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Abstract 

Metal organic frameworks (MOFs) is a quite recently discovered porous material group which shows 
potential in many different areas. One of these areas is carbon capture; the framework structure of 
the porous materials allows gas molecules to adsorb to the surface of the pores. MOFs are 
conventionally synthesised at high temperatures and with hazardous solvents. The goal of this project 
was to synthesise highly porous MOFs at room temperature with water as the main solvent, using 
environmentally friendly and non-hazardous precursors. As well as the room temperature synthesis, 
conventional synthesis methods were used with the same precursors as comparison. The materials 
were characterised with X-ray diffraction, thermogravimetrical methods and IR-spectroscopy. To 
assess the porosity of the materials, gas adsorption evaluation was performed with CO2, N2, SF6, and    
CH4 at 20⁰C.  
In the end, three novel porous magnesium-based materials and one zirconium-based material were 
successfully synthesised. One of the magnesium-based materials showed a moderately high CO2 

adsorption (2.38mmol/g), and could be synthesised at room temperature. The zirconium-based 
material showed a remarkably high selectivity (17.7) for SF6 over N2 and a high surface area (550m2/g) 
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Syntes av porösa ramverksmaterial från förnybara
utgångsämnen

Oskar Hellman

Sedan början av den industriella revolutionen har den tekniska utvecklingen ökat
exponentiellt, vilket har lett oss till den värld av bekvämlighet vi lever i idag. Dessa
framsteg och utvecklingar i exempelvis energifrågor har dock haft en stor negativ
inverkan på miljön. Parallellt med all ny teknisk utveckling har utsläpp av växthus-
gaser så som koldioxid även ökat. Utsläppen av växthusgaser har under de senaste
100 åren lett till en uppvärmning av vår planet med ca 1°C. Denna uppvärmning
kommer att fortsätta såvida utsläppen inte minskas eller tas om hand om på annat
sätt.

En stor del av de växthusgaser som släpps ut idag kommer från större punktkällor så
som stål- och cementindustrin. De senaste årtiondena har dessa utsläpp uppmärk-
sammats och många metoder för att minska dem har föreslagits och testats. Den
vanligaste metoden som används idag för att minska utsläpp av koldioxid från stora
punktkällor är gasrening (carbon dioxide scrubbing). För att rena förbränningsgaser
från koldioxid med den här metoden låter man förbränningsgaserna passera genom
ett reningssystem. I reningssystemet binds koldioxiden till en aminlösning, medan
resterande gaser så som vattenånga kan passera reningssystemet. För att återanvän-
da aminlösningen krävs dock stora mängder energi då den uppbundna koldioxiden
måste separeras från lösningen. Metoden är därmed kostsam, och kan beroende på
vilket energikälla som används, bidra till ytterligare utsläpp av växthusgaser.

En relativt ny metod som föreslagits är gasrening med porösa material. Med den här
metoden adsorberas koldioxiden i porerna på de porösa materialen, och betydligt
mindre energi krävs för att separera koldioxiden från adsorptionsmediet jämfört med
den tidigare nämnda processen. En materialgrupp som kan användas till detta är
metal organic frameworks, MOFs. MOFs är ett poröst ramverksmaterial. I rena me-
taller och legeringar sitter atomerna uppradade i täta rader, vilket gör de kompakta
och tunga. I MOFs är metallatomerna separerade upp till flera nanometer av or-
ganiska molekyler, se Figur 1. Separationen av metallatomerna i ramverkssrukturen
ger upphov till tomrum i materialet. Det är dessa tomrum som gör materialet poröst.

Figur 1 är dock något förenklad, metalldelen i ramverket är ofta uppbygt av flera
metallatomer eller flera metallatomerna bundna till exempelvis syre. De organiska
molekylerna använda i MOFs kallas vanligtvis för linkers och kan exempelvis vara
syror med hög smältpunkt. Många av de ämnen som används i tillverkningen av
MOFs kommer dock från icke-förnybara källor, vilket under de senaste åren har ökat
intresset för tillverkning av dessa material med gröna metoder. Detta har också varit



Figur 1: Schematisk illustration av en ren metall (t.v) och ett poröst ramverksmate-
rial (t.h.).

målet under det här projektet, att tillverka MOFs med gröna tillverkningsmetoder.

Grön tillverkning av MOFs innebär att de utgångsämnen som används ska ha en låg
negativ inverkan på människor och miljö. Utgångsämnena ska dessutom komma från
förnybara källor. Den konventionella metoden för att tillverka MOFs innefattar att
blanda metallkällan och linkern i ett lösningsmedel, och sedan värma blandningen i
ett slutet kärl. Denna metod kallas för solvothermal-tillverkning. En grönare, men
inte lika beprövad metod, är att låta reaktionen ske i vatten vid rumstemperatur
under omrörning. I det här arbetet användes båda dessa metoder med tre olika me-
tallkällor, magnesiumnitrat, vismutnitrat och zirkoniumklorid tillsammans med sju
olika linkers från förnybara källor. Alla sju linkers återfinns naturligt i frukt eller
annan av växtlighet.

Ingen av synteserna utförda i vatten vid rumstemperatur producerade några porösa
material. Däremot lyckades tre porösa magnesiumbaserade samt ett zirkoniumba-
serat material tillverkas med solvothermal-metoden. Ett av magnesiummaterialen
kunde dessutom tillverkas vid rumstemperatur i samma lösningsmedel. Det magne-
siummaterial som kunde tillverkas vid rumstemperatur visade ett högt upptag av
koldioxid. Zirkoniummaterialet visade en hög ytarea och ett medelhögt upptag av
växthusgasen svavelhexaflourid.

Materialen kan med stor sannolikhet förbättras ytterligare för porositet och gasupp-
tag. För att ytterligare fastställa att materialen tillverkade tillhör materialgruppen
MOFs bör en strukturanalys göras på dem då detta inte inkluderades under arbetet.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
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1 Introduction
The advancements in technology over the two last centuries, ie, from the start of the
industrial revolution, has led to a large increase in production capabilities and higher
living standards for a large part of the world. Though, the higher living standard
and general increase in production capabilities have many negative impacts on the
environment. Parallel to the technological progress, greenhouse gas (GHG) emissions
have increased drastically the last two centuries. The amount of CO2 together with
other GHGs emitted to the atmosphere has so far caused a global warming of the
planet of almost 1 °C since the beginning of the 20th century. The warming will
continue if the emission of GHGs is not reduced. [1] During the last decades many
different methods to reduce the emission of GHGs have been proposed. One of these
is to capture the GHG from the emission sources before they reach the atmosphere.

Today, the most common method of CO2 capture and separation directly from sources
like concrete or steel factories is done with the use of aqueous amine solutions. Flu
gases are passed through the amine solution, which absorbs the CO2. This process
is more commonly referred to as CO2 scrubbing. There are several drawbacks with
using scrubbers for this purpose; they are expensive to incorporate and maintain in
the production line, the energy required to separated the absorbed CO2 is high, and
they can cause severe corrosion on equipment. An alternative route that is presently
being researched is adsorption of CO2 with a porous media. [2]

One promising porous material group that could be used for this purpose is metal
organic frameworks (MOFs). In MOFs, the metal ions are separated by a magnitude
up several nanometers by organic linkers. This creates a porous scaffolding structure
with a high porosity, and thereby also a high surface area. The high surface area is
what makes MOFs useful for GHG adsorption or for use in sensors, etc. For example,
many MOFs such as MOF-2, MOF-505 and MOF-74 have an adsorption capacity of
around 3mmol/g at CO2 pressures around 1 bar. [3]

1.1 Aim of the project

The aim of this project is to synthesise novel MOF structured materials, using green
synthesis methods and environmentally friendly precursors. Further, the synthe-
sised MOFs should have a high thermal stability and high porosity. The materials
should also have good gas adsorption properties that can be compared with MOFs
synthesised with conventional methods.
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Figure 1: The strategy used in this project.

1.2 Strategy

To achieve the project goals, green synthesis methods of MOFs and similar com-
pounds will be reviewed in previous literature. The synthesis methods reviewed will
be applied to the precursors used in this project. The synthesised material will then
be characterised, and if it is assessed to be promising, the synthesis will be further
optimised. Alternatively, another synthesis approach will be tested using the same
precursors. The strategy is visualised in Figure 1. The project will start with the
synthesis of a MOF with conventional techniques and one MOF with a proven green
technique. This will give a baseline on the simplicity of the method and material
properties. All the organic linkers and metal salts will also be used in conventional
synthesis, ie. solvothermal methods, to examine if the precursors could produce a
MOF with conventional methods.

2 Background

2.1 Metal organic frameworks

Pure metals and most metal oxides are in their most stable form arranged in close-
packed structures. For example, in pure aluminium the atoms are arranged in a face-
centered cubic structure, and aluminium oxide in a hexagonal close-packed structure.
This arrangement makes the pure metals dense. Metal organic frameworks are on the
contrary light and porous, even though they are based on the close packed metals.
This is due to that the metal ions (or metal complexes in most cases) are separated
by organic linker compounds, as illustrated in Figure 2.
Figure 2 is vastly simplified, in reality the structures of both the metal compound, the
linker, and the whole material are far more complicated. For example, the linkers
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Figure 2: A simple illustration of a close packed metal, and MOF.

are often made of carboxylic acid compounds such as tricarboxybenzene, fumaric
acid, or terephtalic acid. And the metal ions are often arranged in clusters with high
coordination and complex geometries. [4]

The idea of creating framework materials with metal ions and organic linkers has
been around since the middle of the 20th century. [5] The first materials labelled as
Metal Organic Frameworks were discovered during the early 1990s. The first stable
MOF (MOF-5) where only one single crystal structure could be determined with X-
ray diffraction was created and characterised in 1999. In addition to having a clear
crystalline structure, MOF-5 exhibits one of the properties which have increased the
interest for these materials. This property is a remarkably high porosity, and thereby
a high surface area. MOF-5 has a reported surface area of 2320 m2/g, though some
MOFs can have a surface areas of 7000 m2/g or more. [4][6]

The most common methods used to synthesise MOFs are solvo- and hydrothermal
methods. Synthesis with these methods is done by mixing the metal precursor with
an organic linker and a solvent. In some cases, the synthesis is also assisted by the
addition of a modulator such as an acid. The mixture is then exposed to high pres-
sure and temperature. After the reaction has taken place, the solvent is driven off by
heat and or by washings. This opens up the pores in the material at sites previously
occupied by the solvent. [6] Many of the solvents conventionally used are environ-
mentally hazardous and from non-renewable sources, which has led to the increased
focus on green synthesis methods. The solvents used in green synthesis methods can
for example be water or ethanol. The organic linkers used in green synthesis should
also be sourced from renewable sources. The organic linkers that will be used in this
project can be derived from common natural sources such as fruits or vegetation. [7]
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2.2 Gas sorption properties in MOFs

Mechanisms of gas adsorption can be divided in to two subcategories, chemisorption
and physisorption. During chemisorption, the adsorptive (the substance to be ad-
sorbed) is chemically bonded to the material. This creates strong bonds, and high
energy is required to break the bonds and separate the adsorptive from the adsor-
bent (the adsorbing material). With physisorption, the adsorptive is not chemically
bonded to the adsorbent. Instead, the adsorptive is attached to the surface of the
material by van der Waals forces. This means that the energy required to separate
the adsorptive from the adsorbent is much lower than for chemisorption. Physisorp-
tion is the main adsorption mechanism in MOFs. The high surface area in MOFs
allows for a high degree of adsorption. But the surface area is not the only property
that makes MOFs suitable for CO2 adsorption. There are several other factors that
can affect the sorption properties such as pore size and functional groups in the ma-
terial. For example, the CO2 selectivity increases when the pore size decreases down
to the kinetic diameter of CO2. This is because the adsorptive interacts with the
surface in several directions not only one, Figure 3. [2] Since the pore size can be
tailored for a specific gas, MOFs can be used for adsorption of different gases.

Figure 3: Schematic illustration of the interaction between adsorptive ( yellow
spheres) and the pore surface in different sized pores. The arrows represents the
van der Waals forces binding the molecules to the material.

A term that is often used to describe the ability of a MOF to adsorb a specific gas
is selectivity. The selectivity can be calculated using a wide variety of models, and
is an important tool to asses whether a MOF will be suitable for adsorption of a
specific gas. If a MOF is supposed to be used for CO2 capture in an environment
also containing N2, the CO2 selectivity must be higher than the selectivity for N2.
Ideally the material should only adsorb CO2, though this is hard to achieve in reality.
If the CO2 over N2 selectivity is low, the efficiency of the CO2 capture process will
be low. In this project, a simple model used in [8] will be used to calculate the
selectivity, Equation 1

SA/B =
qA/qB
PA/PB

(1)

where SA/B is the selectivity of gas A over gas B, q is the amount of gas adsorbed at
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pressure P. Both the amount adsorbed and at what pressures will be acquired from
single component gas adsorption.

2.3 Method background

2.3.1 Precursors

The linkers that will be used in this project are a mix of carboxylic acids and polyphe-
nols. The carboxylic acids are tartaric acid (H2tar), succinic acid (H2Sa), and L-
cystine (H2lc). The polyphenols are anilic acid (H2dhbq), ellagic acid (H3ea), resev-
eratrol (H3res), and quercatin (H2quer). All these linkers can easily be sourced from
common fruits or vegetation, making them highly renewable.

Figure 4: Structure of the linkers used. a) Ellagic acid [9] b) Resveratrol [10] c)
Quercetin [11] d) Anilic acid [12] e) Succinic acid [13] f) Tartaric acid [14] g) L-
cystin [15]

The metals that will be used are Magnesium, Bismuth, and Zirconium. These were
chosen due to their low toxicity. The sources of these metals will be magnesium
nitrate (MgNO3), bismuth nitrate (BiNO3), and zirconium chloride (ZrCl4). These
were chosen for their high solubility in water and most solvents. There are greener
sources of these metals such as sulphates or oxides, though the solubility of these are
often poor or extremely poor. This would result in the need for more solvent being
used compared to when using nitrates and chlorides.[16]

2.3.2 Solvothermal synthesis

Synthesis by solvothermal methods involves both increased pressure and tempera-
tures in a sealed reaction vessel. This is done by adding the precursors to a TeflonTM
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(PTFE) reaction vessel. The reaction vessel is then placed in a stainless steel auto-
clave and sealed. In the case of MOF synthesis the precursors consists of a metal
source, an organic linker, a solvent and in some cases a modulator. The autoclave
with the mixture is then heated to a specified temperature for a specified time. Dur-
ing the heating, the pressure inside the reaction vessel increases with the temperature,
thus increasing solubility and the reactivity of the precursors. The most common
solvent used in solvothermal synthesis is water. The method is then referred to as
hydrothermal synthesis. When organic solvents are used the method is referred to
as solvothermal synthesis. [17] During this work, the solvents used with this method
will be water, DMF and methanol.

2.3.3 X-ray diffraction

The crystallinity and to some degree, the phase purity, of the synthesised MOFs will
be evaluated with X-ray diffraction (XRD). XRD is an analysis method where X-rays
are emitted at the sample. The incoming X-ray waves will interact with the sample
by scattering against the electrons in the atomic planes (if crystalline) in the material.
The scattering of the waves depends on the structure of the material. The attributes
that affects the scattering are atomic plane distance and the position of the atoms
in the planes. When scattered, the waves will change their phase relative to each
other depending on at which plane they scattered. The phase change can be either
constructive or destructive, giving rise to waves with lower or higher amplitudes
being detected. The interference is described by Bragg’s law, Equation 2

nλ = 2dsinθ (2)

where n is an integer, λ is the wavelength of the incoming X-rays, d is the distance
between the atomic planes, and θ is the angle of the incoming X-rays relative to
the atomic planes. A visualisation of Bragg’s law is presented in Figure 5. If the
material is crystalline, the resulting diffractogram will show clear peaks at the angles
where constructive interference occurs. If the material is amorphous, the X-rays will
interfere to the same degree no matter at which angle they are emitted at the sample.
An amorphous material will therefore produce a diffractogram without any distinct
peaks.
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Figure 5: A visual representation of the scattering in a crystalline material described
with Bragg’s law.

X-rays are most commonly generated by a copper source, producing either Cu-Kα

or Cu-Kβ radiation. It is important to know which radiations source is used when
comparing diffractograms against each other, since different wavelengths will produce
different diffraction patterns.

2.3.4 Fourier transformation Infrared Spectroscopy

Fourier transformation Infrared Spectroscopy (FTIR) will be used to further asses
if the material synthesised is a MOF and which functional groups may be present.
FTIR spectroscopy allows for basic chemical analysis by identifying bonds between
two or more specific atoms. The linkers and metal atoms in the material will have
their own characteristic bonds. Each of these characteristic bonds will have a specific
energy where they produce a band in the IR-spectra. With IR spectroscopy, a light
in the infrared range (4000-300cm–1) is emitted at the sample. Some of the light
emitted will be adsorbed by the sample, and some will be transmitted through the
sample. The light transmitted through the sample is detected, thus, the energy of
the light absorbed by the sample can be found. This value can then be used to
identify which bonds that are present in the material. The main use of FTIR during
this project will be to identify chemical shifts in the material compared the linkers IR
spectra. Doing so, it is possible to assess if the linker has reacted with the metal salt.
The method will also be used to examine if the shift differs with different reaction
conditions.

2.3.5 Thermogravimetrical analysis

Thermogravimetrical analysis (TGA) is an analysis method in which the materials
decomposition temperature can be analysed. The instrument is equipped with a
highly sensitive scale enclosed in a furnace with controllable gas flow. The sample
material is placed on the scale and the furnace is heated to a specific temperature.
Any weight loss of the sample during the heating is measured by the scale. The weight
loss of the sample can be from either decomposition, evaporation, or evaporation of
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solvents left in the material. TGA analysis is therefore a useful tool to asses the
temperature stability of a material.

2.3.6 Gas adsorption and BET-surface area

To asses the ability to adsorb gases in the synthesised materials, adsorption isotherm
evaluations will be performed. The evaluation will be done with nitrogen (N2),
carbon dioxide (CO2), sulphur hexafluoride (SF6), and methane (CH4). There are
several methods to analyse the gas adsorption in a material. The method used in
this project is a volumetric method due it being suitable for the measurement with
N2 at cryogenic temperature (77k) required for the surface area analysis. In this
method the amount of gas adsorbed is calculated from loss of gas, i.e. a decrease in
pressure in a vessel with a known volume, and closed with a specific pressure.

To ensure that the porosity of the sample is available for the sorption of the gas,
the sample is first degassed. The degassing is done by placing the sample in vacuum
an elevated temperature. After degassing a known amount of gas is introduced to
the sample tube, and the pressure is monitored until it has reached an equilibrium.
From the difference between the initial pressure and the equilibrium pressure, the
amount of gas adsorbed can be calculated. The adsorption determination is often
performed at several pressures to produce an adsorption isotherm plot where the gas
adsorption (usually in mol/g) is plotted against the relative pressure.

There are six main types of adsorption isotherms, depending on the adsorption prop-
erties of the material, Figure 6. A Type I isotherm indicates that the adsorption of
the adsorptive is in a pure monolayer form, resulting in a flat isotherm plot. De-
pending on the pore size the build up to a monolayer can be either fast or slow. This
changes the curvature of the plot in the low-pressure region, i.e. the knee. The ad-
sorption of a type I material ends when the adsorptive is arranged as in Figure 7 c).
A Type II isotherm indicates that the adsorption does not stop when a monolayer is
formed. Instead the adsorption continues after the knee and multilayers are formed,
Figure 7 d). This creates an S-shaped plot. A Type III isotherm is similar, but there
is no knee in the plot. The amount of adsorbed gas increases continuously from
the start, resulting in clusters or multilayers. The Type IV isotherm differs from
the three first by having two separate plateaus and two knees. Here the adsorptive
adsorbs like in the type I and II and creates a monolayer at lower pressures. At
higher pressures the adsorptive then condensates in the pores of the material, giving
rise to the second knee and plateau. The Type V isotherm is similar to type IV, but
without the first plateau since no monolayer is formed. The second plateau is arises
from clustering of the adsorptive, thus filling the pores in the adsorbent. The last
isotherm type, Type VI, has a step wise plot due to layers adsorbing on top of each
other. [18]

8



Figure 6: The six main types of adsorption isotherm plots.

Figure 7: The four main steps in gas adsorption, the blue area represents the sample
surface and the yellow circles the gas molecules. a) No adsorption b) begining of
monolayer or clusters c) monolayer d) multilayers or clusters forming on the mono
layer.

To determine the surface area from the gas adsorption the Brunauer-Emmett-Teller
(BET) method is applied. The method is the most widely used to asses the surface
area of porous materials. The method requires a clear knee in the isotherm plot, i.e.
a clear point where a mono layer is formed. To apply the method the isotherm plot
needs to be converted to a BET plot according to Equation 3.

p/p0

n(1− p/p0)
=

1

nmC
+

C − 1

nmC(p/p0)
(3)

where n is the amount of gas adsorbed, p/po, is the relative pressure, nm is the specific
mono layer capacity (the amount of absorptive needed to create a monolayer) and
C the BET-constant. The BET-constant is specific for each material and testing
conditions. If the relative pressure is plotted against n(1− p/p0), the specific mono
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layer capacity can be solved for. When the specific monolayer capacity is known, the
BET surface area can be solved for using Equation 4

A = nmLσm/m (4)
where L is Avogadro’s constant, m the mass of the sample, and σn the molecular
cross-sectional area of the adsorptive. The molecular cross-sectional area is the area
of each gas molecule when forming a monolayer on a surface of a known volume.[18]
This means that the surface area determination relies on that the gases are ph-
ysisorbed and that only a monolayer is formed at the equilibrium pressure. i.e, the
surface area can not be determined accurately if the adsorptive is reacting with the
sample material or forming clusters or multilayers.

3 Experimental

3.1 General synthesis procedures

All precursors were of analytical grade purity. Molar ratios between salt, linker, and
solvent, together with synthesis conditions for all synthesised materials are found in
Appedix A. If nothing else is stated, all syntheses were performed at small scale,
using a linker mass of 10 -300 mg, according to the following.

For all the syntheses the metal salts and the organic linkers were weighed and added
to test tubes. The solvent(s) and any modulator (HAc) were then measured and
added to the test tubes with an automatic pipette. The mixtures were shaken with
a vortex mixer until all solids had dissolved or dispersed evenly.
For the room temperature syntheses the mixture was transferred to either an Er-
lenmeyer flask or a beaker. It was then stirred on a magnetic stirrer at ambient
temperatures for 48h.

For the solvothermal and hydrothermal syntheses the mixture was transferred to a
PTFE reaction vessel. The reaction vessel was sealed in a stainless steel autoclave
and placed in a preheated oven. The time and temperature is specified for each
synthesis in Appendix A.

For the high temperature syntheses glass test tubes were used to mix the precursors.
The test tubes were then placed in a preheated heating block and left for the specified
time. For some of the high temperature synthesises the test tubes were monitored.
When any precipitate had formed, samples were taken each 15 minutes or when the
precipitate changed appearance. This was done for up to 4hours.

The precipitate produced with all methods was separated by centrifuging at 3800RPM
between 10 and 20min. The precipitate was then washed several times with either
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water, ethanol or DMF, depending on which synthesis method was used.

The methods for synthesising the crystalline materials that showed potential, either
by the porosity data, or crystallography data, were then optimised. This was done
by changing parameters such as reaction time, concentration, salt:linker ratio and
temperature. Some of the more promising solvothermally synthesised materials were
synthesis at room temperature as well. In those cases the same solvent that was used
in the solvothermal or high temperature synthesis was used.

3.1.1 Synthesis of porous materials

Solvothermal synthesis of Mg(H2tar)(DMF)
0.169 g (0.66 mmol) MgNO3•5H2O and 0.03 g (0.2 mmol) H2tar were added to a
test tube. 16,08 ml (0.207 mol) DMF was added to the test tube. The mixture was
stirred until all solids had dissolved. The solution was transferred to a 50ml Teflon
reaction vessel, which was placed in a stainless steel autoclave. The autoclave was
placed in a 120°C oven for 48h. The resulting white opaque mixture was centrifuged
at 3800RPM for 20min. The resulting white solids were washed 2 times with DMF,
then dried in a 70 °C oven over night.

Solvothermal synthesis of Mg(H2tar)(DMF,EtOH,H2O)
0.223 g (0.88 mmol) MgNO3•5H2O and 0.04 g (0.27 mmol) H2tar were added to a
test tube. 21.45 ml (0.276 mol)DMF, 1.44ml (0.02 4mol) EtOH, and 1.43 ml (0.079
mol) H2O were added to the test tube. The mixture was stirred until all solids had
dissolved. The solution was transferred to a 50ml Teflon reaction vessel, which was
placed in a stainless steel autoclave. The autoclave was placed in a 120°C oven for
48h. The resulting white opaque mixture was centrifuged at 3800RPM for 20min.
The resulting white solids were washed 2 times with DMF, then dried in a 70 °C
oven over night.

Solvothermal synthesis of Mg(H2dhbq)(DMF)
0.227 g (1.06 mmol) MgNO3•5H2O and 0.045 g (0.32 mmol) H2dhbq were added to
a test tube. 25.85 ml (0.336 mol)DMF was added to the test tube. The mixture was
stirred until all solids had dissolved. The solution was transferred to a 50ml Teflon
reaction vessel, which was placed in a stainless steel autoclave. The autoclave was
placed in a 120°C oven for 48h. The red mixture was centrifuged at 3800RPM for
20min. The resulting red solids were washed 2 times with DMF, then dried in a 70
°C oven over night.

Room temperature synthesis of Mg(H2dhbq)(DMF)
0.128 g (0.5 mmol) MgNO3•5H2O and 0.07 g (0.5 mmol) H2dhbq were added to a
test tube. 12.1 4ml (0.157 mol) DMF was added to the test tube. The solution
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was stirred until the solids had dispersed evenly in the solvent. The mixture was
transferred to a 25ml Erlenmeyer flask and stirred for 120h at room temperature
with a magnetic stirrer. The mixture of red particles and solvent was centrifuged
at 3800RPM for 20min. The resulting solids were washed 3 times with DMF, then
dried in a 70 °C oven over night.

Solvothermal synthesis of Zr(H2sa)(MeOH-HAc)
0.197 g (0.847 mmol) ZrCl4 and 0.1 g (0.847 mmol) H2sa was added to a test tube.
2.57 ml (0.0635 mol) MeOH was added to the test tube, first dropwise until the dry
material was soaked through. 0.049 ml (0.847 mmol) HAc was then added to the
mixture. Any larger lumps formed were broken up with a spatula. The mixture was
stirred until all solids had dissolved, and poured in to a 25ml Teflon reaction vessel.
The reaction vessel was placed in an autoclave and then placed in an 140°C oven for
3h. The resulting mixture was centrifuged at 3800RPM for 20min, and washed with
MeOH 3 times, then dried in a 70 °C oven over night.

3.2 Characterisation

3.2.1 X-ray diffraction

All samples were analysed with a Bruker D8 Advance Twin-Twin powder diffractome-
ter in the 2θ range 5-50°with a step size of 0.015°. Cu-kα radiation with a wavelength
of 1.5418 Å was used for the analysis. The samples were prepared by dispersing either
the dry powder, or a slurry of the powder and the solvent used in the synthesis, in
EtOH. The slurry was spread evenly on the sample holder. The solvents were left to
evaporate to form a film of the material on the sample holder. The diffraction data
was compared to possible known compounds that could have been produced during
the reaction. The diffraction data used for the comparison was downloaded from
Cambridge Structural Database or Inorganic Crystal Structure Database - ICSD.
[19] [20]

3.2.2 Thermogravimetrical analysis

The crystalline materials were evaluated for solvent sublimation and decomposition
with a Mettler Toledo TGA 2. The heating rate was set to 10K/min from 20°C up
to 800°C with an air flow of 60ml/min.
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3.2.3 Gas adsorption

The materials that had diffractograms typical for a MOF, i.e. high intensity peaks at
10°2θ or lower, were analysed for gas adsorption. The materials were dried at 70°C
in an oven either over night or for 3-5 hours. 50-100mg samples of the materials were
then degassed at 150°C for 3h using a Micrometics VacPrepTM . Samples showing
decomposition at temperatures below 150°C were degassed at 90°C for 6h. The de-
gassed samples were evaluated for porosity with a Micromeritics ASAP 2020 surface
area analyzer with N2 in a 77K liquid nitrogen bath. Adsorption measurements with
CO2, SF6, N2, and CH4 were done with the same instument in a 20°C water bath.
All adsorption measurements were performed up to a pressure of 1bar.

3.2.4 Fourier transformation Infrared Spectroscopy

All samples, which showed a porosity with any of the gases used in the adsorption
evaluation, as well as the organic linkers, were analysed dry with a Bruker Ten-
sor 27 with a platinum attenuated total reflectance (ATR) multiple crystal diamond
accessory.

3.2.5 Scanning electron microscopy

The materials were prepared for the evaluation by placing a small amount of the
sample on a sample holder. A piece of double-sided carbon tape had been attached
to the holder prior to sample application. The main attributes that were examined
were the morphology of the material, and if several distinct phases were present. The
microscope used was a Zeiss Merlin Field Emission Scanning Electron Microscope
(FESEM) with an acceleration voltage of 2.5kV and a probe current of 80pA. The
samples were sputter coated with a thin layer of Pd/Ag prior to imaging.

4 Results and discussion
The initial goal of this project was to synthesise MOFs at room temperature with
water as the solvent. This idea was dismissed halfway through the project when
the conventional synthesis methods produced materials that were more likely to be
MOFs. During the remainder of the project the focus was put on synthesis of MOFs
with conventional methods. The same sustainable metal salts and organic linkers
were used together with DMF or MeOH in the conventional synthesis.

To determine whether the synthesised materials were crystalline, they were examined
with XRD. The analyses showed that most of the materials were either amorphous
or just the salt or linker. This indicates that the precursors did not react with each
other, or formed an amorphous substance. In the cases where the diffractogram only
showed the linker, the linker might not have deprotonated. The deprotonation of the
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linkers is an important step in the synthesis of MOFs since it is needed for the metal
to bind to the linker.

In the case where the XRD showed just the salt, a plausible explanation is that the
salt failed to dissolve properly. This would hinder any reaction between the metal
ions and the linker. Another explanation for that no reaction occurred could be the
activation energy of the reaction. If the activation energy of the reaction forming a
MOF is higher than that of the re-crystallisation of the salt, no reaction will occur
and the salt will re-crystallise. Its also possible that the reaction to create a MOF
had a higher activation energy than what was provided from the heating or stirring.

Although most materials showed to be amorphous or a known compound, some of the
materials synthesised were novel and crystalline. The diffractogram of a MOF should
have high intensity peaks at 10°2θ or lower. At higher 2θ values, the peak intensity
should decrease. A few of the novel crystalline materials showed such diffractograms,
but most of them were later shown to be non-porous. For all the materials that did
show any porosity, the selectivity for the gases were calculated with Equation 1.

The crystallinity of the synthesised material are found in Appendix A. For some
materials the specific surface area (SSA) and gas uptake are presented in appendix
A as well. The diffractograms for the novel crystalline materials and the IR spectra
for the porous materials are found in Appendix B and Appendix C respectively.

Although some of the synthesised materials are crystalline and porous, there is no
assurance that the materials are in fact MOFs. To further characterise them to know
if they are MOFs, structural analyses have to be done. This would exceed the time
span of this project.

4.1 Magnesium-based materials

Altogether, 24 Mg-based materials were synthesised, Table A1 A1, and A3. Out
of them six were novel and crystalline. The diffractograms for the crystalline Mg
materials are presented in Appendix B Figure B1. Out of those six materials,
Mg(H2tar)(DMF), Mg(H2tar)(DMf,H2O,EtOH), and Mg(H2dhbq)(DMF) showed a
high surface area (189, 238, and 282 m2/g respectively) before optimisation. They
will from now on be referred to as Mg(1), Mg(2), and Mg(3). Materials with changed
molar ratios will be referred to with the materials short notation, followed by the
salt:linker ratio. The original material will be referred to with only the short nota-
tion. The precursors and synthesis conditions for these materials are found in Table
1.
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Table 1: Molar ratios for the porous Mg based materials. The material marked
with RT was synthesised at room temperature for 120h. The other materials were
synthesised at 120°C for 48h in autoclaves.

Material Notation MgNO3 H2dhbq H2tar DMF H2O EtOH
Mg(H2tar)(DMF) Mg(1) 1 - 0.302 314 - -
Mg(H2tar)(DMF,H2O,EtOH) Mg(2) 1 - 0.302 314 90 28
Mg(H2dhbq)(DMF) Mg(3) 1 0.302 - 314 - -
Mg(H2dhbq)(DMF)RT Mg(3)RT 1 1 - 314 - -

Table 2: Summary of the porosity and gas adsorption at 1bar for the porous Mg
materials.

SSA (m2/g) N2 (mmol/g) CO2 (mmol/g) CH4 (mmol/g) SF6 (mmol/g)
Mg(1) 189 - 0.29 - -
Mg(2) 268 0.142 0.63 0.09 0.31
Mg(3) 272 0.45 2.37 0.87 0.21

Mg(3)RT 129 0.38 2.38 0.89 0.23

4.1.1 Mg(1) and Mg(2)

Both of Mg(1) and Mg(2) resulted in a fine white crystalline powder after washing
and drying. The diffractograms did not have the appearance that typical MOFs
would have. Mg(1) had distorted peaks with low intensity1. Mg(2) had few but
sharp peaks, indicating a high symmetry in the structure and a large grain size,
Figure 8.

1Mg(1) was still analysed for porosity due to a mix up with a material that had an diffractogram
typical for a MOF.
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Figure 8: Diffractograms for Mg(1) and Mg(2) before any optimisation.

The diffractograms for Mg(2) turned out similar to Mg(1) when the salt:linker ratio
was increased from 1:0.302 to 1:4, Figure 10. This indicates that Mg(2) could be
a metastable phase of Mg(1). Another thing worth noting is that the particle size
in Mg(2) decreased when increasing the linker ratio. This is indicated by the peak
broadening in the diffractogram for Mg(2)1:4. It is also important to note that
the crystallinity of Mg(1) improved drastically when increasing the linker ratio to
Mg(1)1:4, Figure 9.

Figure 9: Diffractograms for Mg(1)
with different salt:linker ratios.

Figure 10: Diffractograms for Mg(2)
with different salt:linker ratios.

Increasing the reaction temperature to 140°C for Mg(2) did push the reaction far
enough to form a material similar to Mg(1) (and Mg(1)1:4) after 48h. Though
this material showed less peak broadening and an increased number of peaks in the
diffractogram. This could imply that Mg(1) is not the stable form of the material
either, Figure 11. The material did still show traces of Mg(2). Both Mg(1)1:4 and
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Mg(2)1:4 showed an improved crystallinity when synthesised at 140°C. Although the
mix of sharp peaks and wide low intensity peaks in Mg(2)1:4 140°C still indicates
that the material consists of several phases.

Figure 11: Comparison between the diffractogram for Mg(2) synthesised at 140°C
compared to Mg(1)1:4 synthesised at 120°C.

The idea that Mg(1) is not the stable phase of the material is further supported
by the SEM images of the material, Figure 12 and 13. In the figures two distinctly
different structures can be seen. One is cloud-like and the other is a network of spikes,
note the different scales. Since the material did have a surface area of 189m2/g, and
did adsorb CO2 to a degree, one of these phases could be a stable phase.

Figure 12: SEM image showing the
network of spikes and the cloud like
structures at the ends of the spikes in
Mg(1).

Figure 13: SEM image showing the
network of spikes in Mg(1).
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Figure 14: SEM image of the cubical
phase in Mg(2).

Figure 15: SEM image of the spheri-
cal phase in Mg(2), with an impression
of a particle of the cubic phase in the
bottom left corner.

Mg(2) also appeared to consist of two phases. One with large cubical crystals and
one with "fuzzy" spheres, Figure 14 and 15.
After further investigation of Mg(2)140°C, it was noticed that there were two differ-
ent types of particles in the dry powder. One white with small particles (<0.1mm),
and one translucent with larger particles (0.1-1mm).

XRD on the two particle types showed that the translucent particles were the Mg(1)
phase. The white particles were probably a mix between Mg(1), Mg(2) and an
unknown phase, Figure 16. The fact that Mg(2)140°C consisted of several phases
was further confirmed by the SEM analysis of the material, where two vastly different
phases were detected. One made of clusters of fine threads similar to the spikes in
Mg(1), Figure 18, and one of solid rectangular crystals, Figure 17.

Figure 17: SEM image of Mg(2)140C. Figure 18: SEM image of Mg(2)140C.
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Figure 16: XRD of the two phases present in Mg(2)140C

After running an adsorption test on Mg(2)140°C it showed a lower surface area
(107m2/g) than Mg(2) and an equal CO2 uptake (0.59mmol/g). The attempts at
optimising Mg(2) was therefore stopped.

/

Figure 19: TGA curve for Mg(1) and
Mg(1)1:4.

Figure 20: TGA curve for Mg(2).

Both Mg(1), Mg(1)1:4, and Mg(2) had good thermal stability. The major decompo-
sition step was at around 350°C for Mg(1) and Mg(1)1:4, and at 400°C for Mg(2).
The decomposition step at 150-200°C in Mg(2) is most likely due to that the material
still had traces of the main solvent (DMF) left, which boils at 153°C. This applies for
Mg(1)1:4 as well, though the amounts of solvent in the material was much higher.
All three materials had a thermal stability equal or better than magnesium MOFs
synthesised in other works. [21] [22] [23] [24] [25]

The idea that Mg(1)1:4 was the stable phase of Mg(1) and Mg(2) was dismissed after
Mg(1)1:4 was found to have a surface area and CO2 uptake considerably lower than
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Mg(1) (115 m22/g and 0.15mmol/g respectively).
Out of the two materials and after the attempts to optimise them, Mg(2) had the
highest surface area (268m2/g) as well as the highest CO2 uptake (0.63mmol/g).
Mg(1) had a lower surface area (189m2/g) and lower CO2 uptake (0.29mmol/g).

The isotherm curves for all the gases (except CH4) adsorbed by Mg(2) were linear,
Figure 21. This could imply that the pores in the material are much larger than the
kinetic radii of the gases tested. Larger pores results in weaker interactions with the
pore surface than if the pore size is tailored for a specific gas, Figure 3. The adsorbed
amount of the gases does not correspond to the kinetic diameter of the gases. CO2
has the smallest kinetic diameter of the gases tested, Table 3, but is the gas that
Mg(1) adsorbed the most of. The higher adsorption of CO2 can be assigned to the
high quadrupole moment and polarisability of CO2.[26] [27] [4] Due to the relatively
low adsorption of all gases Mg(2) did not show a high selectivity for any of the gases.

Table 3: Kinetic diameters of the gases used for the adsorption measurements. [2]
[27]

CO2 N2 CH4 SF6
Kinetic diameter (Å) 3.30 3.64 3.8 5.5

Figure 21: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C in Mg(2).

Figure 22: Isotherm plot for the ad-
sorption of N2 at 77K in Mg(2).
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Table 4: Selectivity of the different gases adsorbed by Mg(2) at 1bar.

SN2/ SCO2/ SCH4/ SSF6/

N2 - 4.5 0.64 2.14
CO2 0.22 - 0.22 0.48
CH4 1.56 7 - 3.44
SF6 0.45 2.03 0.29 -

During the attempts at optimising the two materials their diffractograms turned out
similar to Mg(1)1:4 when increasing the linker ratio or the temperature. No attempts
at decreasing the linker ratio was done. Doing so might improve the porosity of
Mg(2). The translucent phase in Mg(2)140°C had a diffractogram that could be a
MOF. Decreasing the linker ratio would decrease the amount of the Mg(1)1:4 phase
formed. Increasing the temperature could increase the formation of the MOF-like
material. It is therefore possible that decreasing the linker ratio, and increasing the
synthesis temperature could improve the porosity of Mg(2).

4.1.2 Mg(3)

After washing and drying, the material resulted in a fine red crystalline powder with
small amounts of ca 1mm black particles. This, together with the SEM images shows
that the material most likely is a mix of two different phases, Figure 23 to 25. The
material showed a crystallinity that would be expected of a MOF,ie. high intensity
peaks at around 10°, and lower intensity peaks at increasing 2θ values, Figure 26.

Figure 23: SEM image of the black
particles in Mg(3).

Figure 24: SEM image of the fine red
powder in Mg(3)

The material showed much more defined peaks in the diffractogram when the salt:linker
ratio was increased from 1:0.302 to 1:1, Figure 26. Mg(3)1:1 still consisted of two
phases, one red fine powder, and one with larger black particles.
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Figure 25: SEM image of the fine red
powder in Mg(3).

Figure 26: Mg(3) synthesised at 120°C
with different salt to linker ratios.

The black particle phase did not form when the 1:1 material was synthesised at a
lower temperature, 100°C. The 100°C synthesis was done for 24, 48 and 72h. The
black particles did however form in Mg(3)1:1 140°C with the same synthesis times.
This implies that the black phase is formed only at higher temperatures. In the
140°C synthesis, enough of the black particles were formed to examine them with
XRD, Figure 28. The black particles could not be matched with any known material.
No difference in crystallinity was found when comparing the diffractograms of the
different time and temperature synthesises, Figure 27 and 28. This indicates that the
material might form at a lower temperature. Somewhere between 100°C to 120°C,
the material either converts to the unknown phase, or the unknown phase is formed
from solution.

Figure 27: Diffractograms for
Mg(3)1:1 100°C with different synthe-
sis times.

Figure 28: Bottom three: Diffrac-
tograms for Mg(3)1:1 140°C with dif-
ferent synthesis times. Top: Diffrac-
togram for the black particles.
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The idea that the material forms at a lower temperature is supported by the synthesis
of the same material at 80°C and RT. At 80°C a material with the same crystallinity
as Mg(3) formed after 48h. The RT synthesis of the material started to show simi-
larities with Mg(3) after 24hours. It did however still show traces of the linker, and
the peaks in the diffractogram were not as well defined as in Mg(3). No significant
change in the diffractogram had occurred after 48h. After 120h, the peaks had be-
come more defined, but still not as defined as for Mg(3). The synthesis was therefore
stopped at that point. The material synthesised for 120h at RT will further on be
referred to only as Mg(3)RT.

Figure 29: Comparision between the
diffractograms for Mg(3)RT synthe-
sised at different times and Mg(3).

Figure 30: TGA curve for Mg(3) and
Mg(3)RT.

Both the 24h and 72h version of Mg(3)1:1 100°C showed a much lower surface area
(77m2/g and 72m2/g) than Mg(3). The attempts at synthesising the material at
lower temperature was therefor stopped.

Similar to Mg(2), Mg(3) and Mg(3)RT showed a small weight loss at 150-200 °C,
indicating that there still was solvent left in the material. At around 400 °C decom-
position of the material started. The same applies to Mg(3)RT, though the weight
loss from solvent sublimation was much higher. As with the other Mg materials, the
stabilities of Mg(3) and Mg(3)RT are good compared to other Mg based MOFs. [21]
[22] [23] [24] [25].

Out of the novel magnesium materials Mg(3) showed both the highest surface area
(282m2/g) and highest CO2 uptake (2.37mmol/g). The CO2 uptake is moderately
high compared to other MOFs. The uptake of N2 (0.45mmol/g), CH4 (0.87mmol/g)
and SF6 (0.21mmol/g) were significantly lower. The adsorption curve of CO2 would
classify the adsorptive properties as a Type 1 isotherm, Figure 31. The high ad-
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sorption of CO2 can be explained by a pore size more suitable for CO2 than to the
other gases. The higher quadrupole moment and polarizability of CO2 than for the
other gases also contributes to the higher uptake. The quadrupole moment and po-
larizability CO2 often results in stronger interaction with the adsorptive and pore
surface. [4] [27] [26]

When measuring the N2 adsorption of Mg(3) a new batch of the material was used.
This batch was degassed at 110°C instead of at 150°C that was used for the previ-
ous batch. The shift in temperature resulted in a substantially lower surface area
(160m2/g) and a much lower amount adsorbed of all the gases, Figure 36. This indi-
cates that the material still had traces of the solvent left in the pores after the 110°C
degassing. When the new batch was degassed at 150°C the porosity and adsorption
were equal to that of the first batch measured. This indicates that the material is
activated at a temperature somewhere between 110°C and 150°C. Activation of a
MOF is the process of evaporating any traces of solvents left in the pores.

Figure 31: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C in Mg(3) degassed at 150°C.

Figure 32: Isotherm plot for the ad-
sorption of N2 at 77K in Mg(3) de-
gassed at 150°C.

Mg(3)RT showed a larger surface area (129m2/g) than both Mg(3)1:1 100C materi-
als (77m2/g and 72m2/g). Even though the surface area of Mg(3)RT (129m2/g) was
lower than that of Mg(3) it showed equal gas uptakes, Figure 33. As with Mg(3),
this led to a moderately high selectivity for CO2 over the other gases, Table 5 and 6.
Mg(3)RT also showed a lower surface area (96m2/g) and gas uptakes when degassed
at 110°C, Figure 35.
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Figure 33: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C for Mg(3)RT120h degassed
at 150°C.

Figure 34: Isotherm plot for
the adsorption of N2 at 77K for
Mg(3)RT120h degassed at 150°C.

Figure 35: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C for Mg(3)RT degassed at
110°C.

Figure 36: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C for Mg(3) degassed at 110°C.

Table 5: Selectivity of the different
gases adsorbed by Mg(3) at 1bar.

SN2/ SCO2/ SCH4/ SSF6/

N2 - 5.26 1.93 0.47
CO2 0.19 - 0.37 0.09
CH4 0.52 2.72 - 0.24
SF6 2.14 11.29 4.14 -

Table 6: Selectivity of the different
gases adsorbed by Mg(3)RT at 1bar.

SN2/ SCO2/ SCH4/ SSF6/

N2 - 6.26 2.34 0.61
CO2 0.16 - 0.37 0.10
CH4 0.32 2.67 - 0.26
SF6 0.43 10.35 3.87 -
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4.2 Bismuth-based materials

Altogether, 36 Bi-based materials were synthesised, Table A4 and A5. Out of these,
17 had a novel crystallinity. The diffractograms for the novel crystalline Bi materials
are found in Appendix B Figure B2 and B3. Out of the crystalline materials, 11 of
them had diffractograms that could be MOFs. Non of those 11 materials showed any
noticeable porosity, Table A4 and A5.

4.3 Zirconium-based materials

Out of the 31 synthesised Zr based materials, only three were crystalline. Out of
these three, only Zr(H2sa)(MeOH-HAc), (From here on referred to as Zr(1)), showed
a high surface area (205m2/g) before optimisation. The molar ratios and synthesis
conditions for Zr(1) and its optimised version can bee seen in Table 7. The molar
ratios, synthesis conditions, and crystallinity for the other Zr material can be seen
in Table A6, to A9 in Appendix A.

Table 7: Molar ratios and synthesis conditions for the porous Zr based material
before and after optimisation. The optimised material is marked with *.

Material Notation ZrCl4 H2sa MeOH HAc Time Temp. Method a

Zr(H2sa)(M-HAc) Zr(1) 1 1 300 1 3h 120°C HT
Zr(H2sa)(M-HAc)* Zr(1)140°C 1 1 75 1 3h 140°C ST

a HT corresponds to high temperature synthesis in a heating block. ST corresponds to solvothermal synthesis
in an autoclave.

Table 8: Summary of the porosity and adsorption data for the first synthesised and
optimised Zr material.

SSA (m2/g) N2 (mmol/g) CO2 (mmol/g) CH4 (mmol/g) SF6 (mmol/g)
Zr(1) 205 - 0.42 - 0.30

Zr(1)140°C 550 0.05 0.59 0.12 0.83

4.3.1 Zr(1)

When synthesising the material the first time (high temperature synthesis), the sol-
vent evaporated after 45min. The resulting solids had a beige colour and showed
amorphous attributes in the diffractogram, Figure 37. The first batch did not yield
enough material for the adsorption evaluation. It was therefore synthesised in a
larger batch. The larger batch resulted in white solids. This batch did not show
any amorphous attributes, but had less pronounced peaks, Figure 37. Every other
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synthesis of the material resulted in white solids. This implies that the beige dis-
colouration must have come from impurities in the reaction vessel. The glass tubes
used in the heating block did not seal well. This combined with the low boiling
point of MeOH (64,7 °C) caused the MeOH to evaporate. It was therefore difficult
to asses if the precipitate formed from the increasing concentration caused by the
evaporation, or the increased reaction time. When increasing the concentration of
linker and salt 4 times, Zr(1)HC, the formation of solids occurred after 3h. This
implies that the concentration of salt and linkers was the main factor for crystallisa-
tion. The higher concentration was thereafter used for all syntheses. Zr(1)HC will
from here on be denoted only Zr(1). The increased concentration also resulted an
increased crystallinity, Figure37. The material was still not as crystalline as the first
synthesised material.

Figure 37: Comparison between the first synthesised (bottom), second (middle) and
high concentration (top) version of Zr(1). Note the vague and wide "bumps" in the
bottom diffractogram, these indicates that the material is partially amorphous.

When increasing the synthesis temperature from 120°C to 140°C one major peak
that was present in Zr(1) was lost. Other than that, the crystallinity of the material
improved. The intensity ratio of the peaks also started to look similar to the first
synthesised material, Figure 38.

The crystallinity improved slightly when increasing the salt:linker ratio from 1:1 to
1:2. Increasing the linker ratio further resulted in an amorphous material. Decreasing
the linker ratio to 1:0.5 decreased the crystallinity of the material. This indicates
that the optimal linker ratio is somewhere around 1:1 to 1:2, Figure 39. Allowing
the synthesis to run for 12h and 24h resulted in diffractograms identical with the 3h
material. Running the synthesis for 72h resulted in a mixed material with mainly
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Figure 38: Diffractograms for Zr(1)
synthesised at different temperatures.

Figure 39: Diffractograms for
Zr(1)140°C with different salt:linker
ratios.

and amorphous attributes, 40. This indicates that the material is not stable in the
solvent during long periods at 140°C. All the longer synthesises were performed in
autoclaves to counter the evaporation of the solvent. For the 24h and 72h synthesis,
the Teflon reaction vessel still contained high pressure after cooling. This indicate
that some gas producing reaction had started to occur sometime between 3h and
24h. The gas produce is most likely HCl formed by the free protons and chloride
ions in the mixture. It is therefor advised to not let the reaction run for more then
3h.[16]

Figure 40: Diffractograms for Zr(1)140°C synthesised for 3, 12, 24 and 72h.

Comparing the morphology of Zr(1) and Zr(1)140°C, the latter have a much more
defined crystallinity, Figure 41 and 42. This is also supported by the materials
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diffractograms, Figure 38. Some particles of the material showed an even higher de-
gree of crystallinity, indicating that the material can be further optimised to increase
crystallinity, Figure 43.

Figure 41: SEM image of Zr(1) Figure 42: SEM image of Zr(1)140°C.

Figure 43: SEM image of Zr(1)140°C.

Zr(1) showed a surface area of 205m2/g. The uptake of CO2 and SF6 at at 1bar
were 0.42mmol/g and 0.30mmol/g. These values are all low compared to other Zr
MOFs. Zr(1)140°C showed a large improvement over Zr(1) regarding both surface
area (550m2/g) and uptake of CO2 (0.59mmol/g) and SF6 (0.83mmol/g), Figure 45.
Zr(1)140°C also showed a more stable behaviour during the TGA analysis, Figure 44.
Where Zr(1) showed 4 vague decomposition steps, Zr(1) only showed two clear ones.
The first step at ca 50-100°C is due to evaporation of solvent still in the pores. At 250-
300°C the material starts to decompose. The increased surface area in Zr(1)140°C
could be due to the increased thermal stability. Zr(1), the material synthesised at
120°C, could have started to decompose when heated during the degassing stage. The
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thermal stability of Zr(1)140°C is still low compared to the other porous materials
synthesised during the project. Although, it is still in the range of what could be
expected of a MOF. [4]

Figure 44: TGA of Zr(1) and Zr(1)140C.

Figure 45: Isotherm plots for the ad-
sorption of N2, CO2, CH4, and SF6

and 20°C.

Figure 46: Isotherm plot for the ad-
sorption of N2 at 77K.

The CO2 uptake only increased by a small amount, but the SF6 uptake more than
doubled in Zr(1)140°C. The isotherm plot for SF6 follows the appearance of a Type I
Langmuir isotherm. The isotherm plots for the other gases have a linear appearance.
This, together with the higher amount of SF6 adsorbed, indicates that the pore size
is best suited for adsorption of larger molecules such as SF6. Though the higher
SF6 adsorption does not necessary arise only due to the pore size. SF6 has a higher
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polarizability than the other gases which can induce stronger interactions with the
pore surface. [28] This gives the material a high selectivity of SF6 over the other
gases, Table 9. Zr(1)140°C has a SF6/N2 selectivity of 17.7. 17.7 is high compared
to previously reported MOFs with high SF6/N2 selectivity. If the model used in this
report is applied the the adsorption values at 1 bar for UiO-66-Zr and MIL-100-Fe
in [28], their selectivities would be 7.25 and 14.40. Though it should be noted that
the adsorbed amount of SF6 at 1 bar is considerably lower in Zr(1)140°C than for
UiO-66-Zr and MIL-100-FE.

Table 9: Selectivity of the different gases adsorbed by Zr(1)140°C at 1bar.

SN2/ SCO2/ SCH4/ SSF6/

N2 - 11.60 2.60 17.70
CO2 0.09 - 0.22 1.43
CH4 0.38 4.46 - 6.38
SF6 0.06 0.70 0.16 -

4.4 Hafnium-based materials

Due to the similarities such as atomic radius (156 for Hf and 159 for Zr) and charge
between Zirconium and Hafnium, the Zr(1)140°C synthesis was done with Hf as
well.[29] The synthesis yielded, similar to the Zr material, a white powder. The
molar ratios and synthesis conditions for the Hafnium material are presented in
Table 10.

Table 10: Molar ratios for the Hf based material. The material was synthesised
solvothermal at 140°C for 3h.

Material Notation HfCl3 H2sa MeOH HAc
Hf(H2sa)(M-HAc) Hf(1) 1 1 200 1

Hf(1) showed traces of the two most distinct peaks in the Zr material, indicating that
they formed the same structure. Other than those two peaks the material was overall
amorphous and would require further optimisation before any other evaluation could
be done, Figure 47. Due to the time span of the project, this could not be carried out.
Since Zr(1)140°C showed a high surface area and SF6 uptake, Hf(1) could potentially
do the same since it might form a material with the same structure. Further work
with the material is needed to determine if this is true.
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Figure 47: Comparison between the Hf material, and Zr(1)140°C material with high
porosity.

5 Conclusion
3 novel porous magnesium based materials were successfully synthesised solvother-
mally with sustainable precursors in DMF. One novel zirconium based porous ma-
terial was synthesised solvothermally with sustainable precursors in MeOH. One of
the Mg materials showed a moderately high CO2 uptake of 2.38mmol/g and could be
synthesised both solvothermally and at room temperature. The Zr material showed
a remarkably high SF6 /N2 selectivity of 17.7. and a high surface area of 550m2/g

6 Future work
Most of the materials synthesised in this project did not show any noticeable poros-
ity. Further research is needed to conclude if the precursors from the failed syntheses
could be used to produce porous materials at different synthesis conditions. It is
difficult to asses in beforehand what synthesis conditions that could produce MOFs
since the synthesis is a "black box method" where very little is known about the
reaction chain. Its also difficult to asses the structure of the final material in be-
forehand, making it hard to do any theoretical calculations and estimations about
what synthesis conditions will be successful. Further research is also need to con-
firm if the porous materials could be optimised further, and if the Hf-salt and H2sa
could produce a porous material with similar synthesis conditions as the Zr-material.
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Another thing that should be done is to evaluate the stability and adsorption perfor-
mance of the porous materials in an environment similar to that of the application
they are intended for. Lastly, a structural analysis should be performed on the porous
materials to establish their structure, pore size, and to assure that they are in fact
MOFs.
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Appendix A

Magnesium-based materials
Table A1: Molar ratios, crystallinity and adsorption properties for the solvo- and
hydrothermal Mg-based materials synthesised at 120°C for 48h. Materials marked
with * were from the optimisation process, hence even if they showed a crystallinity
expected of a MOF, not all of them were evaluated for porosity.

Linker Salt Linker Solvent(s) XRDa SSA (m2/g)b CO2 ads. (mmol/g)
MgNO3-water
H2res 1 0.5 300 L - -
H2quer 1 0.5 300 N - -
H3ea 1 0.5 300 L - -
H2sa 1 0.5 300 N - -
H2tar 1 0.5 300 N - -
H2hdbq 1 0.5 300 N - -
MgNO3-DMF
H2res 1 0.302 314 N - -
H2quer 1 0.302 314 S - -
H3ea 1 0.302 314 M 19 -
H2sa 1 0.302 314 A - -
H2tar 1 0.302 314 C 189 0.29
H2hdbq 1 0.302 314 M 282 2.37
H2hdbq* 1 0.5 314 M – –
H2hdbq* 1 1 314 M – –
H2hdbq* 1 4 314 C – –
MgNO3-DMF, EtOH, H2O
H2res 1 0.302 314, 28, 90 N - -
H2quer 1 0.302 314, 28, 90 A - -
H3ea 1 0.302 314, 28, 90 L - -
H2sa 1 0.302 314, 28, 90 S - -
H2tar 1 0.302 314, 28, 90 M 268 0.561
H2tar* 1 0.5 31428, 90 M - -
H2tar* 1 1 31428, 90 M - -
H2tar* 1 4 31428, 90 M - -
H2hdbq 1 0.302 314, 28, 90 M - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram too
simple to be a MOF, L to linker, M to a potential MOF, N to no solids forming, and S corresponds
to the metal salt.
b Langmuir surface area measured with nitrogen at 77K.
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Table A2: Molar ratios for the room temperature synthesis of Mg-based materials.

Linker Time (h) Salt Linker Solvent XRDa SSA (m2/g)b CO2 ads. (mmol/g)
MgNO3-water
H2res 48 1 0.5 300 L - -
H2quer 48 1 0.5 300 M 19 -
H3ea 48 1 0.5 300 L - -
H2sa 48 1 0.5 150 N - -
H2tar 48 1 0.5 200 N - -
H2hdbq 48 1 0.5 200 L - -
MgNO3-DMF
H2hdbq 120h 1 1 314 M 129 2.38

a L corresponds to the linker, M to a potential MOF, and N to no solids forming.
b Langmuir surface area measured with nitrogen at 77K.

Table A3: Molar ratios for the high temperature synthesis at 120 °C of Mg(H2tar)(DMF) and
Mg(H2tar)(DMF,EtOH,H2O) with different molar ratios.

Linker Time (h) Salt Linker Solvent(s) XRDa SSA (m2/g)b CO2 ads. (mmol/g)
MgNO3-DMF
H2tar* 48 1 0.302 314 C - -
H2tar* 48 1 0.5 314 C - -
H2tar* 48 1 1 314 C - -
H2tar* 48 1 4 314 C/M 115 0.15
MgNO3-DMF,H2O,EtOH
H2tar* 48 1 0.302 314,28,90 M - -
H2tar* 48 1 0.5 314,28,90 M - -
H2tar* 48 1 1 314,28,90 M - -
H2tar* 48 1 4 314,28,90 M - -

a C corresponds to a crystalline material with a diffractorgram too simple to be a MOF, and M to a potential
MOF.
b Langmuir surface area measured with nitrogen at 77K.
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Bismuth-based materials

Table A4: Molar ratios for the solvo- and hydrothermal synthesis of Bi-based materials for
48h.

Linker Salt Linker Solvent XRDa SSA (m2/g)b CO2 ads. (mmol/g)
Bi(NO3)3-water
H2res 1 0.5 300 C - -
H2quer 1 0.5 300 C - -
H3ea 1 0.5 300 M 19 -
H2sa 1 0.5 150 M 20 -
H2tar 1 0.5 200 M - -
H2hdbq 1 0.5 200 M 20 -
Bi(NO3)3-DMF
H2res 1 0.302 314 C - -
H2quer 1 0.302 314 O - -
H3ea 1 0.302 314 A - -
H2sa 1 0.302 314 C -
H2tar 1 0.302 314 A - -
H2hdbq 1 0.302 314 A - -
Bi(NO3)3-MeOH
H2res 1 11.5 4800 A - -
H2quer 1 0.302 314 O - -
H3ea 1 0.302 314 M 45 -
H2sa 1 0.302 314 N -
H2tar 1 0.302 314 M 16 0.16
H2hdbq 1 0.302 314 M - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram
too simple to be a MOF, M to a potential MOF, N to no solids forming, and O corresponds to
the metal oxide,.
b Langmuir surface area measured with nitrogen at 77K.
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Table A5: Molar ratios for the room temperature synthesis of Bi-based materials for 48h.

Linker Salt Linker Solvent Modulator XRD a SSA (m2/g)b CO2 ads. (mmol/g)
Bi(Ac)3-water -HAc
H2res 1 0.5 200 0.1 S - -
H2quer 1 0.5 300 0.1 S - -
H3ea 1 0.5 300 0.1 S - -
H2sa 1 0.5 100 0.1 S - -
H2tar 1 0.5 200 0.1 S - -
H2hdbq 1 0.5 200 0.1 M 24 -
Bi(NO3)3-MeOH
H2res 1 1 300 - M 20 -
H2quer 1 1 300 - M 20 -
H3ea 1 1 300 - A - -
H2sa 1 1 300 - A - -
H2tar 1 1 300 - A - -
H2hdbq 1 1 300 - S - -
Bi(NO3)3-MeOH
H2res 1 4 300 - C - -
H2quer 1 4 300 - M - -
H3ea 1 4 300 - - - -
H2sa 1 4 300 - A - -
H2tar 1 4 300 - A - -
H2hdbq 1 4 300 - C - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram too simple to be a
MOF, M to a potential MOF, and S corresponds to the metal salt.
b Langmuir surface area measured with nitrogen at 77K.
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Zirconium-based materials

Table A6: Molar ratios for the solvo- and hydrothermal synthesis of Zr-based materials for
48h at 120°C.

Linker Salt Linker Solvent(s) Modulator XRDa SSA (m2/g)b CO2 ads.(mmol/g)
ZrCl4-Water-HAc
H2res 1 1 332 0.07 L - -
H2quer 1 1 332 0.07 A - -
H3ea 1 1 332 0.07 L - -
H2sa 1 1 332 0.07 A - -
H2tar 1 1 332 0.07 A - -
H2hdbq 1 1 332 0.07 M 68 -
ZrCl4-DMF-HAc
H2res 1 1 500 1 A - -
H2quer 1 1 500 1 A - -
H3ea 1 1 500 1 A - -
H2sa 1 1 500 1 A - -
H2tar 1 1 500 1 A - -
H2hdbq 1 1 500 1 A - -
ZrCl4-DMF,H2O-HAc
H2res 1 1 500, 3 1 A - -
H2quer 1 1 500, 3 1 A - -
H3ea 1 1 500, 3 1 A - -
H2sa 1 1 500, 3 1 A - -
H2tar 1 1 500, 3 1 A - -
H2hdbq 1 1 500, 3 1 A - -

a A corresponds to an amorphous material, L to linker, M corresponds to a potential MOF.
b Langmuir surface area measured with nitrogen at 77K.
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Table A7: Molar ratios for the room temperature synthesis of Zr-based materials for 48h.

Linker Salt Linker Solvent Modulator XRD a SSA (m2/g)b CO2 ads.( mmol/g)
ZrCl4-water -HAc
H2res 1 1 300 - L - -
H2quer 1 1 300 - C - -
H3ea 1 1 300 - L - -
H2sa 1 1 300 - N - -
H2tar 1 1 300 - C - -
H2hdbq 1 1 300 - C -
ZrCl4-MeOH
H2sa 1 1 300 1 N - -
ZrCl4-EtOH
H2sa 1 1 300 1 N - -

a L corresponds to the linker, C to a crystalline material with a diffractorgram too simple to be a MOF, and N
corresponds no solids forming.
b Langmuir surface area measured with nitrogen at 77K.
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Table A8: Molar ratios for the high temperature synthesis at 120 °C of Zr-based materials
for varied times. The same crystallinity noted in column XRD applies for both the shorter
and longer synthesis time.

Linker Time(h) Salt Linker Solvent Modulator XRD a SSA (m2/g)b CO2 ads. (mmol/g)
ZrCl4-DMF -HAc
H2quer 4 1 1 500 1 A - -
H2sa 4 1 1 500 1 A - -
H2tar 4,24 1 1 500 1 N - -
H2lc 4, 24 1 1 332 0.07 L - -
ZrCl4-MeOH-HAc
H2quer 4 1 1 332 0.07 A - -
H2sa 4,24 1 1 100 0.1 C
H2sa 4,24 1 1 75 1 M 205 0.42
H2tar 4, 24 1 1 200 0.1 N - -
H2lc 4, 24 1 1 332 0.07 A - -
ZrCl4-Water-HAc
H2sa 1 1 1 300 1 M - -
H2lc 4, 24 1 1 332 0.07 L - -
ZrCl4-EtOH-HAc
H2sa 1 1 1 75 1 A - -
H2lc 4, 24 1 1 332 0.07 L - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram too simple to be a MOF, L to
linker, M to a potential MOF, and N corresponds to no solids forming.
b Langmuir surface area measured with nitrogen at 77K.
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Table A9: Molar ratios for the solvothermal synthesis of Zr(H2sa)(MeOH) at 140 °C for
varied times.

Linker Time(h) Salt Linker Solvent Modulator XRD a SSA (m2/g)b CO2 ads. (mmol/g)
ZrCl4-MeOH
H2sa 3 1 1 75 1 Mc 550 0,59
H2sa 12 1 1 75 1 Mc - -
H2sa 24 1 1 75 1 Mc - -
H2sa 72 1 1 75 1 M/A - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram too simple to be a MOF, L to
linker, M to a potential MOF, N to no solids forming, O to the metal oxide, and S corresponds to the metal salt.
b Langmuir surface area measured with nitrogen at 77K.
c Identical diffraction patterns.

Hafnium-based materials

Table A10: Molar ratios for the solvothermal synthesis of Hf-based material for 3h.

Linker Salt Linker Solvent Modulator XRD a SSA (m2/g)b CO2 ads.(mmol/g)
HfCl3-MeOH -HAc
H2sa 1 1 200 1 M/A - -

a A corresponds to an amorphous material, C to a crystalline material with a diffractorgram too simple to be
a MOF, L to linker, M to a potential MOF, N to no solids forming, O to the metal oxide, and S corresponds
to the metal salt.
b Langmuir surface area measured with nitrogen at 77K.
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Appendix B

Figure B1: Diffraction patterns for the crystalline Mg materials before optimisation. Materi-
als denoted with RT were synthesised at room temperature, the rest were synthesised either
solvo- or hydrothermal. 45



Figure B2: Diffraction patterns for the crystalline Bi materials, synthesised solvothermally
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Figure B3: Diffraction patterns for the crystalline Bi materials, synthesised hydrothermally
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Figure B4: Diffraction patterns for the crystalline Bi materials synthesised at room temper-
ature.
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Figure B5: Diffraction patterns for the crystalline Zr materials. Materials denoted with RT
were synthesised at room temperature, the rest were synthesised either solvo- or hydrother-
mal.
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Appendix C

Figure C1: IR spectra for Mg(1) and H2tar.

Figure C2: IR spectra for Mg(2) and H2tar.
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Figure C3: IR spectra for Mg(3) and H2dhbq.

Figure C4: IR spectra for Zr(1)140°C and H2sa.
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