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Abstract 

Metal−organic frameworks (MOFs) are crystalline hybrid materials with 
interesting chemical and physical properties. This thesis is focused on the 
synthesis and characterization of different MOFs and their use in heteroge-
neous catalysis.  

Zeolitic imidazolate frameworks (ZIFs), including ZIF-4, ZIF -7 and ZIF 
-62, Ln(btc)(H2O) (Ln: Nd, Sm, Eu, Gd, Tb, Ho, Er and Yb), 
Ln2(bpydc)3(H2O)3, (Ln: Sm, Gd, Nd, Eu, Tb, Ho and Er), MOF-253-Ru and 
Zn(Co-salophen) MOFs were synthesized. Various characterization tech-
niques were applied to study the properties of these MOFs. X-ray powder 
diffraction (XRPD), single crystal X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM) and thermogravimetric analysis (TGA) were exten-
sively used. 

The effect of synthesis parameters, such as batch composition and tem-
perature, on the formation and morphology of ZIF-7 and ZIF-62 was studied. 
Structural transformation and flexibility of two series of lanthanide-based 
MOFs, Ln(btc)(H2O) (Ln: Nd, Ho and Er) and Ln2(bpydc)3(H2O)3, (Ln: Sm 
and Gd) upon drying and heating were characterized. Relations between 
metal coordination, structure flexibility and thermal stability among the 
Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and MOF-253 were investigated. 

Salophen- and phenanthroline-based organic linkers were designed, syn-
thesized and characterized. Metal complexes were coordinated to these link-
ers to be used as catalytic sites within the MOFs. 

Catalytic studies using two MOF materials, Ln(btc) and MOF-253-Ru, as 
heterogeneous catalysts in organic transformation reactions were performed. 
The heterogeneous nature and recyclability of these MOFs were investigated 
and described.  
 

Keywords: metal−organic frameworks, zeolitic imidazolate frameworks, 
functionalized linkers, structural transformation, heterogeneous catalysis  

 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

List of publications 
 
 
 
This thesis is based on the following papers: 
 
 
I. Mikaela Gustafsson and Xiaodong Zou  

Crystal Formation and Size Control of Zeolitic Imidazolate Frame-

works with Mixed Imidazolate Linkers 

J. Porous Mater. (2012) DOI: 10.1007/s10934-012-9574-1 
 
II. Mikaela Gustafsson, Zhongyue Li, Guangshan Zhu, Shilun Qiu, Jekabs 

Grins and Xiaodong Zou 
A Porous Chiral Lanthanide Metal−Organic Framework with High 

Thermal Stability 

Zeolites and Related Materials: Trends, Targets and Challenges, Stud-

ies in Surface Science and Catalysis 174 (2008), 451-454, Eds. A. 
Gedeon, P. Massiani and F. Babonneau, Elsevier BV. 

 
III. Mikaela Gustafsson, Agnieszka Bartoszewicz, Belén Martín-Matute, 

Junliang Sun, Jekabs Grins, Tony Zhao, Zhongyue Li, Guangshan Zhu 
and Xiaodong Zou  
A Family of Highly Stable Lanthanide Metal−Organic Frameworks: 

Structural Evolution and Catalytic Activity 

Chem. Mater. 22 (2010), 3316–3322.  
 
IV. Mikaela Gustafsson, Jie Su, Huijuan Yue and Xiaodong Zou  

A Family of Flexible Lanthanide Bipyridinedicarboxylate 

Metal−Organic Frameworks Showing Single-Crystal to Single-Crystal 

Transformations 

In manuscript 
 
V. Fabian Carson, Santosh Agrawal, Mikaela Gustafsson, Francisca Mo-

raga, Agnieszka Bartoszewicz, Xiaodong Zou and Belén Martín-Matute 
Ruthenium Complexation in an Aluminium Metal−Organic Framework 

and its Application in Alcohol Oxidation Catalysis 

Chem. - A Eur. J. (2012) submitted 
 
 
Paper I is reprinted with the permission of Springer, Copyright (2012). Paper 
II is reprinted with the permission of Elsevier, Copyright (2007). Paper III is 
reprinted with the permission of American Chemical Society, Copyright 
(2010). 



 

Publication not included in the thesis: 
 
Kirsten E. Christensen, Charlotte Bonneau, Mikaela Gustafsson, Lei Shi, 
Junliang Sun, Jekabs Grins, Kjell Jansson, Isabelle Sbille, Bao-Lian Su and 
Xiaodong Zou  
An Open-Framework Silicogermanate with 26-Ring Channels Built from 

Seven-Coordinated (Ge,Si)(O,OH) Clusters 

J. Am. Chem. Soc. 130 (2008), 3758-3759.  



 

Abbreviations 

1D One-dimensional 
3D Three-dimensional 
bdc Benzenedicarboxylic acid 
bIm Benzimidazole 
bpdc Biphenyldicarboxylic acid 
bpydc Bipyridinedicarboxylic acid 
BSE Backscattered electron 
btc Benzenetricarboxylic acid 
CIF Crystallographic information file 
CHN Carbon, hydrogen and nitrogen 
CHSN Carbon, hydrogen, sulfur and nitrogen 
CUS Coordinatively unsaturated site 
DEF Diethylformamide 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
EDS Energy dispersive spectroscopy 
EtOH Ethanol 
FT-IR Fouriertransform – infrared 
Im Imidazole 
IRMOF Isoreticular MOF 
IUPAC International union of pure and applied chemistry 
MeOH Methanol 
MOF Metal−organic framework 
MS Mass spectrometry 
NMR Nuclear magnetic resonance 
PSM Post-synthetic modification 
RT Room temperature 
SBU Secondary building unit 
SE Secondary electron 
SEM Scanning electron microscopy 
SUMOF Stockholm university MOF 
TGA Thermogravimetric analysis 
THF Tetrahydrofuran 
TON Turnover number 
tpdc Triphenyldicarboxylic acid 



 

WDS Wavelength dispersive spectroscopy 
XRD X-ray diffraction 
XRPD X-ray powder diffraction 
ZIF Zeolitic imidazolate framework 
 



 

Table of Contents 

Abstract 
 
List of Publications 
 
Abbreviations 

 

1. Introduction.................................................................... 17 
 1.1 Metal−Organic Frameworks (MOFs):  

  a Class of Porous Materials .................................................. 17 

  1.2 How are MOFs built up?....................................................... 18 

  1.3 Why are MOFs Interesting Porous Materials?.......................... 21 

   1.3.1 Porosity of MOFs ........................................................ 21 

   1.3.2 The Versatile Chemistry of MOFs.................................. 22 

   1.3.3 MOFs are Flexible and Dynamic Materials ...................... 22 

   1.3.4 Drawbacks of MOFs .................................................... 23 

  1.4 How are MOFs made? ......................................................... 24 

  1.5 MOFs for Heterogeneous Catalysis ........................................ 28 

  1.6 Other Applications of MOFs .................................................. 32 

   1.6.1 Gas Capture / Storage / Separation ............................. 32 

   1.6.2 Drug Delivery ............................................................ 32 

  1.7 Aims and Objectives ........................................................... 33 

 

2.  How are MOFs characterized?........................................... 34 
 2.1 X-Ray Powder Diffraction (XRPD).......................................... 34 

 2.2 In Situ XRPD...................................................................... 36 

 2.3 Single Crystal X-Ray Diffraction (XRD) .................................. 37 

 2.4 Scanning Electron Microscopy (SEM) and  

  Energy Dispersive Spectroscopy (EDS).................................. 39

 2.5 Thermogravimetric Analysis (TGA)........................................ 44 

 2.6 Fourier Transform Infra-Red (FT-IR) Spectroscopy ................. 45 

 2.7 Nitrogen Sorption Isotherm ................................................. 46 

 2.8 Other Characterization Techniques ....................................... 48 

  2.8.1 Nuclear Magnetic Resonance (NMR) Spectroscopy .......... 48 

  2.8.2 Mass Spectrometry (MS)............................................. 48 

  2.8.3 Elemental Analysis ..................................................... 48 

  2.9 Summary of the Characterization Techniques......................... 49 

 
 
 



 

3.  Synthesis and Characterization of MOFs ............................ 50 
 3.1 Zeolitic Imidazolate Frameworks (ZIFs)................................. 50

 3.2 Lanthanide Benzenetricarboxylate (Ln(btc)) MOFs ................. 59 

  3.3 Lanthanide Bipyridinedicarboxylate MOFs (SUMOF-6-Ln) ......... 65 

  3.4 Aluminium Bipyridinedicarboxylate MOF (MOF-253-Ru) ........... 69 

  3.5 Comparison of SUMOF-6-Sm, Nd(btc), MOF-253 .................... 75 

  

4.  Synthesis and Characterization of Functionalized Linkers ..... 78 
  4.1 Salophen-based Linkers ...................................................... 79 

  4.2 Phenanthroline-based Linker................................................ 83 

 

5.  MOFs as Heterogeneous Catalysts .................................... 85 
  5.1 Ln(btc) MOFs as Lewis Acid Catalysts for Cyanosilylation ......... 85 

  5.2 MOF-253-Ru as Catalyst for Alcohol Oxidation........................ 93 

 

6.  Concluding Remarks ....................................................... 99 
 

7.  Populärvetenskaplig Sammanfattning.............................. 101 
 

8.  Acknowledgements ....................................................... 103 
 

9.  Appendices .................................................................. 105 
 

10. References .................................................................. 113



 

 

 



 

 



 17 

1. Introduction 

1.1 Metal−−−−Organic Frameworks (MOFs): a Class of Porous Materials 

 
Metal−organic frameworks (MOFs) are a new member in the vast field of 
porous materials. MOFs are the fastest growing class of novel inorganic-
organic materials (Figure 1.1). Their ordered porous constructions with high 
surface areas and porosities, together with the possibility to functionalize the 
hybrid frameworks are the main reasons why MOFs have gained a tremen-
dous interest during the last decade.1-10 The research area of MOFs has 
merged the two often separated disciplines; organic chemistry and inorganic 
chemistry.  

                  

0

500

1000

1500

1
9

9
7

1
9

9
9

2
0

0
1

2
0

0
3

2
0

0
5

2
0

0
7

2
0

0
9

2
0

1
1

Year

N
u

m
b

e
r 

o
f 

p
u

b
li
c
a
ti

o
n

s

0

500

1000

1500

1
9

9
7

1
9

9
9

2
0

0
1

2
0

0
3

2
0

0
5

2
0

0
7

2
0

0
9

2
0

1
1

Year

N
u

m
b

e
r 

o
f 

p
u

b
li
c
a
ti

o
n

s

 
Figure 1.1 An exponential increase in the number of publications within the MOF 
area during the last 15 years. Data was obtained from SciFinder using the search 
input: metal−organic framework. 

It has long been, and still is, a desire to design structural porosity for a 
certain purpose. The idea is to create a specific environment in the void 
space in order to facilitate a certain process that takes place not only on the 
surface but mainly within the interior of the porous material. The control of 
size, shape and functionality of the void space in a porous material is a chal-
lenge. These features can be achieved in MOFs. 
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Porous materials are categorized into three classes, according to the size 
of their pores. Macroporous materials, such as ceramics, amorphous silica 
and aerogels, possess pores larger than 50 nm. If the pores are in the range 
between 2-50 nm, the materials are called mesoporous. Mesoporous silica, in 
which the amorphous silica walls form ordered channels, is one example. 
Materials with smaller pores, below 2 nm, as found in zeolites and MOFs are 
classified as microporous. MOFs can be both meso- and microporous and 
bridge the gap between zeolites and mesoporous silica materials.  

Numerous names exist for porous crystalline hybrid materials. Apart from 
MOFs, PCPs (porous coordination polymers), MOPs (microporous organic 
polymers), MMOFs (microporous metal-organic frameworks) and coordina-
tion networks11 are a few of the names that appear in the literature. An un-
necessary confusion arises when trying to figure out the differences between 
them, since they most often describe the same type of material. The term 
metal−organic frameworks, MOFs, will be used in this thesis. 

 
1.2 How are MOFs built up? 

 
A MOF material can be pictured as a house built up by regularly distrib-

uted empty rooms of equal sizes and shapes. The house can be entered 
through vaults and windows and one room can be accessed from another 
room by vaults. The empty space inside each room represents the void space 
of a pore or a channel. The rooms are furnished and the walls decorated, just 
as functional groups that give rise to certain shapes and chemical features in 
the pores or channels.    

MOFs are more precisely defined as porous crystalline hybrid materials 
that are constructed in three dimensions (3D). The word hybrid implies that 
MOFs consist of both inorganic and organic components. Cationic metal 
ions or clusters, called connectors, and anionic polyatomic organic ligands, 
called linkers, are self-assembled through coordination bonds in an ordered 
manner into a 3D network. The combinations of connectors and linkers can 
be thought of as the assembly of LEGO building blocks. Since the choices 
of metals and linkers and also the ways of combining them are infinite, there 
are an infinite number of possible MOFs. 

The term metal−organic framework was first used in 1995; however a 
compound that fulfilled all the requirements of being a MOF was already 
reported in 1959.12 It was not until the beginning of the 1990s that scientists 
started to realize the tremendous opportunities for MOFs. During the follow-
ing years, intense research was devoted to these materials. 13-20 The syntheses 
of MOFs were often based on trial-and-error experiments.  

Systematic and more efficient ways of predicting the structures of MOFs 
to a greater extent, before starting the lab work, were desired. Crystal engi-
neering involves the design and construction of crystal structures from mo-
lecular building blocks (MBBs).21-23 These MBBs can be regarded as bricks 
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that build up a house.24 Many scientists in the MOF field want to apply the 
same approach. The groups of O´Keeffe and Yaghi developed and presented 
a strategy called reticular (reticular: form a net) chemistry in 2002.25 Geo-
metrical design is used as a basis for describing the structure, or topology 
(connectivity), of MOFs as periodic nets.26-29 It can be a useful tool for de-
signing and predicting structures of MOFs. The idea is to construct a net-
work from well-defined and rigid MBBs30-33 or secondary building units 
(SBUs).32-35  

The SBUs consist of primary building units from cationic metals/metal 
clusters and anionic organic linkers (Figure 1.2). The organic SBU, called 
linker, is represented in Figure 1.2 by the linear, bidentate benzenedicarbox-
ylic acid (bdc). The bdc can be simplified to a line with two connection 
points. The inorganic SBU, called connector, is composed of four ZnO4 tet-
rahedra, joint by a central oxygen atom and six carboxylate groups from the 
linkers, forming a tetrazinc cluster (Zn4O). This cluter can be simplified to 
an octahedron with six connection points. The Zn4O clusters, or octahedra, 
are connected to six linkers and are positioned in each corner of a cube, 
forming a 3D network. The inorganic and organic SBUs are formed in situ 
and assembled through strong bonds into extended ordered networks under 
well-defined reaction conditions. The rigidity and directionality of bonding 
of the SBUs should remain unchanged throughout the assembly process.  

connector linker

=

+

Inorganic SBU Organic SBU

+

3D network

=

ZnO4

connector linker

=

+

Inorganic SBU Organic SBU

+

3D network

=

ZnO4

 
Figure 1.2. Illustration of the combination of inorganic and organic secondary build-
ing units (SBUs) into a 3D connected network. The inorganic SBU, tetrazinc cluster 
(Zn4O), is represented by red octahedron. The organic SBU, bidentate benzenedicar-
boxylic acid (bdc) linker, is represented by a line connecting the octahedra. The 
figures were drawn from CIF file of IRMOF-1.25 
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Reticular chemistry can be explained by taking the isoreticular series of 
IRMOFs (isoreticular (IR): having the same network topology) as an exam-
ple (Figure 1.3).25 The IRMOF series is based on the topology of IRMOF-1, 
seen in Figure 1.2, possessing cubic single crystals of low densities.36 All 
structures illustrated in Figure 1.3 contain Zn4O clusters positioned in each 
corner of a cube. The only difference between them is the linker. By varying 
the functional groups and length of the linker, the functionality and size of 
the cube can be altered without changing the topology. The void space 
within the cubes is represented by a yellow sphere. The fixed diameters of 
the yellow spheres range from 16 to 29 Å in structures (a) – (e) in Figure 1.3. 
If the linker has a substituent, like bromide (Figure 1.3b), the void space 
become slightly smaller compared with unfunctionalized linker (Figure 
1.3a). As the length of the linker increases, in the order (a), (c), (d) and (e), 
the void space is enlarged.  

(a) (b) (c) (d) (e)

19 Å 16 Å 21 Å 25 Å 29 Å

(a) (b) (c) (d) (e)

19 Å 16 Å 21 Å 25 Å 29 Å

 
Figure 1.3. Demonstration of isoreticular chemistry of the IRMOF-series in which 
the functionality and length of the linker are varied while keeping the underlying 
topology unchanged. The linkers are (a) bdc, (b) Br-bdc, (c) naphthalenedicarbox-
ylic acid (ndc), (d) pyrenedicarboxylic acid (pdc) and (e) triphenyldicarboxylic acid 
(tpdc). The yellow sphere represents the void space. The number underneath each 
structure is the fixed diameter of the yellow sphere. The structures were drawn from 
CIF files of IRMOF-1, -2, -8, -14 and -16.25 

The UiO-series (UiO: Universitetet i Oslo) UiO-66 (bdc), -67 (bi-
phenyldicarboxylic acid: bpdc) and -68 (tpdc)), which is resistant towards 
different solvents and high pressures, is another example of isoreticular 
chemistry.37 The same linkers were applied as in the example in Figure 1.3 
but Zr was used instead of Zn. In this case, the surface areas increased with 
the lengths of the linkers, from 1187 to 3000 and up to 4170 m2/g. Isoreticu-
lar homochiral zinc-based MOFs were obtained using a chiral linker cam-
phorate together with rigid N-donor linkers of different lengths.38 

Even though methods like reticular chemistry exist, it can still be prob-
lematic to design a desired framework. Due to the flexibility of the linker 
and different coordination modes of the metal, it is a great challenge to pre-
dict the architecture of the final product. The influences of synthesis condi-
tions, such as temperature, heating time, solvent, pH, etc., must also be taken 
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into account. One often needs to base the expectations on existing results. 
Experience from practical work needs to be taken into account when predict-
ing a certain framework structure. 

 
1.3 Why are MOFs interesting porous materials?  

 
What are attractive about MOFs that has lead to such intense research during 
the last decade? Which features of MOFs stand out compared with other 
materials with structural porosity? What do MOFs have that other materials 
lack? How can MOFs contribute to the development of new materials?  
This section will focus on the answers to these questions.  

Zeolites and MOFs are often compared with each other. Since they have 
different strengths, their capacities should not be competed but instead com-
plemented with each other. Descriptions of the advantages and disadvan-
tages of MOFs will mainly be based on comparison with zeolites. MOFs are 
still quite new materials and a lot of effort has been put into getting more 
knowledge about what these materials can do and how they behave in differ-
ent environments. When certain properties and applications of MOFs have 
been identified, the most suitable ways of formulating them into final prod-
ucts must be established. 

As porous materials, MOFs possess the expected properties to be utilized 
in classical applications such as heterogeneous catalysis and storage and 
separation of gases and hydrocarbons. Their versatile chemistry, i.e. ex-
tremely high surface area and low density makes them stand out from other 
porous materials. Since these attractive features open up opportunities to 
improve and develop new applications, they will be emphasized in the fol-
lowing sections.  

 
1.3.1 Porosity of MOFs 

First of all, MOFs are remarkable because of their high porosity with enor-
mous surface areas. The porosities, or void spaces, in MOFs can be shaped 
in various forms. 1D channels or interconnecting channels of higher dimen-
sionality can run through the solid. Free space inside pores can be accessible 
by entering pore windows that are of smaller diameter compared with that of 
the actual pore. Cavities can also be present in these materials. It has been a 
struggle for many years to obtain highly ordered hybrid materials with pore 
sizes in the mesoscale range. Today, several mesoporous MOFs have been 
reported.39 The void spaces in MOFs span from a few Ångströms to tens of 
nanometers. The same material can contain pores of different sizes, both in 
the micro- and mesoscale region.40 MOFs can have extremely high surface 
areas. In order to get some comprehension about how large the surface areas 
can be, here is one example. If one gram of the mesoporous MOF-177 was 
unfolded,41 an area huge as 2/3 of a football pitch would be covered. The 
surface area of MOF-21039d is more than double than that of MOF-177. Size 
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and shape selectivity can be accomplished using MOFs due to their tunable, 
well-defined pore size and shape. A 90 % of the total volume of MOF-200 is 
just empty space which makes it the porous material with lowest crystal den-
sity (0.22 g⋅cm-3).39d This becomes very important for example when consid-
ering applications in gas storage. 

 
1.3.2 The versatile chemistry of MOFs 

Unlike zeolites, MOFs are not restricted to networks of tetrahedral topology. 
Since MOFs contain both inorganic and organic units there is much more 
freedom in the choices of starting materials. The versatile coordination 
chemistry of MOFs is based on the possibility to construct them from many 
different combinations of metals and organic linkers. Furthermore, there are 
a variety of reaction conditions that can be used. Theoretically, there is an 
infinite number of possible frameworks that can be formed. The size, shape 
and functionality of the pores can be altered by the length, geometry and 
functional groups provided by the organic linkers. It is therefore easier to 
tune host-guest interactions in MOFs compared with zeolites. The internal 
pore surface contains high density of well-defined functionalities that can 
enhance certain properties such as chirality, polarity, chemsorption, mag-
netic,42 optical (luminesence)43 and conductivity etc. It is possible to tune the 
geometry, hydrophilicity/hydrophobicity,44 acidity/basicity, functionality45 in 
a MOF. The functionality of a MOF can be changed by post-synthetic modi-
fication (PSM). By this approach, organic chemistry can then be performed 
within the interior of the framework which results in a more complex com-
position. Cohen and co-workers46 have made a major contribution to the 
work of PSM in MOFs as well as other groups.47 

 
1.3.3 MOFs are Flexible and Dynamic Materials 

Some MOFs are flexible yet robust enough to maintain their structure. 
Movements in the framework can occur upon change of external conditions, 
such as temperature, pressure, chemical medium etc. The structure of a MOF 
can adjust itself in order to accommodate incoming gases or liquids. The 
response is also dependent on host-guest and host-host interactions. Pores or 
channels can shrink and expand in a reversible manner, without breaking 
bonds, when gases or liquids are filling and evacuating from the 
pores/channels. This kind of response is called a dynamic or “breathing” 
effect.48 A flexible network needs to both have enough free space to accom-
modate the guests and contain weak, less rigid, points that make it possible 
for the network to change. The dynamic effects can depend on local flexibil-
ity at the linker and/or metal clusters that are flexible in their coordination to 
the linkers and change the bond angles slightly without breaking the bonds. 

The displacements can be of several Ångströms resulting in quite large 
changes in pore volume. An often mentioned example is the MIL-53 (MIL: 
Matériaux Institut Lavoisier), a Cr(bdc) MOF.49 Upon a reversible hydration 
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and dehydration process, the unit cell volume is altered by ca 30 %. The 
pores shrink when exposed to water and expand as the water evacuates. In 
MIL-88D, the difference in unit cell volumes between the open and closed 
forms is amazing, ~330 %.50 Kitagawa and co-workers initiated the work of 
porous coordination polymers (PCPs)51 and soft porous crystals (SPCs)52. 
These can be highly functionalized53 and show great flexibility upon re-
sponse towards guest molecules.54 These attributes are utilized by perform-
ing reactions inside their pore systems.55  

 
1.3.4 Drawbacks of MOFs 

The three main drawbacks of MOFs are the low stability towards heating, 
moisture and chemical environment. MOFs are often heated with the inten-
sion to remove the guest molecules in the pores and the frameworks of many 
MOFs collapse. The porosity and regularity of the MOFs are lost and an 
amorphous solid is obtained. Nature hates empty spaces. The SBUs are then 
not rigid enough to withstand collapse of the networks in MOFs. Sometimes 
gases or liquids need to support the networks. In some cases MOFs become 
amorphous just by exposure to air. It is necessary to study the hydrothermal 
stability56 of MOFs if they are to be used in industry. The connectivity, di-
mensionality and stability of SBUs are some important factors to consider. A 
small number of MOFs: ZIF-8, MOF-74, Al-MIL-110, Cr-MIL-101 and Al-
MIL-53, have been identified as stable towards water vapor during steam 
stability tests.57 Their common feature is high bond strengths between the 
metal oxide clusters and the linkers. On the other hand, MOF-69C, MOF-5 
and MOF-508 are unstable when exposed to water vapor and displacement 
of the linker occurred.  

The sensitivity of MOFs towards water vapor is a critical drawback for 
many applications. Although drawbacks like these may exist, one still needs 
to think about how MOFs can be used. What chemistry can be accomplished 
with MOFs? Can the MOFs survive the conditions required for a specific 
process or application? Problems described above can be avoided. It is there-
fore necessary to know how to handle a MOF in different environments and 
focus on the ways to use the material.  

Interpenetration is another phenomenon that can cause problems. A 
framework can be entangled with an identical framework causing a decrease 
in void space but increase of surface area. This may be even an advantage if 
the MOF will be used for gas storage. There are examples of different de-
grees of interpenetration. One MOF recently reported even contained five 
interpenetrated networks.58 Telfer et al. succeeded with the challenging task 
of finding various ways to prevent the formation of more than one frame-
work.59 The use of higher density solvents, more diluted reaction mixtures, 
linkers with additional functional groups (increasing the steric hindrance) 
and the use of linker design60 are some examples. Non-interpenetrating 
frameworks can be separated from interpenetrating ones and by-products 
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using density-based separation i.e. the use of solvent with different densi-
ties.61   

The presence of complex linkers can sometimes make MOFs more spe-
cialized than zeolites. Expensive preparation of MOFs, especially the cost of 
the starting materials, in particular the organic linkers, may limit the possi-
bility for these materials for certain industrial applications. However, if the 
gains of using MOFs in certain applications overcome the efforts and ex-
penses put into their manufacturing, it may still be worth it. 

 
1.4 How are MOFs made? 

 
Several preparation methods for the formation of MOFs have been devel-
oped throughout the years.62 Traditional approaches such as hydro- and sol-
vothermal synthesis have during the recent years been complemented with 
other methods; ionothermal, slow base diffusion, microwave assisted, elec-
trochemical and mechanochemical syntheses. All these methods will be de-
scribed here. 

Generally, any metal salt, like nitrates and acetates, together with an or-
ganic linker/s, commonly carboxylic acids or pyridyl-based linkers, in a sol-
vent, or mixture of solvents, can produce a MOF. Unlike zeolite synthesis, 
no additional template, acting as a structure directing agent, is needed when 
making MOFs. It is important that the organic linkers and the metal building 
blocks formed in situ remain intact throughout the whole reaction. There-
fore, one needs to identify the reaction conditions where the functionality 
and conformation of the linker are maintained and can form strong bonds 
with the metal ions. Synthesis parameters, such as temperature, heating time, 
heating and cooling rates, solvent, pH, concentration, type of reaction con-
tainer, etc., should be screened in order to identify the optimal reaction con-
ditions. One starting approach is to vary one parameter at a time in a system-
atic way. Differences in properties of the products should then be related to 
certain synthesis parameters. High-throughput techniques are being used 
more frequently, making the screening of synthesis conditions much more 
efficient.63 Various methods for synthesizing MOFs will now be described 
followed by the topic of creating permanent porosity within MOFs. 
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1.4.1 Hydro- and Solvothermal Synthesis 

Hydro- and solvothermal synthesis are the most 
common methods used for making MOFs. Hydro-
thermal synthesis involves water as the solvent 
whereas solvothermal refers to the use of organic 
solvents. The choice of solvent is based on its abil-
ity to dissolve the organic linker. In both cases, the 
reactions take place inside a Teflon-lined stainless 
steel autoclave (Figure 1.4). Since it is a closed 
system, an autogenous pressure will be built up. 
The reaction mixture is normally heated at tem-
peratures ranging from 80 to 220 °C, over a time of 
several hours to several days. Compared with mi-
crowave, electrochemical and mechanochemical 
techniques, the use of autoclaves is a slow method. 
 
1.4.2 Ionothermal Synthesis 

Ionothermal synthesis involves the use of, as the name implies, ionic liq-
uid,64 which act as the solvent.65 Ionic liquids have many attractive proper-
ties and have been used for producing many new structures. Their high polar-
ity and pre-organized structure give them excellent solvating abilities. They 
are suitable for high temperature reactions, as in autoclaves and microwave 
ovens, since they have high thermal stability and possess little measurable 
vapor pressure. 

 
1.4.3 Base Diffusion 

Slow base diffusion means that a base, i.e. a solvent like alkyl formamides, 
is slowly diffused through the reaction mixture in an open system over an 
extended period, from a few days to several weeks.  

 
1.4.4 Microwave Synthesis  

Microwave-assisted synthesis can be applied for making MOFs to reduce the 
reaction time and/or heating temperature and increase the purity of the prod-
uct. A microwave oven used in a chemical lab is shown in Figure 1.5. Mi-
crowave synthesis in organic chemistry has attracted considerable attention 
over the last decade as a result of its short reaction times. Microwave synthe-
sis was extended to the synthesis of zeolites and more recently has been ap-
plied for the production of MOFs.66 It was not until recently that this method 
was applied to the synthesis of MOFs. Fast reaction rates, high yields and 
selectivities, low amounts of waste and the possibility to control the size, 
shape and quality of the crystals are the main advantages of microwaves 
synthesis.67 The fast reaction times achieved with microwave heating can be 
explained by the increased number of nucleation sites due to the rapid heat-
ing.67h 

 
Figure 1.4. Teflon-lined 
stainless steel auto-
claves used in hydro-, 
solvo- and ionothermal 
synthesis.  



 26

 
Figure 1.5. Microwave oven in a chemical lab. 

The particle size generally decreases using microwave heating compared 
with conventional methods. The promotion of uniform and rapid nucleation 
throughout the mixture results in high quality crystals with a narrow size 
distribution within a short time scale. Instead of days, as in solvothermal 
synthesis, it can take just a few minutes to synthesize a MOF. The product 
can be isolated within an hour. This method is applicable to functionalized 
devices for thin films, conductive materials, catalysis and gas sorption, stor-
age and separation.67i The fact that the microwave instruments are device 
specific in terms of the irradiation power and the experimental setups, can 
lead to an uncertainty in the reproducibility of the experiments. This limita-
tion is an ongoing discussion among scientists from different chemistry 
fields. 
 
1.4.5 Sonochemical Synthesis  

Sonochemical synthesis is a technique that could compete with microwave 
heating due to the ability to reduce both time and temperature of the reaction 
of MOFs.68 In one case, where three different methods for preparing MOF-
177 were compared, sonciation showed better results than both solvothermal 
and microwave syntheses.69 High yield of good quality MOF-177, which 
gave greater CO2 uptake than samples prepared by conventional or micro-
wave-assisted syntheses, was obtained after only half an hour. Cu3(btc)2 or 
HKUST-1 (HKUST: Hong Kong University of Science and Technology) has 
also been successfully produced using sonication.70  
 
1.4.6 Electrochemical Synthesis 

Electrochemical synthesis was used for preparing a MOF, Cu(btc), for the 
first time in 2006 by Müller et al. at BASF.71 The electrochemical reaction 
was performed inside a glass reactor containing Cu-plates as an electrode 
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material, supplying metal ions to a solution of linker and methanol (time: 
150 min, voltage: 12-19 V, currency: 1.3 A). Pure solid of octahedral crys-
tals were collected. Several years later a fast method for growing the 
HKUST-1 as a coatings or thin films using the electrochemical method was 
published.72 By varying the voltage, the concentration of metal ions was 
changed and thereby the crystal sizes could be controlled. The short reaction 
times, compared with hydrothermal synthesis, together with the fact that the 
system is solvent-free and can form the coatings continuously, make it appli-
cable in industry. However, one problem was identified by another group 
when making HKUST-1 using this electrochemical method. Some starting 
material was trapped inside the pores during the reaction, resulting in pore 
blockage and a non-porous solid.73 Recently, Li et al. described how pure 
MOF-5 grows on a conductive surface in only 15 minutes at room tempera-
ture using cathodic electrodeposition.74 Their findings can be useful for ap-
plications in gas separation membranes and electrochemical sensors. 
 
1.4.7 Mechanochemical Synthesis 

Mechanochemical synthesis can work in the absence of solvent. Solvents are 
nearly always added to reactions to facilitate the diffusion and collision of 
the components. However, solvent is not always necessary. The first exam-
ple of a solvent-free synthesis, or mechanochemical synthesis, of a MOF was 
Cu(ina)2 (ina: isonicotinic acid).75 The metal salt and the acid, both solids, 
were ground using a ball mill without any addition of solvent or heat. The 
reaction was initiated by minimizing the particle size, which facilitated the 
interaction between the metal salt and the acid. The reaction was accelerated 
by further grinding. From an array-based study, in which different metal 
precursors and linkers were tested, copper acetate and formate were most 
reactive towards carboxylic acids.76 This was explained by the solvating 
effects of the acetic and formic acid byproducts and the basicity of the ani-
ons. The pore structure of a MOF synthesized without solvent can be compa-
rable to those made from electrochemical synthesis. HKUST-1 and MOF-14 
(Cu3(btb)2, btb: benzenetribenzoate) are such examples.77 Other publications 
of MOFs made from solvent-free processes also describe the advantages of a 
convenient, clean and effective method that gives quantitative yields and the 
possibility to easily scale-up the production.78 

 
1.4.8 Achieving Permanent Porosity in MOFs 

The void space inside the MOFs is normally filled with guest molecules, 
such as solvent and unreacted starting materials, after synthesis. In order to 
activate the material and make the material permanently porous, these extra 
species must be removed. There are various ways of extracting unwanted 
molecules. The pores, or channels, can be emptied upon heating under vari-
ous atmospheres, in air or in inert atmosphere (nitrogen gas), and under ei-
ther vacuum or ambient pressure. The solvent used during the synthesis can 
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be exchanged with another solvent that has a lower boiling point which is 
then easier to evacuate from the pores of the MOF. 

The use of supercritical drying (SCD) is an alternative and gentle method 
for solvent removal compared with more harsh heat treatments. The use of 
supercritical CO2 has generated several permanently porous MOFs that 
would otherwise, if ordinary heating was applied, be amorphous solids with 
blocked pores.79 If solvents with high boiling points, like DMF and DEF, are 
used in the MOF synthesis it is often difficult to remove all the solvent 
molecules from the pores. The solvent can firstly be exchanged with a sol-
vent with a lower boiling point, ethanol for example. Liquid CO2 is then 
introduced into the MOF which is further heated under low pressure to yield 
supercritical CO2. When the pressure and temperature are lowered, the CO2 
and the remaining solvent can then leave the pores of the MOF, thus activat-
ing the material.80,81 This generally results in a higher internal surface area 
and adsorption capacity of the MOFs. 

  
1.5 MOFs for Heterogeneous Catalysis 

 
In heterogeneous catalysis, the catalyst and the substrate(s) are in different 
phases. Most often, the catalyst is a solid and the reactants are dissolved in a 
liquid phase or in a gas phase. The handling of a heterogeneous catalyst is 
usually easier than that of a homogeneous one.82 The reason is that a hetero-
geneous catalyst is insoluble in the reaction mixture and can therefore easily 
be removed by filtration, recovered and be further reused in multiple cycles. 
Valuable chemical components, like expensive metals or metal complexes, 
can in this way be utilized for a longer time. The catalytic process also be-
comes more cost-effective, assuming the recovery step works efficiently. If a 
homogeneous complex can be immobilized or encapsulated in a host mate-
rial, like a MOF, the life time of that complex can also be prolonged. As in 
all systems, some disadvantages exist and heterogeneous systems are not an 
exception. Problems with leaching of the catalytic species, less reactive cata-
lyst when immobilized and mass transfer of substrates and products are a 
few drawbacks that can occur.  

Here, important aspects of using MOFs as heterogeneous catalysts, differ-
ent ways of introducing catalytic active sites into MOFs and also the work-
ing process of the planning and making MOFs for heterogeneous catalysis 
are addressed. 

MOFs can be considered as a host material that provides reaction cham-
bers, or meeting rooms, for substrates to emerge, meet and react with each 
other. If a MOF should be used as a catalyst, there are some criteria and de-
sirable properties to take into consideration.  

1) The channels and pore windows must be large enough for incoming 
substrates and outgoing products to diffuse through the material. In addition, 
it is very important to empty the channels, pores and/or cavities from guest 
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and solvent molecules as much as possible before using the MOF as catalyst 
to ensure there is enough void space to accommodate the reaction species.  

2) The active sites must be fully accessible for the substrates. The fact that 
a MOF can have high density of regularly positioned catalytic sites in the 
solid is not enough for being a good catalyst.  

3) The framework must be robust enough to maintain its chemical and 
physical stability, structure and porosity.  

4) The MOF as a catalyst should be recyclable and show high turnover 
number, TON (number of cycles that one mole of catalyst can run through 
before if deactivates).  

5) Size-, shape- and enantioselectivity can be achieved by MOFs. Homo-
chiral MOFs83 are of special interest for the production of chiral fine chemi-
cals.  

6) It is important to make sure and prove that the catalytic reaction takes 
place inside the porous material and not only on the outer surface. Identifica-
tion of substrate species inside the pores or channels is often a difficult task. 
The best way to prove the interaction between catalytic site and substrate is 
by using single crystal X-ray diffraction (XRD). If this is possible, the 
atomic positions of all involved species can be revealed.  

7) The size of the particles affects the reaction rates. The smaller the par-
ticles, the larger the accessible surfaces and thereby the higher catalytic ac-
tivity and reaction rate.  

In order to know how well a catalyst is performing in a certain catalytic 
process and whether or not it is a good enough candidate, the results need to 
be compared with other catalytic systems, including homogeneous ones. 
Most published examples of MOF as heterogeneous catalysts are still based 
on “proof-of-concept” experiments. The second, more demanding and nec-
essary step is to scale up the reaction in order to use MOFs as catalysts in 
industry.  

Catalytically active sites can be introduced into MOFs in three different 
ways.84 First, most often the structural metal taken part in the framework 
(M2) acts as a catalytic active center to which reactants can coordinate and 
where the actual catalytic reaction occurs (Figure 1.6a). In this case it is im-
portant that the metal ion is active and accessible. A problem can arise when 
the metal ion has a filled coordination sphere so that the reactants have no 
possibility to coordinate. Sometimes, guest molecules, i.e. water or solvent 
molecules, that are weakly coordinated to the metal ion (M2) can be re-
moved (often upon heat treatment) creating a coordinatively unsaturated 
metal site, CUS. These weakly coordinated molecules can also be exchanged 
by an incoming reactant.  

Second, the organic linker can act as a catalytic center or as an anchor for 
homogeneous catalysts (Figure 1.6b). Metal complexes (M1), already known 
catalysts, can coordinate to a functionalized linker and perform as catalysts.  
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Figure 1.6. Schematic illustration of different ways of introducing catalytically ac-
tive sites in MOFs. Catalytic center (a) at the metal node (M2), (b) at the linker (L-
M1) and (c) encapsulation of catalyst.  

By immobilizing metal complexes into a MOF framework, the catalyst be-
comes heterogenized and many problems and disadvantages with homoge-
neous catalysis can thereby be overcome. Compared with free complexes, 
the “embedded” complexes positioned within a framework are isolated and 
more protected, for instance, from being oxidized and deactivated. In some 
examples, enantiopure chiral linkers were introduced into the structure 
framework to give rise to enantioselective properties. Two synthetic ap-
proaches are possible for the construction of a MOF containing a linker with 
a metal complex. Either the metal complex is coordinated to the linker be-
fore the actual synthesis of the MOF, or the MOF is first made, followed by 
immobilization of the metal complex through PSM. If the former method is 
applied, the metal complex (M1) must be stable under the conditions applied 
in the synthesis of the MOF. In the latter case, the MOF must be robust 
enough to maintain its porosity during both washing and immobilization 
since there must be enough space for the metal complex to enter and coordi-
nate to the linker. 

Third, homogeneous catalysts or catalyst precursors can be encapsulated 
inside pores or cavities in the MOF by applying the “ship-in-a-bottle” con-
cept, often in a one-pot synthesis (Figure 1.6c). Instead of being coordinated 
to the framework through chemical bonds, the catalyst is just trapped in a 
cage, or pore. Substrates can then access the catalyst through the pore win-
dows.  

The whole working process of designing and making a MOF for hetero-
geneous catalysis involves several steps and Figure 1.7 illustrates my top-
down planning and bottom-up action strategy. Many questions need to be 
asked and answered before starting with the practical work. The projects are 
planned in the reverse order compared to the working process, starting from 
application to synthesis of MOFs and linkers (top-down planning). First, 
chemical reactions that are of interest to catalyze using MOFs as catalyst are 
indentified. In the second step, appropriate catalyst candidates for a particu-
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lar reaction are identified. Which homogeneous systems could be possibly 
made heterogeneous? Should the catalyst be metal-based? If so, which met-
als of which oxidation states are suitable? Should one use a metal complex? 
A third question to ask is how catalytically active sites can be created in the 
MOF. Can the metal nodes (M2) in the framework be utilized as Lewis ac-
ids? If the active site is in a metal complex, should it be incorporated as a 
linker participating in the framework or should the metal be immobilized 
onto the linker during PSM or should it be encapsulated inside a pore or 
cavity? The fourth set of questions concern what the target MOF is and how 
to synthesize it. How should the framework be constructed? What kind of 
porous system (1D or 3D channels, or pores) is most suitable? Furthermore, 
the MOF should not only be stable towards heating and moisture but also 
towards those conditions (temperature, solvent, pH, pressure, etc.) applied 
during the catalytic reaction.  

In those cases where the desired linker is not commercially available, the 
last step involves the design and synthesis of the linker. When the top-down 
plan for the whole process is made, the practical work can finally begin (bot-
tom-up action). 

Interesting catalytic reaction

Suitable catalyst

How can the catalyst be introduced in a MOF

MOF topology

Synthesis of MOFs

Synthesis of linkers

Top-Down Planning

Bottom-Up Action

Interesting catalytic reaction

Suitable catalyst

How can the catalyst be introduced in a MOF

MOF topology

Synthesis of MOFs

Synthesis of linkers

Top-Down Planning

Bottom-Up Action  
Figure 1.7. Strategy for designing and producing MOFs for heterogeneous catalysis.  
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1.6 Other Applications of MOFs 

 
Factors such as high surface areas together with outstanding porosity with 
nanosized pores and the possibility to produce MOFs from simple starting 
material in already established industrial processes are essential for the suc-
cessful future of MOFs. MOFs are explored today as potential materials for a 
variety of applications.85 Interesting applications of MOFs are capture, stor-
age and separation of gases and small molecules, and drug delivery. These 
fields will be further discussed in this section. 

 
1.6.1 Gas Capture, Storage and Separation   

It is the high surface areas and high porosities together with low densities 
that make the MOFs especially interesting candidates for applications in 
adsorption, storage and separation of gases.86 Guest species can diffuse 
through regularly organized pores and channels with high mobility. Specific 
molecules can be selectively adsorbed since the interior of the pores, chan-
nels or cavities can be functionalized. Production methods for storing natural 
gas in MOFs, inside vehicle tanks, are being developed at BASF.87 Much 
research has been done on hydrogen storage in MOF materials.88 Successful 
attempts of using hydrogen gas compressed in a MOF material as car fuel 
have been demonstrated. 

The use of MOFs in separation and purification processes of both gaseous 
and liquid phases has been explored. It is more economical to separate spe-
cies adsorptively in a porous material than by distillation. The size, shape 
and functionality of pores/channels in MOFs can give rise to selective sepa-
ratation properties. Molecules of one of two isomers in a binary mixture can 
perhaps be packed inside pores or channels while the other can not and can 
therefore be isolated from the other isomer. The capability of MOFs to sepa-
rate hydrocarbons with similar molecular weights and boiling points, recov-
ered for refining processes, have been studied by de Vos and co-workers.89  

 
1.6.2 Drug Delivery 

The demands are even greater when it comes to using MOFs in biological 
systems, biocompatible MOFs or bioMOFs. There are research projects con-
centrating on developing MOFs for drug delivery.90 The idea is to adsorb a 
drug into a MOF which then should transport the drug inside the body. For 
this purpose, other issues come into focus such as control of loading and 
release of the drug, delivery capacity, rate of release, amount of dose deliv-
ered, stability of the MOF inside the body and most importantly, and cru-
cially, the toxicity levels exposed to the body. There are very limited toxicity 
data regarding MOFs and much more studies need to be performed. The 
anti-inflammatory drug Ibuprofen has been adsorbed and stored in MIL-101 
and then released in a controlled manner.90f Drugs against cancer (Busulfan) 
and HIV (AZT-TP: azidotrimidine triphosphate) have been adsorbed in 
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MOFs.90c Nitric oxide (NO) participates in many functions in the body as a 
biological messenger in cardiovascular, nervous and immune systems, and 
was stored in a nickel carboxylate MOF named CPO-27-Ni.91 Even edible 
MOFs are being produced.92 In this case the choice of metals, linkers and 
solvents (water) is limited.  

 
1.7 Aims and Objectives 

 
The main aim of this thesis work is to understand how MOFs are synthesized 
and characterized. The application of MOFs in heterogeneous catalysis is 
also in focus. MOFs constructed by different metals and linkers were pro-
duced by applying diverse synthesis conditions. Since the research area of 
MOFs is still quite new, the methods for characterizing them are not straight-
forward. Ways of studying their structural features, thermal stability, poros-
ity and morphology were investigated using various characterization tech-
niques.  

The goal was to synthesize different kinds of MOFs to be able to investi-
gate various properties. The effect of varying synthesis parameters on the 
formation and morphology of zeolitic imidazolate frameworks (ZIFs) with 
mixed linkers was studied. Structural transformations of two lanthanide-
based MOFs were characterized. Immobilization of a Ru complex into an 
aluminum-based MOF through PSM was accomplished. The relation be-
tween thermal stability, structure flexibility and metal coordination was ex-
amined among three different MOFs. Heterogeneous catalysis was identified 
as an interesting and promising application of MOFs. Salophen- and phenan-
throline based linkers functionalized with metal complexes, which could act 
as catalytically active sites in MOFs, were designed, synthesized and charac-
terized. The purpose was also to explore the capabilities of two different 
MOFs to catalyze organic reactions in a heterogeneous manner.  

 



 34

2. How are MOFs Characterized? 

In order to study and understand how MOFs behave in different environ-
ments, various characterization techniques and combinations of different 
methods need to be applied. Since the frameworks can change to different 
extent, as mentioned earlier in section 1.3.3, it is important that the best way 
for characterizing the MOFs is relized. One needs to think about what can 
happen with the MOFs during a measurement and sometimes one needs to 
design the setup of a measurement. 

Characterization methods applied during this thesis work will be de-
scribed in this section. X-ray powder diffraction (XRPD), single crystal X-
ray diffraction (XRD), scanning electron microscopy (SEM), energy disper-
sive spectroscopy (EDS), thermogravimetric analysis (TGA) and Fourier-
transform infra-red (FT-IR) spectroscopy have been used routinely for the 
MOFs synthesized in the thesis work.  

What information can be extracted from each technique and how can in-
formation from different methods be combined? What parameters are impor-
tant to consider when working with the different techniques? The description 
of each method will be based on these questions and on personal experi-
ences.  

 
2.1 X-Ray Powder Diffraction (XRPD) 

 
The first thing to check after MOF synthesis is which crystalline phase is 
present in the product. The best technique for such purpose is X-ray powder 
diffraction (XRPD). XRPD is a very useful tool for identification of crystal-
line phase(s) and estimation of phase fractions. Ideally, the sample analyzed 
with XRPD should contain a large number of randomly oriented, small crys-
tals. The X-rays are therefore diffracted from different (hkl)-planes simulta-
neously according to Bragg’s law (equation 2.1): 
 
                                                   λ = 2dhkl ⋅ sinθ                                          (2.1) 
  
where λ is the wavelength, dhkl is the distance between the (hkl)-planes and θ 
is the diffraction angle between the incoming beam and the (hkl)-planes.  

The resulting XRPD pattern can be regarded as a fingerprint of a crystal-
line phase. A crystalline phase can be identified by comparing the positions 
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and the relative intensities of the diffraction peaks with already known com-
pounds. If there is no pattern that matches the synthesized sample, a new 
phase may have been made. A comparison between an observed and a calcu-
lated XRPD pattern (from a .cif file obtained from structure solution, for 
instance from single crystal XRD) will verify if the sample is phase pure or 
not. The data from single crystal XRD only represent one crystal and does 
not reveal the content of the bulk sample.  

Various features of a XRPD pattern reveal different information (Figure 
2.1).93 Unit cell dimensions can be accurately determined (an internal stan-
dard should be used) from the position of the diffraction peaks. The relative 
intensities of the diffraction peaks give information about the type of atoms 
and their positions in the crystal. It is important to grind the sample care-
fully, especially when working with plate- or needle-shaped crystals, in or-
der to avoid preferred orientation which would otherwise gives rise to wrong 
relative intensities. The surface of the powders on the sample holder, if re-
flection mode is used, should be as even as possible. Differences in speci-
men height can affect the zero point, leading to incorrect unit cell parame-
ters. The peak widths tell something about the size of the crystallites. Small 
crystallites can cause broadening of the peaks. A high background can indi-
cate the presence of an amorphous phase. XRPD diffraction has one prob-
lem, the overlap problem. This means that two or more unique reflections 
are superimposed at the same position (2θ angle). The intensity of over-
lapped peaks is the sum of all those reflections. The degree of crystallinity in 
a sample can also be estimated from XRPD.  

 
Figure 2.1. Different information can be extracted from various features in a XRPD 
pattern. The figure is re-printed from reference 93 with permission from Lynne 
McCusker and Elsevier.  
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XRPD data presented in this thesis was collected on a PANalytical X´Pert 
PRO diffractometer equipped with a Pixel detector and using Cu Kα1 radia-
tion (λ = 1.5406 Å). Samples were ground and dispersed on zero-
background Si plates. 
  
2.2 In Situ XRPD 

 
The stability of a crystalline material towards various conditions can be stud-
ied by in situ XRPD. Changes in the crystalline phase caused by modifica-
tion of the surrounding environment can be detected, as illustrated in Figure 
2.2. The diffractometer is equipped with a reaction chamber in which an 
open or a closed sample holder is positioned. Both temperature and pressure 
can be varied. Different gases, such as nitrogen or oxygen, can be introduced 
to the system. The experimental setup can be designed by the users. Tem-
perature steps, heating and cooling rates, time for temperature stabilization 
etc. can be chosen as desired. A common and very useful experiment is to 
study the thermal stability of a sample. XRPD patterns are then collected at 
different temperatures. If a structural transformation occurs, it is of course 
interesting to investigate if that process is reversible, i.e. if the structure can 
change back and forth from one phase to the other. XRPD patterns are then 
collected as the temperature is increased/decreased in cycles in the tempera-
ture range where the transformation takes place. If the same change appears 
in every cycle, the structure transformation is reversible. In some cases the 
structure can change back and forth below a certain temperature. If that tem-
perature is exceeded, there is no turning back to the original structure. 
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Figure 2.2. Structural changes of an Er(btc) (as) (as: as-synthesized) MOF during 
heating in nitrogen atmosphere were observed with in situ XRPD (Paper III). The 
corresponding temperature is given next to each XRPD pattern. 
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All in situ XRPD experiments were performed using PANalytical X´Pert 
PRO MPD diffractometer equipped with an Anton-Paar XRK900 reaction 
chamber using Cu Kα radiation (λ = 1.5418 Å) and Macor glass ceramic 
sample holders. For measurements done under vacuum, a closed holder was 
used. An open holder with sieve-like bottom (pore size: 0.5 mm) was applied 
when using nitrogen gas. The temperature was controlled by a thermo-
couple ca. 3 mm from the sample. 

 
2.3 Single Crystal X-Ray Diffraction (XRD) 

 
As soon as an unknown crystalline material is obtained, its structure needs to 
be solved in order to understand what properties it may possess. Single crys-
tal X-ray diffraction (XRD) is the best way of determining the structure (the 
atomic coordinates). The data obtained from this analytical technique can 
provide information about unit cell dimensions, space group, atomic coordi-
nates, bond lengths and bond angles. Incident monochromatic X-rays are 
focused at a crystal from all possible directions (by changing the orientation 
of crystal and detector, all possible lattice directions can be obtained) and 
give rise to interference when Bragg’s law (equation 2.1) is fulfilled.  

The diffracted X-rays are detected by a CCD camera and processed by 
software (measure position of diffraction maxima which gives information 
about unit cell dimensions, lattice type and symmetry). The extracted dif-
fraction data is processed in several steps (data reduction, lattice reduction, 
space group determination, data refinement). The crystal symmetry and 
space group can be determined from the symmetry of the diffraction patterns 
and systematic absences. Collected intensity data (Ihkl) and applied instru-
ment corrections (data reduction) result in structure factor intensities (F2

hkl) 
for each hkl reflection (a hkl file is generated). As the structure factor phase 
information is lost in diffraction, different methods, such as the Patterson 
and direct methods, are applied to solve the phase problem. An initial struc-
tural model is obtained after the phase problem is solved. The model is 
thereafter refined until a complete structure solution is finally obtained. All 
crystallographic data from the structure refinement are included in a crystal-
lographic information file (cif). 

Diffraction at high resolution is important for the determination of the po-
sitions of light atoms. The choice of crystal is crucial since it will affect the 
quality of the diffraction data, and thus the structure solution. It is worth 
spending time in finding a truly single and clean crystal that can generate 
high quality data with a resolution of about 0.8 Å. Crystals containing a twin 
should be avoided since it will cause problems when determining the atom 
positions. The crystal needs to be larger than about 10 µm for this purpose 
using an in-house diffractometer. The development of detection techniques 
together with high brilliance and energy synchrotron radiation sources makes 
it possible to collect a full data set within one hour using a crystal not larger 
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than maybe 1 µm (in this size range it is difficult to see the particles using 
light microscope). Unfortunately, beam damage can be a problem when us-
ing synchrotron radiation, especially since MOFs contain organic moieties. 
A crystal can be easily mounted on the tip of a glass fiber using epoxy glue. 
In cases where the material is sensitive to air, the mounting can be done in 
an inert atmosphere. Working in a glove box is a safe way to ensure that the 
material is not exposed to either oxygen or water vapor. Although it is tricky 
using the thick gloves, the crystal can be mounted inside a glass capillary 
which is then sealed at both ends. A crystal inside a glass capillary mounted 
on a goniometer head is shown in Figure 2.3. If the crystal decomposes in 
the absence of its mother liquid, the enclosed capillary can contain a small 
volume of the mother liquid. Another way of protecting the crystal from air 
and evaporation of solvent is to transfer the crystal to a cryo oil which acts as 
a barrier between the crystal and the external environment. The oil-
surrounded crystal can be mounted on various tools, a MicroMounts™ is one 
example. The crystal is then quickly cooled down and the data collection can 
start. Since MOFs consist of a considerable amount of organic units, mainly 
built up of light elements such as H, C, O, and N, movements of these atoms 
at room temperature can give diffuse diffraction spots. This in turn will make 
the structure refinement difficult and perhaps no structure will be obtained. 
A cooling stream of gaseous nitrogen can then be focused on the crystal to 
prevent these movements.  

 The crystal can also be heated up to about 200 
°C, for studying how the structure changes as the 
material is heated. The structures of our synthesized 
Nd(btc) at RT and 180 °C show significant changes 
in terms of the coordination around the metal ion 
(Figure 2.4). Terminally coordinated water mole-
cules were released upon heating. During a struc-
tural change, when the positions of the atoms are 
slightly changed, it can be problematic to obtain a 
good data with atomic resolution. A change in unit 
cell dimensions can sometimes be observed. This 
gives information about what happened with the 
structure. It is always good to save the crystals used 
for structure determination, because additional in-
formation can be obtained from the same crystal. 
For example, infra-red (IR) spectroscopy can give 
information about the presence of functional groups 
and solvents etc. Scanning electron microscopy 
(SEM) can provide details of surface and morphol-
ogy of the crystal. Energy dispersive spectroscopy 
(EDS) can give a rough elemental composition. 

crystal
.

crystalcrystal
.

 

Figure 2.3. A crystal 
inside a glass capillary 
which is mounted on      
a goniometer head. 
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The in-house XCalibur3 diffractometer equipped with a CCD camera and 
Mo Kα radiation (λ = 0.71073 Å) was used to solve the structure of ZIF-62, 
SUMOF-6-Ln and Nd(btc)(H2O). Diffraction data for Yb(btc) was collected 
on a MarCCD at 100 K using synchrotron radiation (λ = 0.907 Å) at the 
Beamline I911:5, Max Lab, Lund University, Sweden. Diffraction data of 
Zn(Co-salophen) was collected on a Saturn724+ CCD at 150 K using syn-
chrotron radiation (λ = 0.6889 Å) at the Beamline I19, Diamond Light 
Source, Harwell Science & Innovation Campus, Didcot, United Kingdom. 

a

b

a

b

a

b  

a

b

a

b

a

b  
(a) (b) 

  
(c) (d) 

Figure 2.4. The 3D structure and the coordination of the Nd(III) ion in Nd(btc) ob-
tained by single crystal X-ray diffraction. (a) and (c): as-synthesized Nd(btc)(H2O) 
and (b) and (d): Nd(btc) at 180°C. Nd, O(carboxylate) and O(water) atoms are 
shown as orange, red and cyano spheres, respectively. The structures are derived 
from Paper II and III. 

2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive Spec-

troscopy (EDS) 

 
The crystal morphology relates to the symmetry of the crystal. Sometimes 
only by looking at the shape of a crystals one can get a good idea about what 
crystal system the structure possesses. Directly after the synthesis one takes 
a quick glance at the sample through a light microscope to see if the sample 
is homogeneous (one kind of particle), the shape of the particles and if the 
particles turn polarized light (if the particles are crystalline). Light micro-
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scopes, which have a resolution of ca. 1 µm, do not have enough depth of 
focus to see details of the surfaces of the crystal. Scanning electron micros-
copy (SEM) can be used to observe particles of 10 to 100 nm in size (the 
resolution is about 1 nm). By studying the sample in SEM, compared with a 
light microscope, more precise information about the sizes and shapes of the 
particles is obtained.  

In a SEM, an electron beam is generated from an electron gun and fo-
cused by a lens system onto the specimen (the sample). The electron beam is 
scanned over an area of the sample. The primary electrons interact with the 
atoms of the sample. The interaction volume can be varied by changing the 
acceleration voltage. Two types of scattered electrons are generated from 
this interaction. Some primary electrons from the incident beam interact with 
the atoms in the sample by inelastic scattering, producing secondary elec-
trons (SEs) of low energy (<50 eV and the upper limit is set by the accelera-
tion voltage) throughout the interaction volume. Only those SEs generated 
from a thin layer at the sample surface (1-2 nm) can escape while the others 
are absorded by the sample. Primary electrons that maintain their energy and 
velocity during change of direction, as in elastic scattering, are called back-
scattered electrons (BSEs). The BSEs have high energies (≥50 eV) and leave 
the surface from different depths of the sample. Both SEs and BSEs are used 
in the imaging but the BSEs can also provide additional information about 
the elemental content of a sample. The number of generated BSEs is related 
to the atomic number, Z, of the atoms present in the sample. The higher 
atomic number, the larger atomic nuclei and the more BSEs are generated. 
Areas of high average atomic number appear bright in an image and areas 
containing lighter elements appear darker. This density contrast makes it 
possible to observe particles containing elements of different densities. The 
analyzed surface should be flat and perpendicular to the incident beam. No 
contrast difference is expected when analyzing a surface of a MOF crystal 
since all atoms are regularly distributed troughout the whole crystal. If parti-
cles of different contrasts are observed, this may indicate presence of impuri-
ties in the sample. The elemental composition of the different particles needs 
therefore to be analyzed by energy dispersive spectroscopy (see below). An 
image based on BSEs can also give topographical information due to the 
dependence on the angle of the surfaces.  

In the SEM, the surfaces of particles are bombarded with high energy 
electrons. The charge that builds up needs to be transported off the surface to 
avoid charge-up effects, which cause movements in the image resulting in an 
unfocused image. The movement or drift of the image can occur by various 
reasons. When the beam scans the surface, the primary electrons can be re-
pelled by charge that has been built up at points. If the surface does not have 
any contact with the sample holder, charge can be built up and also distrib-
uted evenly over the whole surface. The charge will then “float” over the 
surface, causing drift of the image. A thin conducting layer of carbon or gold 
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can be spread on the sample to avoid charge building up on the surfaces. 
Gold is a good choice for SEM imaging but if BSEs will be used, carbon 
coating is more appropriate. 

The homogeneity of the sample is first checked from an overview of the 
sample. Then the individual particles are studied more carefully. Since 
MOFs are crystalline, regularity in the sample is expected. A morphology 
study involves comparing the sizes and shapes of particles from various 
samples synthesized under different conditions. The effects of different pa-
rameters on the final products are investigated. For instance, how does the 
synthesis temperature change the shape of crystals? Will the heating time 
affect the particle sizes and so on? Indication of how crystals grow can also 
be obtained (Figure 2.5). It is also interesting to observe cross-sections of 
particles. The interior can be homogeneous and completely dense or have a 
hollow center.  

  
(a) (b) 

  
(c) (d) 

Figure 2.5. SEM images of particles, possessing different shapes, from the same 
zeolitic imidazolte framework (ZIF), ZIF-62 or Zn(Im)1.75(bIm)0.25 (Paper I). (a) 
Well-shaped octahedral single crystal, (b) cluster of assembled crystals, (c) and (d) 
crystals seems to become larger and more well-shaped from the central part of the 
particle and outwards in all directions. 

Qualitative (which elements are present in the sample) as well as quantita-
tive (amount of each element present in sample) elemental analyses can be 
achieved using energy dispersive spectroscopy (EDS). An example of an 
EDS spectrum of a MOF material is shown in Figure 2.6. Characteristic X-
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rays are emitted from the inelastic scattering. The detector measures the 
number of X-ray photons and their energies, which are then plotted in a 
spectrum. The energy positions reveal which elements are present in the 
sample. The relative areas of the peaks are proportional to the concentration 
of elements. Every element has its own spectrum that gives it a fingerprint. 
All peaks in the spectrum need to be identified and assigned. Low contents 
(a few percent) of light elements like boron and nitrogen are difficult to de-
tect and determination of the correct amount is even more challenging. 
When it comes to detecting very small amounts (< 1 atomic %), one should 
always check whether the result is reliable or not. The standard deviation 
should of course not be larger than the measured value.  
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Figure 2.6. An EDS spectrum of our synthesized Zn(Co-salophen) MOF reveals the 
presence of and ratios between the elements Zn, Co and O (the values are given in 
atomic %). The content of C was not taken into account since the sample was coated 
with a thin layer of carbon. The areas from which the EDS spectrum was measured 
is marked in the inserted SEM image. 

Reliable data is obtained by considering several aspects. The acceleration 
voltage is chosen as twice the highest absorption energy (peaks of heaviest 
element) in the sample. Charge-up effects should be minimized in order to 
maintain the same interaction volume. Carbon coating is better to use during 
EDS, compared with gold. Gold gives rise to absorption peaks that can over-
lap the peaks originating from the sample. The positions, or energies, of the 
peaks from elements present in the sample need to be checked. The probe 
current should be adjusted so that a dead time of 20−30% is reached. The 
dead time is the sum of two processes. First, the time during which the de-
tector is switched off to recharge the voltage over the detector crystal. Sec-
ond, the time when X-ray photons with too small time delays have been re-
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corded but not added to the spectra. The live time, which is the time over 
which the spectrum is recorded, should be long enough to ensure that reli-
able data is obtained. The longer live time the lower the noise. This improves 
the resolution of the peaks from the background. The measurement should 
be done on a flat surface that is not in the shadow of the detector. The soft-
ware enables you to choose how to measure. A square area is better than a 
point when analyzing MOF materials. If the electron beam is concentrated in 
a narrow point or on a thin sample, the electron beam can pass through the 
whole sample and the data will include information from the surroundings.  

A cross-section of a particle is interesting to study. The elemental compo-
sition can vary from the inner center out to the surface. EDS is a very useful 
tool for these purposes. The surfaces of pure, well-shaped MOF crystals are 
completely homogeneous, meaning that one element cannot be distinguished 
from another by imaging. As mentioned earlier, inhomogeneity in the sam-
ple can be detected using BSEs. If areas of different brightness have been 
observed, the composition in each area should be measured. Last and impor-
tantly, several consistent results need to be recorded to ensure that the data is 
accurate and reproducible. 

Areas in the spectrum where peaks from more than one element overlap 
can be scanned more carefully with wavelength dispersive X-ray spectros-
copy (WDS) (Figure 2.7). Better peak-to-background ratio of WDS makes is 
possible to detect small amounts of elements, and also light elements. Sus-
pected elements can be verified. An energy range in an already collected 
EDS spectrum is marked and only wavelengths within this marked range 
will be scanned. Here the analysis should be done in a point and it is impor-
tant to use high probe current in order to obtain a high peak-to-noise ratio. 
One should remember the risk of beam damage related to high probe current. 

SEM imaging was performed using a JEOL JSM-7000F microscope 
equipped with EDS and WDS from Oxford Instruments. The program pack-
age INCA was used for EDS and WDS analyses. 

 

WDS:
Cl:Ru   2:1

2.2 2.4 2.6 2.8keV

WDS:
Cl:Ru   2:1

2.2 2.4 2.6 2.8keV
 

Figure 2.7. Overlapping peaks from Ru and Cl in spectrum collected by EDS (yel-
low) were distinguishable using WDS (grey peaks) (See section 3.4). 
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2.5 Thermogravimetric Analysis (TGA) 

 
The thermal stability and decomposition of compounds are studied using 
thermogravimetric analysis (TGA). The sample weight is measured as the 
temperature is increased with a continuous heating rate (2−5 °C/min is rec-
ommended) in an atmosphere that either reacts with the sample (oxygen gas 
or air) or does not (nitrogen or argon). It is important, as always, to calibrate 
the instrument and to saturate the system with the atmosphere applied during 
measurement. The resulting TG curve, in which the weight in percentage is a 
function of the temperature, shows steps of weight loss (Figure 2.8a).  

A common process of a MOF material is first the release of uncoord-
inated water and solvent from the pores/channels followed by crystal water 
(coordinated water molecules) and finally the loss of the linkers resulting in 
decomposition of the MOF. The amount of released crystal water and wa-
ter/solvent occupying the pores can be calculated from these steps. Informa-
tion about framework composition obtained from single crystal structure 
refinement can be of great help during these calculations. The results are 
compared with those from CHN elemental analysis. As mentioned earlier, 
MOFs have relatively low thermal stability. Even though a MOF material 
appears to be stable up to temperatures about 300−400 °C, according to the 
TG curve, it does not mean that the crystallinity is retained at this high tem-
perature. This must be verified by in situ XRPD (Figure 2.8b). If a weight 
loss is, for instance, registered at 100 °C in a TG curve, structural changes in 
XRPD patterns at that temperature should be checked. The information ob-
tained from both methods should be compared and based on their common 
results one may know how to remove guest molecules from the as-
synthesized MOF.  

All TGA were performed on a Perkin Elmer TGA 7. 
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Figure 2.8. The TG curve, weight in percentage (wt%) versus temperature, is typical 
for a MOF material. The high thermal stability up to about 350 °C of a ZIF, 
Zn(Im)1.75(bIm)0.25, indicated in (a) the TG curve is verified by (b) in situ XRPD. 
These results are taken from Paper I. 



 45 

2.6 Fourier-Transform Infra-Red (FT-IR) Spectroscopy 

 
Fourier-Transform Infra-Red (FT-IR) spectroscopy is a fast, non-destructive 
method for identifying functional groups and coordination modes in the 
sample. Energies of bond vibrations between atoms are recorded. Different 
vibration modes and bond types give rise to different energies. Each kind of 
vibration appears as one band in the spectrum (transmittance or absorbance 
versus wavenumber). When studying MOFs with FT-IR one looks for coor-
dination modes between metal and linker as well as functional groups posi-
tioned at the linkers. The presence of water and solvent can also be observed. 
The coordination mode between metal and carboxylate can be determined. 
The frequencies of asymmetric and symmetric stretches in carboxylate 
groups, νa(COO) and νs(COO) respectively, can reveal what kind of coordi-
nation mode exists.94 The frequency difference νa(COO) - νs(COO) can also 
be of help when considering unidentate, bidentate and bridging coordination 
modes (Figure 2.9). More than one kind of coordination mode can be present 
in a MOF structure making it challenging to interpret the FT-IR spectrum. 
The FT-IR spectrum of the Nd(btc) MOF is given as an example of how 
frequency bands in a MOF material can appear (Figure 2.10). 

All FT-IR spectra were collected on a Varian 670-IR spectrometer with 
Diamond ATR accessory. 

 
Figure 2.9. Different coordination modes between metal and carboxylate group.  
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Figure 2.10. FT-IR spectrum of Nd(btc) in which the linker coordinates to the metal 
ions by bidentate mode. Asymmetric and symmetric C=O stretching, νa(COO) and 
νs(COO), appear at 1654 and 1364 cm-1, respectively (Paper III). 

 
2.7 Nitrogen Sorption Isotherm 

 
A crystal structure solution may show that a MOF possesses porosity but one 
needs to remember that water and solvent molecules most often are still pre-
sent in the pores/channels. The permanent porosity of a material needs to be 
proven by adsorption and desorption isotherms. The porosity of the material 
must be characterized in order to know its capacity to be used in certain ap-
plications. An isotherm can give information about the kind of pores that 
exist (micro- or mesopores), surface area, pore volume and pore size distri-
bution. Before all these parameters can be measured accurately, the pores or 
channels have to be emptied from guest molecules as much as possible with-
out destroying the structure. What type of porosity the material has can be 
determined from the appearance of the collected isotherms by comparing it 
with the various types of physisorption classified by IUPAC (Figure 2.11). 
An example of an isotherm of a microporous Nd(btc) MOF is shown in Fig-
ure 2.12. 

Nitrogen adsorption and desorption isotherms were measured at 77 K on a 
Micromeritics ASAP 2020 system. 
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Figure 2.11. IUPAC classification of isotherm types I-VI.95 Type I represents a mi-
croporous solid, II a non-porous solid (multilayer at B), III a non-porous and non-
wetting solid, IV a mesoporous solid (multilayer at B) with capillary , V a mesopor-
ous and non-wetting solid and VI a well ordered layered, non-porous material. 

0

20

40

60

80

100

120

140

0 0.2 0.4 0.6 0.8 1

Adsorption

Desorption

Q
ua

nt
ity

 A
ds

or
be

d 
(c

m
3 g

-1
)

Relative Pressure (p/po)

0

20

40

60

80

100

120

140

0 0.2 0.4 0.6 0.8 1

Adsorption

Desorption

Q
ua

nt
ity

 A
ds

or
be

d 
(c

m
3 g

-1
)

Relative Pressure (p/po)  
Figure 2.12. Nitrogen isotherm of Nd(btc) MOF at 77 K showing a Type I isotherm 
characteristic of a microporous soild (Paper III). The micropore volume was 0.181 
m3g-1 and the Langmuir surface area was 568 m2g-1. 
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2.8 Other Characterization Techniques 

 
2.8.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 
Proton nuclear magnetic resonance (1H NMR) spectroscopy was routinely 
used for characterizing synthesized organic linkers and functionalized link-
ers and for determining the product conversions during catalytic studies. 
Samples containing paramagnetic ions, such as Co(II) and Mn(II), can not be 
analyzed with this technique. 

1H NMR was performed on a 400 MHz NMR Bruker spectrometer. The 
chemical shifts (δ) are reported in ppm. 

 
2.8.2 Mass Spectrometry (MS) 

 
The synthesized organic linkers and functionalized linkers were identified 
using high-resolution mass spectrometry (HRMS). The masses and molecu-
lar formulas of the compounds are determined from the measured mole-to-
charge ratios (m/z). The measured value is considered accurate if it is within 
an error range of 5 ppm. The purity of a sample cannot be detected with this 
method.  

High resolution mass spectra were recorded on a Bruker microTOF ESI-
TOF mass spectrometer. 

 
2.8.3 Elemental Analysis  

 
Elemental analysis is an accurate technique for determining the empirical 
formula, or elemental composition, and the purity of a sample. In order for 
the analysis to be correct, the sample should not contain any contaminants. 
Different techniques are applied depending on which element that will be 
analyzed. For the elements CHNS, the sample is fully combusted and the 
weight percentages of the elements are analyzed. Cl analysis can be carried 
out by Schöniger flask combustion followed by titration. The content of 
metal(s) can be measured by inductively coupled plasma-optical emission 
spectrometry (ICP-OES).  

In this work, The elemental analyses and ICP-OES were carried out by 
Medac Ltd in the UK. CHN analyses were also performed at the Santiago de 
Compostela University in Spain and at Mikroanalytisches Laboratorium in 
Kolbe, Germany. ICP was carried out by ALS Scandinavia AB in Luleå, 
Sweden. 
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2.9 Summary of the Characterization Techniques 

 
The various techniques described in this chapter are commonly used in a 
certain order. For MOF materials, the structure is first identified by X-ray 
powder diffraction. XRPD is used to identify the crystalline phase and if the 
XRPD pattern does not match any known compound or one wants to be sure 
of the structure, single crystal XRD is performed. FT-IR can detect func-
tional groups of the linker and also the kind of coordination mode that, for 
example, carboxylate groups possess. The thermal stability is examined by 
TGA and in situ XRPD. The type and amount of guest molecules that are 
randomly oriented within the void space in a MOF can be calculated from 
CHN analysis and TGA. Gas adsorption and desorption isotherms give in-
formation about the porous properties of a MOF. Morphology, size and regu-
larity of a MOF sample are studied by SEM. Rough elemental analysis is 
done by EDS and elements that overlap each other in an EDS spectrum can 
be distinguished by WDS. WDS can also detect light elements. ICP is used 
for determining the metal(s) content in the sample.  

Organic linkers are characterized by some other methods. The product is 
verified by NMR spectroscopy and mass spectrometry and the purity of the 
sample by CHN analysis. FT-IR is also used to observe certain functional 
groups in the organic linkers. 
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3. Synthesis and Characterization of MOFs  

The synthesis and characterization of various MOF materials, possessing 
different structural features, will be presented in this chapter, which is based 
on Papers I-V.  

First, the effect of different synthesis conditions on the formation and 
crystal shapes and sizes of ZIFs is presented. Second, the structures and 
structural transformations of two families of SUMOF-6-Ln and Ln(btc) 
MOFs are explained. Third, immobilization of a Ru complex into MOF-253 
is described. A structural comparison, with the aim to relate thermal stabil-
ity, structural flexibility and metal coordination, between the three latter 
MOFs will summarize the chapter. 

 
3.1 Zeolitic Imidazolate Frameworks (ZIFs) (Paper I) 

 
This section gives examples of how various synthesis conditions can affect 
the final MOF product. There are several parameters to consider: solvent, 
temperature, metal:linker (M:L) ratio, heating time, pH, types of reaction 
container, heating methods, heating and cooling rates. In order to better un-
derstand how a synthesis system works, one needs to screen many parame-
ters. A few parameters are often tested at first. When the best batch is identi-
fied, another reaction screening is made by testing other conditions and ap-
plying smaller changes. As the results become better, more narrow ranges of 
changes are chosen.  

Zeolitic imidazolate frameworks (ZIFs) is a subclass of MOFs. The name 
originates from the fact that ZIFs can possess the same tetrahedral frame-
works as zeolites. Their common feature is the 145° angle between Si−O−Si 
in zeolites and M−Im−M (M: transition metal (Zn2+ or Co2+) and Im: imida-
zole-based linker) in ZIFs (Figure 3.1).96 The SiO4 units and bridging oxygen 
atoms in zeolites are replaced with transition metal ions and imidazole-based 
linkers, respectively, to form ZIFs. 

The motivation for making ZIFs is the possibilities to incorporate high 
concentration of periodic transition metal sites and organic units in the pore 
structure. Introduction of more than one kind of linker can further facilitate 
the functionalization of the material. About 20% of the known ZIFs are con-
structed by two different imidazole-based linkers, hetero-linkers, having 
different functional groups.97,98 Contrary to other MOFs, ZIFs often possess  
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Figure 3.1. The 145° angle (a) between M−Im−M in ZIFs and (b) O−Si−O in zeo-
lites. 

high stability towards heating, moisture and solvent. This is due to the ro-
bustness of imidazolate linkers and the strong bonding between the metal 
ions and the imidazoles. For instance, ZIF-8 can survive in boiling water for 
several days.96  

ZIFs as films,99 molecular sieves100 and membranes101 have great capaci-
ties to adsorb and separate gases and hydrocarbons. Besides structure, pore 
size and surface area of a material, the size and morphology of the crystals 
can also influence the performance in applications like these. If certain syn-
thesis parameters, such as batch composition and temperature, can be related 
to changes of morphology and size of the product, the conditions that give a 
desired product (material processing) can be optimized. We have therefore 
looked into how different synthesis parameters, batch composition and tem-
perature, affect the formation and morphology of ZIFs.  

The study involved ZIFs built by Zn2+ and imidazole (Im) and/or ben-
zimidaole (bIm). The products from the synthesis series in which the batch 
composition, ratio between both metal and linker (M:L) and Im:bIm (L), was 
varied at 85 and 110 °C. The crystalline phase and morphology of the prod-
ucts were analyzed using XRPD and SEM, respectively.  

Table 3.1. Batch compositions, [Zn:Im:bIm], applied for the syntheses of ZIFs.  

Im:bIm  Zn:(Im+bIm)  

 1:15 1:10 1:5 
1:0 [1:15:0] [1:10:0] [1:5:0] 
9:1 [1:13.5:1.5] [1:9:1] [1:4.5:0.5] 
7:1 [1:13.13:1.88] [1:8.75:1.25] [1:4.38:0.63] 
5:1 [1:12.5:2.5] [1:8.33:1.67] [1:4.17:0.83] 
3:1 [1:11.25:3.75] [1:7.5:2.5] [1:3.75:1.25] 
3:2 [1: 9:6] [1:6:4] [1:3:2] 
1:1 [1:7.5:7.5] [1:5:5] [1:2.5:2.5] 
2:3 [1:6:9] [1:4:6] [1:2:3] 
1:3 [1:3.75:11.25] [1:2.5:7.5] [1:1.25:3.75] 
1:4 [1:3:12] [1:2:8] [1:1:4] 
1:7 [1:1.88:13.13] [1:1.25:8.75] [1:0.63:4.38] 
1:9 [1:1.5:13.5] [1:1:9] [1:0.5:4.5] 
0:1 [1:0:15] [1:0:10] [1:0:5] 
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The ZIFs were produced from solvothermal heating of a mixture contain-
ing Zn(NO3)2⋅6H2O, imidazole and benzimidazole at either 85 or 110 °C for 
four days. Mainly two phases, ZIF-796 and ZIF-6297, were produced when 
applying three ratios of L:M and thirteen ratios of Im:bIm (Table 3.1).  

The crystals of these ZIFs possessed different crystal structures, sizes and 
shapes. Rhombic dodecahedral-shaped crystals of ZIF-7 (Zn(bIm)2⋅3H2O) 
were obtained. The structure of ZIF-7 adopts a sod topology and is built 
from Zn atoms and only bIm (Figure 3.2). Prismatic crystals were found to 
be ZIF-62 (Zn(Im)1.75(bIm)0.25⋅0.5DMF), in which each Zn atom coordinates 
to three Im and one linker disordered between Im (60%) and bIm (40%) 
(Figure 3.2). ZIF-62 adopts a cag topology but is unfortunately not porous, 
as determined by its nitrogen isotherm. Solvent removal was achieved upon 
heating at 180 °C for 10 h.  

  
ZIF-7 ZIF-62 

b

a

b

a

b

a

 
b

a

b

a

b

a

 

R-3 (trigonal) sod Pbca (orthorhombic) cag 

a = 22.989(3) Å, c = 15.763(3) Å    a = 15.6620(19) Å, b = 15.6621(13) Å, 
   c = 18.2073(19) Å 

Figure 3.2. Crystal structures and coordinations between zinc and imidazoles of ZIF-
796 (Zn(bIm)2) and ZIF-62 (Zn(Im)1.75(bIm)0.25).

97 Blue, black and green atoms rep-
resent Zn, C and N, respectively. Hydrogen atoms and guest molecules are omitted 
for clarity. 
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3.1.1 Effect of batch composition on the final products 

 
All products were identified by comparing their XRPD patterns with those of 
known ZIFs. XRPD patterns of samples obtained when varying the M:L and 
Im:bIm at 110 °C are shown in Figure 3.3. As mentioned earlier, ZIF-7 and 
ZIF-62 were mainly formed, but ZIF-4 was also obtained when no bIm was 
present in the synthesis. At a first glance, one notices that ZIF-7 was pro-
duced within a wider range of batch compositions compared with ZIF-62. A 
clear border between the formation of ZIF-7 and ZIF-62 is also observed for 
the Zn:L ratios 1:15 and 1:10. As the amount of the metal increased to the 
Zn:L ratio of 1:5, both ZIFs were formed at [1:3:2]. If the formation of the 
different compounds is marked out in a phase diagram, the areas of batch 
compositions where the ZIFs are formed can be illustrated more clearly 
(Figure 3.4). 

 A ternary phase diagram (Figure 3.4) was constructed from the informa-
tion obtained from XRPD in Figure 3.3. ZIF-4 was obtained when only Im 
was added to the reaction mixture. ZIF-62 was formed up to 23% of bIm at 
all Zn:L ratios. But as the concentration of metal was further increased, Zn:L 
> 1:5, towards the ideal molar composition, no ZIF-62 was obtained in a 
systematic way. ZIF-7 was generated within a wider Im:bIm range as the 
concentration of metal increased. At Zn:L of 1:15, 1:10 and 1:5, ZIF-7 was 
obtained between 47−100%, 36−100% and 33−100% of bIm, respectively. 
Among the several ZIFs that possess the same composition of Zn(Im)2 (ZIF-
1, -2, -3, -4, -6, -10 and -64), only ZIF 4 was obtained during our experi-
ments. The use of different metal precursors, Zn:Im ratios and heating time 
may result in the different outcome. In our syntheses, the published ZIF-1197 
(Zn(bIm)2) was never formed.  
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Figure 3.3. XRPD (after subtracted backgrounds) of the final products obtained from 
synthesis series at 110 °C when varying the Im:bIm at Zn:L of (a) 1:15, (b) 1:10 and 
(c) 1:5. Each pattern is marked with the corresponding batch composition and identi-
fied crystalline phase.  
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Figure 3.4. A ternary phase diagram representing the batch composition was con-
structed from phase identifications in Figure 3.3. ZIF-7 (red triangle), ZIF-62 (blue 
square) and ZIF-4 (green square) were obtained when applying Zn:L 1:5, 1:10 and 
1:15 at 110 °C. The blue square within brackets indicate too small yields for XRPD. 
Red triangles within brackets mark the presence of other phases. The composition 
where no solid was collected is marked with a cross. The ideal molar compositions, 
based on structural composition, are marked by circles, in red for ZIF-7 and in blue 
for ZIF-62.  

3.1.2 Effects of synthesis parameters on crystal size and shape 

 
Variations in the crystal size and shape of ZIF-7 and ZIF-62 upon changes of 
batch composition and temperature were revealed using scanning electron 
microscopy. Changes of crystal shapes were generally more pronounced 
than changes of crystal sizes.  

The rhombic dodecahedrally shaped ZIF-7 crystals were in the size range 
of 0.5−10.0 µm. The sizes of crystals formed at 110 °C changed with the 
ratio between bIm and Zn, bIm/Zn, in a non-linear manner, as shown in the 
graph in Figure 3.5. The crystal sizes increased rapidly from 1.2 µm to the 
maximum size of 10 µm between bIm/Zn 3.75 and 4.50 (Figure 3.5, b-c). As 
the concentration of bIm increased further, the crystal sizes became gradu-
ally smaller, eventually down to only 0.8 µm (Figure 3.5, c-g). The crystals  
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Figure 3.5. The crystal sizes of ZIF-7 as a function of bIm/Zn ratio at 110 °C. The 
size range of crystals within each batch is marked. Each point in the graph correlates 
to a SEM image, noted a-g.  

of ZIF-7 became less well-shaped and more aggregated as the bIm/Zn in-
creased from d to g. Crystals of larger size possessed more well-defined 
shapes with sharp edges.  

A comparison between ZIF-7 crystals synthesized with the same batch 
composition but at different temperatures is displayed in Figure 3.6. A de-
crease of the temperature from 110 to 85 °C affected neither the average 
crystal sizes nor the shapes significantly. At [1:6:9], the sizes only varied 
between 2.4 and 4.7 µm and at [1:3.75:11.25] and [1:3:12] no obvious 
change was observed.  
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Figure 3.6. SEM images of crystals of ZIF-7 produced from Zn:L 1:15 at (a-c) 110 
°C and  (d-f) 85 °C with batch compositions of (a,d) [1:6:9], (b,e) [1:3.75:11.25] and 
(c,f) [1:3:12]. The crystal size is marked in each figure. 

Crystals of ZIF-62 have octahedral or pseudo-octahedral (truncated opposite 
corners) shapes. A temperature change had much more pronounced effect on 
the crystal sizes of ZIF-62 which ranged between 10 and 500 µm (Figure 
3.7). Crystals produced at Zn:L 1:15 at 110 °C became larger than those 
made at 85 °C. An increase of the concentration of bIm and decrease of 
Im/Zn also resulted in larger crystals of ZIF-62. The largest ZIF-62 crystals, 
of about 500 µm, were produced at the batch composition [1:11.25:3.75]. 
More well-shaped single crystals were obtained at 110 °C (Figure 3.7, a-c) 
while more aggregated crystals were observed when 85 °C was used (Figure 
3.7, d,e).  
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Figure 3.7. SEM images of crystals of ZIF-62 produced at (a-c) 110 °C and (d-f) 85 
°C from three different batch compositions (a,d) [1:13.5:1.5], (b,e) [1:12.5:2.5] and 
(c,f) [1:11.25:3.75]. 

A general conclusion from the morphology study of ZIFs is that batch com-
position and synthesis temperature affect the formation, size and shape of 
crystals in different ways. One trend valid for one kind of ZIF may not be 
valid for another. One needs therefore to screen different parameters for each 
system in order to know how different conditions affect the size and shape of 
the final product.  

 
 
 
 

 
 
 



 59 

3.2 Lanthanide Benzenetricarboxylate Ln(btc) MOFs (Paper II & III) 

 
The synthesis, structure and characterization of the homeotypic LnMOFs, 
Ln(btc)(H2O)⋅guest (Ln: Nd, Sm, Eu, Gd, Tb, Ho, Er and Yb; guest: DMF 
(dimethylformamide) or H2O), will be described in this section. Structural 
transformations of the LnMOFs (Ln: Nd, Er and Yb) during evacuation and 
heating are also presented.  

The LnMOFs were produced through a base diffusion synthesis and char-
acterized using single crystal XRD, XRPD, in situ XRPD, TGA and N2 sorp-
tion isotherm. A transparent solution (pH 5) of Ln(NO3)3⋅nH2O (n: 5-6) (0.04 
g, 1 x 10-4 mol), benzenetricarboxylic acid (H3-btc) (0.02 g, 1 x 10-4 mol), 
dimethylformamide (DMF) (10 mL), distilled water (2 mL), cyclohexanol (2 
mL), dibutylamine (two drops) and 2 mol⋅L-1 HNO3 (three drops) in a 50 mL 
glass beaker was stirred at RT for 2 h before placed in a preheated oven at 85 
°C for 16 h. The pure products of rod-like crystals of 10x10x100 µm3 in size 
(Figure 3.8) were isolated through filtration, washed with DMF (~ 15 mL) 
and then dried at RT. All the LnMOFs were stable in air, water and common 
organic solvents.  

10 µm10 µm
 

Figure 3.8. SEM image of rod-like crystals of Nd(btc). 

The chiral structure of as-synthesized Nd(btc), with the space group P43, 
was determined by single crystal XRD (Paper II and Table S1 in Supporting 
Information, Paper III) and is illustrated in Figure 3.9. Yb(btc) crystallized in 
another space group, P4122, also derived from single crystal XRD (Table S1 
in Supporting Information, Paper III). Each Ln(III) ion is coordinated to six 
different btc linkers and one water molecule. Chiral –Ln–O–C–O–Ln– 
chains along c-axis are formed by corner-sharing LnO6(H2O) polyhedra lo-
cated around a 41/43 axis. The samples are not enantiopure since they contain 
both left- and right-handed enantiomers. These chains are then connected by 
the tridentate btc linkers in the a- and b-directions to form a 3D structure 
with 1D quadric channels, with windows of ca. 7.0 x 7.0 Å2, along the c-
axis. A terminally coordinated water molecule is pointing towards the center 
of the channel. Guest molecules, water and DMF, which do not take part in 
the framework, fill the channels in a random manner. These guests can be 
evacuated in order to make the material porous. The coordinated water  
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a

b

a

b

a

b   
(a) (b) 

Figure 3.9. Structure of as-synthesized Nd(btc) seen along (a) the c-direction and (b) 
a-directions. The Nd(btc) crystallizes in space group P43 with the unit cell parame-
ters a = 10.4278(4) Å, c = 14.2602(12) Å and unit cell volume V = 1550.64(16) Å3. 
Neodymium atoms and polyhedra are shown in orange, oxygen in red, carbon in 
black and coordinated water molecules in cyano.  

molecule can also be removed upon heating yielding an accessible coordina-
tively unsaturated site at the metal ion (Figure 2.4b and d). The microporos-
ity of Nd(btc) was proven by nitrogen isotherm (Figure 2.12). 

The high similarities of the XRPD patterns of all the LnMOFs (Figure 
3.10) verify that their frameworks are constructed in the same way as 
Nd(btc). Positions of diffraction peaks are shifted to slightly higher 2θ angle 
from Nd(btc) to Yb(btc) due to a decrease of the unit cell dimensions.  
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Figure 3.10. XRPD patterns of the homeotypic LnMOFs (Ln: Nd, Sm, Eu, Gd, Tb, 
Ho, Er and Yb). 
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The change of the unit cells is related to the ionic radii of the lanthanides. 
This trend is shown clearly as the a- (and b-) parameters decrease linearly 
with the decrease of ionic radius of the Ln(III) ion, from Nd(III) to Yb(III) 
(Figure 3.11). The Ln-O distance becomes shorter as the size of the Ln(III) 
ion becomes smaller. The explanation of why the c-parameter changes with 
ionic radius as shown in Figure 3.11 is not obvious. The longer c-parameter 
in Yb(btc) compared with that of Nd(btc), is due to larger O-Yb-O angles 
(165.4(4)°) compared to the corresponding O-Nd-O angles (154.7(2)°) along 
the c-axis. 
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Figure 3.11. The unit cell parameters a = b (▲) and c (�) change with ionic radii of 
the different lanthanides. The cell parameter a decreases linearly as the ionic radii 
decreases. Unit cell parameters were derived from XRPD. 

In situ XRPD experiments of Ln(btc) (Ln: Nd, Er and Yb) revealed struc-
tural changes upon evacuation and subsequent heating, during which water 
and DMF were released. The structure of as-synthesized Nd(btc) started to 
change as soon as vacuum was applied (Figure 3.12). The symmetry 
changed from tetragonal to monoclinic. The new phase was stabilized after 2 
h under vacuum (Table 3.2). A significant change of the γ angle, from 90° to 
106.5°, and a decrease of the c-parameter by 0.45 Å were the major differ-
ences. Thereafter, only minor peak shifts were observed up to 80 °C. The 
intensity of the peaks was decreased due to rearrangements during the 
evacuation of the guest molecules from the framework. At 120 °C, a third 
phase was identified, now with even larger γ angle and shorter c-parameter. 
The unit cell volume had at this stage decreased by 14% compared with the 
as-synthesized structure. As the temperature was further increased, the origi-
nal tetragonal structure came back and was stabilized at 220 °C. The XRPD 
pattern showed again sharp peaks of higher intensity. Continued heating to 
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560 °C only caused small peak shifts to higher 2θ angle resulting in contrac-
tion of the unit cell. An in situ XRPD experiment of Nd(btc) performed un-
der nitrogen, showed the same results as when applying vacuum. The struc-
tural changes of the as-synthesized Nd(btc) during heating up to 220 °C was 
caused by the release of first the guest molecules, water and DMF, and later 
the coordinated water. 
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Figure 3.12. In situ XRPD of Nd(btc) under vacuum. Notice that the marked reflec-
tions change in vacuum and by heating. At 200 °C, the original diffraction pattern 
was detected. 

Table 3.2. Unit cell parameters of Nd(btc), derived from in situ XRPD, in vacuum 
and at different temperatures. 

Temperature 
(°C) 

a 

(Å) 
b 

(Å) 
c 

(Å) 
γ 

(°) 
V 

(Å3) 
25 10.411(2) 10.411(2) 14.225(3) 90 1542 

25 (vacuum) 10.291(3) 10.327(3) 13.777(8) 106.47(1) 1404 
80 10.2869(5) 10.2873(5) 13.7604(4) 106.644(3) 1395 

120 10.318(1) 10.3017(8) 13.3739(8) 110.99(2) 1328 
220 10.473(1) 10.4735(7) 13.832(2) 90 1517 
560 10.460(1) 10.460(1) 13.851(2) 90 1484 

 
The structural transformations detected during the in situ XRPD meas-

urement of Nd(btc) could not be observed by single crystal XRD at different 
temperatures. The reflections disappeared as soon as the crystal was heated 
in air but appeared again at 180 °C. The possibility of the tetragonal unit cell 
to transform into a monoclinic unit cell in four different ways resulting in 
small twin domains can be an explanation for this. The symmetry of the 180 
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°C phase became higher, from P43 to P4322, and the coordinated water 
molecule was removed. Attempts of obtaining structural models of the dif-
ferent phases from high quality in situ XRPD, at 25, 80, 120 and 220 °C, 
were therefore made. Unfortunately, the data was not good enough for reli-
able structure refinements due to the large scattering difference between the 
Nd(III) and the btc molecule. 

The stability of Nd(btc) in various environments was studied by XRPD 
(Figure 3.13). During an in situ XRPD experiment, XRPD patterns were 
collected first of as-synthesized Nd(btc) at 25 °C, secondly under vacuum at 
120 °C, then at 25 °C again after cooling and finally after the evacuated 
sample had been exposed to air. The monoclinic phase was retained in vac-
uum but when exposed to air its frameworks collapsed within ten minutes 
and the compounds became nearly amorphous. When DMF was added to the 
sample, placed on a zero-background Si plate, the XRPD pattern of the 
original tetragonal phase was detected again. So, even though the XRPD 
pattern indicated an almost amorphous material after air exposure, most of 
the coordintation bonds may still remain. The added DMF could enable the 
reassembly between metal ions and linkers and the tetragonal structure could 
therefore be successfully recovered. This clearly demonstrates the high 
flexibility of the coordination sphere of the lanthanide ions to adopt different 
coordination geometries.   
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Figure 3.13. XRPD patterns of as-synthesized Nd(btc), Nd(btc) heated to 120 °C in 
vacuum, cooled under vacuum to 25 °C, exposed to air at 25 °C for 4.5 h and finally 
treated with DMF. The structure was unchanged while kept under vacuum but upon 
air exposure it became almost amorphous. The tetragonal phase was successfully 
recovered by the addition of DMF. 
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In situ XRPD experiments performed under vacuum on Er(btc) also 
showed structural transformations from tetragonal to monoclinic to tetrago-
nal symmetry (Supporting Information, Paper III), similar but not identical 
to those of Nd(btc). Unlike Nd(btc), a tetragonal superstructure of Er(btc) 
was formed at 80 °C (a(80 °C) ≈ √2a(25 °C)) and then a monoclinic phase 
appeared between 100 and 160 °C. Finally the tetragonal structure reap-
peared at 180 °C. Smaller decrease of unit cell volume up to 120 °C (4.7%) 
and smaller γ angle at 120 °C (100.2°) were seen for Er(btc), compared with 
Nb(btc) (14% volume decrease and γ = 111.0°).  

No clear structural changes were observed for Yb(btc) which maintained 
a tetragonal structure throughout the whole heat treatment and only minor 
changes in the unit cell volume (maximum of 2%) were detected (Supporting 
Information, Paper III). 

The results from the in situ XRPD of Nd(btc) were compared with ther-
mogravimetric analysis. The temperatures at which the steps of weight losses 
occurred in the TG curve of Nd(btc) (Figure 3.14) did not match exactly the 
temperatures at which the molecules of water and DMF started to release 
from the MOF. Different heating rates and different atmospheres can be 
reasons for this mismatch. According to the TGA, the total weight loss of 
Nd(btc) up to 280 °C corresponds to the removal of all water and DMF. The 
last step before 300 °C corresponds most probably to the removal of the 
coordinated water molecules. Above 480 °C, the btc molecules started to 
leave the framework, resulting in the collapse of the porous network. 
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Figure 3.14. TG curve of Nd(btc) performed under N2 atmosphere with a heating 
rate of 1 °C/min. Uncoordinated water and DMF molecules were released between 
25 and 200 °C (steps a-c). Coordinated water molecules were lost upon further heat-
ing to 300 °C (step d). The decomposition of the linkers started above 480 °C (step 
e). 
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3.3 Lanthanide Bipyridinedicarboxylate MOFs (SUMOF-6-Ln) (Paper 

IV) 

 
Another family of lanthanide MOFs, SUMOF-6-Ln (Ln2(bpydc)3(H2O)3⋅ 
guest (Ln: Sm, Gd, Nd, Eu, Tb, Ho and Er; guest: H2O and DMF), was syn-
thesized and characterized. In this case, the bidentate 2,2´-bipyridine-5,5´-
dicarboxylic acid (bpydc) was used as the linker. The structure of the SU-
MOF-6-Ln and the reversible structural changes of SUMOF-6-Sm and -Gd 
observed upon solvent loss and uptake will be the main focus of this section. 
The thermal stability of SUMOF-6-Sm will also be presented. 

The SUMOF-6-Ln (Ln: Sm, Gd, Nd, Eu, Tb, Ho and Er) compounds were 
all prepared from the same synthesis procedure. The synthesis of SUMOF-6-
Sm will be a representative example. A mixture of Sm(NO3)3⋅6H2O (0.122 g, 
0.27 mmol), 2,2´-bipyridine-5,5´-dicarboxylic acid (0.100 g, 0.41 mmol) and 
DMF (10 mL) was heated solvothermally at 120 °C for one day. The col-
lected rod-like crystals were washed and stored in DMF.  

The structures of SUMOF-6-Sm and -Gd were solved from single crystal 
XRD data (Table 1, Paper IV) and XRPD confirmed that all the SUMOF-6-
Ln phases are the same (Figure 3.15).  

6 8 10 12 14 16 18 20 22 24

In
te

ns
ity

2θ (°)

Nd

Sm

Eu

Gd

Tb

Ho

Er

6 8 10 12 14 16 18 20 22 24

In
te

ns
ity

2θ (°)

Nd

Sm

Eu

Gd

Tb

Ho

Er

 
Figure 3.15. XRPD patterns of SUMOF-6-Ln (Ln: Nd, Sm, Eu, Gd, Tb, Ho and Er). 

The structure of SUMOF-6-Ln resembles the one of 
Ln(bpdc)1.5(H2O)⋅0.5DMF (Ln: Tb, Ho, Er and Y; bpdc: biphenyldicarbox-
ylic acid).102 The differences between their structures are the linker and co-
ordination sphere of the Ln(III) ions.  

As-synthesized SUMOF-6-Sm(as) crystallizes in a monoclinic space 
group P21/c with the unit cell a = 25.5273(15) Å, b = 15.5117(14) Å, c = 
17.1005(13) Å, β = 98.298(5)º and V = 6700.4(9) Å3. The asymmetric unit 
contains two Sm(III) ions, three bpydc linkers and three water molecules. 
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The Sm(III) ions possess different coordination spheres: Sm1 is 7-
coordinated (six oxygen atoms from six bpydc linkers and one from water) 
while Sm2 is 8-coordinated (six oxygen atoms from six bpydc linkers and 
two from water) (Figure 3.16a and b, respectively). Sm1 and Sm2 polyhedra  
alternate and connect to each other (Figure 3.16c) to form 1D inorganic 
chains along the [001] direction (Figure 3.16d). The chains are linked 
through the bpydc linkers along the [110] and [1-10] directions creating 
rhombic channels with an opening of 5.3 × 19.0 Å (free diameter) along the 
[001] direction (Figure 3.17).  

Sm1Sm1

 

Sm2Sm2

 
(a) (b) 

 
c

b

c

b

 
(c) (d) 

 
Figure 3.16. The structure of SUMOF-6-Sm(as) showing (a) the Sm1 ion, (b) the 
Sm2 ion, (c) the coordination of two symmetry-independent Sm ions and (d) the 3D 
framework viewed along [100]. The chains consist of alternating Sm1 and Sm2 
polyhedra, connected through bpydc linkers along [110] and [1-10] directions, along 
the c-axis. Samarium atoms and polyhedra are shown in purple; oxygen, carbon and 
nitrogen atoms in red, black and green, respectively. Oxygen atoms of coordinated 
water in (a) and (b) are shown in cyano. Hydrogen atoms and guest molecules are 
omitted for clarity. 

The crystals started to crack as soon as they were exposed to air and sol-
vent evaporated. Drastic shrinkage of the channel openings occurred within 
minutes and the structure was transformed into another phase, SUMOF-6-
Sm(dry) (Figure 3.17). The monoclinic symmetry of the structure and con-
nectivity of the Sm(III) ions were retained during drying but the unit cell 
volume decreased by 23%. Shortening of the a-axis and especially the b-axis 
caused the channel opening to shrink from 19.0 x 5.3 to 20.8 x 1.4 Å. The c 
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parameter was almost unchanged during solvent evaporation. A reversible 
single-crystal to single-crystal transformation upon desolvation and resolva-
tion was confirmed by single crystal XRD. When the dried crystal was 
soaked in DMF, the original unit cell of SUMOF-6-Sm(as) was recovered. 

SUMOF-6-Gd(as) and SUMOF-6-Gd(dry) are isostructural with SU-
MOF-6-Sm(as) and SUMOF-6-Sm(dry), respectively, and showed similar 
structural transformation upon drying as SUMOF-6-Sm. 
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Figure 3.17. The 1D channels in SUMOF-6-Sm, Sm2(bpydc)3(H2O)3, shrink and 
expand reversibly upon solvent removal and addition, respectively. Samarium poly-
hedra are shown in purple; oxygen, carbon and nitrogen atoms in red, black and 
green, respectively. 

The reversible nature of the structural changes of SUMOF-6-Sm was also 
detected by XRPD (Figure 3.18). A sample of SUMOF-6-Sm(as) was first 
dried at RT, (SUMOF-6-Sm(dry)), then heated at 50 °C for 3 h under nitro-
gen flow, SUMOF-6-Sm(50), and finally soaked in DMF overnight, SU-
MOF-6-Sm(DMF). XRPD patterns of SUMOF-6-Sm(dry) and SUMOF-6-
Sm(50) matched the simulated pattern of SUMOF-6-Sm(dry) while SU-
MOF-6-Sm(DMF) match the simulated pattern of SUMOF-6-Sm(as). Upon 
drying, the (110) peak shifted to higher 2θ value, from 6.68° to 8.45°. Peak 
200 only change slightly to lower angle, from 6.99° to 6.58°. It should be 
mentioned that samples soaked in DMF after being heated to 200 °C, instead 
of 50°C, did not result in the recovery of the structure of SUMOF-6-Sm(as). 

The thermal stability of SUMOF-6-Sm was studied by TGA (Figure 
3.19). The number and type of molecules released during the first two steps 
of weight loss between 26 and 400 °C matched well with two uncoordinated 
DMF and three coordinated water molecules, giving the chemical formula 
[Sm2(bpydc)3(H2O)3]⋅2DMF. 
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Figure 3.18. XRPD of simulated SUMOF-6-Sm(as) (from the refined SUMOF-6-
Sm(as) structure) (black), simulated SUMOF-6-Sm(dry) (from the refined SUMOF-
6-Sm(dry) structure) (purple), experimental SUMOF-6-Sm(dry) (blue), SUMOF-6-
Sm(50) (green) and SUMOF-6-Sm(DMF) (SUMOF-6-Sm(50) soaked in DMF 
overnight) (red).   
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Figure 3.19. TG curve of SUMOF-6-Sm. The type and number of molecules re-
leased at the three steps of weight loss correspond well with the chemical formula 
deduced from the structure refinement and CHN analysis. First, two DMF molecules 
were lost between 26 and 200 °C. Second, three coordinated water molecules were 
release between 200 and 400 °C. Third, three bpydc linkers are lost between 400 and 
500 °C, above which only Sm2O3 remained. 
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3.4 Aluminium Bipyridinedicarboxylate MOF (MOF-253-Ru) (Paper V) 

 
Our goal was to construct a MOF to be used as heterogeneous ruthenium 
catalyst for oxidation reactions. Ru(bpy)Lx (bpy: bipyridine, L: ligand) com-
plexes are known to be active homogeneous oxidation catalysts. It has been 
reported that ligand rearrangement can produce inactive catalytic species that 
contain several bpy ligands.103 Isolation of the Ru(bpy) unit within a MOF 
could avoid this problem. Therefore, the use of bipyridinedicarboxylic acid 
(bpydc) as the linker to which Ru can coordinate was an appropriate choice.  
 
Our first approach was to coordinate a Ru complex, [H(DMSO)2] 
[RuCl4(DMSO)2],

104 to the bpydc linker producing RuCl3(DMSO)-bpydc, or 
Ru-bpydc, which would in a second step be used for the formation of a 
MOF. The Ru-bpydc linker was synthesized as described in Scheme 3.1. 
Detailed synthesis descriptions of the Ru-complex and Ru-bpydc are pre-
sented in the Appendices.  

 
Scheme 3.1. Complexation of a Ru complex, [H(DMSO)2][RuCl4(DMSO)2], to the 
bipyridine linker forming RuCl3(DMSO)-bpydc, or Ru-bpydc.  

Since MOFs constructed by bpydc linker, SUMOF-6-Ln, had already been 
synthesized, several attempts of synthesizing a similar MOF using Ru-
bpydc, instead of bpydc, with Gd were made. Unfortunately, the structure of 
the SUMOF-6-Ln could not be reproduced using Ru-bpydc and only amor-
phous solids were obtained. Maybe amorphous samples should not be disre-
garded only on the basis of an amorphous XRPD pattern. Close study of the 
products by SEM revealed a homogeneous sample containing tiny particles 
(~0.2 µm) and a rough elemental analysis of these particles using EDS 
showed the presence of both Gd and Ru, with the ratio Gd:Ru 2:3 (Figure 
3.20). WDS confirmed the presence of both Ru and Cl, with the ratio Ru:Cl 
of 1:2, in the spheres. This strongly indicates that the Ru-bpydc and Gd pre-
cursor did react with each other but without the formation of a crystalline 
product.  

Further synthesis attempts of obtaining a crystalline product involved the 
addition of a second linker, the biphenyldicarboxylic acid (bpdc), in different 
amounts. Partly crystalline solids with a Gd:Ru ratio of 5:1 were obtained 
when using an excess of bpdc (90%) compared with Ru-bpydc (10%) (Fig-
ure 3.21).  
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Figure 3.20. (a) SEM image and (b) EDS (yellow) and WDS (grey) of the amor-
phous solid obtained from solvothermal synthesis of Gd(NO3)3⋅6H2O, Ru-bpydc and 
DMF at 100 °C for one day.  
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Figure 3.21. (a) XRPD pattern of partly crystalline solid obtained from solvothermal 
reaction between Gd(NO3)3⋅6H2O, bpdc (90%) and Ru-bpydc (10%) in DMF at 120 
°C for two days. (b) SEM image of spheres (~1 µm) containing both Gd and Ru, 
with a ratio of Gd:Ru 5:1. 
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Figure 3.22. Obvious changes of the particle shapes were detected by SEM when 
different synthesis conditions were used. The SEM images show (a) large spheres 
assembled by thin sheets (~30 µm) formed at 120 °C and (b) thread-like particles 
and tiny spheres (<1 µm) obtained using a lower temperature of 100 °C.  
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The products obtained from mixtures of Gd(NO3)3⋅6H2O, bpdc and Ru-
bpydc resulted in a more crystalline phase when the temperature was in-
creased in a stepwise manner, for example from 40 °C, 60 °C up to 100 °C.  

Clear changes of particle shapes were observed by SEM when varying 
different synthesis conditions (Figures 3.22). Spheres of a few tens of mi-
crometers assembled by sheet-like particles were obtained when a glass vial 
was used instead of a Teflon-lined autoclave (Figures 3.22a). When the tem-
perature was decreased from 120 to 100 °C, thread-like particles and tiny 
spheres were formed (Figures 3.22b). Although such unusual crystal shapes 
are produced, the particles could be formed through non-classical crystalliza-
tion.105 The sphere shown in Figure 3.22a, resembles for example one kind 
of particle described in reference 105. Some kind of ordering may exist in 
the material. 

Since the attempts of making a MOF from the Ru-bpydc linker failed, an-
other approach, that turned out to be successful, was applied. An aluminium 
MOF, MOF-253, containing the bpydc linker, without Ru, was synthesized 
followed by immobilization of RuCl3(DMSO) through post-synthetic modi-
fication (PSM). 

The aluminium-based MOF-253, Al(OH)(bpydc),106 is built by Al poly-
hedral chains along the c-axis, which are connected through the bpydc link-
ers along a- and b-axes forming 1D channels through the material (Figure 
3.23). MOF-253 was chosen as the target structure because it is built by 
bpydc linkers. The structure also contains 1D rhombic channels through 
which substrates and products can diffuse and access the bipyridine units. 
Furthermore, Al-based MOFs have been reported to possess high thermal 
and chemical stabilities, two features being very important in catalysis appli-
cations.  

There are two strategies for making the target ruthenium functionalized 
MOF-253. A Ru complex can be either coordinated to the bpydc linker be-
fore synthesis of the MOF-253 or immobilized into an already made MOF-
253 through PSM. Our attempts to apply the former case were unsuccessful 
and resulted only in amorphous solids. Fortunately, we were the first to im-
mobilize the RuCl3(DMSO) complex into MOF-253 producing MOF-253-
Ru, illustrated in Figure 3.23. The close-up image of one channel, shown in 
Figure 3.24, pictures more clearly how the coordination of the Ru complex 
to the bpy units in the framework may look like. The synthesis, characteriza-
tion and catalytic performance of MOF-253-Ru will be presented in the fol-
lowing section.  
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                 MOF-253                        MOF-253-Ru 

Figure 3.23. Illustration of the incorpuration of the Ru complex, RuCl3(DMSO), into 
MOF-253 through post-synthetic modification to give MOF-253-Ru. Blue octahedra 
represent Al atoms; grey, red and green spheres represent C, O and N atoms, respec-
tively; orange, mint green, yellow and white spheres in RuCl3(DMSO) represent Ru, 
Cl, S and H. H atoms and guest molecules in the MOF are omitted for clarity. The 
figure was drawn using structural data taken from references 107 and 108. 

 

 
Figure 3.24. Structural illustration of RuCl3(DMSO) complexes coordinated to the 
bpy units within MOF-253. The positions of the Ru compounds could not be deter-
mined with crystallographic methods; however, they have been allocated at chemi-
cally reasonable locations. Structural data of MOF-253 and Ru(bpy)Cl3(DMSO) 
were taken from references 107 and 108, respectively.  
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The MOF-253 was prepared as earlier reported by the group of Yaghi.106 
Before the immobilization of the Ru complex, the MOF-253 was washed in 
DMF at 80 °C for 3 h and then in methanol via Soxhlet extraction for 24 h. 
Rinsing the solid in fresh methanol and drying at 200 °C under reduced pres-
sure overnight gave Al(OH)(bpydc).  
The MOF-253-Ru was prepared by refluxing a mixture of Al(OH)(bpydc) 
(1.078 g, 3.652 mmol), [H(DMSO)2][RuCl4(DMSO)2] (0.163 g, 0.292 
mmol) and absolute ethanol (100 mL) for 24 h while stirring. A dark brown 
solid was collected by centrifugation and washed by stirring it in fresh etha-
nol for 2 h, followed by centrifugation. This process was repeated three 
times. The powder was then dried at 50 °C under vacuum for 16 h to yield 
the product MOF-253-Ru7, containing 7 mol% of Ru complex. Another 
sample with higher content of Ru, MOF-253-Ru13 containing 13 mol% of 
Ru complex, was synthesized in the same way but instead adding an excess 
of the Ru complex (MOF-253:Ru complex = 2:3) in order to know the 
maximum loading of Ru in MOF-253. In MOF-253-Ru7, there is approxi-
mately one Ru complex per 16 linkers.  

The structure of MOF-253 was verified by comparing its XRPD pattern to 
the original XRPD pattern determined in reference 107 (Figure 3.25). The 
structure was retained after Ru immobilization. XRPD patterns of MOF-253-
Ru7 and MOF-253-Ru13 were identical. Differences in porosity between the 
samples were observed from N2 isotherms (Figure 3.26). The adsorption 
capacity differed slightly between MOF-253 and MOF-253-Ru7. MOF-253-
Ru13 on the other hand, did not show any porosity at all. The Langmuir sur-
face area of MOF-253 and MOF-253-Ru7 decreased from 1202 to 1145  
m2g-1 and the pore volume from 0.51 to 0.47 cm3g-1.  
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Figure 3.25. XRPD of simulated MOF-253 (black), MOF-253 (purple) and MOF-
253-Ru7 (green). The Structure of MOF-253 was retained during the immobilization 
of Ru complex.  
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Figure 3.26. Nitrogen adsorption (solid circles) and desorption (open circles) iso-
therms of MOF-253 (violet), MOF-253-Ru7 (green) and MOF-253-Ru13 (blue). 
Immobilization of 7 mol% Ru complex, only reduced slightly the surface area of 
MOF-253. A content of 13 mol% of Ru complex resulted in a non-porous material.  
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3.5 Comparison of SUMOF-6-Sm, Nd(btc) and MOF-253 

 
Differences in the thermal stability of MOFs relate to how and from what 
building units the frameworks are constructed. The three MOFs described, 
Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and Al(OH)(bpydc), have shown differ-
ent responses to heating. These MOFs possess 1D channels built up by paral-
lell inorganic chains connected by linkers and are constructed from different 
metal ions and linkers. It is interesting to compare the metal coordination, 
structure flexibility and thermal stability of these MOFs (Scheme 3.2 and 
Table 3.3).  

Coordination

Thermal
stability

Structure
flexibility

CoordinationCoordination

Thermal
stability
Thermal
stability

Structure
flexibility
Structure
flexibility  

 
Scheme 3.2. Coordination, structure flexibility and thermal stability are related in 
MOFs. 

Table 3.3. Comparison of metal coordination, structural flexibility and transforma-
tion and thermal stability in Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and Al(OH)(bpydc). 

    

 
Sm2(bpydc)3(H2O)3 

SUMOF-6-Sm 
Nd(btc)(H2O) Al(OH)(bpydc) 

MOF-253 

Metal ion / CN Sm3+ / 7 and 8 Nd3+ / 7 Al3+ / 6 
    
Structure Flexible Flexible Rigid 
    
Structural 

transformation 
Yes Yes No 

    
Thermally 
stable up to 

~50 °C 480 °C 400 °C 

 
The coordination modes of the metal ions and their coordination spheres are 
of great importance when considering the structural stability of MOF materi-
als. The metal coordinations of Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and 
Al(OH)(bpydc) are compared in Figure 3.27. 
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Figure 3.27. A comparison of the metal coordination in Sm2(bpydc)3(H2O)3, 
Nd(btc)(H2O) and Al(OH)(bpydc). The −O−C−O− bridges between metal ions 
originate from carboxylate groups. Samarium, neodymium, aluminium, oxygen and 
carbon atoms are purple, orange, blue, red and black spheres. Oxygen atoms from 
coordinated water molecules are shown in cyano. Hydrogen atoms are omitted for 
clarity. The figure of MOF-253 was drawn from CIF file in reference 107. 

As mentioned earlier in this chapter, the lanthanide ions are known for 
their flexible coordination spheres and their variety in coordination numbers. 
The Sm2(bpydc)3(H2O)3 contains two structurally different Sm3+ ions. Sm1 is 
7-coordinated to six oxygen atoms from carboxylate groups and one oxygen 
atom from a water molecule. Sm2 is 8-coordinated also to six oxygen atoms 
from carboxylate groups but to two oxygen atoms from water molecules. 
Sm1 and Sm2 form a pair of polyhedra through four carboxylate groups. 
These pairs are further connected by two carboxylate groups (Figure 3.27a).  

Each Nd3+ in Nd(btc)(H2O) is 7-coordinated to six oxygen atoms from 
carboxylate groups and one oxygen atom from a water molecule. Three car-
boxylate groups bridge between the Nd3+ ions (Figure 3.27b), which form 
corner-sharing NdO6(H2O) polyhedra.  

Al(OH)(bpydc) contains inorganic chains of corner-sharing AlO6
 poly-

hedra. In each octahedral, the equatorial positions are occupied by four car-
boxylate groups and the axial positions are occupied by two hydroxyl groups 
forming −Al−OH−Al− chains (Figure 3.27c). No water or solvent molecules 
coordinate to the Al3+ ions in MOF-253.  

A tridentate linker (btc) is present in Nd(btc)(H2O). Sm2(bpydc)3(H2O)3 
and Al(OH)(bpydc) contain the bidentate bpydc which can rotate around the 
bond between the pyridyl groups.  
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The Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and Al(OH)(bpydc) respond dif-
ferently towards solvent evaporation and heating. The monoclinic structure 
of Sm2(bpydc)3(H2O)3 was retained upon desolvation and resolvation at RT 
although it undergoes reversible single-crystal to single-crystal transforma-
tion. Its rhombic channels shrank and expanded during the transformations, 
as shown in Figure 3.17. The structure of Nd(btc)(H2O) was transformed 
from tetragonal to monoclinic and then back to tetragonal upon drying and 
heating (Figure 3.12 and Table 3.2). The channels changed from quadratic to 
rhombic and then back to quadratic upon heating. The structure of 
Al(OH)(bpydc) remained unchanged while dried and heated.  

Here, thermal stability is defined as up to what temperature a MOF can be 
heated until its structure collapses. The thermal stabilities of 
Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and Al(OH)(bpydc) are summarized in 
Table 3.3. Among these three MOFs, Sm2(bpydc)3(H2O)3 has the lowest 
thermal stability (~50 °C). The structures of Nd(btc)(H2O) and 
Al(OH)(bpydc) are stable up to 480 and 400 °C, respectively.  

The structures of Sm2(bpydc)3(H2O)3 and Ln(btc)(H2O) are both flexible 
but contain different linkers. Ln(btc)(H2O) is more stable towards heating 
than Sm2(bpydc)3(H2O)3. Both bpydc and btc are regarded as rigid linkers 
but one different is their number of connection points for coordinating to 
metal ions. It seems that the tridentate btc give rise to more stable structure 
than the bidentate bpydc. The fact the Sm2 ion in Sm2(bpydc)3(H2O)3 coor-
dinates two water molecules and the pairs of polyhedra only are connected 
through two carboxylate groups, may also decrease the thermal stability. 
Sm2(bpydc)3(H2O)3 and Al(OH)(bpydc) are built from the same linker but 
from different metals. Al(OH)(bpydc) is more thermally stable, compared 
with Sm2(bpydc)3(H2O)3, most probably due to the rigid −Al−OH−Al− 
chains. The structure of Ln(btc)(H2O) is flexible and has slightly higher 
thermal stability than the rigid structure of Al(OH)(bpydc). This comparison 
also indicate that the tridentate btc contribute to higher thermal stability. 

The conclusion, from comparing these three MOFs containing carboxy-
late linkers, is that a combination of rigid metal ion/cluster and linker with 
more than two connection points is important for the thermal stability in 
MOFs.  
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4. Synthesis and Characterization of 
Functionalized Linkers 

MOFs possessing active species for specific catalytic reactions are of great 
interest. Catalytic sites can be introduced into MOFs by functionalizing the 
linkers (Figure 4.1). As target linkers become more complex, and usually not 
commercially available, they have to be synthesized and characterized.  
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Figure 4.1. Introdcution of metal complex (M1) acting as catalytic centers in a MOF. 

MOFs possessing functionalized linkers and identical topology to be used 
in different catalytic reactions were the aim when planning a versatile MOF 
system for heterogeneous catalysis. 

The synthesis and characterization of two different organic linkers func-
tionalized with coordinating groups (N and O), and their complexation with 
transition metal complexes (Co, Mn and Pd) will be presented in this chap-
ter. They are salophen- and phenanthroline-based (Scheme 4.1).  

N N
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M O
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N N
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M O
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HO

OH

 
                    M-salophen 
                 (M: Co or Mn) 

                 Pd-phenanthroline 

Scheme 4.1. Two types of functionalized linkers: M-salophen (M: Co or Mn) and 
Pd-phenanthroline. 
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To be able to design a MOF with a pcu topology, as shown in Figure 1.2, 
the following criteria should be fulfilled.  

1) The linker must contain two kinds of functional groups: (i) carboxylic 
acids for the assembly with metal nodes (M2) to form a MOF and (ii) coor-
dinating groups (N and O) for the complexation with the transition metal 
(M1) creating the catalytic active site.  

2) All linkers should be ditopic and possess a two-fold (C2) symmetry.  
3) M1 should not react with the functional groups of the carboxylic acid.  
4) The oxidation state of the transition metal M1, being coordinated to the 

linker, should be compatible with the desired catalytic process.  
5) The linker must be pure and free from contaminants. Thus, it is more 

important to obtain the organic linkers with high purity than in high yield. 
Purification after each reaction step should therefore be done carefully.    

The organic linkers were characterized by NMR spectroscopy, elemental 
analysis (CHN), high resolution mass spectrometry (HRMS) and FT-IR 
spectroscopy. The two former techniques provide information about the pu-
rity of the sample. WDS was also utilized when the presence of certain ele-
ments needed to be confirmed. In the case where a paramagnetic transition 
metal was used, elemental analysis was used to characterize the linkers. 

 
4.1 Salophen-based Linkers 

 
A salophen-based linker to which different transition metals could coordi-
nate was chosen as the target linker (compound 1, Scheme 4.2). By altering 
the transition metal (M1), various reactions could be catalyzed. Isostructural 
MOFs, or at least MOFs of the same topology, may be made from these 
functionalized salophen linkers. The only thing that distinguishes the differ-
ent MOFs would be the transition metal (M1) coordinated to the linker. In 
this way, the same MOF system can be used for different catalytic reactions. 

 

 
Scheme 4.2. Synthesis of salophen linker, 1. 

Three features are important to apply in the synthesis of the salophen 
linker, 1 (Scheme 4.2).  

1) The concentration of the diamine solution should be higher than the al-
dehyde solution.  

2) The diamine should be added slowly to the aldehyde.  
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3) The reaction should be run at RT.  
The salophen linker was easily formed at RT overnight and was isolated 

by filtration, washed carefully with ethanol and methanol and dried under 
vacuum at RT. The product was characterized using 1H NMR spectroscopy, 
MS and FT-IR spectroscopy. Detailed descriptions of the synthesis and char-
acterization of the salophen linker are presented in the Appendices.  

Two different transition metals, Co(II) and Mn(II) were incorpurated to 
the salophen linker (Scheme 4.3), giving rise to Co- and Mn-salophen, re-
spectively. The Co-salophen can be used in oxidation reactions. 

 
Scheme 4.3. Metal (Co and Mn) complexation to salophen linker forming M-
salophen (M: Co and Mn) linkers. 

The Co-salophen and Mn-salophen were synthesized by the same procedure. 
A solution of the salophen, 1, and EtOH/DMF was slowly added dropwise to 
a solution of cobalt or manganese acetate tetrahydrate and EtOH/DMF. The 
muddy brown mixtures were stirred at RT overnight. The products were 
isolated in good yields (~80%) by centrifugation, washed with MeOH at 
least three times and then dried under vacuum at RT. Co-salophen and Mn-
salophen were analyzed by MS, CHN analysis and FT-IR. The M-salophen 
linkers could not be analyzed by NMR spectroscopy since Co(II) and Mn(II) 
are paramagnetic. Detailed descriptions of synthesis and characterization of 
the M-salophen linkers can be found in the Appendices. 

Attempts of synthesizing MOFs with the pcu topology (same topology as 
MOF-5 shown in Figure 1.2) using the M-salophen linkers (M: Co and Mn) 
and zinc nitrate hydrate in solvothermal synthesis were made. The use of Co-
salophen resulted in a crystalline material that most probably is a MOF of 
pcu topology. However, the reactions involving the Mn-salophen linker 
resulted in only amorphous solids.  
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A Zn(Co-salophen) MOF was synthesized from a mixture of zinc nitrate 
hydrate, Co-salophen and DMF at 120 °C for 2 days (detailed description 
can be found in the Appendices). Well-shaped cubic single crystals of sev-
eral tens of micrometers were observed by SEM (Figure 4.2a). These crys-
tals start to crack as soon as the solvent is evaporated and must be stored in a 
solvent. The pores in Zn(Co-salophen) MOF can not be emptied without 
destroying the framework.  
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Figure 4.2. (a) SEM image of Zn(Co-salophen) MOF and (b) TGA performed in N2. 

EDS measurements on the cubic crystals revealed a Zn/Co ratio of 1.32 
(Figure 2.6), which correspond well with the expected value (Zn/Co: 4/3 = 
1.33, if a pcu topology with Zn4O cluster and Co-salophen linker is as-
sumed). The TG curve of Zn(Co-salophen) is similar to other MOFs (Figure 
4.2b). Between RT and 250 °C, about 20 wt% was lost most probably be-
cause of the release of uncoordinated solvent (DMF) and water molecules. 
Above 300 °C, the linkers started to decompose. A cubic unit cell, with the 
cell parameter a = 20.77(3) Å (V = 8960 Å3), of the Zn(Co-salophen) MOF 
was deduced from the XRPD pattern (Figure 4.3). The value of the a pa-
rameter is reasonable when compared with the length of the Co-salophen 
linker (17 Å). The cell parameter of IRMOF-16, Zn(tpdc) (tpdc linker has a 
length of 18 Å), is 21.490(1) Å.25 Several attempts to collect single crystal 
XRD data of the Zn(Co-salophen), good enough for structure solution, failed 
due to the sensitivity of the crystals towards evaporation of solvent. How-
ever, single crystal XRD, using synchrotron radiation, of Zn(Co-salophen) 
MOF did reveal tetrazinc (Zn4O) clusters positioned at each corner of a cube 
(illustrated in Section 1.2, Figure 1.2). Electron densities between the clus-
ters were observed and the distance between the Zn4O-clusters is reasonable 
considering the length of the Co-salophen molecule. However, the positions 
the linker could not be located from the difference electron density map.  
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Figure 4.3. The XRPD pattern of Zn(Co-salophen) was indexed in a cubic unit cell 
(a = 20.77(3) Å, V = 8960 Å3). 

As mentioned earlier, only insoluble amorphous solids were obtained when 
the Mn-salophen linker was used for synthesis of MOFs. Synthesis parame-
ters such as temperature, concentration and ratio between metal and linker 
(M:L) were screened. Some products were studied more closely by SEM and 
EDS in order to observe possible regularities of the particles and presence of 
both metals (Zn and Mn). The SEM images in Figure 4.4 show spherical 
particles of a few micrometers, with rough surfaces and EDS measurements 
showed a Zn:Mn ratio of 6:5. 

1 µm1 µm

 

1 µm1 µm

 
Figure 4.4. Spherical particles, containing both Zn and Mn, obtained from sol-
vothermal synthesis of zinc nitrate hydrate and the Mn-salophen linker in DMF at 
120 °C for one day.  
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4.2 Phenanthroline-based Linker 

 
The pyridine rings in 2,2´-bipyridinedicarboxylate linkers within a MOF can 
rotate 180°, causing possible separation of the two N atoms. The coordina-
tion of a metal or metal complex to the nitrogen atoms, positioned on each 
side of the linker, might be inhibited. A linker with a rigid N−C−C−N 
bridge, as in phenanthroline, was therefore designed since undesired rotation 
between the pyridine rings can be avoided. The idea was to make a long 
ditopic, linear phenanthroline-based linker with carboxylic acids for building 
the MOFs (Figure 4.2).  

The synthesis of the Pd-phenanthroline linker involves five steps. The 
first four steps, for producing the organic phenantholine linker, are presented 
in Scheme 4.4. First, bromination of phenanthroline is performed to form 
compound 2, 3,8-dibromo-1,10-phenanthroline. It should be mentioned that 
the chemicals (bromine, pyridine, S2Cl2) used in this reaction are very toxic 
and corrosive and the conditions are harsh (reflux for 12 h). Cross-coupling 
between compounds 2 and 3, p-tolylboronic ester, catalyzed by Pd(PPh3)4, 
gives compound 4, 4,4´-dimethyl-1,1´-diphenyl-phenanthroline. Oxidation 
of the methyl groups in 4 under acidic hydrothermal conditions at 160 °C for 
36 h produced compound 5, 4,4´-dicarboxylicacid-1,1´-diphenylphenan-
throline. Here, the cooling to RT should be done slowly with a temperature-
controlled oven, in order to form higher quality crystals.  

 
Scheme 4.4. Synthesis of a phenanthroline-based linker.  

Pd-Catalyzed oxidation reactions inside a MOF is of great interest. Pd can 
easily coordinate to nitrogen atoms in phenanthroline. Complexation of 
PdCl2 to the phenanthroline linker, 5, was the last step towards the final 
product, Pd-phenanthroline (Scheme 4.5). The 1H NMR spectrum of the Pd-
phenanthroline linker showed a matching number of hydrogen atoms. The 
chemical shift of N-C-H had changed, as expected upon coordination of Pd. 
A comparison of FT-IR spectra before and after complexation of PdCl2 did 
not reveal any clear changes for the carboxylic acids, indicating that Pd(II) 
did not interact with the carboxylic acids. The Pd:Cl ratio was measured by 
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EDS to be 1:2, as expected. To our knowledge, the synthesis of the Pd-
phenanthroline linker presented here has not been reported earlier.   

 
Scheme 4.5. Complexation of PdCl2 to the phenanthroline linker. 

All attempts to synthesize a MOF using the Pd-phenanthroline linker 
failed. Only the starting material remained after the MOF synthesis. The Pd 
was probably decoordinated from the linker during synthesis at 120 °C. It 
may be possible to use the post-synthetic approach, as applied for the syn-
thesis of MOF-253-Ru (section 4.4), to obtain a MOF with Pd-
phenanthroline linker. 

The catalytic performance of Pd-phenanthroline under homogeneous con-
ditions was tested in two different reactions.109 Alkylation of amine with 
alcohol was preformed with high conversion within short reaction time 
(Scheme 4.6).  The Suzuki-Miyaura coupling between an aromatic boronic 
acid and bromobenzene was also catalyzed successfully when applying the 
Pd-phenanthroline (Scheme 4.7).  

 
Scheme 4.6. Alkylation of amine with alcohol catalyzed by the homogeneous Pd-
phenanthroline linker. 

 
Scheme 4.7. Suzuki-Miyaura coupling catalyzed by the homogeneous Pd-
phenanthroline linker. 

As soon as a MOF containing the Pd-phenanthroline linker is obtained, it 
will be tested as a heterogeneous catalyst in the reactions shown in Schemes 
4.6 and 4.7. 
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5. MOFs as Heterogeneous Catalysts 

Here, catalytic applications of two different MOFs as heterogeneous cata-
lysts will be discussed. First, the catalytic performance of the lanthanide-
based MOFs Ln(btc) (Ln: Nd, Sm, Eu, Gd, Tb, Ho, Er and Yb ) as Lewis 
acid catalysts in the cyanosilylation of aldehydes and ketones will be de-
scribed. Second, the excellent activity of the MOF-253-Ru to catalyze the 
oxidation of a large variety of alcohols will be presented. 

 
5.1 Ln(btc) MOFs as Lewis Acid Catalysts (Paper III) 

 
The catalytic performances of LnMOFs (Ln: Nd, Ho, Er and Yb) as Lewis 
acid catalysts for the cyanosilylation of aldehyde and ketones, in terms of 
activity, heterogeneity and recyclability will be described in this section. 

 
The use of rare-earth organometallic complexes has increased dramati-

cally during the last decade.110 In particular, their use as Lewis acid catalysts 
has attracted much attention in organic synthesis since they offer great ad-
vantages over non rare-earth Lewis acids.111 For example, lanthanide triflates 
are very stable and catalytically active in the presence of water. The develop-
ment of “green processes” is of ultimate importance, and the use of water 
instead of harmful organic solvents is highly desirable. Furthermore, even if 
the reaction is run in organic solvents, lanthanide salts are very easy to han-
dle and no special precaution needs to be taken. On the other hand, lantha-
nide salts are rare in nature, and thus expensive, especially for large scale 
synthesis applications. To overcome this limitation, various immobilization 
techniques have been reported,112 such as cation exchange resins and micro-
encapsulation. Alternatively, lanthanide triflates have been immobilized in 
ionic liquids.113 In all cases, the catalyst has been recycled and reused. The 
fact that the lanthanide ions in the Ln(btc) MOFs can contribute with acces-
sible free coordination sites, makes them good candidates as Lewis acid 
catalysts.  

In order to compare the activity of our Ln(btc) MOFs as heterogeneous 
catalysts, the cyanosilylation of aldehydes and ketones, used in other cata-
lytic studies with MOFs,114 was applied (Scheme 5.1). Carbonyl compounds 
are converted upon reaction with trimethylsilylcyanide (TMSCN) into versa-
tile cyanohydrintrimethylsilyl ethers. These can in turn be converted into 
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valuble α-hydroxycarboxylic acids and β-amino alcohols.115 The Ln(btc) 
MOFs were activated at 120 °C for 4 h under vacuum and cooled down to 
room temperature under N2 (g) flow prior to the addition of reactants. 
TMSCN acts as both solvent and reactant. No other solvent is necessary for 
the reaction to take place. The catalytic reaction was performed at room 
temperature undera flow of N2 (g). The yield was determined by taking ali-
quots of the reaction mixture, which were analyzed by 1H NMR spectros-
copy. 

 
Scheme 5.1. Cyanosilylation of aldehydes (R = H) or ketons (R = CH3) catalyzed by 
Ln(btc) (Ln: Nd, Ho, Er and Yb) MOFs. 

The interaction of one substrate (benzaldehyde) with the metal centers in 
Nd(btc) was studied using FT-IR spectroscopy. The frequency band of car-
bonyl groups at the substrate is expected to shift upon interaction with metal 
ions. FT-IR spectra, or more specific the asymmetric C=O stretch (νa 
(C=O)), of activated (dried) Nd(btc), activated Nd(btc) impregnated in 
freshly distilled benzaldehyde, benzaldehyde and benzoic acid were com-
pared (Table 5.1). The band at 1698 cm-1 was assigned to the carbonyl group 
at benzaldehyde coordinating to the Nd centers. 

Table 5.1. Frequencies of asymmetric C=O stretch in carbonyl substrate and Nd(btc) 
MOF with and without substrate. 

Material IR wavenumber (cm-1) 
νa (C=O) 

activated Nd(btc) in benzaldehyde 1698 
activated Nd(btc) 1653 
benzaldehyde 1702 
benzoic acid 1686 

 
The activated Nd(btc) material immersed in benzaldehyde was studied by 

XRPD in order to know what phase is present during the catalytic reaction. 
The XRPD pattern of Nd(btc) in benzaldehyde (Figure 5.1) was compared 
with those collected during the in situ XRPD of Nd(btc), shown in Figure 
3.12 and Table 3.2. The Nd(btc) in benzaldehyde possessed the phase ob-
served at 80 °C in vacuum.  
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Figure 5.1. XRPD pattern of Nd(btc) activated at 120 °C and exposed to benzalde-
hyde is compared with XRPD patterns obtained in vacuum at 80 °C and 120 °C. The 
sample of Nd(btc) in benzaldehyde was kept and prepared in a glove box. The sam-
ple was placed and sealed between Kapton films and was taken for data collection 
immediately to minimize the risk of oxidizing the substrate and changing the crystal-
line phase of the Nd(btc).   

Cyanosilylations of aryl aldehydes and ketones of different sizes and with 
different electronic properties using Nd(btc) as the catalyst are compared in 
Tables 5.2 and 5.3, respectively. High conversion of products from benzal-
dehyde and p-fluorobenzaldehyde, 88% and 73% (Table 5.2, entries 1 and 
2), was reached within short reaction times (1 h). The Nd(btc) MOF showed 
higher catalytic activity for the cyanosilylation of benzaldehyde compared 
with other MOFs.114a,b,d,j When using the larger α-naphthaldehyde, the prod-
uct yield dropped to only 18% (Table 5.2, entries 3).  

Table 5.2. Cyanosilylation of aldehydes catalyzed by Nd(btc).a 

Entry 1 2 3 

Aldehyde substrate 

   
Time (h) 1 1 1 

Yield of cyanohydrin (%)b 88c 73 18 

a  Catalyst loading of 9.0 mol% was used. b The yields were determined by 1H NMR. 
c 99% yield in 2 h with solvent CH2Cl2.

    

Although ketones are much less reactive than aldehydes, excellent yields 
within reasonable reaction times (18 h) at room temperature was still possi-
ble to achieve using Nd(btc) as the catalyst. Acetophenone and propiophe-
none were produced with 91% and 80% yield, respectively (Table 5.3, en-
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tries 1 and 2). Also in this case, a remarkably lower yield (16%) was ob-
tained when applying a ketone of a larger size (Table 5.3, entry 3). 

Table 5.3. Cyanosilylation of ketones catalyzed by Nd(btc). a 

Entry 1 2 3 

Ketone subtrate 

 

O

  
Time (h) 18 18 18 

Yield of  cyanohydrin (%)b 91 80 16 

a  Catalyst loading of 4.5 mol% was used. b The yields were determined by 1H NMR. 

 
A decrease in conversion of larger aldehyde and ketone substrates indi-

cated size-selective properties of the Ln(btc) MOFs. It does not necessarily 
mean that the MOF material is truly size-selective. Different occurrences can 
cause this dependence between substrate size and product yield. A MOF 
material can be size-selective in a desirable way so that the size of the chan-
nel opening limits the entrance of substrates larger than the opening. In order 
to confirm that a material is size-selective, one needs to prove that the sub-
strates really go inside the porous material. That can be accomplished by 
solid state NMR (when the MOF does not contain any paramagnetic ions). 
Adsorption measurements of the MOF material before and after catalysis can 
be compared. A decrease in pore volume after catalysis would indicate that 
substrates occupy the void space in the structure. MOF crystals soaked in the 
substrate can be analyzed by single crystal XRD in order to localize the sub-
strates. Reduced crystallinity of the MOF crystal, caused by irregular dis-
tributed substrates, can make it difficult to locate the substrates in a MOF. 
XRPD of the MOF material soaked in a substrate can possibly show a 
change of the unit cell parameters, which could be due to the presence of 
substrates that either cause the cell to expand (diffraction lines moved to 
lower 2θ angle) or shrink (diffraction lines moved to higher 2θ angle). If 
catalysis takes place at the metal nodes, the space around the metal ions is 
important to consider. Slower transformations for larger substrates, as in the 
case of our Ln(btc) MOFs, can be due to the limited space for the substrate 
around the metal ion. Bulky substituents on substrates can cause steric hin-
drance and reduced accessibility to the active sites. The considerably lower 
yields obtained when using the largest substrates, entry 3 in Tables 5.2 and 
5.3, can be a result of too little space for the substrate to approach the metal 
ions. 
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 A competition experiment can give clues about how substrates of differ-
ent sizes can react with a material like our Ln(btc) MOFs. Equal molar 
amounts of one small and one large substrate are present in the same cata-
lytic reaction and their conversions into products are compared (Scheme 
5.2). Surprisingly, both substrates, benzaldehyde and α-naphthaldehyde, 
generated the same yield after the same reaction times: 18% after 2 h and 
about 40% after 4 h (Scheme 5.2a). The same result was observed when the 
even more sterically hindered 9-phenanthrenecarboxaldehyde was mixed 
with benzaldehyde (Scheme 5.2b).  

a

b

a

b

 
Scheme 5.2. Competition experiments between two substrates of different sizes. 

 
One may speculate that all substrates (used in our study), regardless of their 
sizes, can access and react with the metal ions on the external surface of the 
MOF material. The surface activity was not changed when using different 
substrates. Since the smaller aldehyde substrate showed higher conversion 
without the presence of a competitor, there is a possibility that it really goes 
inside the channels. An explanation why lower conversion of benzaldehyde 
was detected during the competition experiment can be that the larger sub-
strates blocked the entrance to the channels, inhibiting benzaldehyde to en-
ter. The catalytic reaction of small substrate, such as benzaldehyde, takes 
place at the external surface, and possibly within the interior channels of the 
porous material.  

The catalytic activity for the cyanosilylation of benzaldehyde applying 
four different Ln(btc) MOFs (Ln: Nd, Ho, Er and Yb) was also studied (Ta-
ble 5.4). As the ionic radii of the Ln3+ ions decrease, from Nd3+ to Yb3+, the 
conversions dropped and the reaction times became longer. Here, a plausible 
explanation is that the larger the metal ion, the higher the accessibility for a 
substrate to interact with it. As previously described in Figure 3.11, the unit 
cell volumes decrease in the order Nd(btc) to Yb(btc), which means the 
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channel openings become smaller and smaller, making it more difficult for 
the substrates to enter the channels.   

Table 5.4. Cyanosilylation of benzaldehyde catalyzed by variety of Ln(btc) MOFs. 

Entry MOF 
Ln 3+ ionic 
radius (pm) 

Yield (%) Time (h) TON 

1 Nd(btc) 98.3 99 2 22 

2 Ho(btc) 90.1 
76 
99 

2 
3 

17 
- 

3 Er(btc) 89.0 61 5 14 

4 Yb(btc) 86,8 57 5 13 

 
The crystalline phase present during the catalysis was examined for the 

Ln(btc) MOFs used in the study (Ln: Nd, Ho, Er and Yb), as was done for 
Nd(btc) in Figure 5.1. XRPD of these MOFs in the presence of benzalde-
hyde are shown in Figure 5.2. Ho(btc) and Yb(btc) maintained their tetrago-
nal symmetry, whereas Er(btc) possessed the phase observed at 80 °C in the 
in situ XRPD. It was only Nd(btc) that had a monoclinic cell during the reac-
tion. 
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Figure 5.2. XRPD patterns of the Ln(btc) (Ln: Nd, Ho, Er and Yb) activated at 120 
°C and soaked in benzaldehyde. 

The heterogeneous nature of Nd(btc) and Ho(btc) was tested in order to 
verify that no leakage of metal ions occurred during the catalytic reaction 
(Table 5.5). No further formation of the products was detected after removal 
of the catalysts and stirring of the filtrates for 72 h. This confirms that no 
homogeneous species was involved in the catalysis and no Ln(III) ions 
leached from the MOFs. 
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Table 5.5. Test of the heterogeneity of the reaction. 

 
 

Catalyst Catalyzed reaction 
(step i) 

Stirring after filtration 
(step iii) 

 
Time (h) Yield (%) Time (h) Yield (%) 

Nd(btc) 1 56 72 56 

Ho(btc) 2 48 72 53 

 
Since the aim is to make heterogeneous catalysts, the MOFs need to be 

recyclable and reused throughout several cycles. The Ln(btc) MOFs (Ln: 
Nd, Ho and Er) were able to catalyze the cyanosilylation of benzaldehyde 
with complete conversions at least five times (Table 5.6). The MOF was 
washed with dichloromethane and dried between each run. The crystallinity 
and structure of these MOFs were maintained, according to XRPD, after 
being used in the catalytic reaction (Figure 5.3).  

Table 5.6. Recycling and reuse of the heterogeneous catalysts Ln(btc) MOFs. 

H

O
TMSCN

H

OTMSNC

20 h , 23 oC

[MOF]cat

 
Yield of cyanohydrin (%) 

MOF 
Run 1 Run 2 Run 3 Run 4 Run 5 

Nd(btc) 100 100 100 100 100 

Ho(btc) 100 100 100 100 100 

Er(btc) 97 100 91 95 100 
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Figure 5.3. XRPD patterns of LnMOFs (Ln: Nd, Ho, Er and Yb) recovered after 
catalysis demonstrate the retention of the crystallinity and the structure. 

MOF structures are known to change depending on the external environ-
ment they are exposed to. It is therefore important to examine the behavior 
of these kinds of materials in the catalytic conditions. Our Ln(btc) MOFs 
showed drastic structural transformations upon drying and heating. The in-
formation we got from in situ XRPD was used to determine which structural 
features the MOFs possessed during catalysis. The Ln(btc) MOFs showed 
high catalytic activity towards the cyanosilylation of aldehydes and the less 
reactive ketones. High conversions of products were achieved within short 
reaction times under mild conditions. The effect of substrate size on the 
product yields was reflected. The truly heterogeneous catalysts could be 
easily recovered and reused without loss of either activity or crystallinity. 
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5.2 MOF-253-Ru as catalyst for alcohol oxidation (Paper V) 

 
The oxidation of primary and secondary alcohols to their corresponding car-
bonyl compounds at low temperature was catalyzed by MOF-253-Ru7. (Di-
acetoxyiodo)benzene (PhI(OAc)2) was used as a mild oxidant and dichloro-
methane as the solvent. The diffusion of substrates and products through the 
channels of MOF-253-Ru is dipicted in Figure 5.4.  

 
Figure 5.4. Illustration of diffusion of substrates and products within the MOF-253-
Ru during the catalytic reaction. Structural data of MOF-253 and 
Ru(bpy)Cl3(DMSO) were taken from references 107 and 108, respectively. 

Table 5.7.  Optimization of reaction conditions for oxidation of 1-phenylethanol 
catalyzed by MOF-253-Ru.a 

Ph

OH

MOF-253-Ru

PhI(OAc)2

CH2Cl2, 40
oC Ph

O

 
Entry Ru (mol%) Time (h) Conversions (%)b 

1 ------- 3 4 
2 MOF-253 (no Ru) 3 3 
3 1.00 3 99 
4 0.50 2 97 
5 0.25 3 95 
6c 0.05 10 99 
7d 0.50 4 97 

a All reactions were conducted by mixing  MOF-253-Ru7 (7 mol% or 2.2 wt% Ru), 
1-phenylethanol (0.5 mmol, 60 µL), PhI(OAc)2 (0.75 mmol, 242 mg) and dichloro-
methane (1 mL) in a dried sealable tube and heating at 40 ºC. b Based on GC analy-
sis. c

 1 M solution of 1-phenylethanol was used in the reaction using 2.5 mmol of 1-
phenylethanol. d Reaction at RT. 
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First, the catalytic reaction was optimized using a secondary alcohol, 1-
phenylethanol (Table 5.7). To ensure that no background reaction took place, 
the reaction was run without any catalyst and with MOF-253 (without Ru 
immobilized) (Table 5.7, entries 1 and 2). Trace of ketone was formed dur-
ing these experiments. Complete conversion to acetophenone was achieved 
by MOF-253-Ru7 as the catalyst using low catalyst loading (0.50 mol%) and 
short reaction time (3 h) (Table 5.7, entry 4). As little as 0.05 mol% of cata-
lyst could fully transform the alcohol into ketone within 10 h (Table 5.7, 
entry 6). At room temperature, the reaction was completed after 4 h (Table 
5.7, entry 7). The homogeneous Ru complex Ru(bpy)Cl3(DMSO) achieved 
full conversion to acetophenone after 1.5 h, compared with 3 h using the 
heterogenous MOF-253-Ru7 (Table 5.7, entry 3). 
 

 
Scheme 5.3. Oxidation of primary and secondary alcohols catalyzed by MOF-253-
Ru. 

A large substrate scope of primary and secondary alcohols was oxidized 
under the optimized conditions (Table 5.7, entry 4) at room temperature or 
40 °C using MOF-253-Ru7 as a catalyst (Scheme 5.3 and Table 5.8).  

The aromatic secondary alcohols (Table 5.8, entries 1-5) were completely 
or nearly full converted into ketones between 2−3 h, three of which were 
isolated. No clear difference in conversion rate was observed in the presence 
of electron-withdrawing (-Br) or -donating (-Me and -OMe) groups on the 
para-position of the aromatic ring (Table 5.8, entries 2-4). The oxidation of 
aliphatic cyclic and long chain secondary alcohols (Table 5.8, entries 5-8) 
also resulted in excellent yields but after slightly longer times (3.5−4.5 h) 
compared with the aromatic alcohols (2−3 h).  

The allylic alcohols differ from the other alcohols by their moderate to 
good product yields and longer reaction times are needed (4−5 h) (Table 5.8, 
entries 9-11).  

The result from this catalytic study that stands out is the selective oxida-
tion of primary alcohols to the corresponding aldehydes, and not to the acid, 
at room temperature. This kind of reaction is still quite difficult to achieve at 
low temperatures and short reaction times (<5 h) using heterogeneous cata-
lysts. The oxidation of the primary alcohols listed in Table 5.8 (entries 12-
15) was achieved in excellent yields within 2 h at room temperature. Here, 
the substituents on the phenyl rings do not notice-ably influence the conver-
sion.   
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Table 5.8. Oxidation of various alcohols using MOF-253-Ru as catalyst. a 
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a All reactions were conducted using MOF-253-Ru7 (0.5 mol% Ru, 0.0025 mmol, 
11.5 mg), 1-phenylethanol (0.5 mmol, 60 µL), PhI(OAc)2 (0.75 mmol, 242 mg) and 
CH2Cl2 (1 mL) at 40 ºC. b Based on GC analysis using dodecane as internal standard. 
c Isolated yield in parenthesis. d 1 mol% Ru used as catalyst. e Conversion based on 
1H NMR of crude reaction mass. f Reaction was conducted at room temperature 
using 1.5 mL solvent. g Selectivity of aldehyde. 
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Pt@MOF-177116 was reported to oxidize alcohols selectively to the corre-
sponding aldehyde in high yields at room temperature after longer reaction 
time (24h) compared to our results (2h) and could not be reused after first 
reaction cycle.Selective oxidation of alcohols with high conversions using 
Au/MIL-101117 only required short reaction times (1−3 h) but higher tem-
perature (80 °C). The use of O2 as oxidant, which was employed for these 
reported MOFs, gives less by-products and waste. 

 
Scheme 5.4. Oxidation of cholestanol to its corresponding ketone catalyzed by 
MOF-253-Ru7. 

Also, the relatively larger cholestanol (6 x 17 Å) could be oxidized to its 
corresponding ketone, 89% of which was isolated after 4 h at 40 °C (Scheme 
5.4). 

To study the heterogeneity of the reaction, the catalyst was removed after 
72% conversion (after 15 min) by centrifugation and the supernatant was 
filtered through celite. After 3 h of stirring of the supernatant at 40 °C, the 
amount of acetophenone did not increase significantly. ICP-OES analysis of 
the supernatant revealed the presence of 1.6 and 0.9 ppm of Ru and Al, re-
spectively, corresponding to 0.1% of Al and 0.7% of Ru. The minor leaching 
of metal did not affect the catalytic oxidation of alcohols significantly. 

The recyclability of MOF-253-Ru7 for the oxidation of 1-phenylethanol 
was tested through six cycles (Table 5.9). A slight decrease of product con-
version was observed after each run, from 97% after the first run to 85% 
after the sixth run. After 3 h, the catalyst was recovered through centrifuga-
tion, washing with dichloromethane (x3) and dried under vacuum at room 
temperature for 16 h.  

Table 5.9. Recycling data of the oxidation of 1-phenylaldehyde catalyzed by MOF-
253-Ru.a 

Entry 1 2 3 4 5 6 
Cycle I II III IV V VI 
Conversionb 97 97 89 89 87 85 

a Reactions were conducted using MOF-253-Ru7 (0.5 mol% Ru, 0.0325 mmol, 150 
mg), 1-phenylethanol (6.5 mmol, 0.783 mL), PhI(OAc)2 (9.75 mmol, 3.14 g) and 
dichloromethane (13 mL) at 40 oC for 3 h. b Based on GC analysis using dodecane 
as internal standard. 
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No loss of crystallinity (Figure 5.5) and identical surface areas (Figure 
5.6) of the MOF-253-Ru7 before and after catalysis were detected. So, the 
minor loss of Al, mentioned earlier, apparently did not affect the structure 
framework.  
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Figure 5.5. XRPD patterns of simulated MOF-253 (black), MOF-253-Ru7 (green) 
and MOF-253-Ru7-postcatalysis (red). 
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Figure 5.6. Nitrogen adsorption (solid circles) and desorption (open circles) iso-
therms of (a) MOF-253-Ru7 (green) and (b) MOF-253-Ru7-postcatalysis (red). 

The oxidation of 1-phenylethanol applying the non-porous MOF-253-
Ru13 resulted in a remarkably lower conversion to acetophenone (36% after 
1 h, 0.5 mol% Ru) compared with the use of MOF-253-Ru7 (62% after 1 h, 
0.5 mol% Ru). This finding strengthens our assumption that the substrates 
react inside the channels of the MOF-253-Ru7. 
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6. Concluding Remarks 

The research of MOFs becomes more focused on their possible use in vari-
ous applications, rather than just synthesis of new MOF structures. Their 
behaviour in various environments needs therefore to be characterized and 
understood. The way one MOF is affected by a specific condition may not 
be the same for another MOF. The structure of a MOF that is present during 
a certain process needs to be characterized. Each kind of MOF system must 
be investigated properly.  

The effect of synthesis parameters on formation and morphology of zeoli-
tic imidazolate frameworks (ZIFs) was investigated using XRPD and SEM. 
ZIF-4, ZIF-7 and ZIF-62 were produced from a synthesis series in which the 
batch composition and the temperature were varied. A constructed phase 
diagram showed clearly at what batch compositions the different phases 
were formed. Changes of crystal shapes and sizes were correlated to certain 
synthesis parameters. The crystal sizes of ZIF-7 varied with the linker:metal 
(bIm/Zn) ratio in a non-linear manner. Increase of the temperature, from 85 
to 110 °C, did not have any effect on the crystal sizes of ZIF-7. The crystals 
of ZIF-62, on the other hand, became much larger and more well-shaped at 
higher temperatures.  

A series of Ln2(bpydc)3(H2O)3 (Ln: Sm, Gd, Nd, Eu, Tb, Ho and Er) MOF  
(SUMOF-6-Ln) was synthesized. Single-crystal to single-crystal transforma-
tions of SUMOF-6-Ln (Ln: Sm and Gd) were characterized. The symmetry 
is kept when the 1D rhombic channels reversibly shrink or expand upon 
removal or addition of the solvent at RT. The SUMOF-6-Sm has a low 
thermal stability and the structure was only maintained up to 50 °C. 

The structure of the homeotypic Ln(btc)(H2O) (Ln: Nd, Sm, Eu, Gd, Tb, 
Ho, Er and Yb) MOFs was extensively characterized. The tetragonal struc-
ture of Nd(btc)(H2O) transformed into a monoclinic phase upon reduced 
pressure and heating. The original tetragonal structure was recovered at 200 
°C. The Ln(btc) MOFs have exceptional high thermal stability. The Ln3+ 
ions in Ln(btc) (Ln: Nd, Ho, Er and Yb) can act as Lewis acid catalysts in 
the cyanosilylation of aldehydes and ketones. A lower conversion was de-
tected when the size of the substrates increased. This indicates size-selective 
properties of the Ln(btc) MOFs.  Excellent yields were obtained within short 
reaction times at RT. The catalytic reaction occurs on the surfaces of the 
particles and possibly also inside the void spaces of Ln(btc). 
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A Ru complex was immobilized in a MOF (MOF-253: Al(OH)(bpydc)), 

forming MOF-253-Ru by post-synthetic modification for the first time. The 
structure and porosity of the MOF-253-Ru were retained upon heating up to 
200 °C. The Ru complexes in MOF-253-Ru7 can catalyze the oxidation of 
primary and secondary alcohols into their corresponding carbonyls. The 
selective oxidation of primary alcohols to the aldehydes at RT, which gave 
excellent yields, is especially noteworthy. MOF-253-Ru13 contains a higher 
amount of Ru complex than MOF-253-Ru7 and is non-porous. MOF-253-
Ru13 could only convert half as many molecules of 1-phenylethanol to ace-
tophenone as the porous MOF-253-Ru7. This strongly indicates that the 
catalysis takes place not only on the surface of the particles but also inside 
the channels. 

Two kinds of functionalized dicarboxylate linkers, salophen- and phenan-
throline-based, were designed and synthesized. Metal complexes were coor-
dinated to these linkers to be used as catalytic sites within MOFs. A cubic 
Zn(Co-salophen) MOF was successfully synthesized. Amorphous solids 
were obtained from attempts of producing MOFs from Mn-salophen and Ru-
bpydc linkers. These solids are insoluble and contain both metal from the 
linker (M1) and metal for constructing the framework (M2). One important 
question for future investigations is if these amorphous solids are porous and 
can still be used as heterogeneous catalysts.  

The metal coordination, structure flexibility and thermal stability of 
Sm2(bpydc)3(H2O)3, Nd(btc)(H2O) and Al(OH)(bpydc) were compared. The 
structures of the two lanthanide-based MOFs are flexible while the structure 
of MOF-253 is rigid. The difference in the number of connection points 
(carboxylate groups), for coordinating metal ions, in bpydc and btc may be 
one reason why these MOFs have different themal stabilities. Rigid inor-
ganic chains of metal ions/clusters, such as −Al−OH−Al−, and linkers of 
more than two connection points are important for the thermal stability in 
MOFs. 

Ln(btc) and MOF-253-Ru were successfully used as heterogeneous cata-
lysts in different organic transformations. Ln(btc) contains catalytic sites at 
the metal nodes (M2) and MOF-253-Ru at the linkers (M1). The heteroge-
neous Ln(btc) and MOF-253-Ru catalysts could be recycled and reused 
without loss of activity or crystallinity. The catalytic studies using MOFs as 
heterogeneous catalysts presented in this thesis are proof-of-concept exam-
ples. If MOFs are to be applied in industrial processes, the robustness and 
control of functionality of the MOFs need to be further improved.    
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7. Populärvetenskaplig Sammanfattning 

 
 

 
 

Jag har forskat på ett poröst material som heter metal-organic frameworks, 
eller MOFs, på engelska och kan översättas till metallorganiska nätverk. Ett 
enormt intresse har skapats kring dessa material. Det som gör dem speciella 
är deras extremt stora ytareor. Om ett gram av MOF-177 skulle vecklas ut, 
skulle det täcka två tredjedelar av en fotbollsplan. Nätverken kan dessutom 
funktionaliseras så att specifika egenskaper framhävs.  

 
Vad är MOFs och hur är de uppbyggda? 

MOFs definieras som porösa, kristallina material som är tredimensionellt 
uppbyggda. Ett kristallint ämne är uppbyggt av identiska enheter som 
repeteras på ett symmetriskt sätt. Om man vet hur ett ämne är uppbyggt, 
alltså atomernas positioner, kan man förstå dess egenskaper och därmed 
också hur det kan användas. 

MOFs kallas för hybrida material eftersom de är konstruerade från både 
oorganiska och organiska enheter. MOFs består alltså av två komponenter, 
eller byggstenar; en oorganisk och en organisk enhet. Den oorganiska 
enheten kan vara en metalljon eller ett metallkluster. De organiska enheterna 
är ligander, som oftast är symmetriska. Metallerjonerna eller 
metallklustrarna länkas ihop genom liganderna på ett regelbundet sätt till ett 
tredimensionellt nätverk. Förmågan att variera flera typer av metaller och 
ligander på oändligt många sätt gör det möjligt att justera porstorlek och 
funktionalitet på ett kontrollerat sätt i MOFs.  

Olika slags hålrum existerar i MOFs. De kan vara formade som sfäriska 
porer med öppningshål av mindre diameter  än själva poren. Kanaler av olika 
dimensioner förekommer också. Tanken är att molekyler, i gas- eller 
flytande form, ska diffundera genom porerna och kanalerna och interagera 
med nätverket.  
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Vad kan MOFs används till? 

Eftersom forskningsområdet MOFs är relativt nytt finns endast ett fåtal MOF 
material ute på marknaden. Det finns flera användningsområden för MOFs.  
Upptag, förvaring och separation av gaser och vätskor, förvaring och 
utsöndring av läkemedel  är några exempel.  

Det som intresserat mig mest är deras förmåga att fungera som heterogena 
katalysatorer. En katalysator är ett ämne som underlättar en reaktion mellan 
ämnen för att bilda ett nytt utan att själv förbrukas. Heterogen katalys 
betyder att katalysatorn och de föreningar som ska reagera med varandra är i 
olika faser. På så sätt kan katalysatorn enkelt separeras och återanvändas i 
fler reaktioner. Katalytiska centra, där den katalytiska reaktionen sker, finns 
på specifika ställen i nätverken och kan introduceras på olika sätt. Kanalerna 
eller porerna kan liknas vid reaktionskammare, eller mötesplatser, där 
föreningar kan mötas och reagera med varandra.  

 
Vad har min forskning handlat om? 

Mitt arbete har i huvudsakliga drag involverat framställning och 
karaktärisering av MOFs för användning i heterogen katalys. 

Olika metoder har tillämpats för att studera egenskaper hos dessa 
material. Jag har främst använt mig av enkristallröntgenkristallografi, pulver 
diffraktion, svepelektronmikroskopi, termisk analys, infra-röd spektroskopi 
samt kärnmagnetisk resonans.  

Jag har studerat hur olika reaktionsförhållanden påverkar bildning och 
kristallstorlek och -form hos MOFs.  

Nätverken i MOFs kan vara flexibla och ändras t. ex. när temperaturen 
eller trycket ändras. Det är viktigt att få kunskap om hur MOFs beter sig i de 
miljöer de kommer att vistas i. Strukturella förändringar hos 
lantanidbaserade MOFs när lösningsmedel avlägnas eller under uppvärm-
ning har studerats. Relationer mellan metallkoordination, nätverkflexibilitet 
och termisk stabilitet har jämförts mellan olika MOFs.  

Ligander med koordinerade metallkomplex har tillverkats för att sedan 
användas som byggstenar för konstruera MOFs till heterogena katalysatorer.   

Aktiviteten hos två olika MOFs att katalysera olika reaktioner har 
studerats. Båda MOFs kunde återvinnas utan att deras aktivitet och nätverk 
påverkades. De är verkligen heterogena, alltså inget läckage skedde av det 
aktiva centrat. 
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  9. Appendices 

 
 
 
 
 

Synthesis of [H(DMSO)2][RuCl4(DMSO)2]:
104 

RuCl3⋅4H2O (2.000 g, 7.2 mmol) and DMSO (9.5 mL) was mixed and stirred 
at room temperature. 37 % HCl (1.34 mL) was added. The deep red mixture 
was stirred ~ 20 minutes, and heated first at 85 °C for 20 minutes and then at 
100 °C for 10 minutes. The mixture became orange-red and more fluid-like. 
After cooling to room temperature, acetone (20 mL) was added. Aggrega-
tions were observed rather quickly and needle crystals started to form. The 
orange solid was isolated by filtration (filter paper), washed with cold ace-
tone and then cold diethyl ether and finally dried under vacuum (yield: 
~28%).  

 
 
Synthesis of RuCl3(DMSO)-bpydc, Ru-bpydc: 
Both starting materials were ground before mixed. 
[H(DMSO)2][RuCl4(DMSO)2] (0.200 g, 0.36 mmol) was dissolved in EtOH 
(15 mL) before addition of the 2,2´-bipyridine-5,5´-dicarboxylic acid (0.103 
g, 0.42 mmol). The orange mixture was sonicated before heated during re-
flux for 5 h. After ~15 minutes, the mixture became deep red in colour. After 
cooling to room temperature, the mixture was centrifuged and about 2/3 of 
the EtOH was decanted from the red filtrand. Cold diethyl ether was added 
dropwise and the mixture was placed in a freezer. The orange solid was col-
lected by filtration (filter paper), washed with cold EtOH and then cold di-
ethyl ether and finally dried under vacuum (yield: ~20%). 
MS ESI-TOF (M+H) [C14H15Cl3N2O5RuS]: meas. 529.8695; calc.: 529.8800. 
FT-IR: 3045, 1714, 1610, 1581, 1505, 1472, 1376, 1281, 1174, 1128, 1112, 
1058, 1047, 1019, 855, 756, 679 and 423 cm-1. 
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Synthesis of Salophen-based Linkers  

 
Syntheis of salophen linker,  
(N,N´-phenylenebis(salicylideneimine)dicarboxylic acid), 1: 
A solution of phenylenediamine (0.016 g, 0.15 mmol) and EtOH (2 mL) was 
slowly added dropwise to a solution of 3-formyl-4-hydroxybenzoic acid 
(0.050 g, 0.30 mmol) and EtOH (2 mL). The clear yellow solution became 
cloudy after about one hour. The yellow solid was isolated by filtration, 
washed carefully with EtOH and MeOH and dried under vacuum in RT 
(yield: 90 %). 
MS ESI-TOF (M-H, positive): meas: 405.1062, calc: 405.1081.  
1H NMR (400 MHz, d6-DMSO): δ 13.685 (s, 2 H, -CO2H), δ 9.080 (s, 2 HC), 
δ 8.352 (d, 2 HD, J=0.06 ppm), δ 7.969 (dd, 2 HF, J=0.05 ppm, J=0.21 ppm), 
δ 7.536 (dd, 2 HB, J=0.09 ppm, J=0.15 ppm), δ 7.452 (dd, 2 HA, J=0.09 ppm, 
J=0.15 ppm), δ 7.047 (d, 2 HE, J=0.22 ppm).  
FT-IR: 1691, 1605, 1580, 1510, 1408, 1375, 1267, 1229, 1179, 1163, 1114, 
848, 784, 769, 749, 689, 540 cm-1. (No amine was detected and the carbox-
ylic acid groups were intact.) 
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Figure A1. 1H NMR spectrum of the salophen linker, 1. 
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Synthesis of Co-salophen:  
A solution of H4salphdc (0.200 g, 0.5 mmol) and EtOH / DMF (40 / 17 mL) 
was slowly added dropwise to a solution of cobalt acetate tetrahydrate (0.123 
g, 0.5 mmol) and EtOH / DMF (40 / 4 mL). The mixture which became first 
dark purple and then brown was left under stirring at RT overnight. The 
brown solid was collected by centrifugation, washed with MeOH in three 
cycles and then dried under vacuum (product yield: 85%). The product was 
soluble in DMF. 
MS ESI-TOF (M+): calc.: 461.0178, meas.: 461.0159 
FT-IR: 1667, 1604, 1577, 1461 and 1377 cm-1. 
CHN elemental analysis: meas. (wt%): C 54.7, H 3.7, N 5.9; calc. (wt%):    
C 57.3, H 3.1, N 6.1. 
 
Synthesis of Mn-salophen:  
A solution of H4salphdc (0.100 g, 0.25 mmol) and EtOH / DMF (20 / 4 mL) 
was slowly added dropwise to a solution of maganese acetate tetrahydrate 
(0.061 g, 0.25 mmol) and EtOH / DMF (20 / 2 mL). A brown mixture was 
obtained immediately which was left under stirring at room temperature 
overnight. The brown solid was collected by centrifugation, washed with 
MeOH in three cycles and then dried under vacuum. The product was solu-
ble in DMF (79%). 
The carboxylic acids (1686 cm-1) still remains after reaction and the acetate 
group may be present, according to FT-IR. The acetate group could not be 
detected in mass spectroscopy (MS), but it could be lost during the meas-
urement.  
MS ESI-TOF (M+), [C22H14O6N2Mn]: calc.: 457.0227; meas.: 457.0222. (the 
acteate groups could not be detected with MS) 
FT-IR: 1686, 1664, 1598, 1571, 1517, 1456, 1412, 1368, 1299, 1274, 1242, 
1188, 1124, 1042, 952, 789, 753, 693, 652, 525, 500 and 445 cm-1. 
CHN elemental analysis: meas. (wt%): C 49.7, H 4.0, N 5.7; calc. (wt%): C 
55.8, H 3.3, N 5.4 

 
Synthesis of Zn(Co-salophen) MOF: 
Solvothermal heating of a mixture of Zn(NO3)2⋅6H2O (0.006 g, 0.022 mmol), 
Co-H2salphdc (0.004 g, 0.009 mmol) and DMF (2 mL) at 120 °C for 2 day 
produced cubic crystals which was washed with and stored in DMF. The 
metal and linker were dissolved separately before mixed together. The reac-
tion was also scaled up by 35 times. 
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Synthesis of Phenanthroline-based Linker 

 
Synthesis of 3,8-dibromo-1,10-phenanthroline, 2: 
1,2 phenanthroline (2.001 g, 11.1 mmol) was dissolved in 1-chlorobutane 
(80 mL) in a 250 mL 1-necked flask. Pyridine (2.9 mL, 35.8 mmol), S2Cl2 
(2.9 mL, 36.4 mmol) and bromine (1.8 mL, 33.3 mmol) were added. A re-
flux condenser connected further to a trap containing saturated Na2S2O3 was 
placed on the flask. The reaction mixture was heated at 80 °C for 12 h. The 
yellow mixture turned to an orange solution containing some dark brown 
paste-like solid. The connection to the trap was removed before cooling the 
reaction mixture to room temperature. The solvent was decantated from the 
orange precipitate and the excess of bromine was neutralized with Na2S2O3. 
The solid was mixed with 4 M NaOH and dichloromethane. The organic 
layer was separated and run through a short SiO2 column, using dichloro-
methane, and concentrated to a yellow solid (product yield 78%). 
1H NMR (400 MHz, d6-DMSO): δ 9.185 (d, 2H), δ 8.416 (d, 2H), δ 7.765 (s, 
2H).  
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Figure A2. 1H NMR spectrum of compound 2. 
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Synthesis of p-tolylboronic ester, 3:118 
A solution of p-tolylboronic acid (0.370 g, 2.72 mmol) in dry THF:toluene 
(1:1 8 mL) was mixed with pinacol (0.160 g, 1.36 mmol). The resulting solu-
tion was stirred at 45 °C for 1.5 h. After completion of the reaction, the sol-
vent was removed under reduced pressure and the product was isolated by 
flash column chromatography (SiO2; pentane:EtOAc, 80:20) as a white solid 
(0.520 g, 88%).  
1H NMR (400 MHz, CDCl3): δ 1.36 (s, 12H), δ 2.39 (s, 3H), δ 7.21 (d, J = 
7.6 Hz, 2H), δ 7.73 (d, J = 7.9 Hz, 2H). 
 
Synthesis of 4,4´-dimethyl-1,1´-diphenyl-phenanthroline, 4:  
To a solution of 3,8-dibromo-1,10-phenanthroline (0.202 g, 0.6 mmol) and 
p-tolylboronic acid (0.245 g, 1.8 mmol) in dry toluene (40 mL) under an 
argon atmosphere, Pd(PPh3)4 (28 mg, 0.024 mmol) and oxygen-free solution 
of 2 M aq. Na2CO3 (20 mL) was added. The resulting suspension was re-
fluxed under argon atmosphere for 3 days. After cooling to RT, the reaction 
mixture was mixed with water (100 mL) followed by extraction with chloro-
form. The organic layer was dried over anhydrous Na2SO4. After filtration, 
the solvent was removed under reduced pressure and the product was iso-
lated by flash column chromatography (SiO2; CHCl3) as a pale yellow solid 
(0.195 g, 90%). 
1H NMR (400 MHz, CDCl3): δ 2.48 (s, 6H), δ 7.39 (d, J = 7.8 Hz, 4H), δ 
7.71 (d, J = 8.1 Hz, 4H), δ 7.88 (s, 2H), δ 8.39 (d, J = 2.3 Hz, 2H), δ 9.45 (d, 
J = 2.3 Hz, 2H). 
MS ESI-TOF (M+H), [C26H21N2]: calc.: 361.1699; meas.: 361.1691. 
FT-IR: 1637, 1607, 1590, 1553, 1515, 1476, 1393, 1319, 1286, 1118, 918 
and 817 cm-1. 
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Figure A3. 1H NMR spectrum of compound 4.   
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Figure A4. FT-IR spectrum of compound 4. 

 
 
 
 
 
 
 
 



 111 

Synthesis of 4,4´-dicarboxylic acid-1,1´-diphenyl-phenanthroline, 5:119 
4,4´-dimethyl-1,1´-diphenyl-phenanthroline (0.200 g, 0.56 mmol) was sus-
pended in water (5 mL) to which conc. HNO3 (65%)  (0.3 mL) was added 
dropwise under stirring. The mixture was transferred to a 20 mL Teflon-
lined stainless steel autoclave. The autoclave was heated at 160 °C for 36 
hours and then slowly cooled to RT (-10 °C/h). The yellow solid (needle-like 
crystals) was filtered, washed with water (3 × 10 mL) and dried in air (0.168 
g, 71%).  
1H NMR (400 MHz, d6-DMSO): δ 8.15 (s, 8H), δ 8.29 (s, 2H), δ 9.22 (d, J = 
2 Hz, 2H), δ 9.56 (d, J = 2 Hz, 2H). 
MS ESI-TOF (MNa), [C26H16N2NaO4]: calc.: 443.1002; meas.: 443.1002. 
FT-IR: 1687, 1608, 1552, 1477, 1396, 1244, 1113, 915, 855 and 770 cm-1. 
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Figure A5. 1H NMR spectrum of compound 5. 
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Figure A6. FT-IR spectrum of compound 5. 
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Synthesis of Pd-phenanthroline:120 
A suspension of 4,4´-dicarboxylicacid-1,1´-diphenyl-phenanthroline (50 mg, 
0.12 mmol), PdCl2 (21 mg, 0.12 mmol), NaCl (70 mg, 1.2 mmol) and water 
(4 mL) was stirred at 100 °C for 14 h. After cooling to RT, the yellow solid 
was washed with water (3 × 3 mL) and dried under vacuum (60 mg, 83%). 
1H NMR (400 MHz, d6-DMSO): δ 7.888 (d, 4H), δ 8.104 (d, 4H), δ 8.299 (s, 
2H), δ 9.277 (d, 2H), δ 9.326 (d, 2H). 
FT-IR: 1714, 1679, 1608, 1569, 1521, 1421, 1353, 1296, 1103, 1015, 921, 
837 and 770 cm-1. 
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Figure A7. 1H NMR spectrum of Pd-phenanthroline.   
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Figure A8. FT-IR spectrum of Pd-phenanthroline. 
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