overview of the RED data. A hexagonal unit cell 
could be used to index the whole data set and the reflection conditions 
can also be obtained based on the selected planes in the reciprocal 
lattice(Figure 6.1b–d). PKU-3 crystals are relatively stable under the low 
electron dose. With this data set, the structure can be solved by using 
direct methods in SIR2011131 and Shelxs 97.147 Compared to the partial 
model obtained from PXRD, all atoms in PKU-3 framework are resolved 
from RED data, even for the light B and O atoms. The achieved structure 
model is comparable with the one from a single crystal X-ray diffraction 
dataset. One reasonable explanation is that the electron diffraction 
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technique has higher sensitive to light element compare to X-ray 
diffraction.170 In the framework of PKU-3, the Al and B are not strong 
scatters, and the multiple scatterings from these atoms may not influence 
the accuracy of bond distances and angles very much,171 especially when 
the RED data was collected around an abritary rotation axis. This makes 
the least-square refinement against RED data work smoothly. Although  
very weak beam was used in RED data collection. The beam damage, as 
indicated by the reconstructed RED data in Figure 6.1a can still be 
observed. The spots in high-resolution following a clock-wise direction 
become slightly weaker. The beam damage also contribute to the high Rint 
value in the final data. 

 
Figure 6.2. Rietveld refinement of PXRD for as-synthesized PKU-3. The 
curves from top to bottom with red, blue, and black colors are simulated, 
observed, and difference profiles, respectively.  

After the structure model of PKU-3 has been derived from RED data, the 
structural model for all the non-hydrogen atoms were further refined 
anistropically against RED data and confirmed by Rietveld refinement 
method in TOPAS 4.0172, the final refinement coverged to Rp = 0.0687, 
Rwp = 0.0881, with Rexp = 0.0398 (Figure 6.2). 
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6.1.3 Crystal structure of PKU-3  

 
Figure 6.3. Framework and channels in PKU-3. a) 3D structure of PKU-
3;b) kag topology of PKU-3;c) the 9-ring and d) 12-ring in PKU-3. 

PKU-3 exhibits a microporous framework structure with 1D channels as 
shown in Figure 6.3a. Topologically, considering the SBU as node and 
the sharing oxygen atoms between different SBUs as edge, PKU-3 shows 
a kag network with kagome tiling173 (Figure 6.3b). The structure 
building units in PKU-3 is Al3B6O24, which is built with three edge 
sharing AlO6 octahedra together with two BO3 triangles and one BO4 
tetrahedron on each side.   

1D 9-ring channel built from two edge sharing AlO6 octahedra connected 
to one BO4 as basic units rotated by a three-fold rotation axis is shown in 
Figure 6.3c. Another bigger 12-ring channel which is constructed from 
six AlO6 octahedra and six BO4 tetrahedra by sharing the apical oxygen 
atoms in an alternative sequence is shown in Figure 6.3d. Compared to 
other discovered aluminoborates with 1D channels which are either 
constructed by BO3 or BO4 polyhedra or AlO6 octahedra; the channel in 
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PKU-3 is constructed by AlO6 octahedra connected with BO4 tetrahedra 
in an alternative squence. 

 

6.2 PKU-16, A 11-ring germanosilicate explored and structure 
determination by RED (Paper VIII) 

Stable zeolites with proper pore sizes in the range of 10- to 12- rings are 
very important catalysts in petrochemical industry.174–176 Most of the 
industrially used zeolites such as zeolite beta177 and ZSM-5178 are with the 
ring size in this range. Zeolites with odd-numbered rings are rare and 
desirable. However, it is still challenging to synthesize stable zeolites 
with 11-rings which is with a pore size between the 10- and 12- ring. 
PKU-16 is the first 11-ring germanosilicate zeolite explored in around 
two months with the aid of RED. Its structure was determined by using 
RED technique and confirmed by Rietveld refinement against PXRD. 

6.2.1 Structure determination of PKU-16 

The first batch of sample obtained from the autoclave was not pure, and 
was PKU-16 mixed with an impurity phase. Figure 6.4a shows the 3D 
reciprocal lattice reconstructed from the RED data set of PKU-16. This 
reciprocal space clearly shows a 4/mmm Laue symmetry with a tetragonal 
unit cell of a~19.04 Å and c~11.73 Å. The reflection conditions derived 
from Figure 6.4b-d indicated the possible space group of P42/mnm. The 
ab-initio structure solution was performed by direct methods in 
SIR2011,131 and all Si/Ge and O atoms were located. The framework 
atoms were anisotropically refined without any restraints by 
SHELX97.147,148 Due to electron beam damage,179 organic SDAs in the 
pores could not be located from the RED data. After the structure model 
was obtained, a simulated PXRD pattern was generated, and focused on 
this simulated PXRD pattern, a pure phase PKU-16 sample can be 
obtained in about two month by our collaborator at PKU. Based on the 
pure phase samples, a high quality PXRD pattern was collected on our 
lab powder X-ray diffraction machine. A combined study of Rietveld 
refinement on PXRD and force field simulation proved that the SDAs are  
disordered in the pores. Thus, the final Rietveld refinement was done in 
TOPAS,180 with soft geometric restraints for the framework while rigid-
bodies for OSDAs to compensate their scattering. The refinement 
converged to Rp=0.0575, Rwp=0.0738 with Rexp=0.0479 (Figure 6.5).  
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Figure 6.4. Reconstructed 3D RED data. a) overview of the data. Due to 
the electron beam damage, the reflections at high-resolution following a 
clockwise direction become increasingly weaker; and b-d) selected planes 
in the reciprocal lattice and correspond to the hk0, h0l and hhl planes, 
respectively. Reflection conditions are: h0l, h+l = 2n; h00, h = 2n; 00l, l = 
2n. Due to dynamical effects, some reflections violate the reflection 
conditions. 
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Figure 6.5. Rietveld refinement of powder X-ray diffraction for as-
synthesized PKU-16.The blue curve is the experimental one; red for the 
calculated one; black for the difference.        

6.2.2 Crystal structure of PKU-16 

The final framework of PKU-16 looks extremely similar to BEC (Figure 
6.6a). The striking difference is that the straight 3D channel system was 
transformed from 12×12×12 rings in BEC to 11×11×12 rings in PKU-16 
(Figure 6.6b). Both structures are constructed by columns along the c-
axis, linked by double four rings (d4rs) to form 3D channel systems. The 
difference was introduced by the rotation of 4MRs in the center of the 
column.  

 
Figure 6.6. 3D channel systems of BEC and PKU-16. BEC has a 
12×12×12-ring channel system in a), while PKU-16 has an 11×11×12-
ring channel system in b). The 11-ring channels are squashed with pore 
sizes of 4.6×6.9 Å, assuming the van der Waals diameter for oxygen of 
2.7Å. Oxygen atoms are omitted for clarity. 
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All 4MRs in BEC are parallel to the c-axis and form star-like mor units 
(Figure 6.7a). Half of these 4MRs shown in blue are rotated by 90o 

around a- and b-axes in PKU-16 and become perpendicular to the c-axis 
in Figure 6.7b. One result of the 4MR rotation is the doubled unit cell in 
the a-b plane without changing the 12MR channels along the c-axis. 
Another more important result is shown in Figure 6.7c-d. Perpendicular 
to the c-axis, BEC has also 12MR channels ( Figure 6.7c), but in PKU-
16 (Figure 6.7d), some of the 4MRs (in blue) are rotated 90o and only 
contribute one atom in the ring. Finally, the 12MRs in BEC become 
squashed 11MRs in PKU-16 and the ring size is also changed from 
6.9×7.0 Å to 4.6×6.9 Å, assuming the van der Waals diameter of oxygen 
is 2.7 Å, which agrees with the pore size from N2 adsorption analysis.  

 
Figure 6.7. Comparison of BEC and PKU-16 frameworks: a) and c) are 
projections of BEC; b) and d) are projections of PKU-16.  
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7. Conclusions and Future Perspectives 
 

In summary, two open-framework germanates and seven open-
framework vanadoborates were synthesized based on different strategies. 
Their structures are characterized by SCXRD. The structures of a 
seriously preferred orientated aluminoborate and a nano-sized 
germanosilicate are solved by RED combined with PXRD.  

SU-74 represents the first germanate synthesized by using AEP as the 
structure directing agent.  

SUT-8 exhibits seriously twinning and supercell problems, and the new 
Co@Ge14 cluster is present in its structure.  

SUT-6 represents the first 3D open-framework vanadoborate by 
considering the metal-oxo polyhedra as linkages.  

SUT-7 is constructed based on scale chemistry, and its single net shows 
38-rings with its ring size in mesoporous range.  

SUT-12 and SUT-13 are two layered vanadoborates constructed by using 
metal-organic complexes as linkages. An interesting feature in these two 
structures is that the two DETA molecules coordinated to the metal 
position with a rarely seen dangling amine feature. SUT-9 is a 3D 
vanadoborate linked by Cu-DETA complex.  

SUT-10 and SUT-11 are two covalently linked vanadoborates with 
ethylene glycol as  linker, which demonstrated that B-O-H bonds on 
vanadoborates can be engaged in the dehydrate reaction with the OH 
group in ethanol glycol.  

PKU-3 is an aluminoborate with seriously preferred orientation. Its 
structure can be determined by PXRD and RED. The boron atoms are 
hard to allocate by PXRD, but can be easily resolved from RED data. 
This shows a strong advantage of RED data for handling light element 
structures over that of X-rays.  

PKU-16 is a nano-sized germanosilicate that was first solved based on the 
as-synthesized mixture phases sample. Benefited from the advantage of 
RED for handling nano-sized crystals structures in mixture phases, the 
structure of PKU-16 can be easily determined, and the pure phase 
synthesis and structure elucidation procedure were accelerated compared 
to the synthesis of other reported nano-sized zeolites structures, which 
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may take years. PKU-16 is the first 11-ring germanosilicate with its 
structure similar to BEC.  

Although great deal of efforts have been put into synthesizing open-
framework materials constructed from CBSBUs. It remains difficult to 
clearly understand the reaction mechanism behind the synthesis. Besides, 
controlling the assembling of the clusters to 3D open-framework 
materials is possible, but still challenging. In the future, in order to 
understand the assembling mechanism clearer, more studies on in situ 
observations are needed. Moreover, the microscopy method, especially 
high-resolution in situ microscopy or environmental miscroscopy, could  
facilitate the study of this topic also in the future. 

In terms of RED techniques, the frequently mentioned terminologies, 
such as dynamical effects, absorption effects, and beam damage, which 
contribute to the relatively poor data quality, must be studied and 
corrected carefully. These are the main factors that the present RED 
intensities can not be used in structure refinement alone. If these 
problems can be better understood, RED will certainly be a perfect 
method for crystal structure determination. Besides, the possibility of 
using electron diffractometers to replace X-ray diffractometers in many 
studies cannot be ruled out.  
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