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Synthesis and development of metal-organic frameworks with focus on hexagon 3D topolo-
gies

VICTOR ENGDAHL

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

The focal point of the thesis was on the synthesis of Metal-Organic Frameworks (MOFs)
and especially MOFs with hexagon-based topologies. MOFs are single-and multi- dimen-
sional materials made of metal ions and organic ligands held together by coordination
bonds and having potential porosity. Hexagon-based topologies of MOFs are sought after
due to their scarcity in the literature.

MOFs are tunable and flexible in structure as well as properties. This make them a
promising material for making improvements in areas like catalysis and separation. To
understand MOFs and how to tune them and achieve predetermined properties reticular
chemistry is an essential tool.

Synthesis of MOFs was done through solvothermal synthesis. 23 samples of MOFs were
made and analysed with [Powder X-Ray Diffraction (PXRD )| [Thermogravimetric Analysis|
[(TGA)], Infrared spectroscopy (IR)|and UV-light when appropriate.

The organic linker used was [1’,2°,3’,4’,5’,6’-hexakis(4-carboxyphenyl)benzene (Hgcpb)),
and the metals in an ionic state was terbium, aluminum, zinc, cobalt, vanadium, man-
ganese, zirconium, gadolinium and copper.

TGA, IR, and PXRD showed typical results for MOFs indicating that MOFs could have
been formed. The main tool to estimate if a MOF had been synthesized was PXRD
analysis. In the PXRD diffractograms two peaks at around 2 7° and 11° together with
the lack of a peak at 16°, occurring for all solid forms known of the organic linker were
taken as an indication of MOF formation.

Another important tool were the simulate XRD powder patterns of previously known
MOF structures.

It is likely that at least one MOF, tentatively formulated as [Thy(cpb)(acetato)s(dmf)4X4],
was prepared as UV light showed the characteristic luminescence of terbium, the PXRD
was different from the linker on its own, and IR and TGA data were compatible with
MOF formation.

Due to [Single Crystal X-Ray Diffraction (SCXRD)|not being available at Chalmers, firm
confirmation that other MOFs had been synthesized could not be obtained.

For future work, further structure analysis needs to be done on the possible MOFs.

Keywords: MOFs, hexagon, topology, reticular chemistry, solvothermal synthesis, PXRD,
lanthanoids
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Introduction

The main focus of this master thesis is the synthesis of Metal-Organic Frameworks, MOFs,
to further increase the amount of known MOF structures. This will aid in finding and
utilizing the new properties that can be achieved with these materials and in the end find
applications which could improve human living standards.

MOFs are single- and multi-dimensional materials consisting of primarily metal ions and
organic ligands which are held together by coordination bonds!. According to the In-
ternational Union of Pure and Applied Chemistry (IUPAC) recommendations of MOF
terminology from 2013, the definition of a MOF is “a coordination network with organic

ligands containing potential voids™.

Reticular chemistry is a major part of this thesis especially when it comes to exploring the
possibility of creating MOFs which has 3D hexagon-based topologies. Reticular chemistry
is generally described as the chemistry that uses molecules together with bonds of different
strengths to create open crystalline frameworks?. Finding MOFs with 3D hexagon-based
topologies is important since there is a lack of such topologies in the literature. The main
goal is to synthesize new MOF structures especially MOFs with hexagon 3D topolgies.

The hypothesis of this thesis is that using[Hgcpb|with especially the larger metal ions from
the lanthanoids series, a MOF with a hexagon-based topology, can be created.

MOFs will have a part to play in the coming years when it comes to chemical applica-
tions. Synthesizing MOFs with new structures will assist in further enhancing the ability
to design specific materials with predictable properties. But to do this a greater under-
standing is needed regarding how topologies and structures work and what they demand
individually from the starting materials and synthesis conditions to form®. Which is the
subject of reticular chemistry.

With the energy demand increasing in all parts of the world, there is also an increasing
amount of fossil fuel used to satisfy this demand. This leads to higher emissions and a more
brute forced energy production. To solve this, there are different solutions. Some areas in
which MOFs can assist are in the areas of solar panel efficiency, nuclear waste management,
gas adsorption and catalysis. This could be done through functionalization of MOFs to
target certain applications, which is the core function of using reticular chemistry for
application development.
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1.1 Aim of the project

The aim is to synthesize MOFs with the larger and more scarcely used metal ions in the
periodic table to hopefully synthesize a new MOF with 3D hexagon-based topology. After
the synthesis, the structure will be determined. If there is time, certain properties like
COg adsorption and I, adsorption will be investigated for the synthesized MOFs. Other
topologies and structures that are new, which are not for example 3D hexagon topologies,
will still be investigated.

1.2 Method

In this section the work process will be discussed as well as introduction to what type of
analysis will be performed. The work process can be viewed in Figure [I.1

Choosing metals
hased around
hypothesis

J —

Literature study

J——

Performing MOF Llsing successiul

syhthesis with metals and different

available organic ligands with different
ligands compositions

—

Analyzing MOFs

.

Conclusion

. 00000 S

Figure 1.1: Scheme of how the work process will look during thesis work.

Analysis of MOFs was performed using a series of analyzing methods which are PXRD]
and elemental analysis. Using these methods, the structures of the synthesized
MOFs was investigated and the potential applications of the MOFs were evaluated by
reviewing their properties

1.3 Limitations
This project work will not cover the synthesis of the organic ligands used as they will be
provided by Mr. Steffen Briills. The project will focus on small scale synthesis of MOFs

through solvothermal synthesis.

If a specific synthesized MOF has some promising properties towards a certain applica-
tion, refinement of this MOF by changing its composition to further improve the MOFs
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application possibilities will be performed. This may reduce the total amount of attempts
with other metal and ligand combinations.

Not all analytical procedures will be performed during this thesis as the samples syn-
thesized will be sent for analysis to different researchers and different locations. The
procedures, if possible, will be experienced in the thesis at least once and thereafter as
much as there is time for. SCXRD was supposed to be the main analysis tool, but PXRD
was used instead. Other possible experiments will be performed if a crystalline MOF is
found.

As the project progresses, certain MOFs with certain properties will be focused on. For
example, if a created MOF is suitable for COy adsorption/conversion the project might
turn towards those specific applications and those MOFs as they show promising results.

Due to COVID-19 analysis of the different samples has been difficult and equipment like
SCXRD and CO, adsorption have not been available. Therefore the use of PXRD has
been the primary analysis method in this thesis as the pandemic escalated.
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Theory

This chapter intends to provide more in-depth knowledge complementing the introduction
section. The theory provided will also help advocate for the directions taken in the
laboratory and to draw conclusions.

2.1 Reticular chemistry

Reticular chemistry is a practice that is utilized to bind the old ways with the new ways of
specific property synthesis. Knowing the properties of the atoms and molecules binding it
together with knowing the structure that also gives certain properties. Utilizing reticular
chemistry enables micro-managing the structure in size, topologies, and properties which
could be beneficial. The final goal would be to understand structures and bonds at such
a level, that new molecules with a predetermined property can be created. The main
examples of how this practice is used are within the molecule-based materials such as
MOFs and COFs?. The reticular chemistry has therefore been accepted as "the chemistry
of linking molecular building blocks by strong bonds into crystalline extended structures,
such as [Metal-Organic Frameworks (MOFs)|and [Covalent-Organic Frameworks (COFs)["™.
Three main points can be used to better understand reticular chemistry, Yaghi concludes
them as®

(i) Molecular building blocks provide control in the construction of frameworks

because of their well-defined structure and geometry, (ii) strong bonds impart

architectural, thermal, and chemical stability to the resulting frameworks,

and (iii) crystallinity, which was the challenge impeding the progress toward

realizing such frameworks, ensures that their structures can be definitively

characterized by X-ray or electron diffraction techniques.
From these three points, reticular chemistry aims to describe how building blocks build up
structures, how these structures are stable through strong bonds between the nodes and
that crystallinity is of importance for the analysis to be performed so that the relationship
between structure and properties can be apprehended.

One way to explain how reticular chemistry can impact material formation, specifically
for MOFs, is the ability to create the structure with certain properties. Since the building
blocks are the same in the entire framework, a specific structural design in one part
of the material gives the sought after property throughout the entire framework. This
could for example be utilized in catalysis where there would be active sites in the entire
molecule. MOFs can also work as a good separation tool for strongly bonded molecules
as its structure can be controlled through reticular chemistry. This allows for separation
of molecules like propylene from ethylene which is shown in the study by Dai and Sun et
al” where a MOF could perform this separation.
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For the future of reticular chemistry to prosper the application-driven science, which
can sometimes be prominent in today’s research, has to be minimized. The structure of
new frameworks is still valuable information to further increase the knowledge of retic-
ular chemistry even without an application. This would increase the overall "reticular
chemistry database" which would aid in actually finding applications?.

The future of reticular chemistry lies in trying to increase the range at which topologies
can be controlled. The goal is to go to a higher order like 2D or 3D instead of at only one
point (0D) and a certain path (1D).

2.2 Metal-Organic Frameworks

MOFs are primarily made up of metal ions and organic ligands which are held together by
coordinated bonds. This is the cornerstone of how MOFs get their structural properties.
A MOF can have different structures with different building units but in general, they
are still a crystalline solid with porous properties®?. Other typical properties of MOFs are
large surface area, tunable pore size, tunable surface chemistry, and multiple topologies.
All these properties and that they can be tuned leads to MOFs being a versatile material”.

In MOFs, the metal or metal clusters bind to the organic ligands. This cluster is then
called a node. These nodes are essential for creating different geometries possible in MOFs.
The vast amount of geometries that can be formed are called [Secondary Building Units|

i SBUs E“ :

SBUs can be rigid so that the metal-part is stationary in a certain position with strong
carboxylate bonds. This means the SBU goes from having one metal ion as its vertex
to having the entire SBU as its vertex in a larger extended framework. These vertices
together with the organic ligands have the potential to form a high framework stability®.

The MOFs properties can be altered by changing the ligands, for example, carboxylate
group ligands, which most MOFs are built with, can provide the MOFs with a more robust
and rigid structure. This can be compared to if the ligand is then changed to a nitrogen
ligand, in which case, the robustness of the structure lowerst. To usage of organic linkers
to create rare 3D MOFs are typical for MOFs due to their tunable length and coordination
chemistry”.

Another function in MOFs is its ability to change properties by adding guest molecules.
This procedure is a more recent way of changing properties. Adding guest molecules
is possible due to the tunability of properties in MOFs, like the chemical environment
inside the structure. This modification could make MOFs suitable for adsorption of new
molecules, the so-called guest moleculesi’. These guest molecules could work to improve
or find new applications in areas like hydrogen storage™, chemical sensing’?, catalysis™,
and separation™®. What is very convenient about these property changes is that the
introduction of a guest molecule changes the properties without disturbing structural
integrity. The main reason for MOFs being able to have good collaboration with a guest

molecule is the fact that MOFs are crystalline and have strong coordinated bonds. The
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crystalline structure of the MOFs makes them tuneable to a great extent compared to
amorphous materials. The strong coordinated bonds can sometimes be extended beyond
what is the metal cluster and the organic ligands and then involve these guest molecules.
MOFs can also, if there are unsaturated sites, be suitable for interaction with guest
moleculest?,

The main drawback of some MOFs is that they are unstable due to the natural reversibil-
ity of the coordination bonds compared to covalent bonds. To improve stability, post-
treatments and post-modifications have been evaluated and proven effective. To further
reduce this problem in MOFs there is larger research focus on trying to create inherently
more stable MOFs!?. The stability of the MOFs has been summarized to depend on a
few parameters where some of the important ones are the pK, of ligands'®, the oxidation
state”, the ionic radius of metal ions and their reduction potential’®, the coordination
geometry and the hydrophobicity of the pore surface*. An example of a successfully
stable MOF is the zirconium-based MOF called UiO-66 which was synthesized at Oslo
University by Cavka et al?V.

One group of MOFs, called hexatopic hexagon-based topologies, is of interest to this thesis
due to its scarcity in research. The hexatopic hexagon-based topologies have been inves-
tigated to some degree but still far less than some of the more basic structures®. These
new hexagon structures are interesting since they could have new interesting properties
and applications not seen before.

2.3 Specific topologies

Different kinds of 3D hexagon-based topologies are sought after in this thesis and the
reason for this is the previous work made by Francoise Noa et al. In their work they
figured that the kgd-net could become a 3D net by introducing larger ions in the voids
present in the kgd-net. By changing the kgd-net to a 3D net a new 3D structure could
perhaps be achieved called the laf-net. The laf-net is a foldable 3D net and it is the
best-case scenario for the thesis, synthesizing a MOF with the laf-net topology.*.

The more basic net, kgd, is a net that after it is formed results in 2D layers with trigonal
and hexagonal SBUs. This means that in general, a metal salt is wanted that has a 3+
charge for the trigonal linking sites to take place. However, this can depend on your
organic linker, which sits in the hexagonal linking space. If the organic linker in the
hexagonal space is in a protonated state it can allow for bonding to a metal salt with
a lower charge to 2443, A visual representation of the kgd-net is presented in Figure

2.1
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Figure 2.1: 2D representation of the 2D kgd-net

The new 3D structure, called the laf-net, is a foldable 3D structure with perfectly planar
equilateral triangles and planar hexagons. The structure is foldable in the sense that it
can fold on the tetragonal axis while still having stable hexagonal and triagonal SBUs.
The structure of the laf-net can be seen in Figure [2.2]

Figure 2.2: 3D representation of the laf-net

The main net sought after in this thesis is the laf-net but other nets are still of interest,
like the yav-net. The yav-net is a net that has proven to form with some of the MOFs
created with the linkers in this thesis in work done by Francoise Noa et al®?. It is very
similar to the kgd-net but instead of 2D its in 3D with the trigonal SBUs being trigonal
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bi-pyramids. This means there are bonds between the layers, 5 bonds in total between
every metal ion. This structure can be seen in Figure |2.3|

Figure 2.3: 3D representation of the yav-net



2. Theory

2.4 Organic linkers

In the thesis different linkers will be used as building blocks with the goal of synthesizing
3D hexagon-based MOFs. These linkers will work as the hexagonal linking point in
the 3D nets described in the specific topologies section. The two organic linkers that will
be used is|Hgcpbland |4,4-(37,4°,5’ 6 -tetrakis(4-(pyridin-4-yl)phenyl)-[1,1":2" 1’-terpheny]l|-|
[,4-diyl)dipyridine (ppb)} These organic linkers can be seen in Figure [2.4]

Figure 2.4: Structure drawing of the organic linkers. The organic linker to the left. The organic linker @ to the
right

2.5 Metal ions

The targeted metal ions that will be investigated are Th3"(TbCl3-6H,0),

ABT(AICI; - 6H,0), Zn** (Zn(NO3), - 6H,0 and ZnCly), Co**(Co(NO3), - 6H,0), V3T (VCly),
Ml’l2+<Ml’lC12 . 4HQO), ZI‘4+(ZI'OC12 : SHQO), Gd3+(Gd<N03)3 : 6HQO) and Cu2+(Cu(N03)2

- 6H20).

Transition metals are the most common kind of metals to be used in the synthesis of
MOFs together with metal ions like zinc. This is mainly due to the accessibility of different
metal ions with different valance states and the different properties these metal ions have.
These differences lead to very different MOF properties®*. The largest drawback of these
elements is that the usual synthesis route is solvothermal synthesis which requires high
temperatures, sometimes additives like acids and long synthesis times>.

Lanthanoids are a group of metals in the periodic table with larger ions. Within the
f-block, the lanthanoids can be a part of a larger coordination sphere which makes them
interesting in building MOFs that have larger SBUs. Lanthanoids with suitable organic

linkers can achieve desirable properties within luminescence, magnetism, and catalysis?S.



2. Theory

The luminescence property is of interest to many due to the luminescence of the MOFs not
being ordinary Stokes shifts, long lifetime, visible color, and high quantum yield. Instead
what is special is the [Ligand-to-Metal Energy Transfer (LMET)| also called the "antenna
effect" which could work as a detector for metal cations?”’. When using lanthanoids,
you are working with high and flexible coordination numbers, this means it can be quite
difficult to find suitable organic linkers and to design these MOFs to be stable?®.

2.5.1 Copper

Copper is one of the transition metal ions used in the thesis with an oxidation state of
2+. This oxidation state gives the possible coordination number 4, 5, and 6 with an ionic
radius from 57-73 pm=,

As for the incorporation of copper in MOFs, this together with silver is one of the more
investigated metal ion within MOF structures in group 11. One of the famous copper
MOFs is the HKUST-1 MOF which was early in the MOF territory displaying large
surface area. In addition to that the MOF also proved to have exceptional gas storage
capacity<?.

2.5.2 Cobalt

Cobalt is another metal that has been used in this thesis and it is in the ninth group. The
two possible oxidation states are 24 and 3+. In this thesis, the 2+ oxidation state is more
likely the one that has been used. Cobalt has a then the possible coordination numbers
of 4, 5, 6, and 8 leading to an atomic radius of 58-90 pm depending on the direction of
spin®®.

Cobalt is the most studied metal within MOFs in group 9 due to the properties that can
be achieved in those MOFs, like a MOF being magnetic®.

MOF synthesis made by Francoise Noa et al. where they used cobalt and the Hgepb
created the MOF CTH-9, which created the yav-net topology?“.

2.5.3 Zinc

The metal zinc can be found in group 12 and is the only metal in this thesis which is
not a transition metal or a lanthanoid. Zinc is of the oxidation number 2+ and has a
coordination number of 4, 5, 6, and 8. For the chloride salt, it is believed to be 4 and
for the nitrate salt, it is believed to be 6 using the mercury software. With the possible
coordination numbers zinc would then have an ionic radius of 60 pm respectively 74 pm?®.

Zinc is one of the primary metals in group 12 that is used in MOF studies. The metal is
the basis for the formation of zeolitic imidazolate frameworks. These frameworks helped
to discover liquid MOFs which appeared by melting these frameworks®”.

Zinc MOFs have been made with one of the organic linkers used in this project, Hgcpb,
this combination of the organic linker and metal was synthesized by Francoise Noa et
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al. They created three different MOFs with zinc ions. Two were called CTH-11 and Zn-
MOF-888 which both had the kgd-net topology and the third MOF was called CTH-13
and had the yav-net topology?.

2.5.4 Aluminum

Aluminum has the oxidation number 3+ which makes it suitable for trigonal bonding
which is desired in this thesis. The coordination number of aluminum depends on the
salt it is bonded to, in the case of AICl3 - 6H50 it is believed to be 6. The ionic radius of
aluminum would then be around 53.5 pm=.

Aluminum is in group 13 in the periodic table and has been a material to use for MOF syn-
thesis for a long time. Aluminum became prominent in this group since it allows for some
of the MOFs to have "breathing" properties. This means the MOF can have both large
and small pores which makes the MOF flexible in its structure which is beneficial?”.

2.5.5 Vanadium

Vanadium belongs to group 5 in the periodic table and has multiple possible oxidation
states of 2+ all the way to 5+. In this thesis, the 3+ oxidation state is believed to occur.
The coordination number for vanadium is then possible to be believed to be 6 with an
ionic radius of 78 pm=®.

Once again the metal of choice, vanadium, is the most common material in its group
when it comes to the synthesis of MOFs. The MOFs that have been synthesized have
varying topologies. The vanadium MOFs come with different properties depending on
the topology. To name some, there have been MOFs that have permanent porosity and

there are also MOFs that have shown good separation properties of xylene isomers=.

2.5.6 Manganese

Manganese is in group 7 in the periodic table with an oxidation state of 24 and more. In
this thesis the believed state would be 2+ leading to the possible coordination numbers
of 4-8. Looking at the crystal of the manganese salt in mercury 6 would be the estimated
coordination number. With different spins, the ionic radius can be 67 pm for low spin
and 83 pm for high spin“®.

Manganese 2+ has been used in MOFs previously. One of the functions for it has been
to be interchangeable with zinc in MOF structures. This makes it interesting to compare
them in this thesis. Manganese MOFs are primarily synthesized through post-synthetic
metalation. Post-synthetic metalation is when you add the desired metal onto an already
existing framework exchanging the metal basis of the MOF22.

2.5.7 Zirconium

In group 4 zirconium can be found which is believed to have the oxidation state of 44-. The
possible coordination numbers for a zirconium ion with oxidation state 4+ ranges from 4
to 9. This would mean the ionic radius for the investigated zirconium ion is somewhere
between 59 pm and 89 pm?®.

11
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MOFs have as previously mentioned had some trouble with application in the real world
due to stability issues. Zirconium is one of the elements which has proven to create stable
MOFs. The UiO series of MOFs from the University of Oslo demonstrated a large surface
area while still being stable under rough conditions in 2008*”. What makes the MOFs
with zirconium more stable is the high oxidation state of 4. This high oxidation state
allows for stronger bonding between the carboxylate groups and the zirconium ions. If
not a stronger bonding there is at least a higher attraction towards each other which
facilitates bonding™®.

2.5.8 Terbium

Terbium is a metal in the lanthanoids f-block. It has an oxidation state of 3+ which
would lead to the coordination numbers of 6, 7, 8, and 9 to be possible. This would then
mean the ionic radius would be between 92.3 pm and 109.5 pm=®.

Lanthanoids in MOFs and terbium especially have luminescent properties which have led
to the synthesis of mixed lanthanoid MOFs. A MOF with terbium and europium was
made which could change its color depending on temperature. Lanthanoids are useful
in MOFs due to their high amount of different coordination numbers leading to new

structures=?.

Terbium MOFs have the possibility to shine light visible to the human eye with only the
aid of a UV lamp®”. This makes it possible for them to have simpler applications like
forensic lights. This property will be tested in the thesis.

2.5.9 Gadolinium

Gadolinium is believed to be a 3+ oxidation state in this thesis as it would fit better with
the organic linkers. With that oxidation state, Gadolinium has the possible coordination
numbers of 6, 7, 8, and 9 which can give an ionic radius between 93.8 pm and 110.7 pm*®.

Gadolinium is like terbium, a lanthanoid, and possess the general properties of the lan-
thanoids like high coordination numbers. Gadolinium ions are highly paramagnetic3t,
which means MOFs with gadolinium could be utilized in current magnetic resonance
imaging contrast agents®®. Gadolinium ions have a preference in binding to negatively
charged atoms as the oxygen in carboxylate ligands®®. The fact that they have this pref-
erence makes them a viable choice for binding to the ligand used in this thesis.

2.6 Potential end-product of MOF synthesis

2.6.1 CO, and I, adsorption

MOFs and similar molecules like[COFg and organic polymer crystals have shown promising
results in another application area where they work as “breathing” molecules. This means
that there is a certain amount of flexibility in the molecule. This allows for ions, cations,
and molecules to be packed in these structures within the voids which can increase in
volume (breathing mechanism) as molecule uptake occurs. The ability to pack molecules
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within the structure causes MOFs to function as containment and absorbent to certain
molecules, with possible applications in CO, and I, adsorption.

An application for these properties is also found in the nuclear chemistry area where the
radioactive isotopes 2T and 31 are common to occur. Here, MOFs could work as a
vessel for these isotopes. Therefore, the ability for MOFs to catch and contain isotopes
can be investigated through I, adsorption in a ToF-SIMS or simply by adding I to a
closed vessel and let it absorb onto the MOF#4,

Using the same premise, there is still a need for better exhaust control and specifically
COy containment to lower greenhouse gases. The same idea is applicable here, that the
MOFs could capture and contain the CO, molecules in a more efficient way than what
is used currently. There is also the possibility to create MOFs which could catalyze the
formate synthesis from CO, instead of just capturing it*?.

2.7 Solvothermal synthesis

Solvothermal synthesis is a simple synthesis method where control of, to a limited degree
due to self-assembly, morphologies in structured materials such as metal oxides, and in
the case of this thesis, MOFs. Solvothermal synthesis is performed in a closed vessel, like
a vial or an autoclave system. The vessel is used in order for the reaction mixture to be
able to work in temperatures above the boiling points of the solvents, the metal ions, and
the organic linkers that are used in MOFs®%. This is because of the closed vessel used in

the solvothermal synthesis allows for autogenous pressure to increase>.

In solvothermal synthesis the temperature and pressure are increased through heating of
solvents above their boiling point, this makes for an increase in solubility and reactivity=?.
These properties make for a suitable environment to create MOFs as even though some
of the metal ions and organic linkers might not be soluble. The environment set by
the experimental procedure makes the reactions happen without the need for an excess
amount of solvents. The solvents used in the thesis experiments are there to dissolve
organic linkers and metal ion powder (N,N-Dimethylformamide (DMF)) and to facilitate
Lewis acid-base reactions without bonding to the carboxylic acid on the linker (Acetic
lacid (AcOH)|/[Formic acid (FA)).

2.8 X-ray diffraction

X-ray diffraction operates in the fashion that x-rays are generated to create monochro-
matic radiation which is then aimed at the sample. The x-rays are generated by electrons
from the outer orbitals of a metal, that has characteristic x-rays, moving into a lower
energy state. When doing this transition the electrons produce and radiate x-rays char-
acteristic for the metal. The x-rays created are aimed at the sample which reflects them
by utilizing constructive interference which occurs when Bragg’s law is satisfied. This can
then be used to calculate the crystal lattice. Bragg’s law:

nA = thkl sin(@hkl) (El)
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Where n is the integer, \ is the wavelength of the x-rays, d is the interplanar spacing
generating diffraction, and € is the diffraction angle.

There are two main XRDs that determine structures of MOFs, PXRD, and SCXRD.
Firstly, SCXRD will be used as it gives all the information needed about the structure of
the MOFs being synthesized. But if a smaller crystal is synthesized that will not work in
a SCXRD, then PXRD will be used to give as much information as possible.

SCXRD uses a solid single crystal from a sample to determine the structure. The result
from a SCXRD analysis is more accurate as the peaks (reflections) are separated at a
degree which makes the results easier to interpret and analyze. The downside of SCXRD
is that a defect-free, large, solid crystal is needed. If such a crystal fails to be created
PXRD is the next XRD analysis to try to investigate the crystalline structure of the
material. In SCXRD the sample will be rotated by a goniometer so the crystal gets
all selected orientations which will provide all needed data for structure analysis. The
crystal is then lit up with a monochromatic x-ray source which will produce the diffraction
pattern in different angles depending on rotation and incident beam angle. The SCXRD
uses many 2D pictures to create a 3D picture of how the structure of the molecule looks
by investigating the electron density within the crystal®’.

When the crystals are too small the PXRD is the next analytical method to use which also
can be complemented with the sample-destructive method electron diffraction. In PXRD
x-rays are aimed at the sample and are then diffracted from the sample. These reflections
(diffractions) are analyzed by a detector that scans the sample for the whole angle of
20°%. 20 angles are gathered since that is what arises due to the random orientation of
the powder that is analyzed=.

A PXRD has three main parts in its setup, an x-ray, a sample holder, and a detector?.
The mechanism of the PXRD is to analyze x-ray beams that has scattered off the sample
which will provide diffraction peaks after analyzation by the detector. These peaks can be
utilized with a reference to analyze the sample and possibly determining the compound=®.
Overall, PXRD structure analysis gets harder to do due to overlapping peaks®!.

From the SCXRD and the PXRD, properties such as phase identification of the sample
can be obtained using a reference and databases. It is also possible to get the unit-cell size
and shape as well as its orientation*?. The differences can be shown in table .

Table 2.1: The differences between SCXRD and PXRD, original table from Li et al3Z.

property \ SCXRD PXRD

unit cell determination | easy difficult

space group easy difficult

peak overlap no yes

information on sample | single particle overall

structure solution possible possible with difficulties sometimes
size limitation >1 pm >50 nm

SCXRD is somewhat hard to utilize at all points due to the difficulties of synthesizing large
enough crystal for it to be a valid method. Hence another method needs to be utilized
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to look at the same properties as SCXRD but not with the high demands. FElectron
diffraction is one of the methods that has shown possibilities and been proven to work
to some extent*. It has also been known that it is possible to perform crystal structure
analysis with electron diffraction®*®. The drawback of electron diffraction is that it is a
destructive method. There is a risk that the sample will burn and be destroyed which
has been countered by technical solutions. For MOFs, the sample is perhaps not always

destroyed but there is still a risk for damage from the electrons**.

Electron diffraction works similarly like XRD but instead it uses electrons to obtain the
diffraction pattern from the specific sample. This is usually done in a [Scanning-Electron|
IMicroscopy (SEM)| or a [Transmission Electron Microscopy (TEM)| where the electron
diffraction is collected similarly to SCXRD where diffractions from many different angles
are gathered. All this information can then be gathered and analyzed to create a crystal
structure in three dimensions*®. This is however not used to a greater extent due to the
analysis of the data is not trivial so a high amount of knowledge in this area is needed to
interpret the data’.

In this thesis PXRD measurements will be done by a|Small Angle X-ray Scattering (SAXS)|
diffractometer. This machine utilizes the x-rays scattering off the sample in question just
like in PXRD. These x-rays are then analyzed by a detector and this data can be used to
create the same data as PXRD. The measurements are made at, as the name suggests,
low angles where the most characteristic peaks of MOFs are expected. By rotating the
detector at different angles and having a second detector, a larger angle in total can be
measured by merging data. This then gives you the same analytical range as in PXRD.
The SAXS diffractometer will be used instead of PXRD as samples can be mounted on a
sample holder and several small samples can be run at the same time as it is automatically
adjustable.

The SAXS diffractometer used in the thesis can work as a PXRD machine with the
possibility to look at large things such as cellulose fibers and nanoparticles. This machine
is therefore well-equipped to analyze samples such as MOFs. The difference between
SAXS and PXRD, PXRD basically is [Wide Angle X-ray Scattering (WAXS), is where
you put the detector. Do you place it small or wide with reference to the incident angle?
If MOFs should be analyzed with SAXS or WAXS is up to debate but both are possible
and WAXS is more common.

2.9 Thermogravimetric analysis

Thermogravimetry is performed with a thermogravimetry analyzer which analyses the
weight loss of a sample as a function of time or temperature. These results can then
give a good idea of how thermally stable the sample is*”. The weight loss in the sample
from heating and how it degrades is usually what is investigated®®. TGA can also give
the thermal performance of samples®*” as well as determine the composition of certain
samples®?. In the case of MOFs it is important to know parameters such as stability, from
TGA, to understand the MOF and find suitable applications®..

15



2. Theory

2.10 Infrared Spectroscopy

IInfrared spectroscopy (IR)|is an analysis method similar to near-infrared spectroscopy and
Raman spectroscopy, where all three methods are vibrational spectroscopy. IR is used to
determine the functional groups on a sample. The IR instrument sends infrared energy at
a sample. The energy gathered causes vibrations characteristic for each functional group
which then can be analyzed to decide the functional group®. Metal-ligand vibrations
are hard to detect in IR. This is why functional groups are looked at instead, to see if
metal-ligand bonds possibly could have formed®?.

The specific method used in the thesis, |Attenuated Total Reflectance (ATR)| is reflectional
spectroscopy. ATR works by measuring the change in an IR beam that will alter its
properties as it reflects against a crystal that the sample is mounted on. The IR beam is
then analyzed by an IR detector where the data can be used to construct a sample curve
of wavenumbers (cm™!) against transmittance (%). ATR is very fast and simple which
makes it an often-used method in research.
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Methodology

3.1 Synthesis of MOFs

The synthesis of the MOFs started by turning on a heating plate that has a magnetic
stirring and set the temperature to 120-140°C. The desired organic ligand (one or more)
was weighed upon a filter paper and then added to a vial. The same procedure was
performed for the metal salt. Then one half of the DMF| was added and the mixture was
stirred until a homogeneous mixture was achieved. AcOH and the other half of DMF
were added to the mixture and stirred again to create a homogeneous mixture. When
a homogeneous mixture had been achieved the liquid product was poured into a teflon
beaker which then was put into an autoclave system. If a oven with a set time is not to
be used the liquid could also be put into a microwave vial. The mixture is then heated
and cooled until crystals are synthesized. The different heating programs can be found in

appendix

3.2 Crystal extraction/Filtration

In this section, the different extraction methods used during the thesis will be described.

3.2.1 Crystal extraction/Filtration, funneling

To extract crystals from solutions the procedure was started with heating DMF in a vial
to 120°C. The heating was done if the crystals are supposed to be extracted directly when
they have been taken out of the oven. A filter paper was placed on a Buchner funnel
or a funnel was created with the filter paper which was then placed on a beaker. The
crystals are then washed with DMF firstly and then washed with [dichloromethane (DCM)|
or methanol depending on what metal salt was used. Crystals were then collected from
the filter paper. The sample was stored in the washing solution (DCM or methanol) due
to the possibility of them being unstable in air.

3.2.2 Crystal extraction/Filtration, centrifuging

When the crystals are very small or require drying for them to be extracted, a crystal
extraction with centrifugation is needed. The sample holder is centrifuged so the solids
in the sample descend to the bottom of the sample holder.
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3.3 Thermogravimetric analysis

TGA was performed in a Mettler Toledo DSCA/TGA 3+ with a continuous flow of air
and the temperature was increased with 10°C/min from 30°C up to a total of 800°C.

3.4 SAXS sample pretreatment

The sample to be analyzed was dried to a powder and mounted upon a SAXS sample
holder module. This was done by placing the sample on a microscopic glass with enough
powder to cover at least a fourth of the sample holder which is a circle with 3mm in
diameter. Then, by using a piece of scotch tape, the powder is extracted and placed
in between to pieces of scotch tape. This assembly is then mounted so the sample is
inside one of the circular sample spots on the module. The module is then put into the
SAXS machine and the analysis of the material could commence. It is of importance
that latex gloves are used during the entire procedure to prevent any fatty oils to be
attached to the scotch tape and tamper with the results. Further, to not misinterpret
samples, the same kind of scotch tape should be used through the entire experiment and
other experiments that should be compared. It is of importance that only the two pieces
of tapes are covering the sample and not a third piece of tape as this could affect the
background noise differently just like changing the scotch tape could. More information

about the SAXS machinery can be found in Appendix [A2]

3.5 PXRD sample pretreatment

The sample to be analyzed is dried to a powder and mounted upon the sample holder of
the PXRD machine. When the sample has been placed and the sample holder has been
mounted in the XRD machine, a drop of ethanol is added to the sample for the sample
to be sturdy during the analysis. To get reasonable results, there needs to be a circular
sample with approximately 1-3mm in diameter, the larger the diameter the better results
with less background noise.

3.6 ATR

Firstly, there is an ATR-module added to an IR spectrometer. The powder sample is
then placed to cover the area of the sample holder required to collect viable data for a
good measurement. The powder is pressed with the ATR crystal so that excess air in the
sample is removed which would otherwise be shown as an error in the measurement. The
measurement is then performed.

3.7 Mercury XRD powder pattern simulations

During the thesis a computer software called Mercury, from the CCDC, has been used®®.
This software was used to simulate estimated PXRD patterns for the potential MOFs that
have been synthesized during the thesis. The procedure started with downloading the .cif
file for a known MOF with a confirmed structure. This file was then opened in mercury
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and the structure of the molecule and its data would then be in the software where it
could be manipulated. An example is when the MOF called CTH-9, which is a cobalt
MOF, was downloaded. In the structure of that MOF, the same organic linker as in this
thesis was used so one could guess that a similar structure or the same structure could
be possible for the metal chosen to work with. The cobalt metal ions in the structure
were exchanged for whatever metal that was to be investigated. This then created the
MOF CTH-9 but with another metal. Mercury then has a calculation device in which it
can predict a PXRD pattern to be compared to the experimental PXRD data that was
apprehended. If there are similarities then a similar or exact structure could be possible
for the synthesized MOF.
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Experimental

In this chapter, the methods and the number of materials used will be presented.

4.1 Synthesis of MOFs

For synthesizing the MOFs different molar ratios were evaluated. 1:2, 1:3, and 1:4 molar
ratio between organic ligands and metal were tried for the experiments. If there were
around 30 mg of powder, 2 ml of DMF and 2 ml of AcOH were used. If less or more was
used, the amount was changed accordingly.

4.2 Synthesized MOFs and their recipes

This section describes what metal salts were used and how much of the salts were used.
There is also information provided on what organic linkers were used and the amount.

The recipes of MOFs synthesized and produced during time period 1 (28th of January
2020 to 29th of February 2020) with a molar ratio of 1:2 (organic linker: metal salt) can
be viewed in Table 4.1l

Table 4.1: The different MOFs prepared and the amount of metal salt and organic ligand. Solvent used for synthesis was
DMF, AcOH and FA. An asterisk (*) at sample means it was heated and synthesized according to method in the
Memmert oven according to program description given to specific asterisk. If no asterisk they were made according to
method @] in a microwave vial.

Sample Metal salt Metal salt(mg) Hﬁcpblmg) DMF(ml) AcOH/ solvent (ml)
FA
VE-Tb1 ThbCls - 6H,0 14.96 16 2 AcOH 2
VE-Znl ZnCly 5.4 16 2 AcOH 2
VE-All AlCl; - 6H,0 6.5 16 2 AcOH 2
VE-Co2 Co(NO3), - 6H,O  11.7 16 2 AcOH 2
VE-Zn2 ZnCly 5.6 16 2 AcOH 2
VE-AI2 AlCl; - 6H,0 6.3 16 2 AcOH 2
VE-VI(1¥) | VCl, 3.4 16 2 AcOH 2
VE-Mnl MnCl, - 4H,O 7.94 16 2 AcOH 2
VE-Zr1 ZrOCl, 13.05 16 2 AcOH 2

The recipes of MOFs synthesized and produced during time period 2 (19th of February
2020 to 17th of March 2020) with a molar ratio of 1:1.25:2 (Hecpb} [ppb} metal salt)
can be viewed in Table 4.2l These samples were mixed using [Hgcpb| [ppb| and different
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transition metal ions in the first row. These samples were made with 2ml of DMF and
2ml of AcOH in total according to method [3.1}

Table 4.2: The different MOFs prepared and the amount of metal salt and organic ligand. The solvent used for synthesis
was always 2 ml of DMF and 2 ml of AcOH. An asterisk (*) at sample means it was heated and synthesized according to
method [3:1] in the Memmert oven according to program description given to specific asterisk. If no asterisk they were made
according to method in a microwave vial.

Sample | Metal salt(salt+mg) [Hecpb(mg)  [ppb(mg)
VE-Cu+jpph| | Cu(NO3), - 3H,0 + 1.92 3.18 5
VE-Co-+ppb| | Co(NO3), - 6H,O + 2.3 3.18 5
VE-Zn Hjpph| | ZnCl, + 1.1 3.18 5

The recipes of MOFs synthesized and produced during time period 3 (4th of March 2020
to 17th of March) with a molar ratio of 1:3 (organic linker: metal salt) can be viewed in
Table 4.3l

Table 4.3: The different MOFs prepared and the amount of metal salt and organic ligand. Solvent used for synthesis was
always DMF with AcOH or FA. An asterisk (*) at sample means it was heated and synthesized according to method in
the Memmert oven according to program description given to specific asterisk. If no asterisk they were made according to
method in a microwave vial.

Sample Metal salt(salt+mg) Heepb{mg) DMF(ml) AcOH/ solvent (ml)
FA
VE-Tb2(2%) | ThCl; - 61,0 | 11.5 8 1 AcOH 1
VE-Zn3 Zn(NO3)s - 61,0 | 8.2 8 1 AOH 1
VE-Al3 AlCl3 - 6H,0O + 4.2 8 1 AcOH 1
VE-V2 VCl3 + 5 8 1 FA 1
VE-Mn2 MnCl, - 4H,0 + 6 8 1 AcOH 1
VE-Zr2 ZrOCl; - 8H,0 + 9.9 8 1 AcOH 1

The recipes of MOFs synthesized and produced during time period 4 (26th of March 2020

to 10th of April) with a molar ratio of 1:4 (organic linker: metal salt) can be viewed in
Table L5l

Table 4.4: The different MOFs prepared and the amount of metal salt and organic ligand. Solvent used for synthesis was
always DMF with AcOH or FA. An asterisk (*) at sample means it was heated and synthesized according to method in
the Memmert oven according to program description given to specific asterisk. If no asterisk they were made according to
method in a microwave vial.

Sample Metal salt(salt+mg) H6(mg) DMF(ml) AcOH/ solvent (ml)
FA

VE-Al4(3*) | AICl; - 6H,O +4.2 8 1 AcOH 1

VE-Zr3(3*) | ZrOCl, - 8H,0 + 9.9 8 1 AcOH 1

The recipes of MOFs synthesized and produced during time period 5 (11th of May 2020
to 22nd of May) with a molar ratio of 1:4 (organic linker: metal salt) can be viewed in

Table .5
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Table 4.5: The different MOFs prepared and the amount of metal salt and organic ligand. Solvent used for synthesis was
always DMF with AcOH or FA. An asterisk (*) at sample means it was heated and synthesized according to method in
the Memmert oven according to program description given to specific asterisk. If no asterisk they were made according to
method in a microwave vial.

Sample Metal salt(salt+mg) H6(mg) DMF(ml) AcOH/ solvent (ml)
FA
VE-Th3(3*) | ThCl; - 6H,0 + 56 30 6 AcOH 6
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Results

In this section, the results for different MOFs created during different time periods will
be shown. The results will be reviewed in groups of what metal was used, first all cobalt

results then all terbium results, etc. The methods of analysis that will be reviewed are
PXRD, TGA, IR, and luminescence testing.

He,cpb comparison of XRD data
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Figure 5.1: PXRD data of a H6.p, +DMF+AcOH crystal, H6.,,+DMF crystal and H6,,, powder, where the two samples
in blue and grey are unpublished work by Dr Francoise Noa

Figure shows what it looks like if the organic linker has not synthesized into a MOF
with the metal but rather crystallized on its own with DMF. This image will be used
to look at different PXRD data and conclude if there is a reaction with the metal ion
in the metal salt or if self-crystallization of the linker and DMF has occurred. There
is both the [Hgecpb-DMF in a crystalline state and the in powder form as well
as the with DMF and AcOH. The most important peak symbolizing if there is
crystalline with DMF is the large peak at 16.6 which means that the has
self-crystallized instead of bonding with the metal salt in the desired way. But there can
also be seen some reoccurring peaks at 7 and 11. The orange line is run in a SAXS
diffractometer compared to the other two, which were run in a PXRD.

The peaks showing in the graph, and the graphs to come, visualize that there is at least

some degree of crystallinity due to the reflections which give peaks. Using Bragg’s law,
it can be calculated that the peak at 11 means there is a lattice spacing of 8.4 A and
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the peak at 7 gives a lattice spacing of 14.2 A. This spacing would then be somewhere
in the unit-cell or in between different cells. After reviewing these distances on previous
MOFs made with and their structures these distances could be explained through
the software mercury. 8.4 A is thought to be the lattice spacing of a molecule (possibly
metal) binding to the center hexagon of the molecule. The distance of 14.2 A is
thought to be the distance of the molecule from side to side which means there is
in the sample but not in a self-crystalline state.

If peaks occur between 5 and 16 degrees this means something has reacted with the metal
salt that has a larger lattice spacing than the in a self-crystalline state. Since
metal salts should have a lower lattice spacing (higher degrees are where the metal ions
are thought to be) the peaks at lower degrees can be assigned to the linker in MOF
formation.

PPB PXRD data
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Figure 5.2: PXRD data of a the ppb linker in powder form.

Furthermore, Figure [5.2 shows the [ppb|in powder form to evaluate the metal salts paired
with [ppb] this sample was analyzed in a SAXS diffractometer.

5.1 Copper

A metal that was used in the smaller part of the project utilizing the [ppb| linker was
copper. One sample was made and the synthesis results can be seen in Table [5.1]
Table 5.1: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also

mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample ‘ Observations Crystals Suitable SCXRD Time in oven
VE—Cqupb| \ black smudge YES NO 23 days

As with all the experiments with the organic linker [ppD| the ratio of 1:1.25 HgcpDblppb| was

used. This was to make sure that the combination would react together to form the new
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system. The copper sample did not crystallize well as the crystals were small and looked
more like black mud in its appearance and consistency. The supernatant was stored in

new vials for further reaction in the oven but nothing happened. Crystal extraction was
then performed which can be seen in Table [5.2]

Table 5.2: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \ Washing solvent PXRD
VE—Cqupb| \ Methanol NO

During the crystal extraction all sample was lost in the filter paper probably due to the
small size of the crystals. It was due to this problem the method described in section [3.2.2]
was introduced to the thesis. However, this made further analysis of the copper sample
impossible.

5.2 Cobalt

In this section observations of the cobalt sample will be reviewed.

Table 5.3: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations Crystals Suitable SCXRD Time in oven
VE-Col Dry pink crystals YES NO 17 days
VE-Co2 Cloudy pink crystals YES NO 12 days
VE—COprb| black smudge YES NO 27 days

The cobalt samples with only the linker had some crystals but as they were copies
of previous laboratory work performed by Francoise Noa et al*?, they were not investigated
with SCXRD. These samples were instead cross-referenced by doing PXRD in a
diffractometer.

In the experiment with [ppb|the sample was very wet and amorphous and did not crystallize
well. The black smudge when investigated with a microscope was however thought to be
crystalline but with very small crystals.

The supernatant of the sample was stored in a new glass vial and was further placed in
the oven to see if further crystallization could occur. This was not successful.

Crystal extraction was performed for the two samples VE-Col and VE-Co-Hppb| were the
results can be viewed in table [5.4]

Table 5.4: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD after
extraction.

Sample \ Washing solvent PXRD
VE-Col DCM YES
VE-COprb| Methanol YES
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Both samples were extracted but with different methods. VE-Col was crystalline enough
to use filter paper with the normal method described in section while the VE-
Co-+ppb] was extracted according to section Crystal extraction and further analysis
of sample VE-Co2 was not performed since VE-Col had then already been analyzed and
they were replicas of each other.

VE-Col was investigated with PXRD and the results can be seen in Figure [5.3]

VE-Co1l and CTH-9 XRD comparison
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Figure 5.3: Comparison of PXRD data between VE-Col and CTH-9 synthesized by Francoise Noa et al22, Where CTH-9
is simulated by mercury

The two samples VE-Col and CTH-9 (the old cobalt MOF) have the same characteristic
peaks but with different intensity. Intensity is of less importance due to it being an
arbitrary number. This means that this PXRD is a good indication of that MOF CTH-9
has been replicated. The CTH-9 PXRD data was simulated and apprehended through
the software mercury.

The cobalt sample made in combination with the linker [ppb] was cross-reference with an-

other sample with the same linker. This sample was made from nickel and is unpublished
work by Francoise Noa et al. The comparison can be viewed in Figure [5.4]
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VE-Co+ppb and CTH-X XRD comparison
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Figure 5.4: Comparison of PXRD data between VE-Co+ppb and CTH-X synthesized by Francoise Noa et al. The data of
CTH-X is simulated by mercury and is unpublished results.

There were two characteristic peaks, 7 and 11, which indicates that a reaction has oc-
curred. However, the two samples are not matching as the VE-Co-+ppb lacks a lot of the
peaks visible in the simulated pattern of CTH-X. However, it can be seen that something
has happened as the sample is not similar to the references of the different linkers
and [ppb| when considering their respective PXRD-results.

When it comes to the comparison in PXRD, between CTH-X and VE-Co-pph] it is
visible that there is not much resemblance other than some small peaks. From the PXRD
comparison we cant conclude if they have similar topology or not. The XRD data of
CTH-X was simulated and apprehended through mercury.

The nickel sample had hexagon crystals and when the cobalt sample was investigated in

a microscope it also had hexagon crystals. A comparison between the two crystals can be
seen in Figure[5.5
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Figure 5.5: Comparison of the two crystal made with the linker ppb. VE-Co+ppb to the left and CTH-X synthesized by
Francoise Noa et al22 to the right.

The sample VE-Co-+]ppb| was due to this microscopic visual very interesting and was sent
for further evaluation of the crystal in Germany.

5.3 Zinc

Four samples of zinc were made during the thesis and 2 of the samples (VE-Zn2 and
VE—Zn got lost in the process and could not be analyzed with PXRD, TGA, or
IR.

Table 5.5: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample | Observations  Crystals Suitable SCXRD Time in oven
VE-7Znl1 Salt like flakes YES NO 17 days
VE-Zn2 No crystals NO NO 28 days
VE-Zn3 White powder YES NO >30 days
VE—Zn+|ppb| black smudge YES NO 27 days

VE-Znl successfully yielded crystals, a picture of the microscope investigation can be
seen in appendix The other samples with successful crystal synthesis were VE-
Zn3 and VE-Zn+ppbl The VE-Zn2 sample did not yield any crystals and could not be
further analyzed. Crystal extraction was then performed on the successful samples and
information can be found in Table (.6l

Table 5.6: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample | Washing solvent PXRD
VE-Zn1 DCM UNKNOWN
VE-Zn3 DCM YES
VE—Zanpb| Methanol YES
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When the crystals were washed it was discovered that DCM could potentially dissolve the
crystals if the metal salts where chlorides. This was discovered as VE-Znl was dissolved
when washed and the crystals disappeared. This was then utilized for other metal ions
and the main washing solvent after this event became methanol. Due to the small size
of the crystals in VE-Zn-ppD| the same centrifugation method was used as for the VE-
Co-+[ppb|sample. For both the VE-Zn3 sample there were crystals formed which could be
analyzed with PXRD before there was no sample left to perform TGA or IR.

VE-Zn3 and CTH-13 XRD comparison
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Figure 5.6: Comparison of the VE-Zn3 PXRD data to CTH-13. The data for CTH-13 were provided from Francoise Noa
et al??. The CTH-13 data was simulated and apprehended through the software mercury.

In Figure[5.6)many peaks can be noticed. One peak is the mentioned 16 peak which would
indicate that this could be that has crystallized with itself and DMF. Comparing
this graph to Figure [5.1| some similarities can be seen but not too many. Hence, there
could be a MOF with the zinc ion but there is also self-crystallized and with the
lack of clear peaks the most probable result is that there is no MOF but rather an impure
zinc complex. Similar to the other samples there are new peaks between 5 and 16 degrees
indicating some form of reaction as well as the standard peaks at 7 and 11.

In the figure there is also a comparison of the PXRD data from a zinc MOF (CTH-13)
synthesized by Francoise Noa et al??. It can be seen that there are similarities towards
the higher degrees but in the case of the VE-Zn3 sample, the largest and most prominent
peak is the one at 16 degrees, self-crystallization. While for the CTH-13 MOF
there are two large peaks at around 7 and 11 which as mentioned before could indicate
that there is a bond between and a metal ion. These two peaks are not present at
a prominent level in the VE-Zn3 sample. The XRD data for CTH-13 was simulated and
apprehended through mercury.
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VE-Zn3 and CTH-11 XRD comparison
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Figure 5.7: Comparison of the VE-Zn3 PXRD data to CTH-11. The data for CTH-11 were provided from Francoise Noa
et al2Z, The data for CTH-11 was simulated and apprehended through the software mercury.

Another comparison to a zinc MOF can be seen in Figure where the VE-Zn3 is
compared to CTH-11. Here, a better overlapping of graphs but still lacking the core
peaks. The 7 peaks from 10-17 degrees in the CTH-11 MOF can be assigned to 7 peaks
in the VE-Zn3 sample but this is not something that is for certain as the offset is too
big for it to be a good approximation. However, as before the 7 and 11 peaks are very
small in VE-Zn3. The XRD data for CTH-11 was simulated and apprehended through
mercury.

18 VE-Zn3 and Zn-MOF-888 XRD comparison
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Figure 5.8: Comparison of the VE-Zn3 PXRD data to Zn-MOF-888. The data for Zn-MOF-888 were apprehended from
Francoise Noa et al22. The data for Zn-MOF-888 was simulated and apprehended through the software mercury.

When the zinc sample is compared to another MOF mentioned in the work done by

Francoise Noa et al?2 called Zn-MOF-888 something more comparable is found. It is clear
in Figure that there are more similarities than compared to the other zinc MOFs and
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that maybe the VE-Zn3 sample could be a MOF of this character. The peaks are, as
mentioned previously, not very clear but the peaks between 10 and 17 can once again be
assigned to another peak in the VE-Zn3 sample with a bit of offset. However, the lack of
fit in the curves is still too large for a conclusion that VE-Zn3 is a MOF. To conclude if
it is a MOF or not, even though it is the best fitting of the zinc MOFs, can be done. The
XRD data for Zn-MOF-888 was simulated and apprehended through mercury.

VE-Zn+ppb XRD

20 (degrees)

Figure 5.9: PXRD data of the VE-Zn+ppb sample.

Lastly, for the zinc sample in Figure [5.9] the zinc sample with the [ppb] linker, there are
not a lot of peaks. This would indicate an amorphous material and there is very little, if
any, crystallization of the sample.

5.4 Aluminum

Four samples of aluminum were made during the thesis and all of them produced some
form of precipitate which was either crystalline or amorphous.

Table 5.7: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations Crystals Suitable SCXRD Time in oven
VE-All Dried salt/gel on glass YES NO 17 days
VE-AI2 Dried salt/gel on glass YES NO 12 days
VE-AI3 Dried salt/gel on glass-wall YES NO 9 days
VE-Al4(2*) | UNKNOWN UNKNOWN UNKNOWN 14 days

The first three samples of aluminum created a gel-like precipitate on the glass of the
reaction vials. When the samples VE-AIl and VE-AI3 had been synthesized, these were
inspected through a microscope. Images of this can be found in the appendix, Figure
and Figure [A4] were it is visible that they both have some crystalline parts and
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some amorphous parts. The dried salt/gel is also visible as flakes in Figure . Crystal
extraction was then performed on the samples VE-All and VE-AI3 as the VE-AI2 did not
look promising when studied in a microscope. For the sample VE-Al4 crystal extraction
could not be formed due to the autoclave in which the sample was prepared broke and
the sample could not be retrieved. The reaction was performed in an autoclave as a
countermeasure to the observed affinity of the precipitate to the silica in the glass. Crystal
extraction information can be found in Table 5.8

Table 5.8: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \ Washing solvent PXRD

VE-AIl | Methanol YES
VE-AI3 | DCM YES

For the aluminum sample VE-Al1, a large amount of sample could be retrieved from the
wall of the glass vial. The sample did however not look crystalline and more like a gel.
The gel could be dried and made suitable for PXRD analyzation. The same procedure
could be adapted to the VE-AI3 sample. PXRD could then be performed on both of the
samples which can be seen in Figure [5.10]
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Figure 5.10: PXRD data for VE-All and VE-AI3.

In this graph of the aluminum samples the two peaks around 7 and 11 are visible which
could mean there is and something bonded to it, probably the aluminum ion.
As with previous samples it cannot be guaranteed to be a MOF, but the peaks mean
there is some crystalline material and that it is with [Hgcpbl However, when it comes to
the aluminum sample the observations made from the synthesis make the crystallinity
of the sample questionable. It is visible, as with the other samples, that there are new
peaks different from Figure between 5-16 degrees which indicates a reaction between
the and the metal salt. Further analysis would be needed to make a more solid
statement if these are MOFs or not.
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It is visible that even though the samples did not look that similar in the microscope, the
created samples have similar structures due to their PXRD similarities.

5.5 Vanadium

Two samples of vanadium were made during the thesis where one of them yielded crys-
talline material and could be further analyzed.

Table 5.9: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample ‘ Observations Crystals Suitable SCXRD Time in oven
VE-V1(1*) | White crystals YES NO 1*+1 day
VE-V2 Green amorphous crystals  YES NO 8 days

The white crystals found in the sample VE-V1 were not the same color as the original color
of the sample, which was green, and as the sample was heated it turned blue. The white
color of the crystal is thought to be the crystallization of the organic linkers together with
DMF. The sample was then put back into an oven where the crystals then disappeared
and did not re-occur, confirming that it was organic linkers that had self-crystallized with
DMF as these are less thermally stable.

The green crystal found in VE-V2 was believed to be amorphous after microscopic in-
vestigation. Since a substantial yield was achieved, crystal extraction was performed to
evaluate the sample with PXRD the information on crystal extraction can be found in

Table 5.101

Table 5.10: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \ Washing solvent PXRD
VE-V2 | Methanol YES

Crystals where successfully extracted and could be analyzed with PXRD. There was
however not enough sample for any other tool of analysis. PXRD data analysis can be
seen in Figure |5.11}
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VE-V2 XRD
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Figure 5.11: PXRD data of the VE-V2 sample.

In the figure, the same peaks as mentioned before at 7 and 11 can be seen. These are not
as exact as before but it could be because they have a slight offset. There are other peaks
which, just like in the aluminum sample. This could be a good result meaning it is a more
crystalline sample and a MOF compared to the previous zinc comparisons. But because
the meaning of these peaks are hard to interpret it could also be impurities of some sort.
The trend continues as for previous samples and there are still new peaks between 5 to
16 degrees indicating a reaction between the metal salt and [Hgcpbl

5.6 Manganese

Manganese samples were prepared during this thesis. This reaction was the best synthesis
at producing precipitate and 2 samples where made. Both samples yielded crystalline
material and could be further analyzed. This is represented in Table |5.11}

Table 5.11: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations Crystals Suitable SCXRD Time in oven
VE-Mnl | Snowflake crystals YES YES 12 days
VE-Mn2 | Small crystals YES NO 7 days

The manganese samples looked like white snowflakes but under a microscope they looked
like tiny fibrils gathering in a pile which can be seen in the appendix Figure [A7] for the
VE-Mnl sample. The crystal was very small but there were some larger parts of it so
it could be a mix of MOF and self-crystallized [Hgcpbl Both samples had crystals hence
crystal extraction was performed which can be seen in Table [5.12]
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Table 5.12: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \Washing solvent PXRD

VE-Mnl | Methanol YES
VE-Mn2 | Methanol YES

For VE-Mn1 the crystalline manganese powder had to be cross-referenced with PXRD of
H6 crystals to ensure that it is not organic linkers that have crystallized with the solvent.
This sample was sent to Stockholm for further investigation in SCXRD and electron
diffraction. After being reviewed in Stockholm this sample was not able to be analyzed
properly by their SCXRD and no specific results were apprehended from there. Not all
of the sample was sent to Stockholm and PXRD was utilized on the sample that was left
seen in Figure [5.12
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Figure 5.12: PXRD data of VE-Mnl.

The peaks around 7 and 11 are present again which could mean that there is something
bonded to the but in this sample there is also the peak at 16.8 which could indicate
self-crystallization. As mentioned previously, the sample was sent to Stockholm
for further analysis.

Manganese powder was very easy to synthesis in larger quantities and therefore some
of the VE-Mn2 powder was used for TGA before it was sent to Stockholm for it to be

analyzed.

The VE-Mn2 was analyzed with TGA and the results are shown in Figure
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VE-Mn2 TGA data
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Figure 5.13: Plot of the VE-Mn2 sample after analyzation with TGA

In Figure [5.13] the VE-Mn2 has some information that can be gathered. The solvents
that were left in the MOF have evaporated between the two points of 135°C and 309°C
which was around 25-20% of the sample weight. The linker gets oxidized and burnt
away between 391°C and 422°C which stands for about 53% of the sample weight. These
temperatures using the organic linker is similar to the TGA analysis performed
by Francoise Noa et al?2. The resulting weight is thought to be manganese oxide which
is around 18% of the sample weight. After calculations were made this then resulted in
around 7% manganese in the sample. These calculations also stated that there is a 1:1.6
mole ratio of the linker to metal.

If the ratios of the different compounds would be known together with the structure
of the presumed MOF, calculations would confirm if the structure was achieved. The
weight could then be analyzed to see if the amount of manganese left in the sample
was representative of a manganese MOF with that kind of structure. With the current
information an estimate of the structure in regard to the weight left after the TGA could
not be performed. A rough approximation can be done and calculations of it will be done
only on the sample VE-Th3 later in the results in Figure [5.21]

5.7 Zirconium

Zirconium was another metal used and it behaved similarly to aluminum in terms of the

observations made during synthesis. The results of the synthesis with zirconium can be
found in Table [5.13l
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Table 5.13: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations Crystals Suitable SCXRD Time in oven
VE-Zrl Dry powder, burnt YES NO 12 days
VE-Zr2 White powder on glass YES NO 9 days
VE-Zr3(2*) | White crystals YES YES 14 days

Burnt samples, like VE-Zr1, was going to be done a second time to see if improvements
could be made to ensure that they would not be burnt. The sample was not further
analyzed. VE-Zr2 and VE-Zr3 are efforts of this.

VE-Zr2 started to grow as a layer on the glass vial it was synthesized in similarly to
aluminum. The same change was applied to the zirconium sample as for the aluminum
sample to prevent this and autoclave was used for another synthesis, VE-Zr3. The sam-
ple was nevertheless somewhat crystalline and crystal extraction was performed on both
samples as VE-Zr3 also yielded crystals. The crystal extraction can be viewed in Table

B.14]

Table 5.14: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \ Washing solvent PXRD

VE-Zr2 | DCM NO
VE-Zr3 | Methanol YES

For the first zirconium sample that was extracted much of the crystal was lost in the filter
paper since very small amounts could be extracted from the glass vial. This problem
could be due to the samples being quite amorphous and sticking to the wall of the vial.
The small amount that was extracted was used to perform PXRD analysis.

The zirconium samples were more crystalline when synthesized in an autoclave system.
This confirmed that the silica was interfering with the synthesis of a crystalline zirconium
MOF. PXRD analysis was made and the two samples were compared which can be seen

in Figure [5.14]
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VE-Zr2 and VE-Zr3 XRD comparison to MOF-892, MOF-893 and MOF-894
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Figure 5.14: XRD data comparison of VE-Zr2, VE-Zr3 MOF-892, MOF-893 and MOF-894. MOF-892, MOF-893 and
MOF-894 are all generated through the software mercury.

Considering Figure [5.14] there is reason to believe it is the peaks 7 and 11, but these
are at lower angles in this figure. What these peaks means are not certain, but it can
be concluded that a reaction has occurred as not any of the PXRDs have exactly
these peaks or look similar. There are extra peaks below 16 which means a larger unit-cell
has been created which is typical for MOFs.

VE-Zr2 was deemed a not viable sample due to its amorphous structure on the vial. It is
however visible that the two samples are very similar with some extra peaks like the one
at 6.3 in the VE-Zr3 sample. There are enough similarities to where it can be said that
the reproducibility of this kind of MOF is feasible. That there is no peak at 6.3 could
mean that there is a different size of unit-cell. This could indicate that the two samples
have created different net topologies if they both did synthesize MOFs. They could also
have very similar structures. To fully confirm any of these assumptions more structure
analysis is necessary.

In the Figure there is also visual representation comparing the MOFs synthesized in
this thesis to the work done by Nguyen et al®®. It is visible that there is very little to
no similarities. If any of these topologies are the same for VE-Zr2 or VE-Zr3 can not be
concluded based on these XRD data comparisons. The plots for the work done by Nguyen
et al was simulated and apprehended through the software mercury.

5.8 Terbium

MOFs were also prepared with some lanthanoid metal ions. Firstly terbium was used
due to its interesting luminescent properties and three samples where made. The results
for the synthesis can be seen in [5.15] The third sample was made due to the interesting
PXRD shown for VE-Tb2 and now a larger quantity was desired to be able to analyze
the sample with PXRD, TGA, IR, and UV-light.
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Table 5.15: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations Crystals Suitable SCXRD Time in oven
VE-Tb1 Dry powder, burnt YES NO 17 days
VE-Tb2(2*) | White powder YES NO 2%
VE-Tb3(3*) | White crystals YES YES 11 days

Burnt samples were to be synthesized a second time to see if improvements could be
made to ensure that they would not be burnt. VE-Tb1 was not further analyzed. The
other two terbium samples synthesized crystals and crystal extraction was then performed
which can be seen in Table 5.16l

Table 5.16: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \Washing solvent PXRD

VE-Tb2 | Methanol YES
VE-Tb3 | Methanol YES

There are numerous articles saying the terbium has luminescent properties just like some
other lanthanoid metals like europium®. To see if this property was preserved after MOF
synthesis, UV light was used. This was done for all samples to study their luminescence
which can be seen in Figure [5.15] and Figure [5.16]

Figure 5.15: Photo of the VE-Tb2 sample under UV-light
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Figure 5.16: Photo of the VE-Tb3 sample under UV-light

As visible in the two figures of the terbium samples the luminescence property of terbium
was preserved through synthesis. This could indicate together with the further analysis
that the terbium is in the crystals and it is not only the organic linker. These UV-figures
can be compared to the white sample of VE-Tb3 in the appendix Figure [A2l PXRD was
then utilized on both samples and compared which can be seen in Figure

VE-Tb3 and VE-Tb2 XRD comparison
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Figure 5.17: PXRD comparison of the data from VE-Tb3 and VE-Tb2.

In this PXRD data it can be confirmed that the same structure has been synthesized.
There are two peaks at around 7 degrees and 11 degrees and then there are some small
peaks from 12 to 30 degrees. The peak at 16 is not present and the sample does not in
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any other way resemble self-crystalline linker. It can be estimated that a MOF has been
formed but further structural analysis is needed, as for all promising samples.

To estimate a structure for VE-Tb3 in order to do TGA calculations, confirming the
hypothetical structure, a PXRD was computer-generated. The PXRD was generated
through the software mercury where the metal (in the loaded structure) was changed to
terbium and a PXRD plot was apprehended. This was then used to see if there were any
structural similarities and the best fit would be the estimated structure for the VE-Tb3.
Different structures were tested but the best fit was with CTH-9 which is a cobalt MOF

with the linker [Hgcphl

VE-Tb3 and CTH-9-Tb XRD comparison
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Figure 5.18: PXRD comparison of the data from VE-Tb3 with the generated PXRD data for a transformed CTH-9 MOF.
The CTH-9-Tb was simulated and apprehended from the software mercury.

In Figure[5.1§]it is visible that there are some similarities but not to any conclusive extent.
The topology of the CTH-9 MOF, the yav-net, is probably not the correct topology but
for the sake of the investigation this was the estimated structure.

Next step was to look at IR to see if any potential functional groups, primarily carboxylic
acid, could be found indicating that a reaction had not occurred.
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H6cpb IR data
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Figure 5.19: Plot of the organic linker sample after analyzation with IR

In Figure data for the IR analysis of the organic linker can be seen. It can be
seen there are three larger peaks but it is mainly the peak at 1683 that is characteristic for
the powder and something to pay attention to in other IR spectra with potential
MOFs. This peak is one of the carboxylic acid peaks (the main one) together with a broad
peak at 3300-2500 and a sharp peak at 3500 which both would also indicate carboxylic
acid. The peak at 731 could be some form of benzene derivatives from the linker.

VE-Th3 IR data
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Figure 5.20: Plot of the VE-Tb3 sample after analyzation with IR

VE-Tb3 was analyzed with IR, this is represented in Figure [5.20L There is no peak at
around 1700, indicating something has reacted with The peaks 1586, 1384, and
other peaks in that area are believed to be absorbed DMF when comparing to literature®.
The peak at 746 is believed to be some form of benzene derivatives caused by the organic
linker. The peak at 2936 could be C-H stretching in the organic linker. This figure
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does however have a bulge at 3438 which could be the carboxylic acid bulge mentioned
previously. The bulge could have some offset and the presence of it would then indicate
that not all carboxylic acids have reacted. This would unreacted linker is in the sample
indicating that a MOF might not have been synthesized. It could also mean that the
sample is not homogeneous as the crystalline parts of the sample could be a MOF while
there is extra organic linker.

The final step was to do calculations that depended on the TGA analysis. These calcu-
lations would show if the yav-net topology, which was estimated through mercury, was
the correct topology. The TGA analysis can be seen in Figure [5.21

VE-Tb3 TGA data
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Figure 5.21: Plot of the TGA analysis of the VE-Tb3 sample

In the figure there is a large drop from 100% to 61% instantly with the numbers in red.
This drop is thought to be extra solvents on the sample. The extra solvents could be
there since the sample did not dry for a very long time before IR analysis was performed.
The green numbers are then what is believed to be the data that can be evaluated.

Furthermore, there is a drop of 10% between 105 °C and 254 °C which would be the
solvents evaporating from inside the crystals. There is then a drop from 90% to 80%
where degradation of the organic linker occurs. Then a dip from 80% to 30% which is
believed to be the burn-up of the organic linker and other organic materials. Left in the
sample is 30 mass% which should then be terbium oxide. This TGA curve would then be
typical to the TGA of other MOFs previously made the organic linker [HgcpbP?.

With all this data on the terbium sample, an estimation of the structure can be made
based on CTH-9. Where there will be changes with chlorides instead of nitrates and ter-
bium instead of cobalt. This would lead to the structure, [Tb4(cpb)(acetato)2(dmf)4Cl4],
after balancing of charges with acetates and chlorides. This estimated structure would
according to calculations retain about 81 weight% after solvent evaporation and linker
degradation. This is similar to what was recorded in the TGA analysis. After the burn-
up of organic linker the retained weight should be around 20% but during the TGA
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analysis a weight percentage of 31% was achieved. This means there is an excess of some-
thing. This could be extra un-reacted terbium or some form of impurity but as this was
just an approximation, the estimated structure could also just be wrong. Further struc-
ture analysis needs to be done with SCXRD in order to draw a definite conclusion if the
VE-Tb3 adopted the yav-net topology.

5.9 Gadolinium

As the lanthanoid sample terbium showed interesting properties like luminescence and
promising PXRD data another lanthanoid, gadolinium, was investigated. The synthesis
of the gadolinium sample can be viewed in Table [5.17]

Table 5.17: The MOF samples are reviewed in terms of what observations were found during synthesis. There is also
mentioned if there where crystal created with a yes or no followed by a yes or no if the crystal was large enough to analyze
with SCXRD. Lastly, an indication of how long the sample was in the oven.

Sample \ Observations  Crystals Suitable SCXRD Time in oven
VE-Gd1(2*) | White powder YES NO 2%

The white powder which looked crystalline was able to be synthesized. Crystal extraction
was then utilized to look at PXRD and other methods of analysis if there was enough
sample. Crystal extraction can be viewed in Table [5.18]

Table 5.18: The table shows what solvent was used to wash the crystals and if the product was suitable for PXRD.

Sample \Washing solvent PXRD
VE-Gd1 \ DCM YES

A substantial amount of gadolinium sample was able to be retrieved so that the sample
could be analyzed by both PXRD and IR which can be seen in Figure |5.22[ and Figure

[5.23] respectively.

VE-Tb2 and VE-Gd1 XRD comparison
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Figure 5.22: Comparison of the lanthanoids PXRD data. Lanthanoid samples in the graph are VE-Tb2 VE-Gd1.
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The two typical peaks at 11 degrees and 7 degrees and the smaller typical lanthanoid
peaks between 12 and 30 degrees can be seen in Figure There is a lack of the
peak and therefore it can be concluded that according to the PXRD analysis there is no
self-crystallization of with DMF. Just like for the terbium samples it cannot be
entirely concluded that a MOF has been synthesized due to the lack of analysis available.

A comparison of the two lanthanoids in this thesis can also be seen. They are very similar
and have somewhat the same characteristic peaks at all degrees. That these two samples
are so similar could indicate that they are iso-structural and have the same topology.
The same observations for other lanthanoids have been seen in the parallel thesis by Axel
Jonsson®”. The remaining gadolinium was used for IR analysis shown in Figure

VE-Gd1 IR data
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Figure 5.23: Plot of the VE-Gd1 sample after analyzation with IR

In the figure there is no visible peak at 1700 indicating a reaction has occurred. The
peaks that in terbium was thought to be DMF is present in this sample as well as the
benzene derivatives. The peak at 2916 is also there indicating C-H stretching in the linker.
Differences like the bulge in the terbium sample not being visible in gadolinium could be
that the sample has deprotonated over time. The gadolinium sample was analyzed with
IR after a long time (since crystal extraction) compared to that of terbium.
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Conclusion

The samples that were made during the thesis have, due to the COVID-19 virus, not
been fully analyzed to look at crystal structures and deduce the net topology. Therefore,

I cannot conclude if the aim to synthesize a MOF with hexagon 3D topology has been
fulfilled.

It can be concluded that for all samples, there is a reaction that has occurred since the
16-17° peak in the PXRD data measurements, the strongest peak for all crystalline forms
of the hexagon linker used, is not visible in any samples except for the VE-Zn3 sample.
This means there has been a reaction between the metal salts and the organic linker

This was also supported by TGA, IR and luminescence measurements.

For the specific lanthanoid samples made in the thesis, gadolinium and terbium, there is
a big similarity between the samples, and the PXRD diffractogram more or less identical.
This could indicate that they are iso-structural, as it is a reoccurring theme in this thesis,
and the thesis written parallel to this thesis by Axel Jonsson.|insert reference!]

After reviewing structures in the CCDC database and swapping the found metal ions
with gadolinium and terbium ions there were similarities between the thus simulated
diffractogram of the known MOF CTH-9 [Coy4(cpb)(acetato)s(dmf),| and the Gd-cpb and
Th-cpb PXRD data.

The use of a SAXS machine instead of a PXRD machine was tried in this thesis, and
showed that the SAXS machine has a higher chance of finding peaks at low angles, as it is
performed in vacuum which can remove a lot of disturbance. The first few samples that
were tried in a regular PXRD did not show any crystallinity. The samples instead showed
only one broad peak with much background noise. However, as the sample was analyzed by
SAXS more similar spectra to literature appeared. SAXS diffractometer analysis needed
less amount of sample compared to the PXRD available during the thesis.

In the far future when MOFs structures are confirmed, and their properties are fully

analyzed, a way of mass-producing the MOF and especially the linker is the next step to
commercially synthesize MOFs to improve the quality of human lives.
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Appendix 1

A1l Microscope pictures

Here the documented pictures of the different samples that were synthesized are pre-
sented. Only somewhat successful synthesized samples were documented as burnt or
non-crystalline samples where discarded.

Figure Al: Picture of the VE-Tb1 sample after heating in oven
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Figure A2: Picture of the VE-Tb3 sample after heating in oven
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Figure A4: Picture of the VE-AI3 sample after heating in oven
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Figure A5: Picture of the VE-Znl sample after heating in oven

Figure A6: Picture of the VE-Zn+ppb sample after heating in oven
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Figure A7: Picture of the VE-Mn1 sample after heating in oven

Figure A8: Picture of the VE-Col sample after heating in oven
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Figure A9: Picture of the VE-Co+ppb sample after heating in oven

Figure A10: Picture of the VE-V2 sample after heating in oven
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Figure A11: Picture of the VE-Zr3 sample after heating in oven

A2 SAXS diffractometer

The machinery used was a SAXSLAB Mat:Nordic instrument equipped with a micro-focus
Cu X-ray source (lambda=1.54A) and a Dectris Pilatus 300K R (3°< 26 <30°-in line with
the beam) and 100K R (28°< 26 <85° - mounted on a motorized goniometer) detectors.
Air scattering was removed by reducing the pressure to 0.2 mbar in the general path of
the beam. All sample positions were calibrated 20 minutes on both detectors per sample
before analyzation would begin. In the case of this thesis the detector was first placed
at 39°and next at 57°this resulted in a angular range of 28°-50°(20) and 46°-68°where the
overlap was averaged in the data merging.

A3 Heating programs

Here information about the specific heating programs used in the Memmert oven is pro-
vided. If no heat program was used, information of how long it was placed in an oven
that is around 120°C could be found in table 7?7 and ?? for MOF recipes 1 and 2 respec-

tively.

Heating program 1*

Heating program 1* was started by a temperature increase gradient from 20°C to 120°C
over 2 hours. The sample was then heated for 96 hours (4 days) at 120°C to then be
cooled slowly for 70 hours from 120°C to 20°C.
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Heating program 2*

Heating program 2* was started by a temperature increase gradient from 20°C to 150°C
over 2 hours. The sample was then heated for 168 hours at 150°C and was then cooled
slowly for 20 hours from 150°C to 20°C.

Heating program 3*

Heating program 3* was started by a temperature increase gradient from 20°C to 150°C
over 2 hours. The sample was then heated for 336 hours at 150°C and was then cooled
slowly for 20 hours from 150°C to 20°C.
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