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Abstract
Hedbom, D. 2025. Adsorbent Characteristics and Pollutant Capture in Metal-Organic
Framework Design. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 2496. 69 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-2360-2.

As our understanding of the environmental impact of anthropogenic pollution has grown, so
too, has the need for strategies to capture pollutants from often complex environments, such as
the Earth's atmosphere or water. One possible sorbent for such applications is the metal-organic
framework or MOF. In this thesis, we explore and attempt to characterise and summarise the
outcomes of various approaches in the design of MOFs, as well as a few theoretical and practical
technical applications.

Novel materials involved were, with the organic linker TBAPy (4,4’,4”,4”’- (pyrene-1,3,6,8
tetrayl)-tetrabenzoic acid): Ga-TBAPy, V-TBAPy, Hf-TBAPy, Yb-TBAPy, Tm-TBAPy and Ce-
TBAPy.  With the TCPB (4’,5’-bis(4-carboxyphenyl)-[1,1’:2’,1”-terphenyl]-4,4”-dicarboxylic
acid) organic linker: Ga-TCPB and V-TCPB.

TBAPy MOFS such as Ga-TBAPy were found to have a relatively high SF6 uptake at 100
kPa (3.5 mmol/g, 298 K) and 1.33 mmol/g at 10 kPa, compared to the TCPB-MOFs which had
a significantly higher uptake at 10 kPa (2.26 mmol/g, 298 K) and 2.95 mmol/g at 100 kPa.  This
low-pressure uptake in TCPB-MOFs, combined with a very low uptake of N2 under the same
conditions, resulted in IAST selectivities of as high as 418 in Ga-TCPB.

MOFs based on other strategies, UU-200 (or Bi-H3BTC (benzene-1,3,5-tricarb oxylic
acid)) and UiO-67-F2 (Zr-3,3'-difluoro-[1,1'-biphenyl]-4,4'-dicarboxyl -ic acid), also showed
interesting characteristics.

UU-200 was found to have a promising CO2 uptake of 2 mmol/g (293 K, 100 kPa), and a
high low-pressure uptake at 0.82 mmol/g (15 kPa 298 K). UU-200 was also markedly different
than other examined MOFs in the sense that it is a narrow-pore material.

UiO-67-F2 was found to have a very high uptake of SF6 at 5.2 mmol/g (298 K, 100 kPa),
it may be an interesting sorbent for SF6 storage. The uptake of perfluorinated octanoic acid
(PFOA), from aqueous solution was also investigated in the case of UiO-67-F2. Under what
can be considered standard benchmarking conditions (298 K, 1 mgMOF/mlSuspension, 1000 mgPFOA/
mlH2O, it was found that UiO-67-F2 had a very high uptake 928 mgPFOA /gMOF in addition, the
saturation uptake at 1 700 mg/g (at 3200 mgPFOA /mlH2O which is among the highest uptakes
currently available in published literature.
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The woods are lovely, dark and deep 
But I have promises to keep 

And miles to go before I sleep 
And miles to go before I sleep 

     /Robert Frost 
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Chapter 1: Introduction 

1.1 Anthropogenic Global Warming 
We live in an era of heightened global environmental awareness, which began 
growing during the 20th century. This awareness has brought many anthropo-
genic (derived from the Greek anthropos, meaning "man," and genesis, mean-
ing "origin") and other environmental challenges into focus. 

These challenges are not only matters of public concern but also key focal 
points of scientific inquiry. Contemporary environmental threats are numer-
ous, encompassing both confirmed hazards and emerging concerns. A recur-
ring characteristic of many anthropogenic pollutants is the unintended pres-
ence of synthetic chemicals in ecosystems where they do not naturally occur, 
leading to adverse effects that are difficult to reverse. From a thermodynamic 
perspective, this issue relates to entropy: once a substance is released into a 
system, it disperses within that system. Efforts to remediate chemicals from 
the environment must contend with this entropically driven spread.  

A perspective from environmental chemistry of CO2, considers CO2 as part 
of the global carbon cycle. In this cycle, one form of carbon is present as at-
mospheric CO2, which is naturally captured by rain, seawater, and other pro-
cesses, and sequestered in sediments to form carbonate rock, biomass (e.g., 
trees and algae), and other forms. The current challenge lies in the atmospheric 
portion of the carbon cycle being overloaded with CO2 at a rate too high for 
natural sequestration to mitigate radiative forcing. As shown in Figure 1, the 
net atmospheric growth of CO2was 17 gigatons (Gt) in 2019.(1) This substan-
tial amount of CO2 ideally needs to be kept out of the carbon cycle.  

A complement to carbon capture and utilization for environmental pur-
poses is the potential for economic gain or industrial opportunity. Figure 1 
illustrates that several economic opportunities currently exist in CO2utiliza-
tion, such as fuels, chemicals, and biomass-related products (e.g., microalgae). 
(1) This suggests a global possibility to simultaneously reduce radiative forc-
ing and generate industrial revenue through CO2pathways. While this thesis 
does not focus on such chemistry, it is clear that any such endeavours must 
involve capturing and storing CO2.  
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Figure 1 Gigatons (Gt) of CO2present in carbon cycle stocks and net flows, including 
potential removal and utilization pathways. Reproduced with permission from 
Springer Nature (1) 

Additionally, current research suggests that the capacity of the ocean and lith-
osphere to sequester CO2 will decrease in proportion to further increases in 
atmospheric concentration.(2) In summary, there is a critical need to halt fur-
ther emissions and reduce the amount of CO2 already present in the atmos-
phere to prevent future environmental issues from escalating exponentially. 
Carbon dioxide was one of the first identified drivers of global warming. Since 
then, it has been established that the atmospheric portion of the carbon cycle 
involves CO2's presence in the atmosphere for extended periods after which it 
is absorbed by photosynthesis, or transfers to the hydrosphere etc. Science has 
also differentiated between naturally occurring radiative forcers and those 
caused by human activity. It has also been discovered that other gases—both 
natural and anthropogenic—also contribute to radiative forcing. (3) Essen-
tially, any gas that absorbs photons in the infrared spectrum while being trans-
parent to visible-range photons can act as a radiative forcer. To compare these 
forcers with CO2, scientists calculate their effects, atmospheric lifespans, and 
impacts as CO2 equivalents standardized over specific time periods (our stand-
ard is over 100 years). 

One such radiative forcer is sulphur hexafluoride (SF6), an anthropogenic 
gas used in the electronics industry. SF6 is popular due to its stability and low 
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polar moment, making it an ideal gaseous arc suppressant commonly used in 
transformers. However, its same stability and high radiative forcing effect give 
it a CO2equivalent of 23,000 over a 100-year period. This means 1 kg of SF6 
has the same global warming impact as 23,000 kg of CO2. (3) Gases like SF6 
are challenging to capture once released into the atmosphere so efforts to mit-
igate their impact often, as in this research, are focused on containing emis-
sions at the source. 

In this thesis, we will primarily be discussing SF6, CO2, and N2. The kinetic 
radii, polarizability and quadrupole-moment of these sorbate molecules are 
available in table 1.(4,5) SF6 and CO₂ are targeted adsorbate molecules which 
we aim to capture from various systems. Nitrogen is not, as such, a targeted 
greenhouse gas (GHG) but a commonly utilised probe molecule.  
Table 1, Kinetic diameters, polarizability and quadrupole moments of N2, CH4, CO2 
and SF6.(4,5) 

Gas Kinetic- 
Diameter [Å] 

Polarizability 
[×10−25 cm3] 

Quadrupole- 
Moment [×10−26 esu·cm2] 

N2 3.68 17 1.5 
CO2 3.3 29 4.3 
CH4 3.8 26 - 
SF6 5.5 6.5 - 

As we can see, N₂ has a much lower quadrupole moment than CO₂ (quadru-
pole moment here signifying the spatial variation of charge over the molecule) 
and a slightly larger kinetic diameter. SF6, in contrast, is significantly larger 
and has no quadrupole moment, but high polarizability. In addition to describ-
ing the physical size of these adsorbates, this gives us an idea of how these 
gasses would behave in the adsorbed state. The term is diameter, but these 
molecules are not spherical and will have a slightly different area on an ad-
sorbent depending on the adsorbent surface properties. In other words, po-
rosity and SSA calculated using N₂ at 77 K may not necessarily reflect the 
conditions experienced by probes such as CO₂ or SF₆ at 298 K, especially 
on an energetically heterogenous adsorbent, and this effect will vary depend-
ing on adsorbate. 

1.2 Environmental remediation of other pollutants  
Another environmental issue growing alongside increasing global tempera-
tures, is polluted drinking water. Emerging concerns, such as polyfluorinated 
alkyl substances (PFAS), highlight the prevalence of chemically stable, 
health-affecting molecules in aqueous solutions. Historically PFAS have been 
widely produced since the mid-20th century for applications such as non-stick 
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surfaces, water repellents, and firefighting foams. The highly stable fluorine-
carbon bond and surfactant properties of PFAS have made them industrially 
versatile but have also led to their classification as "forever chemicals." Their 
persistence in the environment and harmful effects on human health have 
raised significant concerns globally, including in Sweden, where PFAS con-
tamination in drinking water is increasingly recognised and large investments 
being made toward remediation. (6–8) 

1.3 Historical Sorbents, Limitations 
Early examples of porous nanomaterials, such as zeolitic imidazolate frame-
works (ZIFs) and zeolites, were often inspired by naturally occurring struc-
tures. Zeolites in fact, get their name from naturally occurring such structures 
such as stilbite.(9) These materials high surface areas and tuneable properties 
make them useful for applications such as catalysis, filtration, and environ-
mental remediation where they can trap, degrade, or transform pollutants. (10–
12)  

Materials do however have their strengths and weaknesses from a materials 
science perspective. Historically, a "cure-all" material has been activated car-
bon, whose popularity is attributed to its relatively large surface area and rea-
sonably low material cost, in combination with the possibility to add func-
tional groups to the surface. This was later improved upon by more modern 
materials such as zeolites, where the high degree of order makes the sorbent 
characteristics more predictable and controllable. (4,13) However, this im-
provement comes with drawbacks, including very complex high-temperature 
synthesis, which in many cases is unscalable and quite challenging. In addition 
to inerrant problematic characteristics such as hydrophilicity.(14) Hydro-
philicity being a problem since pores in such materials will tend to clog with 
moisture, in addition to adding very high regeneration energies. Historical po-
rous materials, in other words, leave us wanting materials which are tailorable, 
scalable and crystalline while remaining technically relevant. 

1.4 Advanced Porous Sorbents 
To address the needs of modern environmental chemistry, materials science 
research has focused on among other things, nanomaterials, and porous mate-
rials. Nanomaterials are engineered at the nanoscale, sometimes down to the 
atomic level, while porous materials are characterised by internal voids or 
pores, often crucial to their functionality. Combining these categories creates 
porous nanomaterials, considered modern "super-materials" due to their ad-
vanced molecular control and significant porosity. There are many such ma-
terials present in contemporary nanotechnology, with applications ranging far 
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and wide, from assisting in drug solubility, to gathering moisture from desert 
air.(15–17) Most applications having in common that they lean on the surface 
area of these materials. 

Surface area can perhaps be thought of as the surface accessible to a par-
ticular probe, while pore size distribution refers to the hierarchy of pore sizes 
experienced by the probe molecule. A larger surface area provides a poten-
tially larger surface for interaction, making the sorbent more gravimetrically 
efficient (more surface per unit mass). A suitable pore size distribution implies 
a structure in which the adsorbate can access the surface area and is preferably 
forced to interact with it as frequently as possible. 

Enthalpy can be considered a driving force in gas sorption, if the sorbate 
gas is energetically favoured to adsorb, and the resulting change causes a suf-
ficient reduction in Gibbs free energy to facilitate adsorption: the sorbate ad-
sorbs. However, the adsorption takes place in a dynamic system, not so sim-
ple—adsorption sites are often energetically heterogeneous and fill progres-
sively as adsorption proceeds. Adsorption is a complex process.  

An umbrella term often used in describing adsorption processes, is "pore-
size effects". This umbrella-term commonly refers to a variety of kinetic ef-
fects related to the kinetic diameter of the sorbate and the internal pore diam-
eters of the material being beneficial in terms of increasing uptake. Pore size 
effects can also affect the mechanism of adsorption, narrow, long pores can 
offer environments in which adsorbate in the adsorbed state can interact dif-
ferently than on a flat surface. In advanced porous adsorbents, both porosity 
and enthalpy are properties which are target strategies to tailor for specific 
applications. The possibility to change these properties render porous nano-
materials increasingly regarded as valuable tools meeting the challenge of sus-
tainable solutions to persistent environmental issues, such as greenhouse gas 
reduction and PFAS remediation. (18,19) 
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Chapter 2. Metal-Organic Framework 
Materials and Gas sorption 

The porous sorbents in this thesis, metal-organic framework materials, or 
MOFs, belong to a category of materials historically known as coordination 
compounds. Or more specifically, coordination polymers, which was how 
MOF-like structures were known historically.(20) Materials such as zeolites, 
another porous material, which is a naturally occurring mineral (stilbite), have 
been observed in nature long before their exact structures and chemistry were 
understood. (21)  

It is in modern materials science the name and definition of MOFs arose 
during the early 2000s, in publications such as those by Kitagawa et.al, Yaghi 
et.al.(20,22,23) These publications included materials such as Yaghi’s 
Zn2(BTC)(NO3)·(H2O)(C2H5OH)5, the organic ligand in which is the same 
as the one in article IV in this thesis. In these publications the name coordina-
tion polymers was refined into the more specific term metal-organic frame-
works. Which as the name implies includes only materials where the coordi-
nation centre is a metal, differentiating from other man-made coordination 
compounds such as Prussian blue (an early artificial blue pigment).  

A pivotal concept in defining MOFs was that of the secondary building 
unit, SBU. While coordination chemistry included concepts such as the coor-
dination geometry of ions and metals, the SBU is a more complex construction 
containing multiple metals and coordinating atoms (often oxygen or hydroxyl 
ions).(24,25) 

The bond between the linker and the SBU is often defined as a coordination 
bond. The combination of these building blocks results in a material where the 
coordination geometry of the metal and SBU significantly influences the po-
rosity and the type of 3D structure that can be formed, while the organic linker 
greatly impacts the surface-chemical properties and interactions. By under-
standing and combining these two characteristics, we can attempt to design 
MOFs as advanced porous sorbents for very specific purposes. 

Structurally speaking, this highly ordered combination of SBUs and or-
ganic linkers has the potential to produce materials with very well-defined 
short- and long-range order, or in other words, highly crystalline structures. 
Crystallography is thus invaluable in describing and understanding the struc-
ture of MOFs. It is also a powerful tool for predicting which applications may 
be suitable for a given structure. The crystallinity and structural order present 
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in as-synthesised MOFs can be preserved during post-synthesis modification 
to create materials that retain these qualities. This, in turn, allows their use in 
fields not directly related to environmental remediation, such as heterogene-
ous catalysis, nanoparticle synthesis, or a combination of both.(26,27) 

In MOF and general sorbent design, there is a myriad of material charac-
teristics to consider, many of which may seem impossible to combine. How-
ever, a few general attributes are always desirable such as structural stability, 
selectivity, suitable enthalpy of the sorbate/sorbent pair, high surface area, 
high crystallinity, and high sorbate uptake, to name a few. 

Ultimately, desired characteristics must meet the demands of the applica-
tion from technical, economic, and environmental perspectives. Technically, 
factors such as cyclability, selectivity, and suitable kinetics may be critical. 
Economically characteristics such as synthesis pathways, cyclability, and 
composition are key considerations. Environmentally- synthesis methods, ma-
terial composition, and cyclability are often important factors. In short, there 
are many considerations.  

For separation processes involving direct air capture (DAC) of GHGs, en-
thalpy is particularly significant, as are environmental impact and cyclability. 
Many successful DAC applications today rely on chemical absorption to scrub 
CO₂ directly from the atmosphere. Commonly, monoethanolamide in water is 
used, which is regenerated by boiling. Another industrial scale applied exam-
ple is the Benfield process, a hot potassium carbonate method currently em-
ployed for point-source CO2 capture in locations such as Stockholm (Stock-
holm Exergi). There are also examples of commercial scale DAC/sequestra-
tion in Iceland (Climeworks). These technologies are still in their infancy; 
however, it is apparent that function may take precedence over immediate en-
vironmental impact in cases such as monoethanolamine use. As monoethano-
lamine in itself is poisonous (oral and dermal toxicity, respiratory injury), and 
regenerating it involves high pressures and temperatures. Of course, it would 
be ideal to not cause ecological damage in the pursuit of lessening global 
warming.  

In MOFs, the general approach is to design the material to function as a 
physisorbent. That is to say, the sorbate/sorbent interaction involves a low, but 
not too low, enthalpic exchange. Physisorption is commonly characterised by 
enthalpy values similar to those of condensation, typically ranging from 2 to 
20 kJ/mol (in contrast, chemisorption ranges from 80 to 200 kJ/mol).(28)  
Higher changes in enthalpy are, as such, indicative that a chemical reaction 
may be taking place during sorbate adsorption. A common chemisorptive is 
the molecular sieve (often zeolites) where water can be removed to produce 
dry solvents, at the cost of lengthy high temperature activation steps. In many 
MOFs, a high enthalpy change would suggest that, in practical applications 
the desorption event would be energetically costly, and that repeated cycling 
would likely lead to the gradual breakdown of the framework, as MOFs cannot 
conduct heat very well due to being composed of mostly void. Physisorptive 
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adsorbents can offer materials which can be cycled without damaging the 
sorbent in the sorbate desorption step. 

2.1 Overview of historical mitigation strategies 
Gas capture, as discussed here, is a relatively modern concept. Methods for 
scrubbing CO2 from breathing air have existed for some time, such as in sub-
marines and spacecraft. Similarly, gas masks employing activated carbon as 
an adsorbent have been in use for many years. It is important to make a dis-
tinction. Scrubbing or filtering volatile organic compounds (VOCs) or chem-
ical agents from breathing air represents adsorption processes in specific ap-
plications, whereas the majority of applications addressed in this thesis are 
focused on mitigation. Mitigation, in this context, refers to the process of po-
tentially reducing or lessening an effect—specifically, the impact of global 
warming. 

Perhaps the first strategy conceived in this setting was direct air capture 
(DAC), in which the global content of CO2 in the atmosphere is simply re-
moved by selectively removing it from the atmosphere.(29) There are of 
course many challenges in any environmental remediation strategy, in DAC 
perhaps the greatest are selectivity and the thermodynamics of CO2 adsorp-
tion. The atmospheric concentration of CO2 was 412 ppm (Manua Loa, 2020), 
with the total ppm of all gasses including CO2 totalling to 1 000 000 ppm. That 
is to say, a very low concentration. In such applications, the required enthalpy 
of adsorption is a problematic counterweight to the re-useability of solid ad-
sorbents. Amine based, liquid chemisorbents (as the earlier mentioned ethan-
olamine, designed for DAC) usually have ca. 40-80 -kJ/mol.(30) 

In point capture of flue gas, the concentration of gas is much higher than in 
DAC. As is the concentration in point capture of emissions such as SF6. The 
need for selectively adsorbing adsorbate remains, but the enthalpy require-
ments are less than in DAC.  

Capture of atmospheric CO2 is of course still a concern, but carbon capture 
concepts present in modern research commonly focus on CCS (carbon capture 
and storage). The capture part of CCS is commonly split into pre/post com-
bustion CO2 capture or so called oxy-fuel methods. Pre-combustion often aims 
to reduce the CO2 forming chemicals in a process, making the gaseous prod-
ucts of the later combustion into other chemicals (such as N2+O2 etc). Post 
combustion is perhaps the most obvious method, where flue-gas etc., down-
stream in the combustion process where CO2 is targeted. Oxy-fuel methods 
are often also mentioned as a part of CCS, these methods intend on increasing 
the efficiency of any combustive processes, so as to ensure a higher purity 
CO2 product. Real processes often produce mixtures of moisture, N2, CO etc. 
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The caveat here, is that pre/post combustion capture, or post oxy-fuel capture, 
all involve higher concentrations of CO2 than in DAC.  

The research included in this thesis was aimed at environmental chemistry 
related applications, mostly in point capture of CO2 and SF6. In essence this 
research has been materials science-related research concerned with materials 
design and evaluating these materials as such, rather than the explicit storage, 
utilization, or chemical perspective of CCS. 

2.2 The importance of efficient gas capture and 
separation technologies 
When designing sorbents for point capture, we commonly consider only a spe-
cific adsorbate molecule. However, if we move this process one step closer to 
a practical application, the design of the adsorbent becomes significantly more 
complex. 

Gases involved in GHG capture, storage, or a combination of both, often 
occur at a specific chemical plant or location. Whether in pre-combustion, 
post-combustion, or both, the targeted sorbate is typically part of a complex 
mixture. Ideally, this mixture consists only of other gases, but in reality, it 
often includes additional complexities such as moisture and aerosols. This ne-
cessitates the ability to quantify the selectivity of capturing one gas over others 
in a mixture, preferably in a chemically stable adsorbent. 

There are known benchmarking industrially relevant compositions of such 
gasses, SF6/N2 is commonly evaluated at 10:90 (0.1:0.9 bar etc.), a composi-
tion which is on the low end of SF6 concentrations in actual usage.(31) Flue-
gas, that is to say gas on the post combustion side of industry is commonly 
evaluated as CO2/N2 in a 15:85 ratio. Gas sweetening or simply put increasing 
the methane ratio in natural gas, is usually evaluated as CO2/CH4 in a 50:50 
ratio. This is the background to the theoretical ratio of mixtures used in articles 
I-IV.   
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Chapter 3: Aim 

This thesis is intended to present and explain the results of four years’ research 
into the design and characterisation of MOFs intended for use in environmen-
tal and high-technological applications. 

A total of ten novel MOFs have been produced during this time, as detailed 
in various publications, all with structure solutions and gas sorption data. I 
will present these publications in reverse chronological order to highlight the 
strengths and versatility possible in metal-organic framework materials and 
their potential use in point capture of CO2 and SF6. As well as potential use 
for storage, and the capture of pollutants in aqueous solution.  

For the following linkers and resulting MOFs, 
1,3,6,8-tetrakis(4-carboxyphenyl) pyrene (TBAPy): 
• 31Ga-TBAPy 
• 23V-TBAPy 
• 72Hf-TBAPy 
• 70Yb-TBAPy 
• 69Tm-TBAPy 
• 58Ce-TBAPy 

4',5'-bis(4-carboxyphenyl)-[1,1':2',1''-terphenyl]-4,4''-dicarboxylic acid 
(TCPB): 

• 31Ga-TCPB 
• 23V-TCPB 

Other MOFs: 
• Benzene-1,3,5-tricarboxylic acid (BTC), 83Bi-BTC, UU-200 
• 3,3’-Difluoro-[1,1’-biphenyl]-4,4’dicarboxylic acid (BPDC2F), 40Zr-

BPDC2F, UiO-67-F2 

For all these materials I will present and discuss, selectivity of CO2 and SF6, 
uptake of SF6, crystallographic structure, DFT-calculated porosity, N2 specific 
surface area. And the impact of these characteristics on the potential SF6 and 
CO2 capture or storage of the aforementioned MOFs. As well as glances into 
other possible applications. 
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Chapter 4: Methodology 

4.1 Synthesis of MOFs 
It is important to mention early on, that the complete reaction mechanism of 
MOFs is not wholly understood. And the synthesis is widely considered a 
black-box synthesis. 

While this indeed means that we cannot assume results based on our plans, 
we can make some reasonable assumptions. One way of describing the syn-
thesis of MOFs, is in two separate stages of reaction. First the formation of a 
SBU. After this step, a coordination bond is formed between the SBU and the 
organic linker, forming a MOF which then grows into a crystal. As MOFs are 
crystalline materials, one can assume that this takes place as some manner of 
nucleation reaction, followed by some stage-wise growth. As has been studied 
by others.(32) 

If we decide which SBU and organic linker we want to use, what we know 
that we can affect, includes modulator, metal salt, solvent, and temperature.  

The synthesis uses a solvent in which the intended linker and metal-salt are 
both soluble in at the intended synthesis temperature. If the reaction is heated, 
it is at this point considered a solvothermal reaction, which is the most com-
mon in MOF synthesis. 

The next component is what is called a modulator. The modulator is in-
tended to reversibly bind with the SBU, replacing an organic linker, which 
allows the crystal to re-organize as it forms/grows. If the organic linker is a 
carboxylic acid, the modulator is commonly a stronger Bronsted acid, this re-
lation between linker-bond and modulator is common but it is worth mention 
that linkers do not have to be acids. In the acclaimed zeolitic-imide-azolate 
MOFs known as ZIFs, the linkers are imidazoles, and the coordination bond 
forms between the electron-rich nitrogens and the metal ions. 

There are examples in which the synthesis itself has been a key focus, in 
such cases even MOFs which are young in research terms can have ambient 
temperature syntheses with environmentally unimpactful solvents/chemi-
cals.(33)  

A common complaint or counterargument to using MOFs is that the syn-
thesis is complex and poorly understood. If one follows the history of ac-
claimed MOFs such as NU-1000(34) or the UiO-MOFs(35), one can see that 
the original synthesis is commonly high temperature and pressure, but that 
consequent research has designed new synthesis pathways at low temperature, 
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often by use of alternative metal salts/modulators.(36,37) In general, one may 
be tempted to simplify the description of these reactions to say that within the 
initial reaction, temperature adds energy so as to split the metal salt into ion 
and counterion, to allow for formation of the SBU. The temperature has a dif-
ferent role in crystal growth, and an interplay with the energy involved in re-
versibly binding the modulator.  

This is important to consider, while it is not a key focus in this thesis, any 
MOF synthesis which appears to be energetically costly or environmentally 
unconscionable, can likely be synthesised in a variety of ways- should the 
need to do so arise. For example, UiO-67-NH2 was originally synthesised at 
120 °C, 24 h (2011). In house- it is synthesised at 80 °C 12h (2024) in a syn-
thesis which is scalable, with a higher degree of crystallinity and BET SSA 
than using the original synthesis route.(35,37) These reductions in tempera-
tures have large implications in scale-ups, both to cost and to the risks in-
volved in heating certain modulators/solvents.  

In short, the synthesis remains complex and not entirely understood. But 
the part which are understood, such as changing SBU or organic linker, are 
commonly utilized in various strategies to achieve specific effects.(38) As an 
example, very similar SBU but a different metal ion may actually have an 
impact on the chemical properties of a MOF, even if the coordination geome-
try of the SBU stays the same. 

Organic linkers can also be exchanged or functionalized while maintaining 
the same general structure. In some systems, it is even possible to incorporate 
gradients of substituent SBUs or linkers, to tailor the pore-sizes. Such as grad-
ually exchanging the linkers and creating hybrid ZIF-7/ZIF-8 to increase se-
lectivity of one gas rather than the other in a binary mixture.(39) A gradual 
change in functionalization is also a possible strategy, enabling concepts such 
as redox capacity within the framework. 

As these materials are crystalline, any breach of the pattern in organic 
liner/SBU, is considered and mentioned as a defect. This does however, not 
mean that defects are not desirable, in fact some defects can offer access to 
the SBU creating sites for nucleation, separation, catalysis etc…(40) Meaning 
that inducing a higher degree of deficiency is also a possible target strategy.  

After these experimental undertakings, all that remains is to characterise 
the resulting materials to determine whether the proposed changes and effects 
were indeed achieved. Characterisation typically involves various experi-
mental techniques, depending on the specific query at hand. The following are 
some of the more commonly utilised methods. 

4.2 X-ray diffraction (XRD), general considerations  
Powder X-ray diffraction (PXRD) is a commonly used method involving 
gamma radiation as a probe. The probe can diffract when interacting with 
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interatomic electron densities, when the atomic motif present in the material 
is sufficiently ordered, this interaction produces convergent radiation, the con-
structive interference patterns of which are described by Bragg’s law,  

𝑛 ∙ 𝜆 = 2 ∙ 𝑑 ∙ 𝑠𝑖𝑛(𝜃) 

Where n is the order of diffraction, and d is the reciprocal interplanar distance 
(in crystalline solids, the cell parameter). At a specific angle that satisfies 
Bragg’s equation, Bragg diffraction occurs, corresponding to constructive in-
terference, other angles with the same distance result in destructive interfer-
ence. This radiation emerges from the material in a cone (called a Debye 
cone), which was historically recorded by letting these cones hit a detector. In 
any one crystal, this pattern would appear as a central dot, corresponding to 
the directly refracted beam, and a concentric, symmetrical pattern of dots sur-
rounding the central intensity. The depth into the material at which d results 
in constructive interference is dependent on the wavelength of the radiation. 
This means that all reciprocal planes equidistant from the radiation entry point 
to the diffracting plane will simultaneously satisfy the Bragg condition. This 
distance defines a sphere known as Ewald’s sphere (Ewald, P. P., 1921). 
While this concept is of limited significance in the context of X-rays, it is 
noteworthy because other diffraction events, such as electron diffraction, rely 
heavily on this phenomenon (and will be discussed in later chapters). 

In single-crystal diffraction: A single crystal, in this context, is a crystal 
that consists of only one crystallographic lattice. When observing a diffraction 
pattern from such a material, the direct beam appears at the centre of the pat-
tern. Diffraction points representing each repeating electron density lie at dis-
tances corresponding to the reciprocal distance within the crystal. This can be 
visualised as a large two-dimensional pattern with the incoming beam at the 
centre, and points symmetrically placed around the central point. The intensity 
of each diffraction point in the diffraction pattern depends on the prevalence 
of that specific electron density, while the symmetry of the pattern depends on 
the symmetry of the crystal. By rotating the crystal while gathering such dif-
fractograms, a significant amount of information about the crystal can be de-
termined. Most commonly, this information is used to identify the crystallo-
graphic space group to which the crystal belongs and to estimate its lattice 
parameter (a). 

In the simplest system imaginable—a cubic Bravais lattice with atoms only 
at the {100} lattice planes—rotating the crystal would cause the points on the 
diffractogram to rotate while remaining at the same distances from the centre. 
This is because the relative positions depend only on the interatomic distances, 
which do not change. If an additional, identical crystal is introduced at a 
unique degree of rotation, the diffractogram would show a second set of dots 
at a different degree of rotation, though still at the same distances from the 
central beam. The intensities of each point would still depend on the preva-
lence of that specific electron density. 
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If thousands of such crystals are added, the result is smeared rings at the 
same distances as the diffraction dots were before. This is how a powder X-
ray diffractogram is constructed. The distances from the central beam remain 
the same as in a single crystal, but the individual intensities can no longer be 
discerned. That information is lost, as is information regarding overlapping 
peaks. By taking a linear sampling of such a diffractogram, noting each ring’s 
position as an angle on the X-axis, and integrating the intensity and width of 
each ring, the result is the familiar X-ray diffractogram: a series of peaks of 
varying height and shape. Where the first peak still relates to the lattice pa-
rameter of the material at hand.  

If we step away from the simplest possible Bravais lattice, a lattice which 
if empty would have quite easily deduced conditions for constructive interfer-
ence. On from the simplest content, we can imagine that a MOF has a spatially 
complex composition, SBU and linkers oriented at certain angles and posi-
tions composing the voids therein. This spatial configuration will carry with 
it certain conditions for constructive, and destructive interference which is 
unique for that combination of Bravais lattice and present content (the combi-
nation of which is mentioned later, space group).  

The radiation is typically generated by having a so-called source, which is 
a metallic surface (anode) struck by an electron beam (cathode). This produces 
characteristic X-rays, which are commonly filtered to include only a few 
wavelengths. The target is typically copper or molybdenum. The choice of 
target ensures that the resulting gamma radiation is not absorbed and does not 
cause fluorescence in the measured sample. The rule of thumb is that elements 
two or three positions lower in atomic number are the most problematic to 
handle (29Cu → 26Fe and 27Co), due to overlap of emission and absorption. 

The desired radiation typically comes from electrons filling the K-shell 
from the L-shell of the atomic species composing the target (Kα) and from the 
M-shell (Kβ) (e.g., 29Cu Kα, Kβ or 42Mo Kα, Kβ). Historically, one of the two 
would be filtered off using a thin nickel filter. However, there is now software 
available that can compensate for Kβ’s effect and remove the extra peaks. All 
PXRD data acquired at Uppsala University and presented in publications I–
IV were captured using a LYNXEYE-XE T detector, which can filter the Kβ 
radiation automatically. If both Kα and Kβ are present, each peak will be fol-
lowed by a peak at a slightly higher 2θ (°) with lower intensity. 

The next part of the PXRD setup is the goniometer. This is part of the stage 
on which the sample is mounted. The radiation source rotates around the cen-
tre/sample at a pre-set step size per unit time and dwell time per step. The 
detector mirrors the movement of the radiation source. Other machine settings 
include those of divergence slits, which essentially determine the illuminated 
area of the sample. Common settings for divergence slits are either variable or 
fixed. The difference is that fixed slits will illuminate a different area at high 
and low 2θ (°). Variable slits compensate for this, keeping the illuminated area 
constant, but the volume probed will increase (if the sample has sufficient bulk 
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mass to allow for this increase). This means that the peak intensity at higher 
2θ (°) may be higher when using variable slits. If analysing large masses of 
low-crystallinity samples, this effect can be significant. 

Two modes of goniometer configuration are used in this research. The first 
is reflection sample geometry, in which X-rays hit the sample surface and 
bounce towards the detector. This geometry is known as Bragg-Brentano and 
allows for fast and straightforward measurements. The second mode is trans-
mission geometry, where the source and the sample are almost in a linear ar-
rangement with the detector. This is referred to as Debye-Scherrer geometry 
and is commonly used with glass capillary sample holders (capillaries loaded 
with sample). This setup produces high-quality data, especially at low 2θ (°), 
but requires much more sample preparation and expertise. In general applica-
tions, X-ray absorption may be a concern; however, as MOFs are composed 
mostly of voids, absorption is not an issue (but fluorescence still would be). 
The diffractometer geometry may sound trivial to mention at first glance, but 
in fact, the data of both mentioned geometries appear the same while carrying 
with them different sources of error.  

Other available tools include the air-scatter knife. This device consists of a 
thick metal blade, which lowers as close to the sample holder as possible. The 
electrons present in the air surrounding the sample cause high levels of inco-
herent diffraction (noise), visible as a high background, particularly at low 2θ 
(°). The air-scatter knife removes large parts of this background radiation, 
which can improve data greatly. 

The data captured at Uppsala university, was captured on a Brucker D8-
advance powder, or a Brucker-D8 (Brucker, Bremen, Germany). Both with 
40 kV40 mA Cu sources (λ=1.5418 Å), air-scatter knives, and LYNXEYE-
XE T detectors. In the case of the Brucker D8, the detector also had a variable 
detector opening, enabling low angle scans.  

4.3 Electron microscopy 
Electron microscopy (EM) is a type of microscopy in which electrons are used 
as a probe, as opposed to optical microscopy, which employs visible light. 
Electrons have wavelengths several orders of magnitude shorter than visible-
light photons, meaning the maximum theoretical resolution is much higher in 
EM than in optical microscopy. Exact theoretical limitations are microscope-
specific, but electron microscopy has the potential for atomic resolution. 

One of the first considerations when using EM is that electrons interact 
with matter in significantly different ways than visible-light photons. To men-
tion a few interactions, the electrons can collide inelastically giving rise to 
secondary electrons and/or Auger-electrons or characteristic X-rays, bounce 
back elastically (backscattered electrons). However, the signals gathered from 
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EM detectors are used to create images, which we ultimately view with our 
eyes. As such, the analysis of EM-images requires some care. 

Electrons penetrate the surface of the sample and interact with it. Although 
the tip of the electron beam is often very small, the volume of the sample with 
which it interacts is a larger, typically slightly pear-shaped volume. Within 
this volume, a variety of events can occur, each detected by specialised detec-
tors focusing on or exclusively detecting one specific type of occurrence. Dif-
ferent types of EM often emphasise specific signals. 

A key concept to understand is the acceleration voltage, which is the voltage 
used to accelerate the electrons. This parameter influences the sample interac-
tion volume, the ease with which the beam can be shaped, potential aberrations, 
and the build-up of surface charge on the sample. The wavelength (and also the 
energy) of an electron is directly related to the acceleration voltage,  

𝐸 = ℎ𝜈 =
ℎ𝑐
𝜆
	𝑎𝑛𝑑	𝜆 =

ℎ
22𝑚!𝑒𝐸∗

	 

Where E* is the acceleration voltage after relativistic compensation, e the ele-
mentary charge of an electron. m0 the resting mass of an electron, h is Planck’s 
constant. c is the speed of light, E the energy and λ the wavelength. In sum-
mary, this means that the wavelength of the electron is dependent on the ac-
celeration voltage, as is the electron’s energy. Since wavelength directly af-
fects which resolutions are theoretically possible, it is clear that acceleration 
voltage is tied to the possible resolution. A note regarding the wavelength for-
mula above, is that it is a formula compensating for relativity in the accelera-
tion voltage, which is not necessary at low accelerations (<10 kV), but not 
compensating for relativity at high acceleration voltages will cause large com-
putational errors (at 200 kV, the compensated acceleration voltage is 239 kV 
etc.). 

4.4 Scanning electron Microscopy 
Scanning electron microscopes (SEM) involve a convergent electron beam, 
which is swept across the sample in a raster pattern. . The size of the swept 
area determines the magnification of the resulting image. Each point of the 
raster is a data point, which is post-processed to normalise contrast and bright-
ness. There are various methods to construct the images, as well as different 
ways to sweep the sample, such as integrating several frames or sweeping very 
quickly, most of which are intended to create sharper images. 

SEM commonly operate with acceleration voltages between 1–30 kV. 
Higher voltages penetrate deeper into the material and result in a larger inter-
action volume in bulk samples. Concepts included in almost every image are 
(in addition to magnification and acceleration voltage): 
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Working distance: This is the distance between the final part of the condenser 
tube and the sample. Particularly in SEM, this parameter determines the pos-
sible depth of focus (the ability to focus on more than one level of depth at 
once). 

Tilt: The sample holder can be adjusted to face a different direction than 
straight up. This can have a significant effect on primary electrons and sec-
ondary electron signals. Elastically scattered primary electrons will change 
direction with tilt, as will secondary. In-lens detectors and EDS detectors are 
sensitive to these effects. 

The probe/sample interaction is a continuous process, we choose which de-
tectors to use and when. These are additional concepts commonly mentioned, 
type of detector/electron: 

Back-scattered electrons (BSE): These are primary electrons from the in-
coming electron beam that have "bounced" back from the sample. These elec-
trons have a high escape velocity, and the major sources of contrast detectable 
with them are atomic number contrast (ℤ) and density contrast. Common de-
tectors include in-lens detectors, where the detector is inside the condenser 
column, allowing for very short working distances. Others include backscatter 
detectors (BSE), which are commonly annular detectors with quadrants. These 
quadrants are separate detectors, the signals of which can be selected to act as 
one detector or to differentiate the signals. Such BSE detectors can create top-
ological contrast in addition to the inherent ℤ-contrast. 

Secondary electrons: These originate from the sample surface, where they 
are ejected from the atoms as the atoms interact with the primary electrons. 
They have a much lower escape depth than primary electrons. This means that 
the contrast obtained from secondary electrons is mostly dependent on topol-
ogy. Common detectors for secondary electrons include the Everhart-Thorn-
ley detector (ET). This detector has the added feature of a metallic mesh cov-
ering the detector, which can be set at an electrical potential to attract or repel 
electrons. ET detectors are usually positioned on the side of the vacuum cham-
ber, meaning that topographical contrasts facing the detector will produce 
more signal. In ET images, this often appears as one direction "casting a 
shadow," much like an object illuminated by a flashlight. 

Characteristic X-rays: Much like the X-ray source in an XRD setup, the elec-
tron beam can excite electrons in the sample surface, causing characteristic X-
rays to be emitted. These characteristic X-rays can be detected using an en-
ergy-dispersive X-ray spectroscopy (EDS) detector. In this type of detector, a 
characteristic EDS spectrum is captured at each raster point swept by the elec-
tron beam. A common application of this signal is to integrate it with the elec-
tron image to create colour maps, where a specific peak in the spectrum 
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(presumably corresponding to one atomic species) is associated with a specific 
colour. Such images are referred to as EDS maps, or element mapping. An-
other common application is to create a sum spectrum, which is simply sum-
ming up all the captured spectra into one. 

In this research, energy-dispersive X-ray spectroscopy (EDS) has primarily 
been utilised as a qualitative form of analysis. However, EDS can also be used 
quantitatively if corrections are made for matrix effects and elemental mass, 
often referred to as 'ZAF correction'. Various modern methods exist for such 
corrections, the details of which are often software specific. 

A limitation of EDS detectors is that the detection of characteristic X-rays 
depends on the accelerating voltage. Heavy elements are particularly restricted 
in terms of which spectral bands can be observed using SEM/EDS. And light 
elements are problematic as they produce less characteristic X-rays. This di-
vide is the motivation for the need of correction in quantitative EDS.  

In transmission electron microscopy (TEM), the Cliff-Lorimer approximation 
is used for EDS analysis instead of ZAF correction. This approximation assumes 
a thin-film geometry, as the sample thickness is negligible in TEM. 

The SEM in this thesis were captured using a Zeiss Merlin Schottky FEG 
(Oberkochen, Germany), with acceleration voltages 0.02 – 30kV. In addition, 
a Zeiss Leo 1550( Oberkochen, Germany).  

4.5 Transmission electron microscopy 
In transmission electron microscopy (TEM), the beam, which is in parallel 
mode (opposed to convergent or divergent), travels through the sample and is 
diffracted. This diffraction causes the beam to diverge, and each subsequent 
lens after the sample changes this into real and reciprocal planes in sequence. 
Each of these planes are named differently by different TEM manufacturers, 
so naming them has little value. Suffice to say, that we can choose which of 
them to project into an image.  

If we start at the first diffracted (reciprocal) plane, which is as the name 
implies, in reciprocal space. If one chose to construct an image out of that 
plane, one can observe one of or a combination of the following depending on 
the material properties of the sample.  

The diffraction pattern seen in this plane is dependent on the crystallinity 
of the sample, polycrystalline will produce rings, much as in PXRD, amor-
phous samples will look like a radial blur. Single crystals will look much like 
single crystal XRD (SCXRD), a symmetrical pattern of diffraction spots. 
These diffraction spots do have a slightly different source however, as the 
number of diffraction points correspond to the Ewald sphere at that zone-axis 
crossing the atomic planes above it. As such the range of diffraction points is 
also dependant on acceleration voltage and electron transparency.  
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From this first reciprocal plane, one can construct a bright-field (BF) im-
age. If this is performed at high resolution, the resulting image is often denoted 
high resolution TEM image, or HRTEM for short. The name BF suggests that 
the field is bright, which means that contrast is dark. And contrast in this mode, 
is diffraction contrast. 

If one chooses to do so, a dark field image can be constructed from the 
same reciprocal plane. In such an image, all contrast is from the diffraction 
spot one chose to construct the image from. And the field, as the name sug-
gests, is dark while the contrast is bright. And the contrast in a DF TEM image, 
is entirely dependent on which diffraction spot it was constructed from.  

This mentioned, as the words DF/BF are encountered in different imaging 
modes but do in fact not contain the same information.  

In both BF/DF TEM or HRTEM, the image is either constructed live onto 
the fluorescent screen or captured on a camera. There are no other detectors 
commonly involved.  

Scanning transmission electron microscopy (STEM), is performed much as 
in SEM, the beam is swept over the sample in a raster-pattern. Magnification 
is as in SEM, related to the size of swept area. The beam is convergent upon 
the sample (which means the resulting diffractogram is a bit less straight for-
ward to interpret). The plane observed in this case, is not the first reciprocal 
plane, but the imaging plane. The detectors involved are part of an annular 
detector array called a STEM detector. The central circular detector is used to 
construct the BF image. The following annular detectors, which are located at 
subsequently higher angles out from the central beam, are the BF detectors. 
At the highest angle out is the high angle annular darkfield detector (HAADF). 
Images constructed using STEM are commonly denoted BFSTEM, HAADF, 
etc., and the definition of what is the field and what is not, is the same as in 
TEM mode. But the contrast is not. In STEM, non-coherent diffraction events 
are also present (non-Bragg-diffracted), such as Rutherford scattered electrons 
etc., this means that the contrast in BF-STEM and DF-STEM is more related 
to atomic number and density, than to diffraction. 

The TEM performed at Uppsala University in this thesis, used a AT18 
Thermo Fisher Scientific, FEI Titan Themis 200, with a STEM probe correc-
tor. All analysis was performed at 200 kV acceleration voltage.  

4.6 Spectroscopic Techniques 
As the word spectrum in spectroscopy implies, spectroscopic techniques rely 
on dividing data by wavelength, or energy. The following spectroscopic tech-
niques were frequently used in this research.  
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4.7 Energy dispersive X-ray spectroscopy (EDS) 
Energy dispersive X-ray spectroscopy is based on observing characteristic X-
rays in a sample and sorting them by energy. This creates a spectrum in which 
peaks correspond to the X-rays energy. As we know the acceleration voltage, 
we can calculate which X-rays originate from which atomic shells of specific 
elements. This information can be used to construct EDS spectra which iden-
tify certain elements in a sample (qualitative analysis). If we integrate the 
peaks present in these spectra, these peak areas should be proportional to the 
amount of that specific atom, in the sample (given the assumption that the 
acceleration voltage is sufficient to make all the atoms present create charac-
teristic X-rays). With this information, it is possible to create quantitative 
EDS.  

As mentioned in the EM chapter, a variety of sample interactions are pos-
sible when an electron is accelerated into the surface of a sample. And practi-
cally speaking, these events all take place constantly as long as the beam re-
mains. The specific event where a characteristic X-ray is created, is more 
likely to occur in heavier elements. And the electron beam, is more likely to 
penetrate deeper in lighter, or less dense elements. These two factors lead to 
the EDS signal being not only dependant on which shell, in which atom the 
electron came from. But also, the density, composition texture of the material. 
While modern EDS software often compensates for these, some things such 
as sample geometry, or very heavy atoms in a matrix of light atoms, are very 
difficult to analyse quantitatively.  

To keep it short, the use of EDS quantitatively, with accuracy, requires cal-
ibration with a standard (preferably similar to the analyte), careful sample 
preparation and consideration. Even so, quantitative EDS with built in ZAF 
correction is a helpful utility in approximating quantities. EDS/SEM probes 
were in SEM: X-Max 80mm2 Silicon Drift Detector and AZtec (INCA en-
ergy) software for X-ray mapping and element analysis. In STEM, SuperX 
EDS detectors and Thermo Scientific Velox™ software. 

4.8 Fourier Transform Infrared Spectroscopy (FTIR)  
The Fourier transfer infrared spectroscopy (FTIR) used in this work, was of 
the ATR (attenuated total reflectance) type. While general FTIR consists of 
light in the infra-red spectrum being measured as absorbed or transmitted by 
the sample, ATR involves the use of a small crystal (ATR-crystal). This crys-
tal has a high refractive index compared to the samples, which means that as 
the light goes through the crystal it is reflected, but not before the light has 
reached the sample through a very small part of the ATR-crystal. The light is 
absorbed to some extent, and the energies in the emitted light are absorbed by 
molecules in which the light can affect the dipole-moment. The light returning 
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to the detector can be measured for absorbance, which shows up as negative 
peaks in the acquired spectra.  

In general, FTIR was used to compare component parts of novel MOFs 
before and after synthesis. As an example, a pure linker compared to the fin-
ished MOF. In doing so, we can see that bonds have formed/shifted, signifying 
the formation of a coordination bond. An important characteristic of MOFs.  

The FTIR used in this research was a Bruker Tensor 27 (Bruker, Bremen 
Germany) using a platinum-attenuated total reflectance (ATR) accessory. 
Along with OPUS software.  

4.9 X-ray Photoelectron Spectroscopy (XPS) 
Another interesting sample interaction when X-ray photons interact with sam-
ples, is the formation of a photoelectron. This is described by the photoelectric 
effect, in which electrons with energies characteristic to the bonds they par-
took in are ejected from the sample surface. It is worth mentioning for the sake 
of local history, that the inventor of this form of analysis did so at the Ång-
ström laboratory of Uppsala University under the name electron spectroscopy 
for chemical analysis, or ESCA (Kai Siegbahn, 1967). 

Photoelectrons have various characteristics, one of which is that as previ-
ously mentioned, they have an energy which corresponds to the electronic en-
vironment of the atom it originated from. This means that XPS not only yields 
elemental information, but also chemical information regarding the sample. 
Another characteristic of photoelectrons is that they have a very low escape 
depth. That is to say, photoelectrons cannot escape the surface of the material 
from any depth. As such, XPS is highly surface sensitive (the first few atomic 
layers of a metal sample). 

As many other methods, analysing XPS spectra requires several consider-
ations. Practically, analysis commonly consists of first capturing a so-called sur-
vey pertaining the entire range of binding energies of interest is captured. As 
most of the samples one observes in XPS are not conductive, the incident X-
Ray beam, and photoelectrons, will cause the sample to charge up, which will 
shift the entire spectra. To compensate for this, the survey is calibrated, often 
using the binding energy of adventitious carbon. Adventitious is the name of the 
carbon contamination present on virtually any and everything which has been 
in contact with ambient atmosphere. This C1s shell of this carbon is commonly 
set to 285 eV, and the entire spectra is shifted accordingly. The individual bands 
can then be identified as belonging to certain elements.  

Each individual peak usually consists of the base molecular shell of the 
atom at hand, and various shifted peaks corresponding to the shifts associated 
with the hybridisation of each molecular orbital. These peaks are commonly 
de-convoluted using peak and background models in combination with vari-
ous mathematical models.  
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Commonly XPS is used qualitatively, but it can be used quantitatively as 
well, although it requires much more care as all peaks and background must 
be carefully de-convoluted and assigned. 

The XPS used in this research was a Ulvac-PHI Quantera II (Physical Elec-
tronics, USA) monochromatic Al Kα as an X-ray source. Additional equip-
ment included a dual beam charge neutralisation system.  

4.10 Performance Analysis, Gas Adsorption  
Sorption, or more specifically adsorption, refers to the physical phenomenon 
of a species of molecule binding onto the surface of a solid, either from a 
solution or in the gas phase. The molecular species that binds is called the 
adsorbate, while the surface onto which it adsorbs is referred to as the adsor-
bent. The process of binding is called adsorption, and the removal of the ad-
sorbate is termed desorption. These concepts are used frequently both in this 
thesis and in the literature 

There are many levels at which the adsorption phenomenon can be de-
scribed. Most truly in-depth descriptions arise from statistical mechanics, of-
ten in combination with physical chemistry and chemical thermodynamics. 
However, this thesis is written from an engineering perspective, and the in-
cluded publications do not delve deeply into theory. Instead, the details pre-
sented here will have an applied perspective, with some forays into theoretical 
concepts. 

Another important concept is that of adsorption layers. Monolayer adsorp-
tion refers to a system where the surface accessible to the adsorbate has not 
yet been filled with adsorbate molecules to the extent that they are all touching 
each other. Once the first adsorbate layer has been filled, the adsorption tran-
sitions to multilayer adsorption. According to the literature, adsorbate layers 
typically have a density between that of a liquid and a gas. 

Bond types represent another fundamental distinction. We differentiate be-
tween physisorption and chemisorption. In physisorption, the adsorbate/ad-
sorbent bond is predominantly formed by van der Waals (VdW) forces. In 
chemisorption, the adsorbate and adsorbent share electrons in some capacity, 
altering the electronic structure of the pair. Different sources report varying 
typical energetic values for these processes: 15–100 kcal/mol for chemisorp-
tion and 2–10 kcal/mol for physisorption, respectively. As mentioned earlier, 
these changes can also be described in terms of changes in enthalpy. However, 
we do not delve too deeply into distinguishing between these cases, especially 
as the following material property is predominant in MOFs. 

Historically, most research into gas sorption was conducted on materials 
such as metal oxides, different types of glass, and other substances that gen-
erally exhibit energetic homogeneity. This means that the adsorbate molecule 
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encounters adsorption sites on the adsorbent that all have the same binding 
energy, regardless of the specific site. 

A second historical concept is that of external surface area. In materials 
such as metals and metal oxides, the final outer layer of atoms constitutes most 
of the adsorbent's surface area. While there may be uneven surfaces, most ad-
sorption occurs on the external surface of the adsorbent. 

Metal-organic frameworks, as adsorbent surfaces, are intrinsically energet-
ically heterogeneous. This means that the concept of adsorbent/adsorbate pairs 
being purely chemisorptive or physisorptive is less clear-cut. Furthermore, 
most of the probe-accessible surface area in MOFs is internal, meaning that 
gas molecules adsorb into the crystal structure rather than merely onto the 
surface. This creates entirely different proximity effects, as adsorbate mole-
cules can be positioned on opposite sides of a pore, for example. 

These distinctions demand careful consideration when applying any theory 
based on historical observations. Specifically, many isotherm models with sci-
entific foundations, such as the Langmuir isotherm, were developed at a time 
when the concept of surface energetic heterogeneity on the scale of a MOF 
could not have been imagined. Consequently, the physical phenomena asso-
ciated with these isotherm models cannot be assumed to apply to MOFs. 

Instances in the literature sometimes refer to these as isotherm equations, 
implying their use as continuous mathematical functions to fit data, without 
necessarily attributing physical meaning to the derived constants. This distinc-
tion is important. It implies that, in cases where an isotherm equation does not 
match an experimental isotherm (e.g., has a low R² value), one can use a con-
tinuous mathematical function in place of the isotherm equation. 

4.11 Manometric Gas Adsorption Measurement 
The adsorption isotherms in this research have been captured using the man-
ometric (Accelerated Surface Area and Porosimetry system (ASAP) 2020, 
Micromeritics, Norcross GA) gas sorption measurements. This means that the 
ASAP measures pressures and temperatures, it calculates the volume of gas, 
and uses that data to calculate pore volume etc.  

In a typical N2 at 77K measurement, the following operations take place.  
The first step of concern is the measurement of the tube volume (free 

space). This is performed with He, there have been concerns in literature that 
He gets stuck in narrow micropore materials, leading to miscalculations. The 
ideal way of measuring a sample is, as such, to measure free space of the tube 
in a separate measurement and then analyse the sample as usual while manu-
ally entering the free space. The application note is available via Micromerit-
ics (application note 105). Helium is used as it is monoatomic and is assumed 
not to adsorb, allowing for easy calculation. A curiosity in this is that the void 
volume is a standard step in all isotherm measurements, if one does not enter 
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the void volume manually. It is possible to sabotage one’s own data by trap-
ping He inside narrow pores, which are then partially blocked as the analyte 
adsorbate adsorbs.  

The ASAP 2020 then measures P0 (the pressure at which the N2 in the P0-
tube becomes a liquid). After this step, the sample can be dosed (the dose has 
a pressure), equilibrated (the dose settles on the sample), and an uptake at that 
pressure (the change in pressure is the uptake) can be measured.  

Various considerations should be taken regarding the usage, and analysis 
of data from this tool. In the case of a sample with a very low surface area 
(<100 m2 of total area), a filler rod can be used to lower the volume of the 
tube, and thus the relative error from volume. However, it is not recommended 
to use a filler rod for microporous materials, as the rod will interfere with 
thermal transpiration. According to Micromeritics, less than 40 m2 of sample 
surface produces unreliable results (2000 m2/g→ >0.02g, 1000 
m2/g→>0.04g etc.). This consideration should be balanced against more than 
120 m2 extending analysis time too much, and 100 mg being the preferred 
sample mass as this reduces the effect of weighing errors. As may be obvious, 
this means high surface area materials will take long to analyse.  

The gathered data can be used in various theoretical models built into Mi-
cromeritics Microactive software. The most common likely being the Barett-
Joyner-Halenda model(41) for pore volume calculations, density functional 
theory calculations of porosity (chapter 5.4), or the Brunnauer-Emett-Teller 
(chapter 5.2) for specific surface area calculations. 

4.12 Gravimetric gas adsorption 
Gravimetric gas adsorption measures uptake by mass. The research contained 
in this thesis has only been concerned with using thermogravimetric analysis 
(TGA) for gravimetric measurements. This involves the use of a highly sensitive 
scale set inside a thermal reactor with controllable gas flow and temperature.  

Prerequisites of using this method is that the amount of material which fits 
in one sample holder, takes up enough gas for the scale to register the change 
in mass. It is a much less sensitive method than the manometric method 
(ASAP 2020). 

All TGA measurements in this research took place in a Mettler Toledo 
TGA/DSC 3+ (Schwerzenbach, Switzerland). With various relevant gasses of 
high purity.  

4.13 Saturation isotherms 
the International Union of Pure and Applied Chemistry (IUPAC) defines char-
acteristic physisorption saturation isotherms as follows. Saturation implies 
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that the adsorbate has completely saturated the adsorbent surface. If it has not, 
one cannot reliably draw conclusions about the nature of the adsorbate/adsor-
bent interactions at different points on the isotherm or conclude that the com-
plete coverage of all pore sizes has been achieved. The X-axis unit in this 
context is P/P₀, where P₀ is the pressure at which the adsorbate is a liquid at 
the set temperature (the dew point). When P/P₀ = 1, the adsorbate is in a liquid 
state, regardless of which gas or temperature is used. This means that one can-
not tell general saturation isotherms using different gases apart without care-
fully considering the details.  

When observing a physisorption saturation isotherm, IUPAC states that the 
following conclusions regarding the adsorbents pore sizes, adsorption mecha-
nisms and other helpful considerations. 

 
Figure 2 Here, we present the six general saturation physisorption isotherms. They 
are named as indicated by their Roman numerals, with arrows indicating adsorption 
towards the right and desorption towards the left. ©2015 IUPAC & De Gruyter(42) 

In Figure 2, we can observe the general shapes of physisorption saturation 
isotherms, with arrows indicating adsorption and desorption. Type I saturation 
isotherms are commonly associated with microporous materials. Type I (b) is 
linked to microporous materials with a broader pore size distribution. Type II 
isotherms are characteristic of non-porous or microporous materials. Type III 
is similar to Type II, with the key difference being the absence of a "knee," 
which is commonly associated with the completion of a monolayer of adsorb-
ate. Type IV (a) is linked to mesoporous materials and is not a reversible iso-
therm, displaying hysteresis due to pore condensation. This phenomenon 
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arises because the liquid evaporating from a large pore does so via a different 
mechanism than from a surface. Type IV (b) occurs in mesopores that are ta-
pered at the closed end. 

Type V isotherms are typically found in cases of weak adsorbate/adsor-
bent interactions, involving pore filling or capillary condensation. Type VI is 
associated with very smooth, non-porous materials, where each "knee" rep-
resents the formation of a single monolayer of adsorbate.(42) 

In summary, the general shape of these saturation isotherms can give us a 
qualitative insight into which pore sizes may be present in a material, as well 
as the most likely sorption mechanisms taking place on the adsorbate. The 
examples in Figure 2 are based on N₂ or Ar at 77 K, that is to say, relatively 
inert gases at a temperature which ensures that P/P₀ does not occur at unrea-
sonably high pressures. 

The general isotherm is different than the saturation isotherm in the sense 
that without confirming P/P0=1 is achieved, we cannot be completely sure that 
the isotherm pertains the formation of a full monolayer or more.  

4.14 Selectivity 
In gas sorption, selectivity refers to the capacity or possibility of capture of 
one gas rather than the other in a mixture of gasses. At first glance, the meas-
urement of such characteristics sounds easily captured. But the mixing of gas-
ses, adsorption of mixtures and other practical aspects of measuring selectivity 
is a challenge.  

To meet this challenge, two common benchmarks which are more intended 
to serve as a comparison between different materials is the ideal adsorbed so-
lution theory-method (IAST method), and the simpler Henry’s law method.  

Ideal Adsorbed Solution Theory (IAST) is based on a paper by Myers and 
Prausnitz.(43) In summary, this theory states that it is possible to consider ad-
sorbate in the adsorbed state, as ideal solutions. And that it is possible to con-
struct isotherms pertaining hypothetical mixtures using IAST. Since which 
IAST has evolved into constructing selectivity-calculations with these iso-
therms. This method is rarely presented with any rigour, so I am taking it upon 
me to do so.  

Mechanistically this is achieved by first fitting the isotherms to an iso-
therm-equation. An important detail is that it needs to be a model which can 
be algebraically integrated (i.e., the anti-derivative of the isotherm equation 
is known or possible to find). Two such commonly used isotherm equations 
are the dual-site Langmuir equation, 
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or the Quadratic equation, 

𝑛#
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As we are now treating these as equations the variable is P, all other parame-
ters are constants. 

The mole fraction of each gas in the hypothetical mixture yx has the fol-
lowing relationship, 

𝑦# + 𝑦( = 1 → 𝑦( = 1 − 𝑦# 
Where yi,j are the input fractions (the mixture one wants to simulate). The 
objective, mathematically, is to find the adsorbed fractions of species i, and j 
as adsorbed ideally behaving solutions. The adsorbed fractions are, 

𝑥# 	  +  𝑥(   = 1 → 𝑥( = 1 − 𝑥# and 		𝑥#,( ≠ 	0,1 
Both the adsorbed xn and the gas-phase fraction yn are calculable from each 
other’s counterpart. If programming this, an initial guess of xi or xj is necessary 
(the other one is calculated through the relation above).  

The next step is to decide a pressure span in which the simulation will take 
place. Needless to say, the chosen span should be present in the fitted iso-
therms (present in experimental data), for the IAST to hold any credibility. 
This P is a vector of arbitrary length and number of elements (where Pi is the 
pressure P in point I etc.). 
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The spreading pressure (in the adsorbed phase), 

π#J𝑃#!K =
𝑅𝑇
𝐴
⋅ O 𝑛#

$(𝑃)𝑑𝑙𝑛(𝑃)
+!
"

!
 

or as an example; explicitly in the dual-site Langmuir equation case, for ad-
sorbed fraction i, 
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Note that instead of fitting an isotherm equation with a known anti-derivative, 
one can use a continuous polynomial or any other isotherm equation. And use 
numerical integration methods such as trapezoids, Simpson's rule etc., but do-
ing so adds a significant calculation step and a source of truncation errors in 
the next step. 

The next step is a differential equation based on the following assumption, 
π#J𝑃#!K + π(J𝑃(!K = 1 

Which carries with it that 
∣ π#J𝑃#!K − π(J𝑃(!K| = 0 

This differential is repeated for each pressure point P, and a minimizing func-
tion can be used to calculate for which xn the expression above holds.  

A note here is that maths software has a pre-defined concept of "zero", 
which is commonly not zero, but a small number. This number will vary from 
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software to software, and setting to setting (and even length and number of 
elements of your chosen P-vector). This means that using a minimization func-
tion will likely yield results which are not entirely repeatable.  

However, as the IAST method itself is an ideal method, results should be 
considered qualitative regardless. Although not common practice, it may be 
prudent to include details of this calculation (the minimization function’s def-
inition of zero) in the resulting IAST-isotherm, as repeating the calculation is 
impossible without this knowledge.  

If performed correctly for each Px, the result of this is a theoretical isotherm 
pertaining the mixture of gasses described by the isotherm equations. Selec-
tivity by IAST can then be calculated as a hypothetical isotherm of species i 
from j in a gas mixture of yi/yj as, 

𝑺?&@A(𝑖/𝑗) =
𝑃(!

𝑃#
! 

Which is arguably the most commonly used simulated evaluation of selectiv-
ity together with selectivity by Henry’s law. 

Selectivity by Henry´s law is a rudimentary method for calculating selec-
tivity. The general idea is that in a mixture of two gases, whichever adsorbate 
species first adsorbs "takes" that specific site on the adsorbent and keeps it. In 
practice, this is achieved by comparing the change in uptake of the isotherms 
of two adsorbate species at low dosage/uptake. For the selective uptake of a 
from b,  

𝑆BCDEF(𝑎/𝑏) =

𝛿𝑛G
𝛿𝑃G |D#≪!.K
𝛿𝑛L
𝛿𝑃L|D$≪!.K

 

Where nx is the uptake at point x. Px the pressure at point x, and |𝑛G ≪ 0.1 
signifying that this is at very low uptake. As is the case in IAST, it is a forgone 
conclusion that the span of simulated selectivity is present in both experimen-
tally acquired isotherms.  
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Chapter 5: Computational and Theoretical 
Approaches 

5.1 Isotherm models 
The Langmuir isotherm is probably the first encountered isotherm model by 
most. Langmuir’s first theoretical model was based on kinetics and included 
various stringent restrictions and characteristics of both the adsorbate and the 
adsorbent, such as there being only one kind of adsorption site (energetically), 
that only one molecule could adsorb per site, and that there are no lateral in-
teractions between adsorbed molecules. 

𝜃 =
𝑏 ∙ 𝑝

1 + 𝑏 ∙ 𝑝
 

Where θ is the uptake, which in the model comes from the fractional site cov-
erage of the adsorptive (as θ = Na / NS, where Na is the number of filled sites 
and NS is the total number of available sites), p is the pressure, and b is the 
adsorption coefficient (b = Ke^(E/RT), where E is the energy of adsorption, 
and K is the ratio of the adsorption/desorption coefficients, which in turn are 
specific constants related to the adsorption/desorption of a specific adsorb-
ate/adsorptive pair). Plotted with linear constants, the Langmuir isotherm 
model looks as follows: 

 
Figure 5 1, The Langmuir isotherm equation, with various b-values. As is visible, all 
of these possible shapes are type I a, or type I b if belonging to saturation isotherms.  

At high pressure, the isotherm model approaches one monolayer of coverage, 
which means that one can calculate a specific surface area for the adsorbate at 
hand from this. At low pressures, the Langmuir isotherm model reduces to 
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Henry's law. It is also clear upon inspection that the Langmuir isotherm 
equation could only ever fit a type I(a) or (b) general saturation physisorp-
tion isotherm. 

There is much more detail about the scientific reasoning behind the Lang-
muir isotherm model available in the literature. Generally, the Langmuir and 
other isotherm models, which under certain conditions reduce to the Langmuir 
isotherm model (the Freundlich isotherm model is one of these), were long 
considered isotherm 'models' in the sense that when used, their coefficients 
were thought to represent some physical phenomena. 

It is clear, however, when considering the restrictions of Langmuir’s 
model, that these limitations are exceeded in most, if not all, MOFs, due to the 
inherent energetic heterogeneity of having both a metal/metal-oxide and car-
bon surface, as well as possibly having hierarchical pores. Furthermore, the 
methodology of applying such models involves simple least squares fitting 
onto the recorded isotherm, without any consideration as to whether or not the 
resulting energies and possible surface areas coincide with the real values of 
said properties. In essence, most already use Langmuir's isotherm model as 
nothing more than a continuous mathematical function that fits their experi-
mental data well. The Langmuir isotherm model still warrants mention, as us-
ing the Langmuir surface area can be useful, and as it is the foundation for the 
well-used Brunauer-Emmett-Teller (BET) model for multilayer adsorption. 

5.2 Brunauer-Emmett-Teller Multilayer Adsorption 
As the title 'Brunauer-Emmett-Teller Multilayer Adsorption' implies, the BET 
isotherm model was designed to fit the adsorption of multiple monolayers of 
adsorbate.(44)  
The linear form of the BET equation is commonly presented as, 

𝑝
𝒏 ∙ (1 − 𝑝)

=
1

𝒏M ∙ 𝐶
+
𝐶 − 1
𝒏M ∙ 𝐶

∙
𝑝
𝑝∘
	 

Where p is the relative pressure, n is the amount adsorbed at that relative pres-
sure, nm the monolayer capacity, C-related to the energetics of the adsorption.  

If data is plotted as p/(n*(1-p)) versus p, there will be a linear region with 
the slope  

𝑠 = 𝐶 − 1/𝑛M𝐶 
And intercept  

𝑖 = 1/𝑛M𝐶 
Through solving these equations, we arrive at  

𝑛M =
1

𝑠 + 𝑖
 

And  
𝐶 = (𝑠 + 𝑖) + 1 



 

 43 

In order to ensure meaningful data, several criteria have been agreed upon by 
first Snurr et al.(45) and then refined by Rouquerol (often mentioned as the 
Rouquerol criteria).(46) In which the following is defined: 

• The quantity of C must be positive 
• The term n(1-p/p0) should increase with p/p0 
• The pressure corresponding to nm should be in the observed range 
• The calculated value of (p/p0) nm must not differ from the value from 

the previous p/p0 corresponding with nm. Rouquerol said not by more 
than 10% (46), Fairen-Jimenez et.al. suggested more than 20%.(47) 

In addition, the regression should take place on a linear region with no less 
than 10 datapoints, and have a R2 equal to or greater than 0.995. These criteria 
can be ensured manually, or automatically using software such as BETSI.(47) 
As with the Langmuir isotherm model, a distinction can be made between the 
BET model and its application. The application of the BET model, the BET 
method, is commonly used. While the resulting BET SSA is not likely to be 
entirely representative of the surface area accessible to the adsorbate, it is usu-
ally considered indicative.(46) The use of BET SSA, measured by N₂ at 77 K 
(the dew point of N₂), is commonly encountered in the literature. It also war-
rants mention that some use 18Ar or 36Kr for BET calculations, at their respec-
tive dew points (at 100 kPa), which changes the cross-sectional area of the 
probe molecule accordingly (N₂, Ar, Kr at 0.162, 0.142, and 0.17 to 0.23 nm², 
respectively).(48) It is the recommendation of IUPAC (International Union of 
Pure and Applied Chemistry) that SSA and porosity of microporous adsor-
bents (pores <20 Å) should be performed using Ar. Additionally, the quadru-
pole moment of N₂ means that its orientation on a surface will depend on the 
polarity of the surface.(48)  

While the N₂ SSA will be more of a fingerprint than a representative surface 
area, it is also worth weighing the difference between using a monatomic ver-
sus a molecular probe, as one has a consistent orientation on the adsorptive, 
but N₂ is more commonly used in the literature. 

5.3 Thermodynamics of adsorption  
The thermodynamics of adsorption are most commonly evaluated using the 
so-called isosteric method, also referred to as the isosteric enthalpy of adsorp-
tion, the Clausius–Clapeyron method, or other similar terms. However, it is 
important to avoid using the term 'heat,' as heat is not a thermodynamic state 
function. In very brief summary, the equation used is: 

−ΔOPQ𝐇̇R,S = 𝐑 ⋅ (TUV	(𝐏[Z[O])
T(K/𝐓)

)……………. Eq.1 
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The change in enthalpy (which should be a negative value), H, at constant 
temperature and uptake, is equal to the general gas constant, R, multiplied by 
the change in the natural logarithm of the pressure at that specific point of 
uptake, divided by the inverse of the temperature at which the isotherm was 
captured. Various sources explore the underlying theory behind this equation, 
including a book by Rouquerol et al.(49) 

The right-hand side of Eq. 1 can be thought of as a straight line multiplied 
by R. Explicitly, when applying this method, there will be one such straight 
line for each discrete point of pressure measured. A 78-point isotherm will 
result in 78 isosteres. Each isostere should be very close to completely linear 
(where linearity implies R2=1). This brings an experimental choice into focus: 
one must decide how many temperatures to measure. Each isostere will have 
as many X-values as there are temperatures. As such, having only two tem-
peratures is not acceptable; three is the bare minimum, or the linear fit will 
lack meaning. 

A word of caution here: this method of evaluating enthalpy changes will 
never be completely accurate. It is, as the general gas constant suggests, an 
ideal-gas method. Adding weeks of data gathering to produce a result that is 
ultimately not representative is not meaningful. 

There are some important considerations to bear in mind. Constant uptake, 
or coverage, means that the surface of the material cannot change during the 
measurement. This implies that MOFs with gate effects or flexible behaviour 
cannot be expected to yield meaningful results using this method. Constant 
temperature means the temperature must remain stable during the measure-
ment; it must truly be an isotherm. Experimentally, this necessitates a sample 
bath that allows the sample to be measured without any change in temperature 
during the (often lengthy) measurement. 

Practically, this method is utilised by following the steps outlined below, 
illustrated using the example of CO₂ adsorption onto Ga-TCPB (from Paper 
II). Three isotherms are gathered. The experimental adsorption pressures will 
differ between these isotherms. This means that we cannot directly apply Eq. 
1. Instead, we need to connect the isotherm data points using a continuous 
function, such as an isotherm equation. 

If this is done using mathematical software such as Origin, the fitting soft-
ware can be set to 'find XXX from YYY.' This allows us to input uptakes and 
calculate the corresponding pressures based on the fitted isotherm. This step 
is repeated for all isotherms. 

The next step involves choosing the range for the calculations. Extending 
this range beyond the gathered isotherm data would constitute the fabrication 
of data, which must be avoided. In this example, we select the range starting 
from the low-pressure uptake of the highest temperature isotherm (which 
should correspond to the highest of the low-pressure uptakes), to the highest 
uptake at high temperature (which should correspond to the lowest uptake at 
high pressures). 
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This will give us a span of uptakes in which all isotherms have data (0.08–
2.54796 mmol/g). Now, we decide, as an example, that this calculation should 
have 20 points, just so that they are all clearly visible. If we input these data 
points into the 'find X from Y' function from each earlier fit, we will obtain a 
series of pressures (P) [kPa] from each isotherm. 
 

 
Figure 5.3 1, left, the selected span of uptakes, present at all gathered temperatures 
(start uptake cutoff: lowest temperature isotherm, end uptake cutoff: high temperature 
isotherm). Right, fitted isotherm models (R2>0.9999 for all three, the isotherm equa-
tion used is “Toth”). 

If this is done using mathematical software such as Origin, the fitting software 
can be set to 'find XXX from YYY.' This allows us to input uptakes and 
calculate the corresponding pressures based on the fitted isotherm. This step 
is repeated for all isotherms. 

The next step involves choosing the range for the calculations. Extending 
this range beyond the gathered isotherm data would constitute the fabrication 
of data, which must be avoided. In this example, we select the range starting 
from the low-pressure uptake of the highest-temperature isotherm (which 
should correspond to the highest of the low-pressure uptakes) to the highest 
uptake at high temperature (which should correspond to the lowest uptake at 
high pressures). 

This will give us a span of uptakes in which all isotherms have data (0.08–
2.54796 mmol/g). Now, we decide, as an example, that this calculation should 
have 20 points, so that they are all clearly visible. If we input these data points 
into the 'find X from Y' function from each earlier fit, we will obtain a series 
of pressures (P) [kPa] from each isotherm. 

These pressures are now transposed, low values to the left, as is visible 
below.  
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Figure 5.3 2These transposed values can now be plotted and fitted linearly for each 
point. The transposed plot should look something as follows, 

Figure 5.3 3, on the left, 20 stacked isosteres are shown. On the right, the isosteric 
enthalpy of adsorption for CO₂ onto Ga-TCPB is presented, calculated for uptakes 
between 0.08 and 2.5 mmol/g. The isotherms were gathered at temperatures between 
20°C and 30°C. The pink line includes the standard error from the linear fit. 

The final isosteric enthalpy of adsorption is depicted on the right-hand side of 
the image above. Commonly, if a single value is reported, it corresponds to 
the isosteric enthalpy at zero or very low coverage (the first point). As can be 
seen in Figure 1, on the left side, using the isosteric method to calculate the 
enthalpy of adsorption for a specific span of uptake requires some planning. 
There are various sources that debate this topic and the validity of its results. 
One such source is the work by Giraldo et al., which highlights apparent dif-
ferences between the Clausius–Clapeyron method (discussed above) and cal-
orimetric measurements. While trends seem consistent, the magnitudes dif-
fer.22 Other studies, such as the one by Rouquerol et al., state that the Clau-
sius–Clapeyron method becomes increasingly reliable at higher surface cov-
erage and that it is a relatively simple method.(46) From experience, it is also 
worth mentioning that this method is considered close to a "branch standard" 
and is widely used in many high-quality publications, despite its limitations. 
(50–52)  
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5.4 Pore size distribution calculations 
All pore-size distributions (PSD) were calculated using Micromeritics Micro-
Active software, on N2 saturation isotherms captured at 77 K. This software 
uses kernels, which is a set of pre calculated theoretical isotherms pertaining 
an adsorbate/adsorptive pair with pores of different widths and the same 
shape. These kernels are used to perform a non-local density functional the-
ory-calculation (NLDFT) to extrapolate which pore sizes are present in the 
measured isotherm.  

The method is based on the general adsorption isotherm model, 
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Where f is the pore distribution function, N(p/po), the experimental adsorption 
isotherm, N(p/po,W) the theoretical adsorption isotherm. Additionally, two di-
mensional versions of this DFT calculation were quoted as helpful in describ-
ing energetically heterogenous microporous materials by IUPAC (2015).(42) 

The results of these calculations can then be regularized/smoothed to will, 
and combined with a pore volume calculation to include a two-y-axis plot per-
taining both pore size distribution and the pore volume increase at the same x-
axis value (width, nm or Å).  

This method is an improvement over other historically used methods, such 
as the Barett-Joyner-Halenda (BHJ) method as more antiquated methods did 
not represent the condensed state adsorbate inside the pores well.(53) 

As such, it is possible to alter slit geometry and kernel type to acquire a 
PSD with a small error of fit. In terms of error, it is important to highlight that 
the kernels available are of well-studied, energetically homogenous adsor-
bents such as metal oxides, carbon materials, pillared clay etc... Materials 
which are in fact energetically quite unlike MOFs.  

This method remains one of the most commonly used and is frequently 
encountered in literature and IUPAC recommendations.(42,53) 
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Chapter 6: Crystallography 

6.1. Introduction to Crystalline Structures 
Starting with the dated definition of crystallinity. Materials were considered 
crystalline if they had short range order, and long-range order. Short-range 
order is perhaps most easily imagined as in polymers, polymers have short 
range order in their repeating units, but the long rage order is often limited to 
a finite number of repetitions of this repeating unit. The result of which, is that 
polymers are often amorphous. In crystalline solids, the short-range/long-
range order is commonly described by a unit cell which is packed with atoms. 
Where the long-range order is the unit cell, and the short range order is the 
organisation inside the unit cell. An example is that of sodium chloride. So-
dium chloride consists of an alkali metal, and a halide. Both of which are 
bound as NaCl and stacked in a certain structure, where atoms, or ions are 
commonly imagined as hard spheres just barely in contact. Their unit cells 
commonly described as tight-packed Bravais-lattices.  

As crystalline organic materials are more complex in terms of composition, 
they often require more complex methods of description. Certain organic mol-
ecules, even very complex ones, such as proteins, can be crystalline. In such 
cases the short-range order can often be quite complex and consist of hun-
dreds, or even thousands of atoms. The definition of crystallinity has changed 
since the earlier definition, any material which has a clear diffraction pattern 
is now considered crystalline, and the models required to describe them have 
become increasingly complex. 

The atoms can still be represented by spheres, but the unit cell, as such- is 
often composed of voids, or solvents etc. And these unit cells can be very large 
compared to metals/salts. As an example, a unit cell of NaCl contains 8 atoms. 
To describe somethings position in 3-dimensional space, one would need 3 
positions per item (x, y, z, commonly). So, 8 atoms would require 8x3 posi-
tions. In NaCl, this amount of data is not so much bother, but a unit cell of an 
organic crystal can consist of thousands of atoms. So instead of (xyz), in crys-
tallography it is common to use so-called space groups. These are constructed 
by Bravais lattices, but in place of atoms is a so-called asymmetric unit. This 
consists of the smallest repeating unit in the structure. This asymmetric unit 
can undergo various translations such as glide planes, mirror planes, rotations 
etc. all depending on the space group. For most purposes, MOFs can be de-
scribed using 225 different space groups, and still contain hundreds or 
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thousands of atoms. This ease of structural description is highly impactful on 
describing a crystalline solid, but perhaps even more so on calculating hypo-
theticals pertaining such structures.  

Most data pertaining XRD is in reciprocal space. Such as any result of 
Bragg-diffraction. Reciprocal space methods are called so as they consider the 
reciprocal space, and use theoretical Bragg indices, extinction conditions, con-
structive interference conditions etc. to verify a crystalline material as belong-
ing to one space-group or another. The name reciprocal in this case, has its 
source in the data not being inverted as a part of the method, unlike real-space 
methods.  

Real-space methods, look at the actual diffractogram of the material at 
hand, and compares it to a constructed theoretical diffractogram of a chosen 
material. Historically, this came along with more processing speeds being 
available. Another worthwhile consideration regarding real-space methods, as 
this involves comparing two whole patterns, these methods tend to be less 
sensitive to peak overlap (which will leave certain peaks unindexed).  

As most structure solutions involve a least squares refinement, a require-
ment is that the refinement converges. This step is largely dependent on, of 
course, that the theoretical model closely depicts the structure of the experi-
mental material. Any sufficiently large deviation will cause the refinement to 
diverge and fail. Real-space methods enable us to use molecular models with 
restraints on such things as ring-torsion and flatness in benzene rings, rota-
tions, or lack thereof in materials containing double/triple bonds etc. All of 
which removes unnecessary steps in the refinement, which lessens the likeli-
hood that the refinement will fail. 

6.2 Analysis of PXRD 
The end goal of collecting X-ray diffractograms is often either to superficially 
confirm that the material is PXRD-crystalline or to solve or confirm the struc-
ture of a material. The complete diffraction of a specific Bravais lattice can be 
described mathematically by a so-called structure factor, Fhkl.  
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Where fj is the atomic form factor, h, k, and l are the reflections [h00], [0k0], 
[00l], and xj, yj, zj are the fractional atomic coordinates. Fhkl is proportional to 
intensity I, which, as previously mentioned, cannot be explicitly discerned 
from PXRD. By inputting the general coordinates of atoms in body-centred, 
primitive, face-centred, side, and rhombohedral lattices, one can calculate so-
called extinction and reflection conditions for that lattice type (e.g., hkl=all 
even, all odd for FCC). This information can be used to index peaks in a dif-
fractogram (each reflection in 2θ (°) represents some combination of lattice 
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planes, i.e., Miller indices {hkl}). Indexing is often the first step in solving a 
structure. Once the Bravais lattice is confirmed, one can attempt to narrow 
down the space group of the crystal. 

Space groups are more complex structural models that allow for complex 
molecules and symmetry operations in a three-dimensional structure, the 
structure factors of which are much more intricate and require multiple at-
tempts with different combinations of [hkl] to solve. Even then, there are iso-
morphic subgroups that are indistinguishable by reflection conditions. All 
these possibilities rely on perfect data, which may make structure determina-
tion very challenging. 

Once the problem has been narrowed down to a reasonable set of space 
groups to try, the next step is to perform a so-called refinement. If the space 
group and structure factors are known, a Le Bail fit can be conducted on 
PXRD data. If the space group is not known, a Pawley fit can be employed. 
In such a fit, the intensities are a refinable parameter, meaning they do not 
need to be exact. Both these options are valuable initial steps as they provide 
an indication of the best possible refinement achievable with the given data.  

All refinements are essentially least-square refinements, with the exact de-
tails being software-specific. However, the refinement parameters of the 
methods (Le Bail, Pawley, or Rietveld) are method specific. Distinguishing 
between multiple space groups with the same reflection conditions is com-
monly achieved by repeating the refinement for each possibility separately 
and selecting the one that refines the furthest. It is important to note that there 
is no explicit limit to when a refinement is considered complete. 

The transformation from a full three-dimensional diffraction pattern to one 
with peaks plotted against 2θ (°) is performed using a rectangular two-dimen-
sional strip of the diffraction pattern (or a so-called strip detector). Since 
smaller circles have a higher degree of curvature than larger ones, translating 
them into two dimensions can introduce an error in peak shape. This error is 
unrelated to the structure itself but is instead caused by the geometry of the 
detector and the translation of data. This specific error is called axial diver-
gence. It derives its name from the fact that the incoming radiation is actually 
divergent (unlike, for example visual light, which can be divergent, parallel, 
or convergent). This means that, even though we aim to hit only the centre of 
the sample with photons, the beam actually flares out slightly. This effect is 
most present in Bragg-Brentano geometry. 

A Debye-Scherrer geometry instead carries with it errors in asymmetrical 
sample rotation, uneven capillary packing, density variation, X-ray absorption 
etc.  

The effect of axial divergence is that diffraction rings become smeared, 
with the effects particularly noticeable at low 2θ (°), causing peak shape errors 
that are unrelated to the structure of the sample. This issue can be mitigated 
by sacrificing intensity and using Soller slits with smaller gaps to filter out 
more divergent photons, thereby reducing a portion of the error.  
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Other experimental errors commonly observed in MOFs are related to the 
size of the crystals. Traditionally, crystalline materials were defined as those 
with both short-range and long-range order. That is, the atoms in the material 
are ordered in a motif, and this motif repeats itself over a long range. Later, 
with the discovery of quasicrystals, the definition of crystallinity evolved to 
include materials with clear diffraction patterns.  

When describing a MOF as crystalline, it is commonly meant that it pos-
sesses a well-formed secondary building unit (SBU) and an organised general 
structure, which are hallmarks of MOFs. However, MOFs are often composed 
of nanoparticles with crystal sizes well below 500 nm. Occasionally, the crys-
tals may be so small that there is no true long-range order, simply because the 
crystal itself is too small. In such cases, the structure of the MOF may be well-
formed but still appear PXRD-amorphous. This size effect is gradual and can 
cause significant broadening of peaks, a phenomenon commonly observed in 
MOF PXRD. 

A final source of error that warrants mention when analysing MOF PXRD 
is preferential orientation. This issue arises particularly in crystals that grow 
more in one direction of the unit cell (xxx, yyy, or zzz), but also in two-di-
mensional materials, i.e., flat materials. Both these morphological character-
istics can be observed using SEM. In such cases, almost all single crystals in 
a PXRD sample may orient themselves in a specific direction, e.g., flat side 
down. 

The effect of this, considering the earlier mention of the difference between 
single-crystal and powder XRD, is that the expected circles will not be full 
circles. Portions of the circles will be missing, as the crystals are not randomly 
stacked in all directions. Since the construction of the PXRD only takes a strip 
of the full diffractogram, the result may be that some peaks are not included, 
even if the structure is in fact well-formed. And all the aforementioned sources 
of error and method characteristics should be carefully considered before 
drawing conclusions when analysing X-ray diffractograms. 

The analysis of PXRD in this thesis performed by the author, used TOPAS 
by Brucker for all refinement, in addition to EXPO2014, Highscore+ and 
EVA.  

6.3 Structure refinement 
The practical analysis of PXRD, or single crystal XRD (SCXRD), is often 
described in a flow chart. One interpretation of the reason for this is that there 
are many considerations in this analysis, and much of these considerations are 
based on the intended outcome. Following is a flow of analysis in a completely 
unknown material.  

Using PXRD, commonly the first step is indexing. Indexing refers to ex-
plicitly assigning each Bragg index in the PXRD pattern to a specific space 
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group. To do this, it is necessary to first identify the background of the scan, 
and fit the peaks. The most common way of stating the position of a peak is at 
half height, half width, that is to say; the centre of the peak at half height. To 
allocate this it is common to fit the peak using either a symmetrical, or an 
asymmetrical peak shape function. While the details of this step are complex 
and extensive, suffice to say that errors and imperfect data can lead to “rabbit 
holes” in this process. It is prudent to assume a certain degree of error on the 
results. After this is done to a high degree of success, the position of the peaks 
together with the first peak (which indicates the lattice parameter of the mate-
rial) can be used in various mathematical methods to calculate which space 
groups may be responsible for producing such a Bragg index-pattern. There 
are many indexing methods, although trial and error (TREOR, or as my 
teacher called it TERROR), dichotomy of volume space (Dicvol), and 
Mc’Maille are some common ones, but indexing is in essence software spe-
cific. Different software uses different methods. Consider that using peak po-
sitions only, of course is insufficient to describe a crystal structure fully. A 
successful indexing will have a high figure of merit (FOM), and at this point 
one may consider that result a candidate for further refinement. 

At this point in the process, one needs to consider that depending on noth-
ing but blind luck, the crystal structure of one’s unknown material may belong 
to a space-group which is easy to determine, or not so. The quality of data, 
and peak fitting, not to speak of such things as multiple phases or nanocrystals, 
will also have a massive impact on steps after this. As I was taught, it is better 
to avoid errors (yes, this is a joke).  

After this, possibilities split depending on the knowledge of the unknown 
material. If it is a MOF, and the asymmetrical element is known (some com-
bination of SBU and linker), one can use a real-space method together with a 
molecular model to attempt an initial structure solution.  

The term fitting, usually refers to least square fitting. Which is a very un-
specific term considering the possibilities. For single crystal data, most of the 
fitting is commonly performed using software based on G. M. Sheldrick’s 
software (SHELX). The details of which, are slightly different than powder 
methods. As the research presented herein does not pertain SCXRD the details 
will be left out.  

The earliest method is the Pawley-method, which intends to extract the in-
tensity of each reflection (of index h,k,l), IHKL. The unit cell parameters 
ABCDEF, instrumental zero error (sample displacement), peak width param-
eters U, V, W, and other peak shape parameters. The peak positions in this 
method are extracted from the unit cell parameters and the sample displace-
ment error. Unlike the Rietveld method, in which the intensity is calculated 
from the structure factor FHKL (calculated from the actual model).  

If we know nothing of the material, we can use a Le’Bail fit (named so after 
the inventor Armand Le’Bail). This method uses the same parameters as the 
Pawley method, but the individual peak intensities are not refined at all. This 
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is the reason why the Le’Bail fit can be used as a gauge to see how well the 
data could possibly fit the model, Pawley or Rietveld methods could never 
achieve the same fitting values as they add intensity into the fit.  

Both Pawley and Le’Bail methods have problems with peaks that overlap, 
which most certainly will be the case in such a complex system as a MOF. 
Especially in high symmetry space-groups. This means that perfect R2 values 
cannot be expected. This can be overcome to a large extent by using synchro-
tron data, which due to the high intensity, can resolve peaks much better.  

Summarily, Pawley or Le’Bail is sufficient to decide a space group with or 
help choose between alternatives. As the correct space group will be possible 
to refine furthest.  

A third alternative mentioned hap-hazard earlier on as “real-space meth-
ods”, calculates intensities from a simulated crystal model which it creates a 
diffraction pattern from, and that is compared to the experimental pattern. This 
process is relatively calculation intense, and is prone to divergence, but can be 
very helpful in combination with methods such as hydrogen nuclear magnetic 
resonance spectroscopy (1H NMR). If one uses 1H NMR to identify the or-
ganic molecule (if unknown), one can create a molecular model of the organic 
linker.  

Other alternatives include Monte-Carlo methods, where some or all param-
eters are randomised, the resulting structure factor is calculated, and the pat-
terns compared by least squares refinement. This is repeated very many times, 
and the best result is kept. The downside to this, is that such methods tend to 
get stuck in local minimums, that is to say, the kept result may not be the best 
result of all possible alternatives, only the best of the tried alternatives. 

A more refined version of the Monte-Carlo method is that of simulated an-
nealing. In such methods, the least squares step is allowed to worsen. This 
allowance to perform poorly is called the temperature, and it is lowered itera-
tion by iteration. This way, local minima are avoided to a greater extent. If 
used together with rigorous restraints, such as molecular models etc. these 
methods can be surprisingly effective.  

The final step, regardless of the previous, if the end goal is a structure so-
lution. Should be a Rietveld fit. The information gathered in all the previous 
steps are used as a base in this step to facilitate convergence. 

Parameters included in a Rietveld fit are, space group, cell parameters, Z, 
atomic positions, occupancy, and thermal displacement.  
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Chapter 7: Results  

In this chapter, the summary results from characterisation to conclusion of 
paper I-IV are presented in order. Followed by the actual publications. The 
intention here is to lift a few select topics into focus, which otherwise is par-
tially buried in respective articles ESIs. These highlighted results are followed 
by each individual article, as available in print. Articles I-IV are all open ac-
cess and are available at their respective publishers. .  
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Chapter 7.1: Conclusions and Perspectives 

Analysis wise, the chain of thought in all the presented work here, is that the 
whole understanding of the material comes from a chain of methods starting 
with the synthetic parameters. Knowing what went into the syn-thesis, we can 
assume that is the same content as the finished product. PXRD confirms struc-
tural model and SEM morphology. TGA confirms decomposition and wash-
ing. And N2 at 77 K confirms porosity as experienced by the probe (N2), which 
relates back to the structural model. EDS, FTIR and XPS can be used to con-
firm composition, bond-types, and similarity to other materials. All in all, 
these methods build up an image of the MOF as a whole. 

Figure 8 1 left; 293 K SF6 adsorption isotherms of MOFs in articles II-III. Right; 293 
K SF6 adsorption isotherms of MOFs in articles I-III.  

Figure 8 2, left; DFT pore size distributions of MOFs in papers II-III. Right; DFT 
pore size distributions of MOFs in papers I-II. All calculated from N2 isotherms (77 
K), slit pore kernels and no regularization. Note axis breaks. 
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Above, in Figure 8.1, is a summary of SF₆ adsorption isotherms for novel 
MOFs in Articles I-III. In Figure 8.2, DFT pore-size distributions of novel 
MOFs in Articles I-III are shown. When comparing the PSD of all TBAPy-
MOFs, it is clear that the MOFs in Article III have narrower pores than those 
in Article II, in addition to having vastly larger pore volumes than those in 
Article III. Comparing the MOFs in Articles I and II, we can observe that, in 
addition to the pore sizes being much larger in UiO-67-F2, the pore volume is 
orders of magnitude larger in UiO-67-F2. The measured pore volume is pri-
marily probe specific, the crystallographic porosity of the samples do not in-
dicate that N2 should not be able to access the pores. As TBAPy and TCPB 
MOFs are novel syntheses, it may be that their synthesis routes, and through 
better synthesis porosity could be improved upon.  

The uptake of TBAPy MOFs (Figure 8.1, left) shows all adsorption iso-
therms for the same linker. Regarding the different crystallographic structures 
of these MOFs, if we observe V, Ga-TBAPy (which are isoreticular) and Yb, 
Tm-TBAPy (which are also isoreticular), we can see that the trends between 
the adsorption branches of these isotherms are clearly the same shape, differ-
ing only by the y-axis position. 

Looking at the summary table below, we can also observe that, although a 
similar crystallographic space group means the pores present will have a sim-
ilar topology, it remains that the specific pore size experienced by the adsorb-
ate is the most important driver of both a high uptake and good selectivity. 

BET SSA also varies between samples. While Ga, V-TBAPy and TCPB 
MOFs remain similar in SSA (m²/g), Hf, Tm, Yb, and Ce fall behind slightly. 
The same trend follows for pore volumes. 
 
Table 8 1, Calculated BET SSA of TBAPy, TCPB, BTC and BPDC2F MOFs. Pore 
volumes calculated at 0.98 adsorption branch, and space groups of all the aforemen-
tioned MOFs.  

 TBAPy TCPB BTC BPDC2F 

 Ga V Hf Tm Yb Ce Ga V Bi Zr 

BET 

N2 

SSA 
1484 1370 620 716 940 734 1144 1107 N/A 1966 

Pore 

vol-

ume 

0.669 0.557 0.45 0.33 0.35 0.26 0.469 0.482 N/A 0.781 

Space 

group 
P2/m P2/m P6/mmm P-1 P-1 P21/c P2/m Pcma Pnnm Fm2"m 

 

Noted here is the odd-one-out, UU-200. As this MOF has such small pores, 
N₂ is not able to penetrate the structure at 77 K. As such, it is not possible to 
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calculate the N₂ SSA, nor pore volume or DFT pore size dis-tributions. We 
can, however, calculate a VdW surface map from the crystallographic infor-
mation file (.cif). In Figure 8.3 (left), we can see that there is a channel in the 
a-direction of the unit cell of UU-200, and that the central pore volume visible
in the VdW surface is bisected by this channel. Other channels run along
[100]. The network flexibility of UU-200 was not further investigated as such,
but adsorption of SF₆ can-not occur in this material without network flexibil-
ity, as the pores are 3.4–3.5 Å and the kinetic diameter of SF6 is 5.5 Å. Re-
garding the kinetics of adsorption, all MOFs in papers II, III and IV contain
channels throughout, which may help facilitate SF6 diffusion into the MOFs.

Figure 8 3, left, unit cell of UU-200 viewed from [100] Bi SBU as purple polygons, 
oxygen as red balls, carbon atoms as black bonds only. Right, unit cell with VdW-
surface map of UU-200 viewed from [100]. Bi atoms as purple balls, oxygen as red 
balls and carbon as yellow bonds.  

7.2. Summary of Key Results 
The aims of this research were to create new porous adsorbents using reticular 
chemistry for potential use in high-tech and environmental applications. 
Metal-organic framework (MOF) materials offer a platform for the creation 
of high internal surface area materials with versatile, easily modified building 
blocks from diverse sources. 

The predominantly microporous MOFs created during this research were 
designed to capture, store, or separate selected environmental pollutants, 
namely SF6, CO2, and PFOA. 
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In some cases, such as in UU200 (Article IV), the predominant force behind 
the sorption results appears to be the physical size of the pores (3–4 Å), which 
coincides with the kinetic diameter of CO2 (3.4 Å). The columns in the crys-
tallographic structure of UU200 are likely a contributing factor to the good 
sorption kinetics observed in UU200. The structure of UU200 was also be-
lieved to be potentially flexible, and the relatively high uptake of SF₆ was at-
tributed to this mechanism, as the kinetic radius of SF6 (5.5 Å) should be too 
large. In all these cases, the adsorption was attributed to physisorption. 

In Ga, V-TBAPy, and Ga, V-TCPB MOFs (Article II), the resulting struc-
tures are ROD-like MOFs. This means that the SBU in these cases is com-
posed of "rods", interconnected by the organic linkers. Crystallographically, 
these MOFs were found to have complex pore networks with hierarchical 
pores. In the case of TBAPy MOFs, there were two smaller and two larger 
pores, and a fifth interplanar pore. In TCPB MOFs, the same pattern was 
found, but with much smaller pores. In the case of TCPB MOFs, especially in 
Ga-TCPB, this smaller pore was calculated to be 5.5 Å (crystallographically), 
coinciding with the kinetic radius of SF₆. This property was attributed to the 
very high low-pressure IAST selectivity in Ga- and V-TCPB (419 and 361, 
respectively). In addition, the isosteric enthalpy of adsorption was found to be 
moderately low, suggesting that the desorption process may be energetically 
inexpensive enough to allow high cyclability in Ga and V TCPB and TBAPy 
MOFs, confirming that adsorption is physisorptive. 

In Ce, Hf, Yb, and Tm versions of TBAPy MOFs, starting with Tm and Yb 
(triclinic), the structures were found to be ROD-like, but with less SBU inter-
connection and less order than in Ga-TBAPy (monoclinic) (Ga, Yb, and Tm 
all being in oxidation state III). The crystallographic pores running alongside 
the SBU in Yb and Tm TBAPy were less straight than in Ga-TBAPy, and the 
crystallographic interplanar pore appeared more jagged as well. The N2 pore 
size difference between Yb and Tm TBAPy was found to be that only the 
secondary, slightly larger pore size was discernible from the smaller pore in 
Yb-TBAPy. In Hf- and Ce-TBAPy, the SBU was found to be more organised, 
and the crystallographic pores were more akin to those in V-TBAPy (mono-
clinic). Ce-TBAPy was found to be isoreticular to ROD7 (monoclinic), and 
Hf-TBAPy to NU-1000 (hexagonal). These differences were also visible in 
N2 porosity, as Hf-TBAPy had larger pores present. 

In UiO-67-F2, functionalisation of the organic linkers of an otherwise well-
studied family of MOFs was investigated. It was found that fluorination had a 
clear effect on the uptake of SF6, especially on the isosteric enthalpy of ad-
sorption at low coverage. However, uptakes at higher pressures remained 
more related to pore-size effects. There was also an attempt to characterise the 
deficiency of the MOFs studied in Paper I, which showed that the materials 
were all somewhat deficient without being able to pinpoint the type of defi-
ciency or exact quantity. This is worth mentioning, as possible open metal 
sites offer additional heterogeneous adsorption sites. The SF6 uptake of UiO-
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67-F2 was found to be very high at 100 kPa, likely driven by pore size effects 
in combination with a cooperative adsorption effect. 

Throughout articles I-IV, no MOFs displayed any hysteresis in SF6 iso-
therms. The only isotherms including hystereses were those of Hf-TBAPy (N2, 
77 K). 

The uptake of the PFA named perfluorooctanoic acid (PFOA) from aque-
ous solution was also investigated and found to be exceptionally high. When 
compared with unfunctionalised UiO-67, the functionalisation of UiO-67-F2 
seems quite impactful. 

In terms of selectivity and performance, all TBAPy MOFs exhibited mid-
range uptakes with good uptake kinetics but unspectacular selectivity. TCPB 
MOFs offered higher selectivity, and in both TBAPy and TCPB MOFs, these 
sorption properties were attributed to kinetic effects (pore size effects). 

The use of similar elements in combination with identical linkers (TBAPy) 
in eight instances produces structurally different frameworks. Using the anal-
ogy of building blocks, we can see that even though the state of ionisation of 
the metal salt used is well known, the formation of the building block or SBU 
is not so easily predicted. And it is the SBU which directs the structure of the 
MOF. Selecting elements which have similar coordination geometries to those 
of confirmed MOF structures, is a valid strategy in creating novel MOFs. The 
impact of the selection of metal-ion in the SBU on the sorption properties and 
SBU-coordination remains tangible and difficult to predict.  

Organic linker functionalisation has an effect on gas sorption characteris-
tics, especially visible in uptake and isosteric enthalpy of adsorption at low 
surface coverage. However, pore size effects, which originate from the kinetic 
diameter of the adsorbate molecule conforming to the pore size, appear to re-
main highly important in gas sorption uptake. This means that organic-linker 
functionalisation is a powerful tool in applications where enthalpy at low up-
take is important (such as applications with low adsorbate concentration).  

In all observed cases, the change of metal-ion does not affect the stability 
of the resulting MOF in an unpredictable way. The oxidation state of the 
metal-ion, and the functionality of the linker-pair seems to be the deciding 
factor. All linkers in these studies were carboxylic acids, and the resulting sta-
bility of the resulting MOFs were all as good as other isomorphs. Choice of 
metal centre can also induce flexibility, as in the case of UU-200. 

In IAST results at 293 K (SF6/N2 at 10/90 composition) between TBAPy 
and TCPB MOFs, an organic linker with more π-bonds (TBAPy) has a tangi-
ble difference in isosteric enthalpy of adsorption (~27 kJ/mol at zero coverage 
for V- and Ga-TBAPy, ~24 for TCPB MOFs), but the molecular sieving effect 
of pore sizes being more suitable for one adsorbate over the other seems more 
important for achieving a high IAST selectivity. This is as Ga- and V-TCPB 
MOFs have low-pressure IAST selectivity of over 550, whereas V- and Ga-
TBAPy remain around 50. Yb-, Tm-, and Ce-TBAPy have relatively high 
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selectivity (170–200), and Hf-TBAPy is much lower at ~50. It is clear that this 
pattern of IAST selectivity does not follow isosteric enthalpy of adsorption. 

7.3 Future outlook 
In consideration of these results, and these four years of research, in addition 
to highlighting potential applications of MOFs and providing insight into 
standard analytical methods, I have come to the following personal opinions.  

These investigations, in my opinion, have particularly demonstrated the 
critical role of crystallography in advancing our understanding of MOFs. The 
necessity of greater standardisation in methods for observing defects within 
MOFs is related to crystallography, in the sense that crystallography often is 
the base of our understanding of how the structure of an ideal material would 
look. Gas sorption integrates well with crystallography and morphological 
analysis methods. It is the interplay between crystallographic modelling and 
experimental results, such as gas sorption, which I believe would benefit from 
more exploration, as many assumptions arise from the discrepancies between 
these methods. Even other theoretical methods such as DFT or molecular dy-
namics simulations could greatly strengthen this research.  

Another worthwhile consideration is a green chemistry related one. Inves-
tigation into the possible environmental risks associated with real-life appli-
cations involving MOFs. Risks such as leeching decomposing MOFs into eco-
systems. Nanoparticles are known to have unpredictable interactions with hu-
man health (nanotoxicology), more related to their surface areas than their 
compositions(32,54), and disintegrated MOFs would likely have effects anal-
ogous to PFAs or other amphiphilic molecules. Systematic study of the deg-
radation of MOFs in various environments, as well as into any upscaled pro-
duction. These considerations are close to heart for me, as any secondary en-
vironmental impact of MOF usage could impact both the research field of 
MOFs, and the credibility of environmentally aimed materials research.  

The process of immobilising MOFs, or incorporating them into technical 
materials, often referred to as structuring, also represents a critical and com-
plex area of research. Many of the professed usages of MOFs would without 
any doubt require that the often nanoparticle-sized crystals be firmly fixated, 
without losing their intended characteristics.  

The fundamental science related to MOFs, both in fully understanding the 
synthesis reactions and the sorption processes involved in their use as sorbents 
has a lot of work left in it. Many of the theoretical models we take for granted, 
should ideally be re-confirmed to work on microporous heterogenous materials.  
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Chapter 8: Sammanfattning på Svenska 

Tvåtusentalet har präglats av den miljömedvetenhet som växt fram under den 
sena hälften av 1900-talet. Under 90-talet identifierades under Kyotoprotokol-
let att det fanns fler gaser än koldioxid (CO2) som skapar växthuseffekten. En 
av dem är svavelhexafluorid (SF6), som klassificerats att ha drygt 23 000 
gånger så hög växthusgas-effekt som CO2. Även perfluorinerade alkylsub-
stanser (PFAS) är en typ av miljöförorening som i modern tid får mycket upp-
märksamhet för dess närvaro i vårt dricksvatten. Idag är koncept så som växt-
huseffekten och miljögifter kända av i princip alla. Men vad kan vi göra åt 
växthusgaser? Eller redan utsläppta miljögifter? 

Metal-organiska ramverk, eller som det kallas, MOF:s, är en typ av porösa 
nanomaterial bestående av koordinerande metallcenter som kopplas samman 
med organiska ligander vilka kallas linkers. Dessa formar porösa material be-
stående av denna kombination, där stora delar av strukturen är hålrum. Detta 
innebär att MOF:s kan innehålla mycket stora ytor, och dessa ytor gör MOF:s 
attraktiva alternativ för adsorptionsprocesser. Egenskaperna hos dessa hålrum 
kan förändras genom att försiktigt välja olika metaller, linkers eller en kombi-
nation av båda – och bibehålla samma struktur. Detta innebär att man kan till-
verka material där man designat materialet från en atomär skala för att fånga 
upp, eller förvara vissa föroreningar. 

I denna forskning skapades 10 nya MOF:s, med V, Ga, Ce, Yb, Tm, Hf, Zr 
och linkers 1,3,6,8-tetrakis(4-karboxyfenyl) pyren (TBAPy): 4',5'-bis(4-kar-
boxyfenyl) -[1,1':2',1''-terfenyl] -4,4''-dikarboxylsyra (TCPB), bensen-1,3,5-
trikarboxylsyra (BTC), och 3,3’-Difluoro-[1,1’-bifenyl] -4,4’-dikarboxylsyra 
(BPDC2F). Dessa undersöktes som potentiella material för att selektivt fånga 
upp SF6 ur blandningar med N2, CO2 samt PFAS:en PFOA (perfluorinerad 
oktansyra) ur vattenlösning. 

Linkern BPDC2F användes för att skapa UiO-67-F2 (artikel I), en MOF 
som fanns vara isostrukturell med UiO-67. UiO-67-F2 uppmättes ha ett 
mycket högt upptag av SF6 vid 100 kPa tryck (293 K, 5,24 mmol/g), ad-
sorptionen hade även relativt låga entalpivärden (~25 kJ/mol vid lågt upp-
tag). UiO-67-F2 är ett attraktivt alternativ till förvaring av SF6. Detta då det 
höga upptaget i kombination med entalpin innebär att påfyllnad/tömning av 
SF6 ej skulle orsaka upphettning/nedkylning, samt tillåta mycket av SF6 att 
tömmas ut. Vidare är fluorering en känd metod för att göra material mer 
vattenavvisande, en egenskap som är högt skattad i SF6-förvaring då vatten 
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i gasbehållaren kan bidra till att forma HF om elektriska urladdningar eller 
upphettning av gasen sker. 

UU-200 (artikel IV) skapad med BTC och Bi, formade en MOF bestående 
av kanaler med mycket små porer. Den kristallografiskt uppmätta porstorle-
ken i UU-200 fanns vara nära den kinetiska diametern av CO2. Detta gav upp-
hov till ett högt upptag av CO2, i kombination med god kinetik för CO2-upp-
taget. UU-200:s SF6-upptag som enligt den kristallografiska porstorleken 
(3,4–4 Å) ej skulle tillåta SF6 (5,5 Å) att adsorbera – antogs bero på en flexi-
bilitet i pornätverket. Entalpiändringen i adsorptionen bekräftade att adsorpt-
ionen var fysisorption. 

I Ga, V-TBAPy samt V, Ga-TCPB (artikel II), påverkades upptaget av SF6 
endast av skillnader i porstorlek. Upptag i form av IAST-selektivitet i en 
10/90-blandning av SF6/N2 (vid 293 K) var även denna ett resultat av porstor-
lekar som passade bättre för SF6 än N2. Entalpiändringen i adsorptionen be-
kräftade att adsorptionen var fysisorption även i dessa fall. 

I artikel III fanns Yb, Hf, Tm och Ce-TBAPy ha god IAST-selektivitet av 
SF6/N2 (10/90, 293 K). Även i detta fall beroende på porstorlekseffekter. Och 
upptaget beräknades även i dessa fall bero på fysisorption. 

I en kort studie utforskades även PFOA-upptag ur vattenlösning genom 
suspension av UiO-67-F2. I denna studie (artikel I) upptäcktes UiO-67-F2 ha 
ett rekordhögt upptag (928/1700 mgPFOA/gMOF) av PFOA vid 1000 respektive 
3200 mgPFOA/LH₂O. Även i detta fall bekräftades upptaget röra sig om fysisorpt-
ion, då PFOA gick att tvätta bort från UiO-67-F2 och bibehålla dess struktur. 

Angående synteserna upptäcktes det att olika metallsalter (artikel II-III), 
även med liknande oxidationstillstånd, producerade olika kristallstrukturer. 
Detta i sin tur även ledande till mycket varierande kristallografiska porstorle-
kar även fast TBAPy-linkern användes i dessa åtta fall. Detta är mest övergri-
pande tydligt i IAST-selektivitet, där Ga och V-TBAPy har avsevärt lägre se-
lektivitet (~50) än Ce, Tm, Yb-TBAPy vilka hade 175–200 (Hf-TBAPy runt 
60 vid lågt tryck). I alla dessa rör sig adsorptionsmekanismen om fysisorption. 

Valet av metall jon påverkade gas-adsoptionsegenskaperna och koordinat-
ionsgeometrin i SBU:n hos resulterande MOF:s på ett oförutsägbart vis, men 
stabiliteten ändras relativt förutsägbart. Denna påverkan tycks vara den vik-
tigaste faktorn i adsorptionen av SF6 och CO2, då strukturen av MOFs, eller 
porositeten om man så vill, har en påtaglig effekt på gasupptaget. Funktional-
iseringen av de organiska liganderna har en märkbar påverkan av entalpin i 
gasadsorptionen vid låga upptag/tryck, att funktionalisera de organiska ligan-
derna i MOF:s är en effektiv strategi i applikationer där den adsorberande ga-
sen har en låg koncentration.Selektivitet via IAST-teorin tycks påverkas mest 
av strukturerna/SBU, än av entalpin mellan organisk ligand och gas. 
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