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Abstract 

In this work, the 𝐶𝑂2 adsorption capacity of chemically interesting metal-organic frameworks 

(MOFs) have been investigated. The MOFs have been characterized using standard 

inorganic/organic characterization tools such as pXRD, TGA, liquid and solid state NMR, 

SEM-EDS, static and dynamic gas adsorption. 

Potentially strong adsorption sites on the Pt – Zr interface was investigated by the use of TAP. 

The isosteric heat of adsorption have been estimated for UiO – 67 as a function of 

pretreatment. A comparison of the isosteric heat of adsorption determined by the use of static 

and dynamic gas adsorption studies have been made. 

A two-step adsorption mechanism in the N2 adsorption isotherm was observed for UiO – 67 

in the low pressure regime (
𝑝

𝑝0 < 0.005). The observed adsorption isotherm show 

resemblance to that of MOF – 808, however occurring at a much lower pressure.  

UiO – 67 and UiO – 67 type MOFs have been investigated by the use of ss – NMR. A major 

effort was made towards the assignment of the peaks in the recorded 1H and 13C spectrum of 

UiO – 67. The work was leading to the hopeful elucidation of adsorption sites and adsorption 

orientations, however due to time constraint only the groundwork have been performed. 
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1 Introduction 

1.1 Motivation 

The increased use of fossil fuel is the main reason for the augmented release of greenhouse 

gases such as CO2, NOx and CH4 . The accumulation of these gases in the atmosphere is of 

great concern since they have been correlated with phenomena such as extreme weather, 

raising sea level and damage to wild life [1]. This is the reason for the UNFCCC 2015 Paris 

agreement where all the countries that participated agreed upon limiting the average 

temperature increase to less than 2 ℃ and preferably less than 1.5 ℃, with respect to the pre-

industrial revolution values [2]. This is a difficult task as the global demand for energy is 

escalating with an increase of 2.9 % in 2018 [3]. In order to achieve this goal set by the 

UNFCCC while increasing the living standards of people in developing countries a “green 

shift” from fossil fuel to other sustainable energy sources such as wind and solar energy is 

required. A more short sight solution is the incorporation of greenhouse gas sinks and CO2 

capture from industrial emissions sources. The captured CO2 can be stored or used for further 

processing to more useful reactants, a difficult but not impossible task of great interest. 

1.2 Metal - Organic Frameworks 

Metal Organic Frameworks (MOFs) are a relatively new subclass of coordination polymers 

and the term was first used by O. Yaghi in 1995 [4]. Since then numerous types of MOFs 

have been synthesized and characterized. 

MOFs are built up of metal ions or metal clusters and organic molecules as ligands often 

denoted secondary building units (SBUs) and linker molecules respectively. A wide array of 

options exists when choosing both the SBUs and the linker molecule allowing the synthesis of 

MOFs with very specific chemical or physical properties. A variety of different SBUs and 

linker molecules is depicted in figure 1. MOFs are of great research interest for uses in drug 

delivery, separation, adsorption and storage of gases and catalysis [5-7]. 
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Figure 1. Examples of how either the inorganic SBU or the organic linker molecule can be varied to synthesize completely 
different MOFs. Atom labeling scheme: C, black; O, red; metals, blue polyhedra. H atoms are omitted for clarity. Yellow and 

orange spheres represent the free space in the framework [8]. 
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1.3 UiO MOFs 

A new type of MOFs were reported at the university of Oslo (UiO) in 2008 when J.H.Cavka 

et al. synthesized a new, highly stable, Zr-based MOF structure, UiO – 66 [9]. The UiO 

MOFs are all based on 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4 clusters connected to twelve bidentate 

linker molecules of different length giving structures with different pore sizes. The linker 

molecules used are terephthalic acid, biphenyl-4,4’-dicarboxylic acid (BPDC) and p-

terphenyl-4,4’’-dicarboxylic acid making UiO – 66, UiO – 67 and UiO – 68 respectively. The 

three organic linker molecules are depicted in figure 2.  

 

Figure 2. The linker molecules used in the synthesis of UiO MOFs. From the left: terephthalic acid, biphenyl-4,4’-

dicarboxylic acid and p-terphenyl-4,4’’-dicarboxylic acid used in the synthesis of UiO – 66, UiO – 67 and UiO - 68 
respectively. 

The UiO type MOFs are of great interest for practical use due to their high chemical, 

mechanical and thermal stability because of the strong bonding between zirconium and the 

carboxylate group [9]. In figure 3, the 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4 cluster is depicted. 

  

Figure 3. Illustration of the  𝑍r6(μ3 − O)4(μ3 − OH)4 cluster. Atom labeling scheme: carbon: grey, oxygen: red, zirconium 
polyhedra: cyan. Adopted from [10].  
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The UiO MOFs belong to the space group Fm-3m (225) and the unit cells of some selected 

UiO MOFs are depicted in figure 4. Notice the close resemblance to the face centered cubic 

unit cell.  

 

Figure 4. The unit cell of some selected UiO MOFs, adopted from [9]. From the left: UiO – 66, UiO – 67 and UiO – 68 

 

1.3.1 Pore description 

In the UiO MOFs two types of pores exists, the tetrahedral and octahedral pore, both of which 

are very different in both size and chemical environment. The tetrahedral and octahedral pores 

are connected forming a 3-dimensional network throughout the structure. The size and shape 

of the two pores for UiO – 66 and UiO – 67 are summarized in figure 5. 

 

Figure 5. The size and shape of the two different pore types in (a) UiO – 66 and (b) UiO – 67 [11]. 
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Chemically they are different due to different orientation of the 𝜇3 − 𝑂, 𝜇3 − 𝑂𝐻 groups and 

the hydrogen atoms on the linker. In the tetrahedral pore, the 𝜇3 − 𝑂𝐻 and  𝜇3 − 𝑂 group is 

directed directly towards the pore. This is not the case for the octahedral pore in which a 

zirconium atom on the cluster is pointing towards the pore. The hydrogen atoms on the linker 

points towards the octahedral pores, but normal to the tetrahedral pores.  

1.3.2 Dehydration of the clusters 

An interesting property of the 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4 clusters are the reversible 

dehydration process that takes place between 250 − 300 ℃ leading to the loss of two water 

molecules per cluster [12]. 

𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4

∆
⇔ 𝑍𝑟6(𝜇3 − 𝑂)6 + 2𝐻2𝑂 

The structure of the hydrated and dehydrated zirconium cluster are shown in figure 6. As the 

cluster dehydrates the coordination number for zirconium is reduced from eight to seven. 

 

Figure 6. The structure of the hydrated and dehydrated zirconium clusters [13]. 
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1.4 MOF Modification 

A wide toolkit of different modification to MOFs exists and the wide array of chemistry 

available to MOFs compared to pure inorganic and organic structures is one of its greatest 

strengths. This allows MOF structures to be tailor-made on demand, depending on the 

application they are intended for. 

1.4.1 Cluster modifications 

The ion exchange of the 𝜇3 − 𝑂𝐻 group located at the inorganic clusters of the UiO MOFs, 

are of interest for catalytic properties such as the hydroborations of carbonyls and imines [14] 

and based on calculation could lead to the incorporation of additional 𝐶𝑂2 adsorption sites 

[15]. 

The introduction of metal ions can also be achieved by the exchange of the 𝑍𝑟4+ ions. Stock 

el al. have managed to introduce a 5: 1 ratio of 𝑍𝑟4+ to 𝐶𝑟4+and by applying EXAFS data 

given proof for the existence of truly bimetallic 𝐶𝑒𝑍𝑟5 – cornerstones in the UiO structure 

[16]. The introduction of 𝐶𝑟 is of interest for redox chemistry [17] and may also facility 

reactions involving a nucleophilic attack as the rate determining step due to the 

electronegativity difference between Zr and Cr. 

1.4.2 Linker modifications 

The most common modifications of a MOF material is the change of the organic linker. This 

allows for incorporation of groups with a desired chemical property, or the tuning of the pore 

size by using linkers of suitable length. This is of use for gas separation purposes [18] and the 

synthesis of MOFs with different surface areas [11]. Other families of porous frameworks, 

such as Mesoporous Organosilicas, may also allow the tuning of the pore size however they 

do not exhibit the superior stability of a Zr-based MOF [19]. 

The introduction of functional groups may allow the framework to develop catalytic 

properties or to enhance its adsorption properties. There is great interest in the introduction of 

basic groups on the linker molecule to further enhance the 𝐶𝑂2 uptake [20]. Functionalization 

of the linker molecule may also be used as a site for further functionalization. This is 

exemplified by the use of 2,2’-bipyridine-5,5’dicarboxylic acid (Bipy) as the linker molecule 

for the introduction of 𝑃𝑡𝐶𝑙2 [7]. 
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1.4.3 Mixed linker MOFs 

One can also introduce multiple linker molecules to a single MOF allowing for mixed linker 

MOFs. The use of mixed linker MOFs can be used to control the amount of inserted metal 

such as the use of  10% 2,2’-bipyridine-5,5’dicarboxylic acid in UiO – 67 to limit the amount 

of 𝑃𝑡𝐶𝑙2 introduced in the structure. The use of mixed-linker MOFs can also be applied to 

introduce multiple different functional groups into the same MOF allowing for even higher 

control of its chemical properties [21]. 

1.5 MOF defects 

Major efforts has been performed to decrease the amount of defects in MOFs by either 

changing synthesis conditions or by post-synthetic modifications. The two main defect types 

are missing linker and missing cluster defects. 

Linker defects are caused by a decreased amount of coordinated linker molecules to the 

clusters. In order to achieve charge balance another anion will have to replace the linker. Most 

of these anions are monovalent leading to decreased thermal stability as they only bond to one 

of the clusters. A few example of monodentante ligands are benzoate and chlorine. Missing 

linker defects are visualized in figure 7. 

 

Figure 7. Missing linker defects visualized for UiO – 66. The charge compensating ligand is here represented by 
trifluoroacetate, adopted from [22]. 
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In the case of missing cluster defects, the 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4 SBU is missing. In order 

to achieve charge balance the ligands from the surrounding clusters must be monodentate. 

One explanation for the presence of missing cluster defects is the partially protonated linker 

molecules in solution during synthesis [23]. Missing cluster defects are visualized in figure 8. 

 

Figure 8. Missing cluster defects visualized for UiO – 66. The charge compensating ligand is here represented by 
trifluoroacetate [22]. 

1.5.1 Identification of MOF defects 

By applying traditional organic and inorganic characterization techniques, such as liquid state 

– nuclear magnetic resonance (ls – NMR), thermogravimetric analysis (TGA), X-ray 

diffraction (XRD), electron dispersive spectroscopy (EDS) and 𝑁2 adsorption, possible 

defects can be detected and to some extent quantified. 

1.5.1.1 Linker defects 

Linker defects are the most common defect and also the easiest to detect. Linker defects are 

typically detected by TGA, where mass loss is measured as a function of temperature. UiO 

type MOFs decompose in the temperature range of  450 − 550 ℃. Assuming that just before 

MOF decomposition no water or organic solvents remain in the pores of the MOF a very 

simple connection between the molecular weight (MW) of the MOF and the observed mass 

loss exists as shown in equation 1. 

 
𝑀𝑊𝑀𝑂𝐹 =

𝑘1

𝑘2
∗ 6𝑀𝑊𝑍𝑟𝑂2

 
(1) 
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Where: 

𝑘1 is the wt% just before the decomposition of the MOF (dimensionless). 

𝑘2 is the wt% after the MOF have decomposed to 𝑍𝑟𝑂2 (dimensionless). 

𝑀𝑊𝑀𝑂𝐹  is the molecular weight of the MOF (
𝑔

𝑚𝑜𝑙
). 

𝑀𝑊𝑍𝑟𝑂2
 is the molecular weight of 𝑍𝑟𝑂2 (

𝑔

𝑚𝑜𝑙
). 

The definition of 𝑘1 and 𝑘2 is shown graphically in figure 9. It does not matter how the wt% 

is given as the ratio 
𝑘1

𝑘2
 remains constant.  

Even if no mass loss is observed, the material might still be defective. For instance if the 

cluster is charge balanced by monodentante anions with a combined molecular weight equal 

to the linker. This may be exemplified by two benzoate molecules versus a biphenyl – 4,4’- 

dicarboxylate molecule. The molecular weight difference between the two situations is only 

two hydrogen atoms and can therefore not be differentiated using TGA. Ls - NMR allows for 

easy differentiation of the two different molecules. 

 

Figure 9. TGA curve of UiO - 67 indicating the definition of 𝑘1and 𝑘2. The measurement was performed by Christopher 
Affolter. 
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If the observed mass loss is very small, or one is certain that the defect is of low molecular 

weight, one may approximate the number of coordinated linker molecules per cluster using 

equation 2. 

 
𝑥 =

6

𝑀𝑊𝑙𝑖𝑛𝑘𝑒𝑟
∗ (

𝑘1

𝑘2
∗ 𝑀𝑊𝑍𝑟𝑂2

− 𝑀𝑊𝑍𝑟 − 𝑀𝑊𝑂) 

 

(2) 

Where: 

𝑘1 is the wt% just before the decomposition of the MOF (dimensionless). 

𝑘2 is the wt% after the MOF have decomposed to 𝑍𝑟𝑂2 (dimensionless). 

𝑀𝑊𝑖  is the molecular weight of the species i (
𝑔

𝑚𝑜𝑙
). 

If the TGA results indicate the presence of linker defects further investigations using either 

EDS or ls – NMR can be performed for the exact chemical formula. EDS can be used to 

determine the content of inorganic species such as chlorine while ls – NMR works well for 

the determination of organic species such as benzoate and acetate. Some species are however 

hard to determine, like hydroxyl-groups as they will not be observed using ls – NMR or EDS.  

1.5.1.2 Cluster defects 

The other main type of defects is missing cluster defects. This is characterized by missing 

𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4 SBUs. The effect of having missing cluster defects in your sample 

is the presence of forbidden reflections in the pXRD pattern [24] and a larger specific surface 

area [22], however the larger specific surface area may also be explained by linker defects 

[13].  
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2 Theory 

2.1 Pore size 

The International Union of Pure and Applied Chemistry (IUPAC) categorizes porous 

materials into three different categorizes based on their pore size with microporous materials 

having pores with a diameter of less than 2 𝑛𝑚, mesoporous materials having pores with a 

diameter between 2 𝑛𝑚 and 50 𝑛𝑚 and macroporouse materials having pores with a diameter 

larger than 50 𝑛𝑚 [25]. Based these definitions both UiO – 66 and UiO – 67 are microporous 

materials.  

2.2 The kelvin equation 

Hysteresis is the phenomenon in which the value of a physical property lags behind changes 

in the effect causing it. In physisorption hysteresis is observed as a delay in the desorption 

response with respect to adsorption, at the same pressure. Physically, this occurs when the 

radius of the pore entrance is different from the radius of the pore itself and can be described 

by the kelvin equation shown in equation 3. 

 
ln (

𝑝

𝑝𝑠𝑎𝑡
) =

2𝛾𝑉𝑀

𝑅𝑇
∗

1

𝑟
 

(1) 

Where: 

𝑝 is the vapor pressure (𝑃𝑎) 

𝑝𝑠𝑎𝑡 is the vapor pressure for the flat surface (𝑃𝑎) 

𝛾 is the surface tension of the liquid (
𝑁

𝑚
). 

𝑉𝑚 is the molar volume of the liquid (
𝑚3

𝑚𝑜𝑙
). 

𝑟 is the radius of the pore (𝑚). 

𝑅 is the universal gas constant (
𝐽

𝑚𝑜𝑙∗𝐾
). 

𝑇 is the absolute temperature (𝐾). 
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A large variety of pore shapes can lead to hysteresis [26] but for ease lets assess the easiest of 

them, the bottle shaped pores. For this situation, depicted in figure 10, the radius of the pore 

during adsorption is much larger than the radius of the pore during desorption, 𝑟𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 <

𝑟𝑖𝑛𝑛𝑒𝑟, hence hysteresis is observed according to the kelvin equation.  

An important feature of the kelvin equation is that it relies on the formation of a meniscus. 

For microporous solids the pores are so small they can only accommodate one or two layers 

of 𝑁2 molecules pushing the limits as to what can be defined as a meniscus. The presence of 

hysteresis during sorption measurements can therefore indicate the existence of mesopores 

caused by the structure being somewhat destroyed during treatment or formation of new 

pores. 

 

Figure 10. Graphical illustration of how the meniscus radius may change during (a) adsorption and (b) desorption leading to 
hysteresis. 

2.3 Gas Sorption 

2.3.1 Physisorption 

Physisorption occurs when the adsorbate is only weakly bonded to the adsorbent by van der 

waals forces and is relevant for all systems as a pure quantum mechanical effect. The heat of 

adsorption is relatively low and comparable with the heat of vaporization of between 10 

and 40
𝑘𝐽

𝑚𝑜𝑙
 [27]. 
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2.3.2 Chemisorption 

Chemisorption is a highly specific phenomenon in which the adsorbate undergoes a reaction 

with the adsorbent. The heat of adsorption is often quite high reflecting the fact that a 

chemical bond is formed during the reaction. Heats of adsorption are often between 20 and 

400
𝑘𝐽

𝑚𝑜𝑙
 [27]. 

2.3.3 Measuring adsorption isotherms 

The three main methods for measuring adsorption isotherm are the volumetric, gravimetric 

and dynamic methods. In this work only the volumetric method was used for the 

determination of sorption isotherms. 

2.3.3.1 The volumetric method 

In order to measure the amount of adsorbed gas only the volume of the sample cell containing 

the sample must be determined. This volume is often denoted as the dead volume, Vd, and 

needs to be determined experimentally for each measurement as the volume of the sample 

changes for each measurement. The volume of the dosing unit, Vs, is measured by the 

provider. Once the volume of the sample cell containing the sample is known the amount of 

adsorbed gas is easily calculated using the following set of equations [28]: 

 
𝑉1 =

(𝑃1𝑖(𝑛) − 𝑃2𝑒(𝑛)) ∗ 𝑉𝑠 ∗ 273.15

101.30 ∗ 𝑊𝑠 ∗ 𝑇
 

(4) 

 
𝑉2 =

(𝑃2𝑒(𝑛 − 1) − 𝑃2𝑒(𝑛)) ∗ 𝑉𝑑 ∗ 273.15

101.30 ∗ 𝑊𝑠 ∗ 𝑇
 

(5) 

 ∆𝑉𝑎𝑑𝑠 = 𝑉1 + 𝑉2 (6) 

 𝑉𝑎𝑑𝑠(𝑛) = 𝑉𝑎𝑑𝑠(𝑛 − 1) + ∆𝑉𝑎𝑑𝑠  (7) 
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Where: 

𝑃1 is the pressure measured in the calibrated dosing volume (kPa) 

𝑃2 is the pressure measured in the sample cell (kPa) 

𝑉𝑑 is the dead volume determined experimentally for every measurement (𝑐𝑚3) 

𝑉𝑠 is the volume of the dosing unit, known from the provider (𝑐𝑚3) 

𝑇 is the absolute temperature of the dosing unit (𝐾) 

Ws is the mass of the sample (𝑔) 

The subscripts i and e denote if it refers to the pressure before or after valve C has been 

opened respectively. The number/symbol in parenthesis gives the specific adsorption point. 

In short, the instrument measures the amount of adsorbed gas for each adsorption point 

(equation 6). The total adsorption can then be calculated by adding together the adsorption for 

all the points (equation 7). In order to calculate the amount of adsorbed gas at each point you 

need to know the amount of gas that was dosed (equation 4) and the difference in the amount 

of gas in the sample cell before and after dosing (equation 5). A schematic of the instrument is 

shown in figure 11. 

 

Figure 11. A schematic of the volumetric instrument used to determine the CO2 and N2 sorption isotherms in this thesis 
[28]. 
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2.4 Sorption Isotherms 

A total of eight different physisorption isotherms are classified by IUPAC which covers 

almost all physisorption isotherms [25]. Each of the different isotherms are characteristic for 

the different types of systems one may encounter. Type I(b) and type IV adsorption isotherms 

are observed in this work. This indicates that the interaction between the adsorbent and the 

adsorbate is stronger than the interaction between two adsorbate molecules. The eight 

different adsorption isotherms are shown in figure 12. 

 

Figure 12. The eight different types of physisorption isotherms classified by IUPAC [29]. 

As for the adsorption isotherms, the different types of desorption isotherms have also been 

classified by IUPAC and the six different types are shown in figure 13. Different types of 

hysteresis is observed for different pore shapes and adsorption mechanisms. The hysteresis 

observed in this work most closely resemble a type H4. 

 

Figure 13. The six different types of hysteresis isotherms classified by IUPAC [29]. 
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2.4.1 Nitrogen adsorption 

The specific surface area for microporous materials such as MOFs and zeolites can be 

determined by performing nitrogen adsorption measurements followed by mathematical 

analysis. Which mathematical analysis is the most appropriate depends on the system and a 

decision should be made based on the observed adsorption isotherm. 

In order to analyze the N2 adsorption data on the MOF samples the Brunauer-Emmett-Teller 

(BET) theory was applied. This theory is an extension of the Langmuir theory, where unlike 

its predecessor, multilayer adsorption is accounted for [30]. Possible adsorption schemes in 

the BET theory is depicted in figure 14. 

 

 

Figure 14. The different adsorption schemes permitted by the BET theory. (a) monolayer adsorption, (b) multi-layer 
adsorption and (c) no adsorption. 

The BET equation is shown in equation 8. 

 𝑣

𝑣𝑚𝑜𝑛𝑜
=

𝑐𝑝𝑟𝑒𝑙

(1 − 𝑝𝑟𝑒𝑙) ∗ (1 + (𝑐 − 1)𝑝𝑟𝑒𝑙)
 

(8) 

The BET equation in its linearized form is shown in equation 9. 

 𝑝𝑟𝑒𝑙

𝑣(1 − 𝑝𝑟𝑒𝑙)
=

1

𝑐𝑣𝑚𝑜𝑛𝑜
+

𝑐 − 1

𝑐𝑣𝑚𝑜𝑛𝑜
∗ 𝑝𝑟𝑒𝑙  

(9) 
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Where: 

𝑝𝑟𝑒𝑙 is the relative pressure 
𝑝

𝑝𝑜. Where 𝑝 is the measured gas pressure and 𝑝𝑜 the standard 

pressure (dimensionless) 

𝑣 is the volume of adsorbed gas (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) 

𝑣𝑚𝑜𝑛𝑜 is the volume of adsorbed gas at monolayer adsorption (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) 

𝑐 is the bet constant (dimensionless) 

The BET constant, 𝑐, is related to the difference in heat of adsorption for the first layer, 𝐸1 

and the heat of adsorption for the succeeding layers, 𝐸𝐿 ,  𝑐 ≈ 𝑒
𝐸1−𝐸𝐿

𝑅𝑇 . 

The derivation of the BET equation are based on many assumptions and only the most 

important ones are given below [31]. 

1. Adsorption occurs on a uniform surface with the heat of adsorption being identical for 

all the molecules in the first layer. 

2. Each adsorbed molecules is itself a possible adsorption site for the next molecule. 

3. There is no steric limitation on the thickness of the multilayer 

4. The heat of adsorption for each successive layers, after the first, is identical. 

5. Within the same adsorption layer all interactions are neglected. 
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By plotting 
𝑝𝑟𝑒𝑙

𝑣(1−𝑝𝑟𝑒𝑙)
 against 𝑝𝑟𝑒𝑙  one will, for the lower relative pressure region, get an 

approximately linear plot with a slope equal to 
𝑐−1

𝑐𝑣𝑚𝑜𝑛𝑜
 and an intercept equal to 

1

𝑐𝑣𝑚𝑜𝑛𝑜
. Using 

these formulas 𝑐 and 𝑣𝑚𝑜𝑛𝑜 can be expressed as the following. 

 
𝑣𝑚𝑜𝑛𝑜 =

1

𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 

(10) 

 
𝑐 =

𝑠𝑙𝑜𝑝𝑒

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
+ 1 

(11) 

Once 𝑣𝑚𝑜𝑛𝑜  have been determined the surface area is easily calculated using the following 

equation 12. 

 
𝑆. 𝑆. 𝐴 =

𝑁𝑎 ∗ 𝑃 ∗ 𝑣𝑚𝑜𝑛𝑜

𝑅𝑇
∗ 𝜎𝑁2

 
(12) 

Where: 

𝑁𝑎 is Avogadro’s number (= 6.022 ∗ 1023 𝑚𝑜𝑙−1). 

𝑃 is the atmospheric pressure (= 101.325 𝑘𝑃𝑎). 

𝑅 is the universal gas constant (= 8314.46
𝑐𝑚3∗𝑘𝑃𝑎

𝐾∗𝑚𝑜𝑙
) 

𝑇 is the absolute temperature (= 77 𝐾). 

𝑣𝑚𝑜𝑛𝑜 is the volume of adsorbed gas at monolayer adsorption (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) 

𝜎𝑁2
 is the surface area of a nitrogen molecule ( = 1.62 ∗ 10−19 𝑚2). 
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As the linear region of the BET plot can be quite large, four different criteria have been 

suggested to aid in unambiguously choosing the linear region for use in the analysis [32]. 

1. 𝑣(1 − 𝑝𝑟𝑒𝑙) should increase as a function of 𝑝𝑟𝑒𝑙. 

2. The BET constant, 𝑐, should be a positive number. 

3. The experimental pressure corresponding to the monolayer capacity should be within 

the selected pressure range or within a 10% tolerance. 

4. The relative pressure corresponding to the calculated monolayer capacity should not 

differ from the pressure found in criteria 3 by more than 20%. 

2.4.2 CO2 adsorption 

Many different methods exist for the calculation of the heat of adsorption. In this work, static 

and dynamic gas adsorption studies have been used. The dynamic gas adsorption studies 

performed on a TAP-3E instrument is described in section 2.9. 

2.4.2.1 Static gas adsorption 

In order to calculate the isosteric heat of adsorption based on static gas adsorption 

measurements, multiple adsorption isotherms in the 25 to 50 ℃ temperature range was 

measured. The data was analyzed using the Clausius Clapeyron equation. 

 

(
𝑑 ln(𝑝)

𝑑 (
1
𝑇)

)

𝜃

=
∆𝐻°𝑎𝑑𝑠

𝑅
 

 

(13) 

Where: 

𝑝 is the pressure required to reach a given surface coverage, 𝜃, at a given temperature 

(dimensionless). 

𝑇 is the absolute pressure (𝐾). 

∆𝐻°𝑎𝑑𝑠  is the isosteric heat of adsorption (
𝐽

𝑚𝑜𝑙
). 

𝑅 is the universal gas constant (
𝐽

𝑚𝑜𝑙∗𝐾
). 



20 

 

In order to determine the pressures corresponding to a given surface coverage, the x-value in 

which the adsorption isotherms intercept the given surface coverage has to be determined. An 

example of this is given in figure 15. 

 

Figure 15. Graphical illustration showing how the pressure corresponding to a given surface coverage is found. 

Choosing a low adsorption volume will lead to a larger error as the uncertainty of measuring 

small quantities are larger. Using a larger adsorption volume will lead to a lower heat of 

adsorption as the high energetic adsorption sites are occupied first, leaving less favorable 

adsorption sites for the remaining gas molecules. 
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2.5 X-ray diffraction 

XRD has become one of the most used inorganic characterization tool for characterization and 

identification of crystalline materials. XRD is a fast and non-destructive technique that 

provides structural information about the sample. The two major types of XRD is single 

crystal XRD and powder XRD (pXRD). In this thesis, only pXRD have been used. 

The background for XRD is the scattering of x-rays by the periodic distribution of atoms. As 

the electromagnetic waves are scattered by the electrons they will interact with each other 

leading to constructive or destructive interference. Constructive interference occurs when 

Bragg’s law is satisfied [33]. 

 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛(𝜃ℎ𝑘𝑙) = 𝑛𝜆 (14) 

Where: 

𝑑ℎ𝑘𝑙 is the interlayer spacing between the planes with miller indices hkl  (𝑚). 

𝜃ℎ𝑘𝑙  is the angle between the x-rays and the planes with miller indices hkl (𝑑𝑒𝑔). 

𝜆 is the wavelength of the electromagnetic wave (𝑚). 

Bragg’s law is often demonstrated graphically as shown in figure 16. 

 

Figure 16. Bragg’s law demonstrated graphically. Adopted from [33]. 
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2.5.1 Capillary geometry 

In this work a capillary geometry was used in order to achieve better XRD data for the 

determination of Pt NPs in the sample. The benefits of using a capillary geometry is the 

removal of preferred orientations and the difference in sample height. The capillary may also 

be packed and closed in an inert atmosphere. This allows the determination of pXRD data for 

air sensitive samples [34]. 

2.6 Thermogravimetric analysis – Differential scanning calorimetry  

Thermogravimetric analysis combined with Differential scanning calorimetry (DSC) data are 

two powerful and versatile techniques. TGA – DSC measurements can be used for 

determination of hydration/dehydration temperatures, phase transitions and the determination 

of thermal stability. In this work, the main purpose was the use of TGA for the determination 

of linker defects. 

2.6.1 Thermogravimetric analysis 

A TGA experiment is performed by heating the sample in a chosen crucible while measuring 

the mass loss as a function of temperature. The theory behind the experiment is quite simple. 

In practice however, many variables needs to be controlled such as the crucible and the 

atmosphere. 

The crucible needs to be inert toward the sample, potential products, the atmosphere and 

thermally stable in the investigated temperature range. In theory any atmospheres can be used 

by mixing gases as long as the crucible and the TGA instrument is stable in the given 

environment [35]. 
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A typical TGA result of UiO MOFs is shown in figure 17. The graph is divided into three 

main regions.  

 

Figure 17. TGA curve of UiO – 67. The curve have been divided into three main regions in which different processes occurs. 
Measurement performed by Christopher Affolter 

During the TGA experiment typically four different events occur. Desorption of organic 

solvent and water is observed in region 1. In region 2 dehydration of the inorganic clusters 

and loss of weakly coordinated monodentate ligands occurs. In the last region the MOF 

decomposes and a large mass loss is observed. 

2.6.2 Differential scanning calorimetry 

Heat flux differential scanning calorimetry is a technique where the flow of energy is 

determined based on the difference in temperature between the reference and sample crucible. 

As they are both heated by one single heat source the difference in temperature must be due to 

energy being released or absorbed by the sample. This difference in temperature can be 

related to the difference in power using a calorimetric sensitivity factor [35]. 
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2.7 Scanning electron microscopy and energy dispersive spectroscopy 

Scanning electron microscopy was used to study the topology of the different samples. A 

schematic of the basic components of an SEM instrument is shown in figure 18. 

 

Figure 18. A schematic of the basic components of a SEM instrument [36]. 

The beam of electrons are emitted from the electron source and accelerated by the positively 

charged anode set at a given voltage. The electrons are focused by the use of electromagnetic 

condenser lenses. As the electron beam hits the sample different situations can occur [37]: 

1. The beam of electrons are scattered by the sample. Some electrons are scattered to 

such an extent that their trajectory is completely reversed and escapes the sample. 

These electrons are referred to as backscattered electrons or BSE. 

2. The beam of electrons hitting the sample may undergo inelastic scattering leading to 

the ejection of valence electrons. These electrons are referred to as secondary electrons 

or SE. To clarify, these electrons was a part of the sample and not the electron beam. 

3. The beam of electrons may eject an inner shell electron leading to a vacancy within an 

inner electron shell. Electrons in the outer shells may transition to the inner electron 

shell. The excess energy can be released either by the ejection of an outer shell 

electron with high kinetic energy referred to as Auger electrons or by emitting 

characteristic x-rays. 
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For the SEM imaging it is the BSE and SE that are of importance. As the SE are emitted with 

low kinetic energy they are only detected if the process occurs close to the surface of the 

sample. This allows for very specific imaging of the sample surface. The BSE penetrates the 

sample further than the SE and the extent to which electrons are backscattered generally 

increases with increasing atomic number. Therefore heavier elements will appear brighter 

than lighter elements in BSE imagining which can be of important information for certain 

samples. 

The emitted x-rays are unique and characteristic for each element and may therefore be used 

for the determination of the elemental composition. For some elements their characteristic 

energy levels may be very close in energy with other elements, as is the case for the L series 

for Zr and M series for Pt [38]. In order to avoid overlap, higher energetic electrons must be 

used as such another energy level may be applied. 

2.8 Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) is arguably the most widely used characterization 

technique in organic chemistry. NMR can be applied to both solid and liquid samples 

containing any elements that has an isotope with non-zero spin. 

The NMR technique is based on the inherent property of nuclei that possess a non-zero spin. 

A nuclei with non-zero spin will have different energy levels in the presence of a magnet 

field. Multiple non-zero spin isotopes exists such as 14N, 19F and 195Pt. In this work only 1H 

and 13C, both spin-½ nuclei, have been of interest. 

From quantum chemistry it is well known that a nucleus with spin I, will have a total of 2𝐼 +

1 orientations. A nucleus with I = ½ will have two different orientations often simply denoted 

spin up and spin down. In the presence of a magnetic field these two orientation will be 

different in energy and proportional to the strength of the magnetic field. 

The local magnetic field strength experienced by each of the nuclei will be different 

depending on their chemical environment. This technique therefore allows the indication of 

chemical different nuclei. 
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2.8.1 Liquid state nuclear magnetic resonance 

As molecules in the liquid phase reorients extremely quickly, anisotropic nuclear interactions 

averages out leaving only the isotropic component [39]. This results in narrow peaks. ls – 

NMR is of much use and over the years large tables with the chemical shift of the most 

common organic molecules in a variety of solvents have been established [40]. 

2.8.2 Solid state nuclear magnetic resonance 

For most solids the molecular reorientation is too slow to average out anisotropic nuclear 

interactions giving very broad peaks [39]. Over the years many different techniques have been 

developed to reduce peak width such as advanced pulse sequences, cross-polarization and 

magic angle spinning (MAS) [41] .  

2.8.2.1 Magic Angle spinning 

As mentioned in section 2.8.2 MAS is a method to achieve narrower peaks. This is performed 

by spinning the sample at high frequencies at the magic angle of 54.74 ° relative to the 

magnetic field. Depending on the MAS frequency, spinning sidebands may appear in the 

observed spectrum. Spinning sidebands are peaks of smaller intensities located multiples of 

the MAS frequency from the isotropic peak [39]. 
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2.9 Temporal analysis of products 

Temporal analysis of products (TAP) is a pulse – response technique in which the gas of 

interest and a suitable inert gas are injected in the form of fast (100 𝜇𝑠), very small (1013-1014 

molecules) pulses into a packed reactor bed. The transient responses of different species in the 

effluent gas is then measured with millisecond temporal resolution by a quadrupole mass-

spectrometer. The time spent by each species in the reactor is the convolution of the gas 

transport through the reactor bed and the time the molecules spends adsorbed to the sample 

surface, as it passes through the reactor. It is therefore important to model the transport of the 

gas molecules accurately in order to be able to precisely quantify the surface residence time. 

Turbulent gas flow, typically encountered in tubular reactors operating at ambient flow 

conditions, is extremely difficult to model. This problem is circumvented in TAP by 

achieving the conditions under which gas is transported only by Knudsen diffusion, a well-

defined process that can be efficiently modeled and used as a standard for measuring the 

kinetics. Knudsen diffusion is achieved by maintaining high vacuum in the reactor as well as 

by injecting a small quantity of gas. A schematic of the TAP – setup is depicted in figure 19. 

 

Figure 19. A schematic of the TAP instrument and a summarized explanation for the pulse-response experiment. [42, 
43]. 

 



28 

 

2.9.1 Adsorption/diffusion reversibility 

In the case of 𝐶𝑂2 physisorption on MOF samples the process is reversible meaning that the 

𝐶𝑂2 molecules are not bonded to the sample indefinitely. This can be verified by comparing 

the 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratio for each measurement. The 𝑀0 values are calculated using equation 19. As the 

reaction is reversible the same amount of gas molecules detected by the MS should be 

consistent with the number of molecules entering the reactor. 𝑀0 is an representation of how 

many gas molecules reached the detector. As the amount of dosed gas may differ slightly 

from measurement to measurement the ratio 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 is used instead of only 𝑀0,𝐶𝑂2

 as this will 

account for some of the deviations in dosing volume. As more experiments are conducted this 

ratio should remain constant. Deviations from this indicates possible leaks, detector issues or 

an irreversible process. For some systems in which an reaction occur during the experiement 

the 𝑀0 value may increase/decrease as more gas molecules are made/consumed in the 

reaction. An oligomerization process exemplifies the latter. 
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2.9.2 Knudsen diffusion 

Knudsen diffusion is an observed when the characteristic length scale of the system is smaller 

or comparable to the mean free path for the gas molecules. In other words, when the 

molecule-molecules interactions in the gas phase can be neglected. The model of Knudsen 

diffusion is very robust in comparison with the model of turbulent gas flow. In a TAP, the 

characteristic length scale for diffusing molecules is determined by the interstitial void 

between the adjacent packing particles (ca 100 𝜇𝑚), which is much smaller than the several 

centimeters of their mean free path under vacuum conditions. Consequently, once the rate of 

transport is known for the inert gas at a certain temperature, the expected rate of transport for 

any other gas or different temperature can be calculated using equation 15 and 16 respectively 

[44]. 

 

𝐷1~√
𝑇

𝑀1
 

(15) 

 

 
𝐷1

𝐷2
~√

𝑇1 ∗ 𝑀2

𝑇2 ∗ 𝑀1
 

(16) 

Where: 

𝐷𝑖 is the diffusivity constant for species i (
𝑚2

𝑠
) 

𝑇 is the absolute temperature (K) 

𝑀𝑖 is the molecular weight of species i (
𝑔

𝑚𝑜𝑙
) 
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2.9.3 The isosteric heat of adsorption 

In order to calculate the heat of adsorption, first an equilibrium constant has to be derived 

from the experimental response at each temperature. The equilibrium constant can be 

calculated using equation 17 [45]. 

 
𝐾𝑒𝑞 =

[∗ 𝐶𝑂2]

[𝐶𝑂2][∗]
= |𝑟1| 

(17) 

Where 𝑟1 is the first intrinsic reactivity coefficient (i.e. 1st Shekhtman reactivity) that was 

obtained from known diffusion parameters of the reactior bed and experimental values of the 

response’s statistical moments (m0 and m1) 

 
𝑟1 = −

(𝐿𝑟𝑎𝑡𝜏3 + 3𝜏1)

3𝐿𝑟𝑎𝑡𝜏𝑟
−

(3𝜏1 + 𝜏3)

6𝜏𝑟
+

𝑚1/𝑚0

𝜏𝑟
 

(18) 

 

Where: 

𝜏𝑟 =
𝐿2𝐿3

𝐷3
, 𝜏1 =

𝜀1𝐿1
2

𝐷1
, 𝜏3 =

𝜀3𝐿3
2

𝐷3
  and 𝐿𝑟𝑎𝑡 =

𝐿1
𝐷1

⁄

𝐿3
𝐷3

⁄
 

Where: 

𝐿𝑖 is the length of the three regions in the reactor (𝑚). 

𝜀𝑖 is a constant equal to 0.4 (dimensionless). 

𝐷𝑖 is the diffusivity constant for CO2 in the three regions (
𝑚2

𝑠
) . 

𝑚𝑖 is calculated from equation 19 [45]. 

 
𝑚𝑖 = ∫ 𝐹𝐴 ∗ 𝑡𝑖 𝑑𝑡 

(19) 
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In figure 20, the reactor with its three different zones is depicted. The method of Shekhtman 

reactivities is typically applied to analyze experiments in which a thin zone of an adsorbent 

can be considered spatially-uniform, however due to the relatively weak CO2 adsorption on 

UiO MOFs, the experiments featured a relatively thick adsorbent zone in order to increase the 

contribution of adsorbed molecules to the signal. Therefore, a more general equation was used 

for the first Shekhtman reactivity, whereby the uniformity assumption is not strict. Another 

critical assumption of the Shekhtman reactivity method – that adsorption kinetic is linear – 

was still applied in our analysis. 

 

Figure 20. Schematic showing the TAP - reactor with its three different zones. 

Once the equilibrium constants were determined for the different temperatures, the heat of 

adsorption was determined using the Van’t Hoff equation: 

 
ln(𝐾𝑒𝑞)  =  

∆𝐻°

𝑅
∗

1

𝑇
 

(20) 

Where: 

𝐾𝑒𝑞 is the equilibrium constant (dimensionless) 

∆𝐻° is the isosteric heat of adsorption (
𝐽

𝑚𝑜𝑙
). 

𝑅 is the universal gas constant (
𝐽

𝑚𝑜𝑙∗𝐾
). 

𝑇 is the absolute temperature (𝐾). 
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3 Experimental  

3.1 Gas Sorption 

The N2 sorption studies were performed mainly using a Belsorp - mini II instrument. Some N2 

sorption and all CO2 adsorption measurements were performed on a Belsorp-max instrument. 

Both instruments are from BEL Japan, Inc. 

3.1.1 N2 physisorption 

The sample cells are installed into the instrument and evacuated to remove any contamination 

that was not removed during cleaning and drying. The empty sample cells are then weighted 

using an accurate and precise balance with an accuracy of ± 0.0001 𝑔. Approximately 30 mg 

of sample is then weighted and transferred to the sample cells using a funnel. The sample 

cells are then weighted again, this time with the sample powder before the pretreatment. The 

sample cells are then transported back to the instrument and mounted. The heater is installed 

and the software is started. The cells are now evacuated slowly before the heater is raised and 

the pretreatment can start. During pretreatment the vacuum is approximately 0.02 kPa. The 

nitrogen physisorption measurements were performed on two different instruments depending 

on the desired quality of the data. For the first instrument, no heating rate could be set and 

therefore the samples were pretreated in two steps summarized in table 1. For the second 

instrument, a heating rate could be set and only one temperature was then used, summarized 

in table 2. After the pretreatment is complete, the heater is removed and the dewar vessel 

filled with liquid nitrogen is installed. The measurement is performed at the boiling point of 

liquid nitrogen, which is −196 ℃ at atmospheric pressure. The insulation is installed on top 

of the dewar vessel and on the sample cells before the measurement is started. After the 

measurement is complete, (typically the next day) the sample cells are weighted and the 

difference between the weight of the sample cells with the pretreated powder and the empty 

sample cells is used to calculate the mass of the sample. 
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Table 1.An overview of the different pretreatment conditions used for the 𝑁2 sorption measurements performed using the 
Belsorp – mini II instrument.  

 

Table 2. An overview of the different pretreatment conditions used for the 𝑁2 sorption measurement performed using the 
Belsorp - max instrument. 

  

3.1.1.1 Analysis of N2 physisorption data 

All nitrogen physisorption data represented in this thesis is analyzed using the BET theory. 

where the points used for the linear regression is chosen to satisfy the four consistency criteria 

described in section 2.4.1. For most samples many combinations of points satisfy all four 

criteria and for those samples the combination giving the highest R2 value was chosen. The 

tolerance factor in criteria three and four was set to 10% and 20% respectively while keeping 

the minimum amount of points used in the linear regression to five. This was done 

automatically by the use of a spreadsheet made together with a fellow master student in the 

catalysis group. 

 

 

 

 

 

 

Sample Intermediat temperature Final temperature

UiO - 67 (CA221) 80 °C for 1 hour 150 °C for 2 hours

UiO - 67 - 10% bipy 80 °C for 1 hour 150 °C for 2 hours

UiO - 67 - 10% bipy - PtCl2 80 °C for 1 hour 250 °C for 2 hours

UiO - 67 - 10% bipy - Pt NPs 80 °C for 1 hour 250 °C for 2 hours

Sample Heating rate Final temperature

UiO - 66 10 °C/min 200 °C for 3 hours

UiO - 67 (CA1902) 10 °C/min 200 °C for 3 hours

UiO - 66 - MgMe 10 °C/min 100 °C for 2 hours

UiO - 67 - MgMe 10 °C/min 100 °C for 2 hours
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3.1.2 CO2 physisorption   

The empty sample cells are first weighted before approximately 40 mg of sample is weighted 

and gently grinded using a pestle. The sample is then transferred to the sample cells using a 

funnel before they are once again weighted. The sample cells are then mounted on the 

instrument and the sample cells are slowly evacuated.  During the pretreatment the pressure is 

approximately 0.02 kPa. The temperature and heating rate can be set in advance using the 

software, the different pretreatments are shown in table 3. After the pretreatment, the sample 

cells are uninstalled from the instrument and weighted. The difference between the mass of 

the empty sample cells and the mass of the sample cells containing pretreated sample is used 

to calculate the mass of the sample. The cells are then installed and the isotherm temperature 

is controlled via a water bath or an oven depending on the measurement temperature. 

Isolation is then installed onto the water bath before the measurement is started and ran 

overnight. CO2 adsorption isotherms were collected in the temperature range of 25 to 50 ℃ 

Table 3. An overview of the different pretreatment conditions used for the CO2 adsorption measurements performed using the 
Belsorp - max instrument. 

 

For the samples where multiple measurements at different temperatures are reported the 

measurements was performed using the same powder. This was done as for some samples 

there was not enough powder for multiple measurements. Between each new measurement, 

the sample was pretreated. In order to check for loss of 𝐶𝑂2 adsorption capacity, after each 

measurement at a new temperature a measurement at 25 ℃ was performed. The 

measurements performed at 25 ℃  could be compared to check for signs of degradation. 

 

 

Sample Heating rate Final temperature

UiO - 67 (CA221) 10 °C/min 200 °C for 2 hours

UiO - 67 - 10% bipy - PtCl2 10 °C/min 200 °C for 2 hours

UiO - 67 - 10% bipy - Pt NPs 10 °C/min 200 °C for 2 hours

UiO - 66 10 °C/min 200 °C for 3 hours

UiO - 67 (CA1902) 10 °C/min 200 °C for 3 hours

UiO - 67 - 10% bipy - PtCl2 + Zn (reflux) 10 °C/min 200 °C for 2 hours

UiO - 67 - 10% bipy - PtCl2 + Zn (Jochem) 10 °C/min 200 °C for 2 hours

UiO - 66 - MgMe 10 °C/min 100 °C for 2 hours

UiO - 67 - MgMe 10 °C/min 100 °C for 2 hours
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A maximum of three samples could be measured at the same time, as such some of the 

samples reported in this thesis was measured simultaneously. Table 4 summarizes the samples 

that was measured at the same time as well as showing what heating source was used to 

achieve isothermal conditions during the measurement. 

Table 4. Samples marked with the same color was pretreated and measured at the same time. “W” denotes water bath and 
“O” denotes oven and shows which heater was used for the measurement at the different temperatures.  

 

3.1.2.1 Analysis of CO2 physisorption data 

In this work the intercept between a given surface coverage and the adsorption isotherms was 

found by selecting the two experimental points closest to the given surface coverage and 

assuming a linear fit between the two points.  

For samples where multiple adsorption isotherms at 25 ℃ were performed an average of all 

the measurements was used unless stated otherwise. The measurements were averaged by first 

fitting them to a second order polynomial. The polynomials were then added together to get 

an average. This procedure was carried out because the instrument measures the adsorption 

volume only for some given pressures, which differ slightly between multiple measurements. 

The use of a linear regression for each of the plots did not give a satisfactory fit. 

3.2 Powder x-ray diffraction 

The samples measured using a flat plate fitted with glass was measured on a Bruker D8 

Discover. The samples measured using a capillary geometry were measured on a Bruker D8-

A25. For both instruments a Ge(111) Johanssen monochromator for selection of Cu K-alpha-

1 radiation was applied with a Lynxeye detector. 

Sample 25 ℃ 30 ℃ 35 ℃ 40 ℃ 45 ℃ 50 ℃

UiO - 67 (CA221) W W W W W O

UiO - 67 - 10% bipy - PtCl2 W W W W W O

UiO - 67 - 10% bipy - Pt NPs W W W W W O

UiO - 66 - MgMe W W W W W O

UiO - 67 - MgMe W W W W W O

UiO - 66 W - - - - -

UiO - 67 (CA1902) W - - - - -

UiO - 67 - 10% bipy - PtCl2 + Zn (reflux) W - - - - -

UiO - 67 - 10% bipy - PtCl2 + Zn (Jochem) W - - - - -
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The different samples were prepared by adding the sample to a flat plate container fitted with 

glass to minimize the amount of sample needed. Plastic wrap was used to keep the sample in 

place. The samples were then leveled using a spatula and/or a micro slide to obtain the best 

result. The prepared samples were then ran in the XRD instrument. The measurements were 

performed from 2𝜃 = 2° to 2𝜃 = 50°. 

The 0.7 mm capillaries were filled with sample and then placed in a special oven that easily 

allows for the capillaries to be sealed after pretreatment. Pretreatment was performed in order 

to remove remaining organic solvents or adsorbed water. The temperature was set at 

approximately 100 °𝐶 and then raised to 200 °𝐶 in multiple steps. The capillaries were left 

overnight at 200 °𝐶. The next day the samples were sealed using either a match or a gas 

burner while the capillaries were still in the oven. The capillaries were installed onto a 

goniometer head and aligned so that when the goniometer head is rotated the capillary 

remains stationary. The goniometer head with the aligned sample was installed into the XRD 

instrument. The measurements were performed from 2𝜃 = 2° to 2𝜃 = 100. Multiply runs 

were done for some of the samples and then summed together to get a higher signal to noise 

ratio. 

Due to the UiO – 6X – MgMe and UiO – 6X – Mg – amine samples reactivity towards 

humidity, the pXRD data had to be obtained using a sealed capillary. 0.5 mm capillaries were 

filled with the samples inside a glovebox. The funnel at the end of the capillaries was filled 

with fat, before the capillaries were transported out of the glovebox and sealed using a match 

or a lighter. The measurements were performed from 2𝜃 = 2° to 2𝜃 = 100. In the cases 

where the material showed no sign of crystallinity only one measurement was performed. 

The recorded pXRD pattern for UiO – 67 – 10% bipy – Pt NPs were analyzed by a Rietveld 

refinement using Topas [46] to extract the weight percentages between each phase. 
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3.3 Thermogravimetric analysis and differential scanning calorimetry 

The thermogravimetric analysis was performed on a Netzsch STA 449 F3-Jupiter instrument. 

The TGA - DSC measurements was performed by heating the sample in a 𝐴𝑙2𝑂3 crucible with 

a heating rate of 5 ℃/min from 30 ℃ to either 800 ℃ or 900 ℃. The heating was either done 

in a flow of gas consisting of 5 𝑚𝐿/𝑚𝑖𝑛 of 𝑂2 and 20 𝑚𝐿/𝑚𝑖𝑛 of 𝑁2 or in only 20 𝑚𝐿/𝑚𝑖𝑛 

of 𝑁2 followed by a mixture of 20 𝑚𝐿/𝑚𝑖𝑛 of 𝑁2 and 20 𝑚𝐿/𝑚𝑖𝑛 of 𝑂2 for 30 minutes once 

the temperature reached 900 ℃. Approximately 20 mg of sample was used in each 

measurement. Once the powder was transferred to the 𝐴𝑙2𝑂3 crucible, it was pressed with a 

metal rod to cover the bottom surface of the crucible homogeneously. This served two 

purposes. It ensures that the heat coming from the bottom of the crucible is distributed 

homogeneously to the sample and secondly that by pressing the powder the surface got flat 

ensuring consistency between each measurement. 

3.4 Scanning electron microscope and electron dispersive spectroscopy 

The SEM pictures were taken using a Hitachi SU8230 field emission scanning electron 

microscope (FESEM) and the elemental composition was determined by the use of an XFlash 

6|10 EDX detector. Small quantities of sample were placed onto a conducting carbon tape 

already placed onto the sample holder. By both gently tapping the sample holder against a 

hard surface and using pressurized air the amount of sample was reduced while making it 

stick better to the carbon tape. The sample holder was then placed onto another holder and 

then set to the correct height. The holder with the sample holder was then installed into the 

SEM. Deacceleration mode was used with an 2.5 𝑘𝑉 acceleration voltage and a 1.5 𝑘𝑉 

deacceleration voltage. The low voltage was applied to avoid decomposition of the MOF. The 

electronic current was set to 10 𝜇𝐴. Already at this electronic current, charging is observed in 

the sample. Charging is caused by the MOF being a bad electrical conductor.  

The EDS measurements was performed using an acceleration voltage of 30 𝑘𝑉 and an 

electronic current of 30 𝜇𝐴. These settings were applied in order to get a satisfactory number 

of counts per second. At least five measurements were performed for each sample at different 

areas of the sample. The only samples for which less than five measurements were performed 

were the UiO – 6X – MgMe and UiO – 6X – Mg – amine samples.  

 



38 

 

3.5 Nuclear magnetic resonance 

3.5.1 Liquid state nuclear magnetic resonance 

All liquid state 1H – NMR spectra were recorded on the AVIII 400 HD instrument. For 

sample preparation, first a solution of diluted NaOD was made by mixing 1 mL of a 1M 

solution of NaOD and 9 mL of 𝐷2𝑂. The sample was then added to a centrifuge tube in which 

approximately 0.8 mL of the diluted NaOD solution was added. The centrifuge tube was then 

centrifuged and approximately 0.5 mL of the liquid solution was added to a NMR testing 

tube. The precipitate formed is 𝑍𝑟(𝑂𝐻)4. 

3.5.2 Solid state nuclear magnetic resonance 

The measurements were performed using an AVANCE III instrument at an operating field of 

11.74 T. For the measurements performed without pretreatment the rotor was packed with 

approximately 50 mg of sample before being directly transferred to the NMR instrument. 

Depending on the properties under investigation and available time on the instrument, 

different spectra were recorded. For the measurements where the sample was pretreated the 

rotor was transferred into a glass equipment setup allowing for vacuum preatreatment of the 

NMR samples. The pressure inside the vacuum line was approximately 2 mbar. The first 

pretreatment was performed at 200 ℃ for 1 hour in order to remove organic solvent and water 

adsorbed in the pores of the sample. The glass equipment was then sealed and transferred into 

a glovebox filled with argon. The glass equipment was then opened and the rotor was filled 

with argon. This served two purposes, first giving an inert atmosphere where the air-tight 

rotor cap could be installed, but also in the case of a minor leak the rotor would be filled with 

a gas heavier than air. Once again depending on properties under investigation and available 

time on the instrument different spectra were recorded. The same procedure was repeated 

with a pretreatment temperature of 330 ℃. 
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3.6 Temporal analysis of products 

The TAP experiments were performed on a TAP-3E instrument from Mithra Technologies. 

The sample powders were first pressed into pellets using a hydraulic press and pellet dies. The 

applied pressure was between 0.5 and 1.0 metric ton of force. The pellets was then placed on 

top of a two sieves setup with the upper one being 420 𝜇𝑚 and the lower one being 250 𝜇𝑚. 

The pellets was then crushed gently using a spoon. The fraction between 420 𝜇𝑚 and 

250 𝜇𝑚 was collected. 

The diffusion constants for the inert gas through the inert zone was set to 0.002
𝑚2

𝑠
, which is 

based on extensive measurements performed in the laboratory. 

The TAP reactor was packed by separating two layers of silica particles with a layer of the 

prepared sample powder. The height of each of the layers were measured. The gas mixture 

used in the experiment consisted of a mixture of carbon dioxide gas, being the gas of interest, 

and neon being the inert standard. CO2 and Ne was mixed in approximately a 1:5 ratio. Three 

experiments were performed on the same powder with the difference being the pretreatment 

conditions visualized in figure 21 for UiO – 67 (CA221) and figure 22 for UiO – 67 – 10% 

bipy – Pt NPs. During pretreatment, the pressure was approximately 10−6 mbar. 

 

Figure 21. Overview of the pretreatments used for the three different experiments performed on UiO – 67 (CA221). The 
same powder was used for all three measurements and pretreatments. 

 

 

Figure 22. Overview of the pretreatment used for the experiment performed on UiO – 67 – 10% bipy – Pt NPs   
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3.7 Synthesis and post modification 

3.7.1 Prof-MOF 

All materials characterized and discussed can be traced back to four parent samples 

synthesized by Prof-MOF. 

UiO – 66 

UiO – 67 (CA221) 

UiO – 67 (CA1902) 

UiO – 67 – 10% bipy 

In this thesis two different batches of UiO – 67 are being discussed. To differentiate the two 

samples UiO – 67 will be discussed by the use of a parenthesis with its batch number. UiO – 

67 (CA221) have not been used for any further synthesis. 

3.7.2 UiO – 6X – MgMe and UiO – 6X – Mg - amine 

The synthesis of these materials was performed by Dr. Stefan Vanicek following a published 

procedure on the UiO – 69 MOF [14] with some differences in respect to the published 

procedure: 

For the synthesis of UiO – 66 – MgMe and UiO – 67 – MgMe, 0.025g of 𝑀𝑔𝑀𝑒2 was added 

to 0.075g of dried MOF (either UiO – 66 or UiO – 67) with 15 mL of THF. The pristine 

MOFs were dried for 22 hours at 140 ℃ under membrane vacuum and an additional 8 hours 

under high vacuum in a Schlenk flask. The solution was stirred overnight in the glovebox. 

The sample was washed four times with THF and two times with 𝐸𝑡2𝑂. The sample was 

allowed to sediment for 30 minutes after each washing step. The sample was then dried in the 

antechamber under high vacuum for six hours to remove the excess solvents. 
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For the synthesis of UiO – 66 – Mg – amine and UiO – 67 – Mg – amine the resulting powder 

from the synthesis of UiO – 66 – MgMe and UiO – 67 – MgMe was used. 35 𝜇𝐿 of 

diethylamine and 3 𝑚𝐿 of THF was added to the sample and the solution was stirred in the 

glovebox overnight. The same washing procedure as for the UiO – 6X – MgMe samples was 

performed. An overview of the samples is given in figure 23. 

 

Figure 23. An overview of the synthesis route for the UiO – 6X – MgMe and the UiO – 6X – Mg – amine samples. 

Based on calculation it is assumed that if the UiO – 6X – MgMe samples were exposed to a 

CO2 rich atmosphere it would lead to the irreversible incorporation of CO2 forming an Mg-

acetate species inside the MOF [15]. In the case of the CO2 and N2 adsorption data, the 

materials will still be referred to as UiO – 6X – MgMe. The irreversible incorporation of 𝐶𝑂2 

is depicted in figure 24. 

 

Figure 24. An overview showing how the 𝜇3 − 𝑂𝐻 group may be exchanged by 𝑀𝑔𝑀𝑒 followed by the irreversible 
incorporation of CO2. The figure is adopted from [15]. 
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3.7.3 UiO – 67 – 10% bipy – PtCl2 

UiO – 67 – 10% bipy – PtCl2 was synthesized from UiO – 67 – 10% bipy by M.Sc. Jochem 

Van Duin [47]. 

3.7.4 UiO – 67 – 10% bipy – Pt NPs 

UiO – 67 – 10% bipy – PtCl2 was reduced to UiO – 67 – 10% bipy – Pt NPs as described by 

M.Sc. Jochem Van Duin [47]. The only difference being that a larger glass reactor was used 

so that the entire reduction could be done in two batches with approximately 0.8 g sample 

each time. The two batches were then mixed and assumed identical. 

3.7.5 UiO – 67 – 10% bipy – PtCl2/Pt NPs + metal 

The incorporation of metal in both of UiO – 67 – 10% bipy – PtCl2 and UiO – 67 – 10% bipy 

– Pt NPs was done according to the procedure described by M.Sc. Jochem Van Duin [47]. 

The synthesis was performed using approximately 500 mg of the parent samples. The UiO – 

67 – 10% bipy – PtCl2 + Zn sample was also attempted synthesized by the use of a reflux 

setup and the procedure is explained in details below. An overview of the samples is given in 

figure 25 and 26 for UiO – 67 – 10% bipy – PtCl2 and UiO – 67- 10% bipy – Pt NPs as the 

parent samples respectively. 

 

Figure 25. An overview of the synthesis route for the UiO – 67 – 10% bipy – PtCl2 + Zn samples.  

 

 

Figure 26. An overview of the synthesis route for the UiO – 67 – 10% bipy – Pt NPs + Zn/Mg samples. 
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In order to synthesize UiO – 67 – 10% bipy – PtCl2 + Zn (reflux) approximately 500 mg of 

the parent sample were weighted the day before, gently crushed using a pestle and dried in an 

oven at 200 ℃ overnight. This ensures that the correct amount of salt and DMF was added. 

The next day the powder was once more gently crushed using a pestle. 10 mL of DMF was 

used for each 100 mg of MOF parent and 281 mg of 𝑍𝑛(𝑁𝑂3)2 ∗ 6𝐻2𝑂 per 100 mg of MOF 

parent was added to the DMF. Using only mechanical stirring the salt was dissolved in the 

DMF. When no crystals could be observed the dried and crushed MOF was added to the 

solution. The solution now containing the parent MOF, DMF and the zinc source was left to 

stir for 30 minutes before the solution was transferred to the reflux hood set at 85 ℃ with 

mechanical stirring. After 24 hours the metalated MOF was washed three times using 12 mL 

of acetone per 100 mg of parent MOF. For each washing step acetone was added, given a 

quick stir using the vortex machine before it was left on a shaking plate for 5 minutes 

following a centrifugation at 3000 rpm for 5 minutes. This was repeated for a total of three 

times before the sample was left overnight for drying at 60 ℃. The next day the sample was 

gently crushed using a pestle and the sample was stored in a dessicator.   
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4 Characterization 

4.1 UiO – 67 (CA221) 

4.1.1 pXRD 

A pXRD pattern of pristine UiO – 67 (CA221) was measured to check for signs of 

degradation by comparison with a simulated pXRD pattern. The two pXRD patterns are 

depicted in figure 27. 

 

Figure 27. Normalized pXRD pattern of: black: pristine UiO – 67 (CA221), red: Simulated pXRD pattern of UiO – 67. The 
additional peaks at roughly 2Theta = 20 is due to the plastic wrap.  

The fit between the observed and simulated pXRD pattern is sufficient with no observation of 

additional peaks. Based on this we conclude that sample is in fact phase pure UiO – 67.  
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The UiO – 67 (CA221) powder changed color from white to slightly yellow after the TAP 

experiments. Therefore, a pXRD measurement was performed to investigate possible 

degradation of the sample. The resulting pXRD pattern is depicted in figure 28. The 

additional peaks are caused by the presence of 𝑆𝑖𝑂2 particles used in the TAP reactor.  

 

Figure 28. Normalized pXRD pattern of: black: UiO – 67 (CA221) after the TAP measurements, red: pristine UiO – 67 
(CA221), green: simulated pXRD pattern of SiO2. 

Comparing the two pXRD patterns before and after the TAP experiments peak broadening is 

observed, however peaks at high angles is still present. The degradation is most likely due to 

the rough pretreatment. The simulated pXRD pattern of SiO2 was done using 𝛼-quartz. 
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4.1.2 SEM/EDS 

SEM and EDS was used to determine the topology and an approximately elemental 

composition for UiO – 67 (CA221). The SEM pictures are shown in figure 29. 

 

Figure 29. SEM pictures of UiO – 67 (CA221). 

Based on the SEM pictures deformed octahedrons and some larger particles, which show very 

little resemblance to octahedrons, are observed. 

The presence of other elements and an approximately atomic ratio was determined using 

EDS. The results with the corresponding standard error and ideal atomic % are summarized in 

table 5.  

Table 5. The elemental composition with the standard error for UiO – 67 (CA221) determined by EDS. The ideal atomic 
distribution is also included. 

 

The EDS results are similar to the expected values. The detection of aluminum is believed to 

be from the SEM instrument. 

 

 

Element Atomic % SE Atomic % ideal

C 68 3 68.9

O 29 3 26.2

Al 0.08 0.02 -

Cl 0 0 -

Zr 3.2 0.3 4.9



47 

 

4.1.3 N2 physisorption 

The measured N2 physisorption isotherm is depicted in figure 30. No hysteresis was observed 

for this material.  

 

Figure 30. The N2 physisorption isotherm for UiO – 67 (CA221). The measurement was performed in liquid nitrogen in the 

0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the desorption 
isotherm. Measurement performed by Christopher Affolter  

The corresponding BET specific surface area, pressure range used the BET analysis and the 

number of consistency criteria achieved is summarized in table 6 for UiO – 67 (CA221). 

Table 6. The BET specific surface area for UiO – 67 (CA221) with the corresponding pressure range used for the BET 
analysis and the number of consistency criteria satisfied. 

 

The determined BET specific surface area for UiO – 67 (CA221) of 2321
𝑚2

𝑔
 is relatively 

close to the theoretical value [48]. 
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4.1.4 TGA/DSC 

In order to determine the number of linker defects a TGA – DSC measurement was performed 

and the result is shown in figure 30. The measurement was performed in a flow of nitrogen 

from 30 ℃ to 900 ℃ and is the reason for the MOF decomposing at high temperatures. At 

900 ℃ a flow of oxygen is used to form 𝑍𝑟𝑂2 as the final product.  

 

Figure 31. TGA – DSC curve for UiO – 67 (CA221) recorded in flow of  𝑁2 from 30 to 900 ℃. Once the temperature 

reached 900 ℃ the sample was exposed to a flow of 𝑂2 and 𝑁2 to ensure that the MOF decomposed to 𝑍𝑟𝑂2. 

The wt% relative to 𝑍𝑟𝑂2 before the decomposition of the MOF is exactly the same as for the 

ideal UiO – 67 structure. There are only two possibilities of achieving this. Either the MOF is 

almost free of linker defects or the molecular weight of the charge balancing species is very 

close to the molecular weight of the linker molecule. 

In order to find a suitable time scale for the pretreatment for the removal of the 𝜇3 − 𝑂𝐻 

group for ss – NMR measurements, a TGA experiment was performed. The experiment was 

performed in synthetic air atmosphere. The sample was heated 5 ℃/𝑚𝑖𝑛 from 30 to 330 ℃, 

then held at 330 ℃ for 12 hours after which the sample was further heated 5 ℃/𝑚𝑖𝑛 to 

900 ℃. The result is summarized in figure 31.  
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Figure 32.TGA curve for UiO – 67 (CA221) recorded in synthetic air. 

The small abrupt increase in mass just as the temperature reaches 330 ℃ and just as it starts 

increasing above 330 ℃ is believed to be an experimental error. They are both similar in 

magnitude and occurs just before and after the instrument switches to an isothermal operation 

mode. What is somewhat surprising looking at the TGA curve is that the mass loss during the 

330 ℃ isotherm is quite rapid in the beginning, but as the measurement progresses the mass 

loss decreases. Mass loss is still observed after 12 hours. The second thing to notice is that the 

total mass loss during the 12 hours is approximately 15% relative to ZrO2. The mass loss 

caused by the dehydration of the cluster relative to ZrO2 can be calculated using equation 2.  

𝑘1

𝑘2
 is simply the observed mass loss (which we are interested in) and instead of the molecular 

weight for the MOF we use two times the molecular weight of water as for each cluster two 

water molecules are lost after complete dehydration.  

𝑊𝑡%𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛, =
2 ∗ 𝑀𝑊𝐻2𝑂

6 ∗ 𝑀𝑊𝑍𝑟𝑂2

∗ 100 ≈ 4.9 % 

Where: 

𝑊𝑡%𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 is the mass loss relative to 𝑍𝑟𝑂2 for the dehydration of two water molecules 

(𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

𝑀𝑊𝐻2𝑂 is the molecular weight of 𝐻2𝑂 (
𝑔

𝑚𝑜𝑙
) 

𝑀𝑊𝑍𝑟𝑂2
is the molecular weight of 𝑍𝑟𝑂2 (

𝑔

𝑚𝑜𝑙
) 
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This is much lower than the observed mass loss of 15% relative to 𝑍𝑟𝑂2. This means that 

during the twelve hours at 330 ℃ other species is lost as well. Based on the TGA curve for 

UiO – 67 (CA221) shown in figure 31 it is believed that the only major linker defect may be 

benzoate coordinated to the clusters. The relatively large mass loss was therefore believed to 

be caused by the loss of weakly coordinated benzoate. The hypothesis was investigated by the 

use of liquid state NMR. 

4.1.5 ls – NMR 

In figure 32 each of the peaks corresponding to benzoate and BPDC have been assigned for 

the UiO – 67 (CA221) sample. 

 

Figure 33. The assignment of peaks for benzoate and BPDC in the 1H – NMR spectrum for UiO – 67 (CA221).  

In order to determine if coordinated benzoate was removed from the sample at 330 ℃, two ls-

NMR measurements were performed on UiO – 67 (CA221) with two different pretreatments. 

The first sample was heated 5 ℃/𝑚𝑖𝑛 to 330 ℃ before the ls-NMR was performed. The 

second sample was heated 5 ℃/𝑚𝑖𝑛 to 330 ℃ and held at 330 ℃ for 12 hours before the ls – 

NMR was performed. The pretreatments were chosen to mimic the TGA experiment shown in 

figure 31. The ls-NMR spectra for the two samples are shown in figure 34. 
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Figure 34. The 1H – NMR spectra of UiO – 67 (CA221) using two different pretreatments. Coloring scheme: blue: 5 ℃/min 

to 330 ℃; red: 5 ℃/min to 330 then held at 330 for 12 hours. 

The integrated peaks are shown in the figure 109 in the appendix. Based on the experiment 

where UiO – 67 (CA221) is heated up to 330 ℃ an approximately 1: 4 ratio between benzoate 

and the BPDC was found. Based on the second experiment an approximately ratio of 1: 19 

between benzoate and BPDC was observed meaning that most of the benzoate was lost during 

this step. This assumes the observed benzoate was coordinated to the cluster which, even after 

being pretreated, might not be a valid assumption. 
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4.1.6 CO2 physisorption 

The isosteric heat of adsorption was determined by measuring multiple CO2 physisorption 

isotherms in the 25 to 50 ℃ temperature range. The isotherms are depicted in figure 35 with 

the repeated measurements performed at 25 ℃ being shown in figure 36.  

 

Figure 35. 𝐶𝑂2 physisorption isotherms for UiO – 67 (CA221) obtained in the 0 − 101.3 kPa region in the 25 to 50 ℃ 

temperature interval. Coloring scheme: black: 25 ℃; red: 30 ℃; blue: 35 ℃; green: 40 ℃; orange: 45 ℃; purple: 50 ℃. 

The CO2 adsorption capacity at 100.5 kPA is 29.3
𝑐𝑚𝑆𝑇𝑃

3

𝑔
 or equivalent 1.23

𝑚𝑚𝑜𝑙

𝑔
 which is 

somewhat lower than previously reported values [49], however the determined BET specific 

surface area for UiO – 67 (CA221) is also lower than reported [49]. 

 

Figure 36.The repeated 𝐶𝑂2 physisorption isotherms for UiO – 67 performed at 25 ℃ in the 0 − 101.3 kPa region. Coloring 
scheme: black: 1. measurement, red: 3. measurement; blue: 5. measurement; green: 7. measurement; orange: 9. 

measurement; purple: 11. measurement; Magenta: 15. measurement. 
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The repeated measurements at 25 ℃ show some variance over the 7 measurements. 

As the measurement temperature was increased the CO2 adsorption capacity was expected to 

decrease. This expected trend was indeed observed for the first measurements but not for the 

measurements performed at 40 ,45 and 50 ℃. These experiments were therefore reproduced 

and the results are summarized as Clausius Clapeyron plots in figure 37.  

 

 

Figure 37. A Clausius Clapeyron plot comparing the difference between the reproduced measurements done at 40, 45 and 

50 ℃ for UiO – 67 (CA221). The points were determined using  𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10. Coloring scheme: black; 1. 

measurements; red: 2. measurements. 

In a Clausius Clapeyron plot one expect a linear fit. Looking at figure 37 the clear outlier is 

the measurement performed at 40 ℃. The reproduced measurements done at 40 ℃ also gave a 

very different answer, same did the reproduced measurement performed at 50 ℃. The 

repeated measurement at 45 ℃ is so similar that it in fact cannot be observed in the plot.  

The isosteric heat of adsorption has been calculated for different adsorption volumes and the 

results are summarized in table 7. The measurements done at 40 ℃ does not seem to fit the 

remaining data very well as is seen in figure 37 and is therefore omitted in the calculation of 

the isosteric heat of adsorption. An average was used for the measurements performed at 

25 ℃. 

0,0030 0,0031 0,0032 0,0033 0,0034
3,4

3,6

3,8

4,0

4,2

4,4

 First measurements

 Second measurements

ln
(p

)

1/T (K-1)

60 55 50 45 40 35 30 25

Temperature (C)



54 

 

Table 7. The determined isosteric heat of adsorption and the corresponding standard error and R2 value calculated using, 
left: the first set of CO2 adsorption measurements, right: the second set of CO2 adsorption measurements for UiO – 67 

(CA221). An average for the measurements performed at 25 ℃ was used. The measurements at 40 ℃ have been excluded. 

 

The determined isosteric heat of adsorption is discussed in section 5.1 

4.1.7 ss – NMR 

In order to assign the observed peaks with the correct 1H/13C nuclei the possible resonance 

structures must be accounted for as shown in figure 38. 

 

Figure 38. Resonance structures for the  UiO – 67 linker molecule. 

 

The assignment of the peaks in the 13C – NMR spectrum observed for UiO – 67 is depicted in 

figure 39. The only source of carbon in UiO – 67 is from BPDC and adsorbed organic 

solvents used in the synthesis. 

 

 

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -18 2 0.97358

1.5 -18 1 0.98531

2 -18 1 0.98934

2.5 -17 1 0.98647

3 -17 1 0.98210

3.5 -17 1 0.98616

4 -17 1 0.98857

4.5 -17 1 0.98764

5 -17 1 0.98562

5.5 -17 1 0.98591

6 -18 1 0.98534

6.5 -18 1 0.98219

7 -18 1 0.98135

8 -18 1 0.98271

9 -18 1 0.98278

10 -18 1 0.98285

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -20 1 0.99458

1.5 -19 1 0.99698

2 -19 1 0.99733

2.5 -18.9 0.5 0.99829

3 -18 1 0.99777

3.5 -18.5 0.3 0.99894

4 -18.8 0.3 0.99902

4.5 -19.1 0.5 0.99806

5 -19 1 0.99657

5.5 -19 1 0.99693

6 -19 1 0.99733

6.5 -19 1 0.99645

7 -19 1 0.99628

8 -20 1 0.99599

9 -20 1 0.99552

10 -20 1 0.99577
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Figure 39. The assignment of peaks in the 13C - NMR spectra of non-pretreated UiO – 67. 

Based on the observed spectra three peaks are sharper than the rest. Comparing this with the 

UiO – 67 linker, C1, C2 and C5 are forced on a straight line and their positions in the unit cell 

is therefore better defined than that of C3 and C4 due to the angle between the two biphenyl-

rings [50]. Based on this observation, the possible resonance structures and the carboxylic 

group each peak was assigned. The much smaller peak denoted “Solvent” is removed after 

pretreatment as shown in figure 40 and is therefore believed to be due to an organic solvent. 

A 13C – NMR spectrum for the UiO – 67 (CA221) sample was recorded after three different 

pretreatments and the observed spectra are shown in figure 40. 

 

Figure 40. 13C – NMR spectra for UiO – 67 with three different pretreatments: blue: non-pretreated, red: pretreated at 200 

℃ for 1 hour at 2mbar and green: pretreated at 330 ℃ for 1 hour at 2mbar. The same powder was used for all the 
measurements. 
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After the pretreatment the observed spectra are very different with most peaks being much 

broader than previously observed and at a different chemical shift. It is unclear why this 

occurs. 

Based on the analysis of the crystal structure only three 1H peaks are expected for the UiO – 

67 sample. Two of the three peaks originates from the hydrogen atoms on the UiO – 67 linker 

and the last peak from the 𝜇3 − 𝑂𝐻 group located on the clusters. Additional peaks in the 1H-

spectrum are also expected for the non-pretreated sample originating from adsorbed water and 

organic solvents. 

 

Figure 41. Solid state 1H-NMR results for UiO – 67 after three different pretreatments: Blue: non-pretreated, Red: 

pretreated at 200 ℃ for 1 hour at 2mbar and Green: pretreated at 330 ℃ for 1 hour at 2mbar. The same powder was used 
for all measurements. 

Starting with the blue spectrum in figure 42. Multiple peaks are observed as expected due to 

water and organic solvents being adsorbed in the pores of the MOF.  

After being pretreated at 200 ℃ for one hour at 2mbar most peaks are removed as shown by 

the red spectrum in figure 42 The two peaks at 7.9 and 7.2 ppm is due to the hydrogen atoms 

located on the linker. An interesting observation is the fact that at roughly 2.2 and 2.6 ppm to 

peaks are now observed. In spectrum for the non-pretreated sample a single extremely broad 

peak is observed. Similar observations have previously been made by IR spectroscopy on UiO 

– 67 [12]. The conclusion being that hydrogen bonding between adsorbed water and organic 

solvents with the 𝜇3 − 𝑂𝐻 group leads to the very broad peak observed in the first spectrum. 

Once the water and solvents is removed the peak is visible, however this does not explain 
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why two peaks are observed. As of yet no good explanation for why there seems to be two 

non-equivalent 𝜇3 − 𝑂𝐻 groups have been made. 

The spectrum of UiO – 67 after being pretreated at 330 ℃ for one hour at 2mbar is shown as 

the green graph in figure 41. After this pretreatment the clusters were expected to be close to  

completely dehydrated [12] and only two peaks were expected. However both peaks at 2.2 

and 2.6 ppm is still observed.  

The integrated spectra for UiO – 67 (CA221) pretreated at 200 ℃ and 330 ℃ is shown as 

figure 111 and figure 112 respectively in the appendix. The ratio of hydrogens located on the 

linker and hydrogens located the cluster should be 12:1 for the ideal structure. The determined 

ratios of 9.9:1 and 11.5:1 have been determined for UiO – 67 (CA-221) pretreated at 200 ℃ 

and 330 ℃ respectively. It was expected that the UiO – 67 sample being pretreated at 330 ℃ 

would have a much higher ratio as most of the 𝜇3 − 𝑂𝐻 groups were expected gone after the 

pretreatment. 

Based on the resonance structure the peaks in the 1H-NMR spectra of UiO – 67 (CA-221) 

have been assigned as shown in figure 42. 

 

Figure 42. The assignment of peaks in the observed 1H – NMR spectrum for UiO – 67 (CA221)  from the linker molecule. The 
two peaks at roughly 2.3 ppm have not been assigned. 
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4.1.8 TAP 

The isosteric heat of adsorption was also determined for UiO – 67 (CA221) exposed to three 

different pretreatments. For each of the three pretreatments measurements were performed in 

the 30 to 150 ℃ temperature range. The different pretreatments were chosen to dehydrate the 

clusters to different extents. The results of the multiple experiments and measurements are 

shown in figure 43. The Ne response is only shown for one of the measurements as it is very 

close to identical for all of them. 

 

Figure 43. The result of the TAP experiments performed on UiO – 67 (CA221) pretreated at three different temperatures. The 

measurements were performed in the 30 to 150 ℃ temperature interval. The CO2 signal of UiO – 67 pretreated at: (a) 

200 ℃ for 3 hours. (b) 330 𝐶 for 2 hours, (c) 330 ℃ for 12 hours and (d) shows the Ne signal for UiO – 67. All 
pretreatments occurred in vacuum. 

For the measurement performed on UiO – 67 pretreated at 330 ℃ for 12 hours only 5 

measurements. The Measurement close to 30 ℃ was not feasible due to the technical 

limitation, as the tail of the curve exceeded the maximum possible collection time. 
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The calculated 
𝑀0,𝐶𝑂2

𝑀𝑂,𝑁𝑒
 ratios is shown in table 8 for the three measurements. 

Table 8. The calculated 
𝑀0,𝐶𝑂2

𝑀𝑂,𝑁𝑒
 ratios for the three different TAP experiment performed on UiO – 67(CA221) with three 

different pretreatments. Starting from the left: 200 ℃ for 3 hours, 330 ℃ for 2 hours and 330 ℃ for 12 hours. 

 

Comparing the calculated 
𝑀0,𝐶𝑂2

𝑀𝑂,𝑁𝑒
 values, they are very close to constant, however for each of 

the measurements it is a little lower for the measurement at the lowest temperature. A possible 

explanation for this is discussed in section 4.4.7. 

The linear fit for the 𝐾𝑒𝑞 values determined for the three different pretreatments is shown in 

figure 44. 

 

Figure 44. The linear regression for the 𝐾𝑒𝑞 values for the different pretreatments on UiO – 67: (a) 200 ℃ for 3 hours, (b) 

330 ℃ for 2 hours and (c) 330 ℃ - 12 hourst. All pretreatments occurred in vacuum. 

The resulting slope, isosteric heat of adsorption with the corresponding standard error and the 

𝑅2 values is summarized for the three pretreatments in table 9. 

Table 9. The resulting slope and determined isosteric heat of adsorption for the three experiments performed on UiO – 67 

(CA221) with its corresponding standard error. The 𝑅2 values for the linear fits are also given. 

 

Temperature M0,CO2/M0,Ne - 200 ℃ Temperature M0,CO2/M0,Ne - 330 ℃ Temperature M0,CO2/M0,Ne - 330 ℃  - 12h

151.1 2.62 149.8 2.52 148.7 2.51

126.4 2.64 125.5 2.53 125.2 2.56

100.9 2.67 100.3 2.56 100.9 2.51

76.1 2.64 76.2 2.52 75.2 2.40

50.7 2.60 50.2 2.42 50.0 2.19

29.7 2.40 30.6 2.17

Pretreatment Slope SE ΔH (kJ/mol) SE (kJ/mol) R2

200 ℃ - 3h 2.0*103 3*102 -17 2 0.9635

330 ℃ - 2h 2.0*103 2*102
-16 2 0.9823

330 ℃ - Overnight 2.0*103 1*102 -16 1 0.9948
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The three different pretreatments was chosen to dehydrate the clusters to different extent. The 

pretreatment at 200 ℃ should not dehydrate the clusters to any extent, while the pretreatment 

at 330 ℃ should have dehydrated them almost completely [12]. As was observed by ls-NMR 

the last pretreatment should have removed benzoate coordinated to the clusters. As was 

described in section 4.1.5. The pXRD indicates some degradation of the materials after this 

procedure, most likely due to the rough pretreatment. The determined isosteric heat of 

adsorption is very close for the three measurements.  

4.2 UiO – 67 – 10% bipy 

4.2.1 pXRD 

The pXRD pattern of UiO – 67 10% bipy is depicted in figure 45. The measurement was 

performed by Christopher Affolter. 

 

Figure 45. Normalized pXRD pattern of UiO - 67 - 10% bipy. Measurement was performed by Christopher Affolter. 

Another pXRD pattern towards the end of the thesis was performed to try and explain the 

observed ss-NMR spectrum and is shown in figure 46. 
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Figure 46. Normalized pXRD pattern of UiO - 67 - 10% bipy. The measurement was performed 26.05.2020 towards the end 
of the thesis. 

Most peaks are entirely gone, with the peaks at low angles being very broad. The signal to 

noise ratio is also very low. This indicates that the material is heavily degraded. 

4.2.2 SEM/EDS 

SEM/EDS was applied to investigate the topology and determination of the elemental 

composition. The SEM pictures are depicted in figure 47 and the EDS data are summarized in 

table 10. 

 

Figure 47. SEM pictures of UiO – 67 – 10% bipy. 

Looking at the SEM pictures most of the observed octahedrons are heavily deformed and 

most particles are grown together forming larger particles. 
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Table 10. The elemental composition with the corresponding standard error for UiO – 67 – 10% bipy determined 
by EDS. The ideal atomic distribution is also included. 

 

The EDS data are in good comparison with the theoretical values for elements other than 

nitrogen where a relatively large mismatch is observed. This is most likely due to DMF and 

dimethylamine adsorbed in the pores of the MOF during synthesis. Dimethylamine and 

formate are products of the decomposition of DMF. 

4.2.3 N2 physisorption 

A nitrogen physisorption measurement was performed for comparison with further treated 

samples. No hysteresis was observed for this sample. The sorption data is summarized in 

figure 48 and the calculated BET specific surface area in table 11. The measurement was 

performed by Christopher Affolter. 

 

Figure 48. The N2 physisorption isotherm for UiO – 67 – 10% bipy. The measurement was performed in liquid nitrogen 

in the 0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the 
desorption isotherm. Measurement performed by Christopher Affolter 

Element Atomic % SE Atomic % ideal

C 63 3 67.9

N 5.8 0.8 1.0

O 28 2 26.2

Al 0.10 0.02 -

Cl 0 0 -

Zr 3 1 4.9
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Table 11. The BET specific surface area for UiO – 67 – 10% bipy with the corresponding pressure range used for the 
BET analysis and the number of criteria satisfied. 

 

Based on the similarity between biphenyl – 4,4’-dicarboxylic acid and 2,2-bipyridine-5,5’-

dicarboxylic acid a similar surface area between that of UiO – 67 and UiO – 67 – 10% bipy 

was expected. As no forbidden reflections were observed in the pXRD for UiO – 67 – 10% 

bipy. Therefore linker defects are to be expected to account for the difference in surface area. 

4.2.4 TGA/DSC 

In order to determine the amount of linker defects a TGA – DSC measurement was 

performed. The results are shown in figure 49. 

 

Figure 49. TGA – DSC curve for UiO – 67 – 10% bipy recorded in a flow of  𝑁2  from 30- to 900 ℃. Once the 

temperature reached 900 ℃ the sample was exposed to a flow of 𝑂2 and 𝑁2 to ensure the MOF decomposed to 𝑍𝑟𝑂2. 

For this material, a difference of approximately 9 wt% relative to 𝑍𝑟𝑂2was observed between 

the theoretical mass of the ideal structure and the actual mass. This indicates the presence of 

species other than the UiO – 67 linker connected to the clusters. Using equation 2. A chemical 

formula of 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4(𝑙𝑖𝑛𝑘𝑒𝑟)𝑥(𝑏𝑖𝑝𝑦)𝑦 with 𝑥 + 𝑦 = 5.7 is acquired 

meaning that the material does contain some linker defects. Keep in mind that this formula 

does not give the exact number of coordinated linkers and this is only an approximation. 

 

Sample Spesific surface area (m2/g) Pressure range (p/p0) Criterias achieved

UiO - 67 - 10% bipy 2597 0,0108 to 0,0346 4/4
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4.2.5 ls – NMR 

ls – NMR was used to determine the ratio of BPDC and bipy. The peaks of the recorded 

spectrum for UiO – 67 – 10% bipy have been assigned as shown in figure 50. Only the region 

of interest is shown. 

 

Figure 50. The 1H – NMR spectrum  for non-pretreated UiO – 67 -10% bipy. Each of the peaks have been assigned to its 
corresponding hydrogen. Only the region of interest is shown. 

Based on the integration of the peaks, shown in figure 110 in the appendix, a ratio of 

approximately 11% bipy was established. This is very close to the theoretical value of 10%. 

However, it should be denoted that as was determined by TGA, the MOF does contain 

missing linker defects as well as most likely some connected benzoate which means that the 

total amount of bipy is most likely lower than the determined 11%. 
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4.2.6 ss – NMR 

A solid state NMR spectrum was recorded on the non-pretreated sample. The 1H – NMR and 

13C-NMR spectra are shown in figure 51 and figure 52 respectively. 

 

Figure 51. Measured  1H-NMR spectrum for non-pretreated UiO - 67 - 10% bipy. 

 

Figure 52. Measured 13C – NMR spectrum for non-pretreated UiO - 67 - 10% bipy. 

The most surprising finding is the very broad peaks in the 13C-NMR spectrum shown in figure 

52 and the observation of multiple new peaks. As the bipy linker, accounts for roughly 10% 

of all linkers the new peaks should be small compared to the standard UiO – 67 linker. Their 

chemical shift is also expected to be of similar values so the new peaks are most likely not 

from this linker. A more recent pXRD pattern was recorded and was shown in figure 46, 

which indicated degradation of the sample. This is also the most likely explanation for the 

observed ss-NMR spectrums for UiO – 67 – 10% bipy. 
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4.3 UiO – 67 – 10% bipy – PtCl2 

4.3.1 pXRD 

The measured pXRD pattern for UiO – 67 – 10% bipy – PtCl2 is shown in figure 53. 

 

Figure 53. Normalized pXRD pattern of UiO - 67 - 10% bipy - PtCl2 

No peak broadening or loss of peaks at high angles is observed. 

4.3.2 SEM/EDS 

The SEM pictures of UiO – 67 – 10% bipy – PtCl2 are depicted in figure 54. The elemental 

composition has been determined using EDS and the data are summarized in table 12. 

 

Figure 54. SEM pictures of UiO – 67 – 10% bipy – PtCl2 

The samples contains mostly deformed octahedrons. 
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Table 12. The elemental composition with the corresponding standard error for UiO – 67 – 10% bipy – PtCl2 determined by 
EDS. The ideal atomic distribution is also included. 

 

A relatively small amount of Pt was observed for this sample, with 
𝑃𝑡

𝑍𝑟
= 0.021. In the ideal 

case the sample should have 
𝑃𝑡

𝑍𝑟
= 0.1, assuming total incorporation of 𝑃𝑡𝐶𝑙2 and 10% bipy.  

Based on the chemical formula UiO – 67 – 10% bipy – PtCl2 one would expect an observed 

ratio of 
𝐶𝑙

𝑃𝑡
= 2, however this is not observed. The reason for this is the existence of 𝐾𝐶𝑙 in the 

sample giving a large value for both 𝐾 and 𝐶 when an area with KCl is measured. KCl is a 

byproduct of the reaction between the 𝐾2𝑃𝑡𝐶𝑙4 and the bipy linker according to the reaction 

equation: 

𝐾2𝑃𝑡𝐶𝑙4 + 𝑏𝑖𝑝𝑦 → 𝑃𝑡𝐶𝑙2(𝑏𝑖𝑝𝑦) + 2𝐾𝐶𝑙 

This is further support by a SEM mapping depicted in figure 55. 

 

Figure 55. Mapping of UiO – 67 – 10% bipy – PtCl2 showing the presence of KCl. 

Element Atomic % SE Atomic % ideal

C 66 4 66.8

N 5.1 0.7 1.0

O 26 3 25.9

Al 0.09 0.01 -

Cl 0.1 0.2 1.0

K 0.1 0.2 -

Zr 2.8 0.6 4.9

Pt 0.06 0.01 0.5
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As is clearly seen from figure 55 both the presence of K and Cl is limited only to a few spots 

within the sample which further indicates the presence of 𝐾𝐶𝑙.  

However based on the incorporation of 𝑃𝑡𝐶𝑙2 it was expected that some Cl would be detected 

as being uniformly distributed (assuming the bipy linker is uniformly distributed) in the 

sample. For most of the individual EDS measurement, no Cl was detected. 

4.3.3 N2 physisorption 

Two 𝑁2 sorption measurements were performed and the sorption isotherms is depicted in 

figure 56. The surface areas were determined by the use of the BET theory and the data is 

summarized in table 13. The measurements were done almost a year apart to check for signs 

of degradation. 

 

Figure 56. The N2 physisorption isotherm for UiO – 67 – 10% bipy – PtCl2. The measurement was performed in liquid 

nitrogen in the 0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is 
the desorption isotherm. Coloring scheme: black: measurement performed the 25.10.2018 on fresh powder, red: 

Measurement performed 13.08.2019 on used powder. 

Table 13. The BET specific surface area for UiO – 67 – 10% bipy – PtCl2 with the corresponding pressure range used 

for the BET analysis and the number of criteria satisfied. The measurement performed 25.10.2018 was performed with 
fresh powder while the measurement performed 13.08.2019 was done with used powder. 

 

Both the two adsorption isotherms and the specific surface area is comparable, indicating little 

to no sign of degradation. 

0,0 0,5 1,0

0

100

200

300

400

500

600

V
a

d
s
 N

2
 (

c
m

3 S
T

P
/g

)

p/p0

 UiO - 67 - 10% bipy - PtCl2 adsorption - 25.10.2018

 UiO - 67 - 10% bipy - PtCl2 desorption - 25.10.2018

 UiO - 67 - 10% bipy - PtCl2 adsorption - 13.08.2019

 UiO - 67 - 10% bipy - PtCl2 desorption - 13.08.2019

Sample Spesific surface area (m2/g) Pressure range (p/p0) Criterias achieved

UiO - 67 -10% bipy + PtCl2 - 25.10.2018 2169 0,0021 to 0,0407 4/4

UiO - 67 -10% bipy + PtCl2 - 13.08.2019 2265 0,0022 to 0,0398 4/4
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4.3.4 TGA/DSC 

A TGA – DSC measurement was performed to determine the defect situation in the MOF. 

However in the case of MOFs containing an inorganic part other than the clusters it remains 

as part of the end product. The result is shown in figure 57. 

 

Figure 57. TGA – DSC curve for UiO – 67 – 10% bipy – PtCl2 recorded in flow of  𝑁2 with from 30- to 900 ℃. Once 

the temperature reached 900 ℃ the sample was exposed to a flow of 𝑂2 and 𝑁2 to ensure the MOF decomposed to 

𝑍𝑟𝑂2 and 𝑃𝑡𝑂2. 

4.3.5 ls – NMR 

A ls – NMR spectrum was measured to determine the ratio of benzoate, BPDC and bipy. The 

assignment of the observed peaks is shown in figure 58. 

 

Figure 58. 1H-NMR spectrum of UiO - 67 - 10% - PtCl2. The sample was heated 5 ℃/𝑚𝑖𝑛 to 200 ℃ where it was held 

for 1 hour in a flow of 𝑁2. 
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A 1H-NMR spectrum of the non-pretreated sample is shown in figure 59. The only major 

peaks are the ones from benzoate, BPDC and bipy as well as from water at roughly 4.8 ppm. 

 

Figure 59. 1H-NMR spectrum of UiO - 67 - 10% - PtCl2 without pretreatment. The only major peaks observed is from water, 
benzoate, BPDC and bipy. The peak originating from water is located at roughly 4.8 ppm. 

 

4.3.6 CO2 physisorption 

The isosteric heat of adsorption has been investigated by measuring multiple adsorption 

isotherms in the 25 to 50 ℃ temperature range. The multiple adsorption isotherms are 

depicted in figure 60. 

 

Figure 60. 𝐶𝑂2 physisorption isotherms for the UiO - 67 - 10% bipy – PtCl2 sample obtained in the 0 − 101.3 kPa 

region in the 25 to 50 ℃ temperature interval. Coloring scheme: black: 25 ℃; red: 30 ℃; blue: 35 ℃; green: 40 ℃; 

orange: 45 ℃; purple: 50 ℃. 
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As for the UiO – 67 sample the 𝐶𝑂2 adsorption isotherms measured at 40, 45 and 50 ℃ gave 

very similar adsorption volumes. The three measurements were therefore reproduced. The 

results are shown as a Clausius Clapeyron plot in figure 61. 

 

Figure 61. A Clausius Clapeyron plot comparing the difference between the reproduced measurements done at 40, 45 

and 50 ℃ for UiO – 67 – 10% bipy – PtCl2. The points were determined using  𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10. Coloring scheme: 

black; 1. measurements; red: 2. measurements. 

A similar trend as for the UiO – 67 (CA221) measurements is observed with the measurement 

done at 40 ℃ not fitting very well with the expected linear trend for the clausius clapeyron 

plot. Both of the measurements done at 40 and 50 ℃ show some difference comparing the 

two reproduced measurements, however it is much smaller than that of UiO – 67 (CA221), 

seen in figure 37. The reproduced measurement at 45 ℃ is once again not observable due to 

almost perfect overlap.  

The isosteric heat of adsorption has been calculated and is summarized in table 14. The 

measurements done at 40 ℃ is omitted and an average was used for the measurements 

performed at 25 ℃. 
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Table 14. The determined isosteric heat of adsorption and the corresponding standard error and R2 value calculated using, 
left: the first set of CO2 adsorption measurements, right: the second set of CO2 adsorption measurements for UiO – 67 – 10% 

bipy – PtCl2. An average for the measurements performed at 25 ℃ was used. The measurements at 40 ℃ have been 
excluded. 

  

4.3.7 ss – NMR 

The recorded 1H and 13C NMR spectra was measured for UiO – 67 – 10% bipy – PtCl2 and is 

depicted in figure 62 and 63 respectively. 

 

Figure 62. 1H-NMR spectrum of non-pretreated UiO - 67 - 10% bipy – PtCl2 

 

 

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -20 2 0.96024

1.5 -19 2 0.97566

2 -19 1 0.98573

2.5 -19 1 0.98223

3 -19 1 0.98745

3.5 -19 1 0.99250

4 -19 1 0.99523

4.5 -19 1 0.99483

5 -19 1 0.99448

5.5 -19 1 0.99355

6 -19 1 0.99426

6.5 -19 1 0.99471

7 -19 1 0.99507

8 -19 1 0.99653

9 -19 1 0.99682

10 -19 1 0.99777

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -21 2 0.97012

1.5 -20 1 0.98536

2 -20 1 0.99138

2.5 -19 1 0.98837

3 -19 1 0.99081

3.5 -19 1 0.99534

4 -20 1 0.99604

4.5 -20 1 0.99785

5 -20 1 0.99759

5.5 -19 1 0.99759

6 -19.2 0.4 0.99866

6.5 -19.2 0.4 0.99899

7 -19.2 0.4 0.99887

8 -19.3 0.4 0.99901

9 -19.2 0.3 0.99931

10 -19.1 0.3 0.99948
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The spectrum does not resemble that of UiO – 67 (CA221), depicted in figure 41. Looking at 

the ls – NMR data even if the sample was done without pretreatment the only expected 

solvent to occupy the pores is water. The small shoulder at 9 ppm could be due to bipy linker. 

As the sample does not contain nearly the same amount of solvents as UiO – 67 (CA221) it 

could be that this is in fact the hydroxyl peak. The integrated spectra is shown in figure 113 in 

the appendix. The ratio of hydrogen atoms on the linker to the number of 𝜇3 − 𝑂𝐻 groups 

was determined to be 8.9, a similar ratio to that of UiO – 67 (CA221) further indicating that 

this could be the hydroxyl peak, however further characterization is required. 

 

 

Figure 63. 13C-NMR spectrum of non-pretreated UiO - 67 - 10% bipy – PtCl2 

The assignment of peaks are exatly the same as given for UiO – 67, however a small shoulder 

is observed at 171.1 ppm in the 13C – NMR spectrum. This is believed to be the peak 

originating from the bipy linker or the coordinated benzoate detected using ls – NMR.  
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4.4 UiO – 67 – 10% bipy – Pt NPs 

4.4.1 pXRD 

To check for signs of degradation after the reduction of 𝑃𝑡𝐶𝑙2 to Pt NPs a pXRD pattern of 

UiO – 67 – 10% bipy – Pt NPs was recorded and is depicted in figure 64. 

 

 

Figure 64. Normalized pXRD pattern of UiO - 67 - 10% bipy - Pt NP's 

No peak broadening, lowered signal to noise or loss of peaks is observed from the recorded 

pXRD pattern. 

In order to determine the amount of platinum in the UiO – 67 – 10% bipy – Pt NPs sample, 

pXRD using a capillary geometry was performed in order to get higher quality pXRD data. 

The diffractogram was refined in Topas [46] by the use of the CIF files for UiO – 67, 

platinum, 𝐾𝐶𝑙 and introducing a crystal of very small size to model the peak caused by the 

capillary. The diffractogram, obtained using a capillary geometry, for UiO – 67 – 10% bipy – 

Pt NPs is depicted in figure 65. 
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Figure 65. Normalized pXRD pattern of UiO - 67 - 10% - 10% bipy - Pt NPs obtained using a capillary geometry. 

The result of the Rietveld refinement is summarized in table 15. 

Table 15. Result of the Rietveld refinement performed in TOPAS of UiO – 67 – 10% bipy – Pt NP’s 

 

As mention previously in section 4.3.2. The observation of KCl is a byproduct when 

introducing PtCl2 to the bipy linker.  

4.4.2 SEM/EDS 

The topology and elemental composition was determined using SEM and EDS, respectively. 

The SEM pictures are depicted in figure 66 and the EDS results are summarized in table 16. 

 

Figure 66. SEM pictures of UiO – 67 – 10% bipy + Pt NPs. 
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The sample is mostly made of deformed octahedrons and larger particles. 

Table 16. The elemental composition with the corresponding standard error for UiO – 67 – 10% bipy – Pt NPs 
determined by EDS. The ideal atomic distribution is also included. 

 

The presence of Si is due to the quartz wool used in the reduction of UiO – 67 – 10% bipy – 

PtCl2 to UiO – 67 – 10% bipy – Pt NPs. This is further supported by the EDS mapping shown 

in figure 67. The presence of KCl was described in section 4.3.2 and an EDS mapping 

showing the localized KCl is depicted in figure 68. 

 

Figure 67. SEM and EDS data for UiO – 67- 10% bipy – Pt NPs.: on the left: SEM picture of the observed quartz wool, on 
the right: an EDS mapping of the same area.. 

Element Atomic % SE Atomic % ideal

C 66 4 67.4

N 4.6 0.8 1.0

O 26 3 26.2

Al 0.12 0.03 -

Si 0.01 0.03 -

Cl 0.1 0.2 -

K 0.1 0.1 -

Zr 3.4 0.9 4.9

Pt 0.07 0.02 0.5
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Figure 68 An EDS mapping of UiO – 67 – 10% bipy – Pt NPs for Cl and K. The area of which the intensitiesare highest 
overlap, indicating the presence of KCl.  

As expected based on the low 
𝑃𝑡

𝑍𝑟
 ratio found for the parent sample, the same ratio was found 

for this sample with 
𝑃𝑡

𝑍𝑟
= 0.021. Based on the chemical formula of 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 −

𝑂𝐻)4(𝐵𝑃𝐷𝐶)5.4(𝐵𝐼𝑃𝑌)0.6(𝑃𝑡)0.12, the Pt would make up approximately 1.1 𝑤𝑡% 

approximately half that indicated by the Rietveld refinement. 

4.4.3 N2 physisorption 

The specific surface area was determined based on the 𝑁2 adsorption data shown in figure 69. 

Two measurements was done to check for signs of degradations. For this sample hysteresis 

was observed. The BET analysis is summarized in table 17. 

 

Figure 69. The N2 physisorption isotherm for UiO – 67 – 10% bipy – Pt NPs. The measurement was performed in liquid 

nitrogen in the 0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is 
the desorption isotherm. Coloring scheme: black: measurement performed the 25.10.2018 on fresh powder; red: 
measurement performed the 13.08.2019 – used powder. 
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Table 17. The BET specific surface area for UiO – 67 – 10% bipy – Pt NPs with the corresponding pressure range used 
for the BET analysis and the number of criteria satisfied. The one measurement done 25.10.2018 was performed with 

fresh powder while the measurement performed 13.08.2019 was done with used powder. 

 

The difference in their adsorption isotherms and their specific surface area is relatively small 

indicating small to no sign of degradation. 

As described in section 2.1. UiO – 67 is a microporous material and it is therefore not 

expected to show hysteresis. As the reduction of PtCl2 to Pt NPs was performed at 350 ℃ it is 

a possible explanation that different crystallites sintered together forming mesopores. 

4.4.4 TGA/DSC 

As for the parent sample, the TGA curve is heavily affected by the presence of other inorganic 

species. The result is depicted in figure 70. 

 

Figure 70. TGA – DSC curve for UiO – 67 – 10% bipy – Pt NPs recorded in flow of  𝑁2 from 30 to 900 ℃. Once the 

temperature reached 900 ℃ the sample was exposed to a flow of 𝑂2 and 𝑁2 to ensure that the MOF decomposed to 

𝑍𝑟𝑂2 and 𝑃𝑡𝑂2. 

 

 

 

 

Sample Spesific surface area (m2/g) Pressure range (p/p0) Criteria achieved

UiO - 67 - 10% bipy + Pt NPs - 25.10.18 2013 0,0037 to 0,0408 4/4

UiO - 67 - 10% bipy + Pt NPs - 13.08.19 2120 0,0047 to 0,0393 4/4
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4.4.5 ls – NMR 

A 1H – NMR spectrum of non-pretreated UiO – 67 – 10% bipy – Pt NPs is shown in figure 

71. 

 

Figure 71. The recorded 1H-NMR spectrum for non-pretreated UiO – 67 – 10% bipy – Pt NPs. 

Only the peaks origination from benzoate, BPDC and bipy as well as from water at roughly 

4.9 ppm is observed. For assignment of the individual peaks see section figure 50. 
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4.4.6 CO2 physisorption 

The isosteric heat of adsorption was determined by measuring 𝐶𝑂2 adsorption isotherms in 

the 25 to 50 ℃ temperature interval. The 𝐶𝑂2 adsorption isotherms determined for UiO – 67 

– 10% bipy – Pt NPs are depicted in figure 72. 

 

Figure 72. CO2 physisorption isotherm for the UiO – 67 – 10% bipy + Pt NPs sample obtained in the 0 − 101.3 kPa region 

in the 25 to 50 ℃ temperature interval. Coloring scheme: black: 25 ℃; red: 30 ℃; blue: 35 ℃; green: 40 ℃; orange: 

45 ℃; purple: 50 ℃. 

Also for this sample the measurements performed at 40, 45 and 50 ℃ gave very similar CO2 

adsorption capacities. These measurements were there reproduced and the results are shown 

as a Clausius Clapeyron plot in figure 73. 

 

Figure 73. A Clausius Clapeyron plot comparing the difference between the reproduced measurements done at 40, 45 

and 50 ℃ for UiO – 67 – 10% bipy – Pt NPs. The points were determined using  𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10. Coloring scheme: 

black: 1. measurements, red: 2. measurements. 
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This sample also shows a similar trend as observed in UiO – 67 (CA221) and UiO – 67 – 10% 

bipy – PtCl2 with the measurements performed at 40 ℃ not fitting very well with the other 

measurements. The variation in the reproduced measurements performed at 40 and 50 ℃ is 

also very large. For this sample one barely observe the two measurements done at 45 ℃. 

The isosteric heat of adsorption was calculated and is summarized in table 18. The 

measurements done at 40 ℃ is omitted and an average was used for the measurements 

performed at 25 ℃. 

Table 18. The determined isosteric heat of adsorption and the corresponding standard error and R2 value calculated using, 
left: the first set of CO2 adsorption measurements, right: the second set of CO2 adsorption measurements for UiO – 67 – 10% 

bipy – Pt NPs. An average for the measurements performed at 25 ℃ was used. The measurements at 40 ℃ have been 
excluded. 

 

 

 

 

 

 

 

 

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -17 3 0.92040

1.5 -17 2 0.95531

2 -17 2 0.97610

2.5 -17 1 0.97983

3 -17 1 0.98444

3.5 -17 1 0.98834

4 -17 1 0.99101

4.5 -18 1 0.98855

5 -18 1 0.98794

5.5 -18 1 0.98781

6 -18 1 0.98582

6.5 -18 1 0.98648

7 -19 1 0.98679

8 -19 1 0.98730

9 -19 1 0.98918

10 -19 1 0.98535

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -21 1 0.99446

1.5 -20 1 0.99712

2 -19.6 0.4 0.99888

2.5 -19.1 0.4 0.99836

3 -19.0 0.3 0.99912

3.5 -19.8 0.3 0.99935

4 -20.0 0.3 0.99915

4.5 -20.1 0.3 0.99927

5 -20.2 0.3 0.99950

5.5 -20.1 0.3 0.99940

6 -20.0 0.3 0.99920

6.5 -20.1 0.3 0.99915

7 -20.2 0.4 0.99873

8 -20 1 0.99647

9 -21 1 0.99695

10 -21 1 0.99499
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4.4.7  TAP 

In order to investigate the potentially strong adsorption site on the Pt – Zr interface [7] 

multiple TAP measurements in the 30 to 150 ℃ temperature interval was conducted. The 

results of the measurements done for Ne and 𝐶𝑂2 is shown in figure 74.  

 

Figure 74. The TAP results. On the left: The CO2 signal as a function of time. On the right: The Ne signal as a function of 
time. The CO2 curves changes drastically with temperature however they are close to identical for Ne, as is expected of the 

inert. 

The calculated 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratio for the different temperatures is shown in table 19. 

Table 19. The calculated 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratio for each measurement. 

 

As described in section 2.9.1. For a reversible adsorption process the 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratio should 

remain constant, however as observed in table 19 this is indeed not the case for this 

experiment. Looking at the 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratios they are increasing as the temperature is increasing. 

The reason for this is the very long tails. Starting at low temperatures the interaction between 

the CO2 and the MOF is relatively stronger and as such the measurement gets a longer tail as 

is clearly shown in the figure 74. When correcting for the background in the quadrupole mass-

Temperature M0,CO2/M0,Ne

149.2 2,41

124.8 2,34

100.2 2,23

75.2 1,99

60.1 1,87

49.8 1,68

38.0 1,34
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spectrometer this leads to an error as not only the background is being accounted for. The area 

under graph is therefore decreased. The area under graph for the Ne measurements however 

remains constant as it is inert and the observed graphs are independent of the temperature as 

shown in figure 74. As the temperature is increased the tails becomes shorter and the 

background can be corrected more accurately. The area under the graph increases for 𝐶𝑂2 and 

therefore does also the 
𝑀0,𝐶𝑂2

𝑀0,𝑁𝑒
 ratios increase. The determined isosteric heat of adsorption 

therefore serves as a lower bound estimate for the actual value. 

The linear fit of the 𝐾𝑒𝑞 values are depicted in figure 75. 

 

Figure 75. The linear fit of the 𝐾𝑒𝑞 values for UiO – 67- 10% bipy – Pt NPs. 

The resulting slope, isosteric heat of adsorption with the corresponding standard error and the 

𝑅2 value is summarized in table 20. 

Table 20. The resulting slope and determined isosteric heat of adsorption for experiment performed on UiO – 67 – 10% bipy 

– Pt NPs with its corresponding standard error. The 𝑅2 values for the linear fit is also given. 
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4.4.8 ss – NMR 

The measured 1H and 13C spectra for UiO – 67- 10% bipy – Pt NPs is depicted in figure 76 

and 77 respectively. 

 

Figure 76. HNMR spectra for non-pretreated UiO - 67 - 10% bipy + Pt NP’s. 

 

Figure 77. CNMR spectra for non-pretreated  UiO - 67 - 10% bipy + Pt NP’s. 

The two figures are extremely similar to that of it parent sample, UiO – 67 – 10% bipy – PtCl2 

with exactly the same reasoning for the observed peaks. For the discussion, see section 4.3.7. 

The determined ratio of hydrogen atoms located on the linker and the number 𝜇3 − 𝑂𝐻 

groups have been determined to be 9.1:1 using the integrated peaks in figure 114 in the 

appendix. 
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4.5 UiO – 66 

4.5.1 pXRD 

A pXRD pattern of pristine UiO – 66 was recorded for comparison with further treated 

samples. The pXRD pattern is depicted in figure 78. 

 

Figure 78. Normalized pXRD pattern for pristine UiO – 66. 

The two peaks at approximately 2𝑡ℎ𝑒𝑡𝑎 = 4 and 2𝑡ℎ𝑒𝑡𝑎 = 6 are forbidden reflections and 

the presence of these peaks indicate missing cluster defects as described in section 1.5.1.2 

4.5.2 N2 physisorption 

In this work the pristine UiO – 66 MOF as well as an UiO – 66 type MOF with incorporated 

MgMe as described in section 3.7.2. have been studies. In order to get some further insight 

into the materials a high resolution N2 sorption measurement was performed on both samples. 

The sorption data for the pristine UiO – 66 is shown in figure 79. Based on the adsorption 

data the BET specific surface area was determined and is summarized in table 21. 
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Figure 79. The N2 physisorption isotherm for pristine UiO – 66. The measurement was performed in liquid nitrogen in the 

0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the desorption 

isotherm. A closer look into the 0 − 0.005
𝑝

𝑝0
 region is shown to the right. 

Table 21. The BET specific surface area for UiO – 66 with the corresponding pressure ranged used for the BET analysis and 
the number of criteria satisfied. 

 

The determined surface area is comparable to that reported in literature [51], however the 

BET specific surface area heavily depend upon the defect situation [13, 22]. 

4.5.3 TGA/DSC 

The TGA – DSC curve was measured in synthetic air from 30 to 800 ℃. The results are 

shown in figure 80. 

 

Figure 80. A TGA – DSC measurement performed in synthetic air from 30 to 800 ℃ for pristine UiO – 66. 
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Based on the wt% at which the last plateau is located the MOF does not seem to contain any 

missing linker defects, if anything the plateau seems higher than the theoretical line. Based on 

the measured pXRD pattern, depicted in figure 78. the sample might contain missing cluster 

defects. In that case, as described in section 1.5, mondentante ligands will most likely account 

for the charge balancing. This leaves two scenarios: 

1. If the monodentante ligand charge compensating the cluster defect are heavier than 

half that of terephthalic acid a higher than theoretical linker content would be 

observed. 

2. If the monodentante ligand charge compensating the cluster defect are lighter than half 

that of the terephthalic acid, a lower than theoretical linker content would be observed. 

It is therefore possible to show no sign of linker defects in a TGA measurement even if the 

sample contain missing cluster defects. 

4.5.4 ls – NMR 

Due to time constraint the measured ls-NMR was done on non-pretreated sample. The 1H – 

NMR spectrum for UiO – 66 is shown in figure 81. 

 

Figure 81. Recorded 1H-NMR spectrum of non-pretreated UiO – 66. Most peaks have been assigned previously, however 

some peaks remain unassigned. 

As the sample was not pretreated before the 1H-NMR measurements and many peaks are 

observed the data cannot be used with certainty as the solvents are most likely not coordinated 

to the cluster, but adsorbed in the pores of the material. 
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4.5.5 CO2 adsorption 

For comparison with further modified sample a 𝐶𝑂2 adsorption measurement on pristine UiO 

– 66 was performed. The 𝐶𝑂2 adsorption data measured at 25 ℃ is shown in figure 82.  

 

Figure 82. 𝐶𝑂2 physisorption isotherms for UiO – 66 obtained in the 0 − 101.3 kPa region at 25 ℃. 

The uptake at 101.5 kPa is 42.0
𝑐𝑚𝑆𝑇𝑃

3

𝑔
 or equivalent close to1.88

𝑚𝑚𝑜𝑙

𝑔
. The reported values 

differ by a lot [49, 52], most likely due to varying degrees of defects in the material, heavily 

affecting the BET specific surface area [13, 22]. 
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4.6 UiO – 66 – MgMe 

4.6.1 pXRD 

The pXRD data for UiO – 66 – MgMe is shown in figure 83. The data was obtained using a 

sealed capillary as the material is unstable in air.  

 

Figure 83. Normalized pXRD pattern of UiO - 66 - MgMe obtained using a capillary geometry. 

The two peaks located at low angles are indicating lattice defects due to missing clusters as 

described in section 1.5.1.2. 

4.6.2 SEM/EDS 

In order to determine if the impregnation of MgMe was successful, EDS was carried out to 

determine the 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio. The result is shown in table 22. A SEM picture of the material 

is shown in figure 84. 

 

Figure 84. SEM pictures of UiO - 66 – MgMe. 
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Table 22. The elemental composition with the corresponding standard error for UiO – 66 – MgMe determined by EDS. 
The ideal atomic distribution is also included. 

 
 

If all the 𝜇3 − 𝑂𝐻 groups were exchanged by 𝑀𝑔𝑀𝑒 the 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio would be equal to 4. 

For the UiO – 66 – MgMe sample, 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
= 0.54, well below the total exchange of the 

𝜇3 − 𝑂𝐻 groups. Fluorine was also observed, most likely due to impurities during the 

synthesis. 

4.6.3 N2 physisorption 

In order to have a closer look into the adsorption mechanism high resolution 𝑁2 

physisorptions was performed by increasing the number of sorption points in the 0 - 0.12
𝑝

𝑝𝑜 

pressure regime. An attempt was made to observe multiple adsorption steps in the adsorption 

isotherm due to the incorporated 𝑀𝑔𝑀𝑒 groups at low pressures. The high resolution sorption 

isotherm is shown in figure 85. No hysteresis was observed for this sample. The adsorption 

data allowed for the determination of the BET specific surface area summarized in table 23. 

No stepwise adsorption in the adsorption isotherm were observed. 

 

Element Atomic % SE Atomic % ideal

C 53 2 55.3

N 2.7 0.4 -

O 35 5 34.0

F 0.2 0.2 -

Mg 0.7 0.3 4.3

Zr 8.0 2 6.4
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Figure 85. The N2 physisorption isotherm for UiO – 66 - MgMe. The measurement was performed in liquid nitrogen in 

the 0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the 

desorption isotherm. A closer look into the the 0 − 0.005
𝑝

𝑝0
 region is shown in the right plot.. 

Table 23. The BET specific surface area for UiO – 66 - MgMe with the corresponding pressure range used for the BET 
analysis and the number of criteria satisfied. 

 

 

The observed surface area of 1498
𝑚2

𝑔
 is relatively much higher than that of the parent sample 

with a specific surface area of 1197
𝑚2

𝑔
. This is a surprising finding as the incorporation of 

MgMe species was expected to lead to a lowered surface area for two reasons. First, the BET 

specific area is given as 
𝑚2

𝑔
 and the exchange of the 𝜇3 − 𝑂𝐻 group with MgMe would 

increase the weight of the material. Secondly, the MgMe group is much more bulky and 

therefore takes up more of free the space within the MOF. This observation could however be 

explained by the possible introduction of more defects, as this may heavily affect the specific 

surface area [13, 22].  
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4.6.4 CO2 physisorption 

As described in section 3.7.2 it was expected that exposing the material to CO2 would lead to 

the irreversible incorporation of CO2. It was therefore expected to be a difference in the 

adsorption volume for the first and successive measurements. A comparison of the two first 

measurements performed at 25 ℃ is shown in figure 87. 

 

Figure 86. 𝐶𝑂2 physisorption isotherm for UiO - 66 – MgMe. Comparison of the 1. and 2. measurement done at 25 ℃. 

No difference is observed for the two measurements performed at 25 ℃. Based on the EDS 

data the sample does contain some Mg and therefore a difference was expected. This could 

indicate that the incorporation of Mg was not an exchange of the 𝜇3 − 𝑂𝐻 groups as 

expected. 

The isosteric heat of adsorption was determined by measuring multiple adsorption isotherms 

in the 25 to 50 ℃ temperature range. The adsorption isotherms for UiO – 66 – MgMe are 

shown in figure 86. 
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Figure 87. 𝐶𝑂2 physisorption isotherm for UiO - 66 – MgMe. obtained in the 0 − 101.3 kPa region in the 25 to 50 ℃ 

temperature interval. The small kink in the measurement done at 40 ℃ is believed to be due to an experimental error. 

Coloring scheme: black: 25 ℃; red: 30 ℃; blue: 35 ℃; green: 40 ℃; orange: 45 ℃; purple: 50 ℃. 

The small kink observed for the measurement done at 40 ℃ depicted in figure 86 is believed 

to be an instrumental error. 

The measurements performed at 45 and 50 ℃ was reproduced and the results are shown as 

Clausius Clapeyron plots in figure 88.  

 

Figure 88. A Clausius Clapeyron plot comparing the difference between the reproduced measurements done at 40, 45 and 

50 ℃ for UiO – 66 – MgMe. The points were determined using  𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10. Coloring scheme: black; 1. 

measurements; red: 2. measurements. 
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The reproduced measurements at 45 and 50 ℃ are very close to the original values. Once 

again the measurement performed at 40 ℃ is the one furthest away from the linear trend that 

is expected in a Clausius Clapeyron plot. 

The isosteric heat of adsorption calculated for a large number of adsorption volumes are 

summarized in table 24. The measurement performed at 40 ℃ was once again not included 

and an average was used for the multiple measurements performed at 25 ℃. 

Table 24. The determined isosteric heat of adsorption and the corresponding standard error and R2 value calculated using, 
left: the first set of CO2 adsorption measurements, right: the second set of CO2 adsorption measurements for UiO – 66 – 

MgMe. An average for the measurements performed at 25 ℃ was used. The measurements at 40 ℃ have been excluded. 

 

 

 

 

 

 

 

 

 

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -46 15 0.75050

1.5 -34 8 0.85186

2 -31 5 0.93249

2.5 -29 3 0.96059

3 -28 3 0.97177

3.5 -27 2 0.98196

4 -26 2 0.98782

4.5 -26 1 0.99020

5 -25 1 0.99149

5.5 -25 1 0.99322

6 -25 1 0.99463

6.5 -25 1 0.99503

7 -25 1 0.99485

8 -25 1 0.99459

9 -24 1 0.99421

10 -24 1 0.99467

ϴ (cm3(STP)/g) ΔH (kJ/mol) SE (kJ/mol) R - Squared

1 -52 13 0.83497

1.5 -38 7 0.91136

2 -34 4 0.96551

2.5 -31 3 0.98093

3 -30 2 0.98742

3.5 -29 1 0.99267

4 -28 1 0.99529

4.5 -27 1 0.99596

5 -27 1 0.99615

5.5 -26 1 0.99669

6 -26 1 0.99677

6.5 -26 1 0.99657

7 -26 1 0.99624

8 -25 1 0.99572

9 -25 1 0.99500

10 -25 1 0.99494
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4.7 UiO – 66 – Mg – amine 

4.7.1 pXRD 

A pXRD pattern was recorded using a capillary due to the material being unstable in air. The 

result is shown in figure 89.  

 

Figure 89. Normalized pXRD pattern of UiO - 66 - Mg - amine obtained using a capillary. 

The peaks at higher angles are completely gone and the peaks at lower angles are very broad. 

This indicates that the material has lost some of its crystallinity. As for the parent sample, 

UiO – 66 – MgMe, this sample also got forbidden reflections in the low angle region 

indicating missing cluster defects. 
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4.7.2 SEM/EDS 

The elemental composition was determined by the use of EDS and the results are summarized 

in table 25. A SEM picture of the sample is shown in figure 90.  

 

 

Figure 90. SEM pictures of UiO - 66 - Mg – amine. 

Table 25. The elemental composition with the corresponding standard error for UiO – 66 – Mg – amine determined by 
EDS. The ideal atomic distribution is also included. 

 
 

As the UiO – 66 – MgMe sample had a low Mg loading the same was expected for this 

sample. The determined  
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
= 0.36. However a much larger amount of nitrogen is 

observed for this sample compared to the UiO – 66 – MgMe sample meaning that nitrogen 

have been incorporated or remain adsorbed in the pores of the material. If the amine group 

was incorporated on all the 𝑀𝑔𝑀𝑒 sites the 
𝑁

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio should be twice the 

𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 

ratio, however this is not observed. The observed ratio of 
𝑁

𝑍𝑟6𝑂4(𝑂𝐻)4
= 9.1 is too high to be 

explained by incorporation on the 𝑀𝑔𝑀𝑒 sites. The most likely explanation is that 

ethylendiamine is adsorbed in the pores of the MOF. 

Element Atomic % SE Atomic % ideal

C 52 2 52.8

N 10 1 7.5

O 30 2 30.2

F 1.2 0.3 -

Mg 0.39 0.03 3.8

Al 3 4 -

Zr 6 1 5.7
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4.8 UiO – 67 (CA1902) 

4.8.1 pXRD 

A pXRD pattern of pristine UiO – 67 (CA1902) was recorded and compared to a simulated 

pXRD pattern for UiO – 67 depicted in figure 91. 

 

Figure 91. Normalized pXRD pattern of pristine UiO – 67 (CA1902) compared to the simulated pXRD pattern of UiO – 67. 
The additional peaks at 2Theta = 20 is due to the plastic wrap. 

The comparison between the observed pXRD pattern for UiO (CA1902) and the simulated 

pXRD pattern is sufficient and based results we conclude that the sample is in fact phase pure 

UiO – 67. 
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4.8.2 N2 physisorption 

A nitrogen adsorption measurement on the pristine UiO – 67 (CA1902) sample was 

performed to determine the specific surface area for comparison with the further modified 

sample. The sorption data is shown in figure 92. The result from the BET analysis is 

summarized in table 26. The resolution in the 0 − 0.12
𝑝

𝑝0 pressure regime was increased for 

comparison with the post-modified sample. 

 

Figure 92. The N2 physisorption isotherm for UiO – 67 (CA1902). The measurement was performed in liquid nitrogen in the 

0 − 101.3 kPa pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the desorption 

isotherm. A closer look into the the 0 − 0.005
𝑝

𝑝0
 region is shown to the right. 

The N2 desorption data for UiO – 67 (CA1902) shows weird behavior towards the low 

pressure region. This is believed to be an experimental error towards the end of the 

measurement. The closer look into the 0 − 0.005
𝑝

𝑝0 region, depicted in figure 92, of the 

sorption data shows a two-step adsorption mechanism in the UiO – 67 (CA1902) sample. This 

observation is further discussed in section 5.5. 

Table 26. The BET specific surface area for UiO – 67 (CA1902) with the corresponding pressure range used for the BET 
analysis and the number of criteria satisfied. 

 

The determined specific surface area for UiO – 67 (CA1902) quite similar as that established 

for UiO – 67 (CA221) of 2321
𝑚2

𝑔
 and relatively close to the theoretical value [48]. Based on 

the fact that a higher specific surface area is observed for the UiO – 67 (CA1902) sample, 

linker defects are to be expected. 
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UiO - 67 (CA1902) 2407 0,0029 to 0,0315 4/4
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4.8.3 TGA/DSC 

The TGA – DSC curve was recorded in synthetic air and measured from 30 to 800 ℃. The 

results are depicted in figure 93. 

 

Figure 93. A TGA – DSC measurement performed in synthetic air from 30 to 800 ℃ for UiO – 67 (CA1902). 

The final wt% plateau is a too low compared to ideal MOF indicating the presence of linker 

defects. Based on equation 2. A chemical formula of 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4(𝑙𝑖𝑛𝑘𝑒𝑟)5.5 is 

estimated.  

4.8.4 ls – NMR 

Due to time constrains the measured 1H – NMR spectrum on UiO – 67 (CA1902) was 

performed on non-pretreated sample. 

 

Figure 94. Recorded 1H-NMR spectrum for non-pretreated UiO – 67 (CA1902). 
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As the sample have not been pretreated the 1H – NMR data cannot be used with certainty as 

most of the solvent is adsorbed in the pores, not coordinated to the clusters. However based 

on the observation of both benzoate and formate, one might expect both species being 

coordinated to the clusters. 

4.8.5 CO2 adsorption 

For comparison with further post-modified samples a CO2 adsorption on pristine UiO – 67 

(CA1902) was performed. The CO2 adsorption isotherm measured at 25 ℃ in the 0 − 101.3 

kPa region is depicted in figure 95. 

 

Figure 95.Determined CO2 physisorption isotherm for UiO – 67 (CA1902) obtained in the 0 − 101.3 kPa region at 25 ℃. 

The CO2 adsorption capacity for UiO – 67 (CA1902) at 101.5 kPa is 31.3
𝑐𝑚𝑆𝑇𝑃

3

𝑔
 or 

equivalent 1.40
𝑚𝑚𝑜𝑙

𝑔
. UiO – 67 (CA1902) showed a higher CO2 adsorption capacity and a 

higher BET specific surface area compared to that of UiO – 67 (CA221). 
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4.9 UiO – 67 – MgMe 

4.9.1 pXRD 

As the material is unstable in air the pXRD pattern was obtained using a capillary. The result 

is shown in figure 96. 

 

Figure 96. Normalized pXRD pattern of UiO - 67 - MgMe obtained using a capillary. 

The very broad peak around 2𝑇ℎ𝑒𝑡𝑎 = 20 is due to the capillary. The material also contains 

broad peaks at low angles and the peaks at higher angles are almost gone indicating 

degradation of the material. 
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4.9.2 SEM/EDS 

EDS was used to determine the 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio to check if the incorporation of 𝑀𝑔𝑀𝑒 was 

successful. The SEM pictures are shown in figure 97 with the EDS data being summarized in 

table 27. 

 

 

Figure 97. SEM pictures of UiO – 67 – MgMe. 

Table 27. The elemental composition with the corresponding standard error for UiO – 67 – MgMe determined by EDS. 

The ideal atomic distribution is also included. 

 
 

The observed 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio of 4.6 is above the theoretical ratio of 4, This indicates 

incorporation of 𝑀𝑔𝑀𝑒 groups on all the 𝜇3 − 𝑂𝐻 sites. In the ideal case no nitrogen should 

have been incorporated and the only explanation is the presence of nitrogen containing 

solvents adsorbed in the pores of the structure. Fluorine was also observed, most likely due to 

impurities during the synthesis. 

Element Atomic % SE Atomic % ideal

C 59.4 0.2 67.7

N 2.7 0.2 -

O 32.12 0.09 24.6

F 0.11 0.03 -

Mg 2.4 0.1 3.1

Cl 0 0 -

K 0 0 -

Zr 3.2 0.1 4.6
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It could be possible that the incorporation of MgMe could occur on defect sites in the 

structure [15]. The estimated chemical formula for the parent material, UiO – 67 (CA1902), 

was 𝑍𝑟6(𝜇3 − 𝑂)4(𝜇3 − 𝑂𝐻)4(𝑙𝑖𝑛𝑘𝑒𝑟)5.5. As both the 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 and chemical formula is 

given per six zirconium atom they are 1:1 comparable. If all the incorporation of MgMe did 

occur on the defect sides as well, based on the estimated chemical formula the ratio would be 

𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
= 4.5. This is very close to the determined ratio. It should however be mentioned 

that the chemical formula is estimated only based on TGA data and may therefore not be 

correct. 

4.9.3 N2 physisorption 

As for the UiO – 66 – MgMe samples a nitrogen physisorption measurement was performed 

to determine the BET specific surface area summarized in table 28. The adsorption/desorption 

data is shown in figure 98. As for the parent sample, a closer look into the lower pressure 

region of the adsorption curve shows a  two-step adsorption mechanism as for the parent 

sample.  

 

Figure 98. The N2 physisorption isotherm for UiO – 67 – MgMe. The measurement was performed in liquid nitrogen in 

the 0 − 101.3 kPa  pressure range. The fully drawn line is the adsorption isotherm while the stapled line is the 

desorption isotherm. A closer look into the the 0 − 0.005
𝑝

𝑝0
 region is shown to the right. 

As for the parent sample, a closer look into the lower pressure region of the adsorption curve 

shows a two-step adsorption mechanism as for the parent sample. This is further described in 

section 5.5. 
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Table 28. The BET specific surface area for UiO – 67 – MgMe with the corresponding pressure range used for the BET 
analysis and the number of criteria satisfied. 

 

The BET specific surface area of 950
𝑚2

𝑔
 is much lower than the determined surface area of 

the parent sample of pristine UiO – 67 (CA1902) of 2407
𝑚2

𝑔
. Based on the pXRD result the 

material show some signs of degradation which may explain loss of surface area. Based on 

the incorporation of MgMe it was however expected a lowered surface area as described in 

section 4.6.3.  

4.9.4 CO2 physisorption 

Comparing the measurements performed at 25 ℃ a large difference is observed for the first 

measurment and the succesive measurements performed at this temperature as shown in 

figure 100. This could indicate the incorporation of 𝐶𝑂2 forming a Mg – actetate species 

inside the MOF as described in section 3.7.2. 

 

Figure 99. 𝐶𝑂2 physisorption isotherm for UiO - 67 – MgMe. Comparison of the 1. and 2. measurement done at 25 ℃. 

From EDS data it is expected that all the 𝜇3 − 𝑂𝐻 sites would be exchanged with 𝑀𝑔𝑀𝑒 in 

the UiO – 67 – MgMe sample. There are 16 of such sites per unit cell. In figure 101 the first 

𝐶𝑂2 adsorption measurement performed at 25 ℃ is plotted for the UiO – 67 – MgMe sample. 

This time the units on the y-axis is in number of adsorbed 𝐶𝑂2 molecules per unit cell. 

 

Sample Spesific surface area (m2/g) Pressure range (p/p0) Criterias achieved
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Figure 100.𝐶𝑂2 physisorption isotherm for UiO - 67 – MgMe. The y-axis is given in number of adsorbed 𝐶𝑂2 molecules per 
unit cell. 

If the incorporation of 𝐶𝑂2 occured at all the MgMe sites an adsorption of at least 16 𝐶𝑂2 

molecules per unit cell would be expected, however as is seen in the figure above, the number 

of adsorbed 𝐶𝑂2 molecules are lower than 16. 

Multiple 𝐶𝑂2 adsorption isotherms were measured for the determination of the isoteric heat of 

adsorption. The adsorption isostherms are depicted in figure 101. 

 

Figure 101. 𝐶𝑂2 physisorption isotherm for UiO - 67 – MgMe obtained in the 0 − 101.3 kPa  region in the 25 to 50 ℃ 

temperature interval. Coloring scheme: black: 25 ℃; red: 30 ℃; blue: 35 ℃; green: 40 ℃; orange: 45 ℃; purple: 

50 ℃. 
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For this sample the measurement performed 45 ℃ gave the lowest adsorption volume which 

is not expected. The measurements performed at 45 and 50 ℃ was therefore reproduced. The 

results are shown as a Clausius Clapeyron plot in figure 102. 

 

 

Figure 102. A Clausius Clapeyron plot comparing the difference between the reproduced measurements done at 40, 45 and 

50 ℃ for UiO – 67 – MgMe. The points were determined using  𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10. Coloring scheme: black; 1. 

measurements; red: 2. measurements. 

By looking at figure 102 it is clear that no good linear regression can be made using any of 

the points. For this sample even the measurements done at 25-, 30- and 35 ℃ does not fit 

well with a linear fit. The measurement reproduces at 50 ℃ also gave completely different 

results, which was not the case for the UiO – 66 – MgMe sample making the determination of 

the isosteric heat of adsorption very difficult. 

The isosteric heat of adsorption have been calculated using an average for the measurements 

performed at  25 ℃ isotherm, not including the first measurement at 25 ℃. This time the 

measurement at 40 ℃ was included. The results are summarized in table 29. 
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Table 29. The determined isosteric heat of adsorption and the corresponding standard error and R2 value calculated 
using, left: the first set of CO2 adsorption measurements, right: the second set of CO2 adsorption measurements for UiO 

– 67 – MgMe. An average for the measurements performed at 25 ℃ was used excluding the first was used. 

 

 

4.10 UiO – 67 – Mg – amine  

4.10.1 pXRD 

The pXRD data obtained using a capillary is shown in figure 103. 

 

Figure 103. Normalized pXRD pattern of UiO - 67 - Mg - amine obtained using a capillary. 

Peaks at high angles are no longer observed and only one large peak is observed at low 

angles. This suggest that the sample is amorphous. 
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4.10.2 EDS 

EDS was used to determine the 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 and the 

𝑁

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio. The EDS data is 

summarized in table 30. 

Table 30. The elemental composition with the corresponding standard error for UiO – 67 – Mg – amine determined by 

EDS. The ideal atomic distribution is also included. 

 

The determined 
𝑀𝑔

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio of 4.3 is somewhat higher than the theoretical maximum of 

4.0 for the ideal material, this is discussed for the parent sample in section 4.9.2. The 

experimentally determined 
𝑁

𝑍𝑟6𝑂4(𝑂𝐻)4
 ratio of 24 is much higher than the theoretical 

maximum of 
𝑁

𝑍𝑟6𝑂4(𝑂𝐻)4
= 8.6. The large nitrogen loading is most likely caused by nitrogen 

containing solvents being adsorbed in the pores of the MOF. Fluorine was also observed, 

most likely due to impurities during the synthesis. 

 

 

 

 

 

 

 

 

 

 

Element Atomic % SE Atomic % ideal

C 55 2 64.8

N 11 0.5 5.6

O 28 2 22.5

F 0.9 0.6 -

Mg 1.9 0.1 2.8

K 2 2 -

Zr 2.7 0.4 4.2
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5 Discussion 

5.1 Comparing the isosteric heat of CO2 adsorption for UiO – 67 and UiO – 67 type 

MOFs. 

The determined isosteric heat of adsorption were very similar for UiO – 67, UiO – 67 – 10% 

bipy – PtCl2 and UiO – 67 – 10% bipy – Pt NPs, with their values for 𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 10 

given in table 31.  

Table 31. The isosteric heat of adsorption and the standard error for UiO – 67 (CA221), UiO – 67 – 10% bipy – PtCl2 and 

UiO – 67 – 10% bipy + Pt NPs for Vads (
cmSTP

3

g
) = 10 

 

The determined isosteric heat of adsorption for UiO – 67 is comparable to previously 

determined values [49, 50]. However one should note that the different methods for 

determining the isosteric heat of adsorption often does so for different surface coverages. 

To explain the similar isosteric heat of adsorption two different hypotheses have been 

suggested: 

1. The primary adsorption site may not be related to the linker molecules or the 

introduction of Pt NPs. In other word the dominant adsorption site is the inorganic 

clusters. 

2.  The ratio of new adsorption sites to the number of available 𝐶𝑂2 molecules is small. 

This technique measures an average heat of adsorption and even at low pressures, the 

number of 𝐶𝑂2 molecules are substantial. 

In order to determine the number of adsorption sites introduced by the introduction of the Pt 

NPs some approximations need to be made [7]: 

1. Each Pt NP consist of 1600 Pt atoms. 

Sample ∆H (kJ/mol) SE (kJ/mol)

UiO - 67 (CA221) -18 1

UiO - 67 - 10% bipy + PtCl2 -19 1

UiO - 67 - 10% bipy + Pt NPs -19 1
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2. For each Pt NP there are 112 adsorption sites. These sites are located in the Pt-Zr 

interface. 

Other than those two assumptions, the 
𝑃𝑡

𝑍𝑟
 ratio also needs to be known. For these calculations 

the 
𝑃𝑡

𝑍𝑟
 ratio determined from the EDS measurements was used. Based on these assumptions 

the ratio of CO2 molecules in gas phase to the number of Pt – Zr interface sites was 

determined as a function of the CO2 pressure using equation 21 and 22.  

 
𝑛 =

𝑉

𝑅𝑇
∗ 𝑝 

(21) 

Where: 

𝑛 is the number of moles CO2 molecules in the gas phase (𝑚𝑜𝑙) 

V is the volume of the sample cell (𝑐𝑚3) 

𝑅 is the universal gas constant (8314.46
𝑐𝑚3∗𝑘𝑃𝑎

𝐾∗𝑚𝑜𝑙
) 

𝑇 is the absolute temperature (𝐾) 

𝑝 is the pressure inside the sample cell (𝑘𝑃𝑎) 

 

 
𝑄𝑇 =

𝑃𝑡

𝑍𝑟
∗ 𝑍𝑟𝑈.𝐶. ∗

𝐴𝑑𝑠𝑠𝑖𝑡𝑒𝑠

𝑁𝑃𝑃𝑇
∗

𝑊𝑠𝑎𝑚𝑝𝑙𝑒

𝑊𝑈.𝐶.
 

 

(22) 

Where: 

𝑄𝑇 is the number of moles of adsorption sites per measurement (mol) 

𝑃𝑡/𝑍𝑟 is the atomic ratio of the two atoms determined by EDS (dimensionless) 

𝑍𝑟𝑈𝐶  is the number of zirconium atoms per unitcell for UiO – 67 (=24) 

𝑁𝑃𝑃𝑇 is the number of Pt atoms per Pt NPs (assumed =1600) 
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𝐴𝑑𝑠𝑠𝑖𝑡𝑒𝑠  is the number of adsorption sites introduced per Pt NP (assumed = 112) 

𝑊𝑠𝑎𝑚𝑝𝑙𝑒  is the weight of the sample for the 𝐶𝑂2 adsorption measurement (=0.0328 𝑔) 

𝑊𝑈.𝐶. is the molecular weight of the UiO – 67 unit cell (=8482
𝑔

𝑚𝑜𝑙
) 

The results of the calculations are summarized in table 32. 

Table 32. The ratio of the number of CO2 molecules in the gas phase to the number of Pt – Zr adsorption sites as a function 
of the CO2 pressure. 

 

As shown by the calculation, even at the very first measurements, the number of 𝐶𝑂2 

molecules in the gas phase is comparable or higher to the number of adsorption sites 

introduced by the Pt NPs.  

For many of the performed 𝐶𝑂2 adsorption measurements relatively large deviations is 

observed, with some even showing a negative adsorption volume for the first measurements. I 

therefore believe it is unreasonable to observe these relatively few adsorption sites using this 

technique.  

5.2 Comparing static and dynamic adsorption methods 

In this work, the isosteric heat of adsorption was determined for UiO – 67 (CA221) using 

both static and dynamic gas adsorption techniques. The two techniques resulted in 

comparable values summarized in table 33.   

Table 33 The comparison of the isosteric heat of adsorption determined for UiO – 67 (CA221) by the use of static and 
dynamic gas adsorption measurements. 

 

 

Pressure (kPa) # CO2 in gas phase / # adsorption sites

0.016 1.22

0.065 4.94

0.121 9.19

0.244 18.54

Sample Technique ∆H (kJ/mol) SE (kJ/mol)

UiO - 67 (CA221) Static gas adsorption -18 2

UiO - 67 (CA221) Dynamic gas adsorption -17 2
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When comparing the two techniques one should keep in mind that a much smaller amount of 

molecules is used for the TAP experiments. Therefore, one should choose a lower surface 

coverage using the Clausius Clapeyron equation. For the comparison in table 33 a surface 

coverage of 𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 1 was used. The determined isosteric heat of adsorption from the 

measurement where the sample was pretreated at 200 ℃ for 3 hours was used for the dynamic 

gas adsorption measurement. This was the closest pretreatment to the one used for the static 

gas adsorption measurements.  

For the UiO – 67 – 10% bipy – Pt NPs sample the comparison is shown in table 34. The 

isosteric heat of adsorption was calculated using 𝑉𝑎𝑑𝑠 (
𝑐𝑚𝑆𝑇𝑃

3

𝑔
) = 1. Only one pretreatment 

was used in the dynamic measurements of UiO – 67 – 10% bipy – Pt NPs. 

Table 34. The comparison of the isosteric heat of adsorption determined for UiO – 67 – 10% bipy – Pt NPs by the use of 
static and dynamic gas adsorption measurements. 

 

The isosteric heat of adsorption determined for the UiO – 67 – 10% bipy – Pt NPs sample also 

gave comparable values, however as described in section 4.4.7. The isosteric heat of 

adsorption determined using the dynamic gas adsorption studies is a lower bound estimate.  

 

 

 

 

 

 

 

 

Sample Technique ∆H (kJ/mol) SE (kJ/mol)

UiO - 67 - 10% bipy - Pt NPs Static gas adsorption -17 3

UiO - 67 - 10% bipy - Pt NPs Dynamic gas adsorption -18 0.5
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5.3 UiO – 6X – MgMe samples 

5.3.1 UiO – 66 – MgMe 

The comparison of the 𝐶𝑂2 adsorption isotherms measured for pristine UiO – 66 and UiO – 

66 – MgMe is shown in figure 104. 

 

 

Figure 104. Comparison of the CO2 adsorption isotherms determined for UiO – 66 and UiO – 66 – MgMe. Both 

measurements were performed at 25 ℃ in the 0 − 101.3 kPa pressure region. 

The difference in the adsorption volume is relatively large over the entire pressure range. 

From the EDS measurements, a low Mg loading was established. There was also no 

difference in the observed CO2 adsorption for any of the successive measurements. The 

increased CO2 adsorption capacity may therefore not be related to this incorporation. 

The UiO – 66 – MgMe sample also showed a higher N2 adsorption capacity and a higher 

specific surface area. As shortly described in section 1.5.1.2, this is an indication of defects 

which might lead to a higher CO2 adsorption capacity due to the higher surface area [49] 
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5.3.2 UiO – 67 – MgMe 

Comparison of the determined CO2 adsorption isotherms for UiO – 67 (CA1902) and UiO – 

67 – MgMe is depicted in figure 105.  

 

Figure 105. Comparison of the CO2 adsorption isotherms determined for UiO – 67 and UiO – 67 – MgMe. Both 

measurements were performed at 25 ℃ in the 0 − 101.3 kPa pressure region. 

Comparing the two samples a larger adsorption capacity is observed at low pressures but a 

lower adsorption capacity is observed at higher pressures for the UiO – 67 – MgMe system. 

This could be explained by the introduction of the 𝑀𝑔 − 𝑎𝑐𝑡𝑒𝑡𝑎𝑡𝑒 species creating stronger 

adsorption sites than that of pristine UiO – 67 (CA1902) but few in nature and that the post 

modification damages the MOF giving an overall lower adsorption at higher pressures. The 

UiO – 67 – MgMe sample does seem to have lost some crystallinity as peak broadening and 

loss of peaks at higher angles is observed. The determined BET specific surface area is also 

very reduced, only 950
𝑚2

𝑔
 compared to 2407

𝑚2

𝑔
 for the parent sample both indicating that 

some damage to the MOF have occurred 
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5.4 UiO – 67 – 10% bipy – PtCl2 and UiO – 67 10% bipy – Pt NPs + Zn/Mg 

Based on early 𝐶𝑂2 adsorption measurements on the UiO – 67 – 10% bipy – PtCl2, UiO – 67 

– 10% bipy – Pt NPs + Zn/Mg samples synthesized by M.Sc. Jochem Van Duin [47], an 

attempt was made to synthesize these materials in a larger scale for characterization and 

further 𝐶𝑂2 adsorption measurements. Figure 106 depicts the adsorption isotherm for UiO – 

67 – 10% - bipy – PtCl2 + Zn as made by M.Sc. Jochem Van Duin and UiO – 67 – 10% - bipy 

– PtCl2 (reflux) and their shared parent sample UiO – 67 – 10% bipy – PtCl2. 

 

Figure 106. Comparison of the CO2 adsorption isotherms performed at 25 ℃ in the 0 − 101.3 kPa pressure region. 
Coloring scheme: black: UiO – 67 – 10% bipy – PtCl2, red: UiO – 67 – 10% bipy – PtCl2 (reflux), blue: UiO – 67 – 10% 

bipy – PtCl2 (Jochem). 

As it is clear from figure 106 the attempt at synthesizing the samples made by M.Sc Jochem 

Van Duin was unsuccessful. The samples also showed signs of degradation and their 

characterization is therefore not included in section 4. At this point, the observed adsorption 

isotherm for UiO – 67 – 10% bipy – PtCl2 made by M.Sc. Jochem Van Duin remain 

unexplained. 
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5.5 High resolution N2 adsorption data for UiO – 67 (CA1902) and UiO – 67 - MgMe 

An unexpected resemblance between the nitrogen adsorption measurement performed on 

MOF – 808, UiO – 67 (CA1902) and UiO – 67 – MgMe was observed, however occurring at 

very different pressures. The comparison of the N2 adsorption data for UiO – 67 (CA1902), 

UiO – 67 – MgMe and MOF – 808 is shown in figure 107. 

 

Figure 107. Comparison of the 𝑁2 adsorption isotherm for the UiO – 67 and UiO – 67 – MgMe samples. The observed 
adsorption curve show resemblance to the observed adsorption curve for MOF – 808, however occurring at very different 

pressures. The measurement was performed in liquid nitrogen in the 0 − 101.3 kPa region. 

The pressure at which this two-step adsorption mechanism is observed is roughly a factor of 

50 for UiO – 67 (CA1902) and UiO – 67 – MgMe compared to that of MOF - 808. To better 

compare the UiO – 67 (CA1902) and UiO – 67 – MgMe samples the first derivate or the slope 

of the adsorption isotherms have been plotted against the pressure in figure 108. 
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| 

 

Figure 108. The first derivate of the adsorption isotherm as a function of the pressure. Coloring scheme: black: UiO – 67 
(CA1902), red: UiO – 67 – MgMe. 

The reason for the more “complex” shape for the UiO – 67 (CA1902) sample is due to more 

experimentally determined points being use in the derivation. Comparing the two graphs they 

are very similar with the slope increasing at a lower pressure for pristine UiO – 67 than UiO – 

67 – MgMe.  
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6 Future work 

6.1 TAP experiments on UiO – 67 – 10% bipy – Pt NPs 

As was discussed in section 4.4.7. The 
𝑀0,𝐶𝑂2

𝑀0,𝑁2
 ratio was far from constant for the TAP 

experiments performed on the UiO – 67 – 10% bipy – Pt NPs sample. The determined 

isosteric heat of adsorption therefore serves as a lower bound estimate to the actual value. 

With this knowledge, more optimized TAP experiments with less sample and longer 

collection time should be performed for a more accurate estimate of the true value for the 

isosteric heat of CO2 adsorption. 

6.2 Further characterization of UiO – 66 – MgMe 

The UiO – 66 – MgMe samples showed a very high adsorption capacity for CO2 and as of yet 

no definitely answer is given for why this is observed. Further characterization of the sample 

is required to determine if it is in fact an increased concentration of defects that is the cause of  

the increased CO2 uptake. Procedures for quantification of the relative concentration of cluster 

defects have been reported in litterature [24], and could give some insight in the increased 

adsorption capacity for UiO – 66 – MgMe compared to that of the parent sample. 

6.3 The observation of MgMe and CO2 incorporation in UiO – 66 and UiO - 67 

As previously discussed, some indication of the successful incorporation of 𝑀𝑔𝑀𝑒 and 𝐶𝑂2 

have been observed for UiO – 67 – MgMe and possible UiO – 66 – MgMe. The exchange of 

𝑀𝑔𝑀𝑒 with the 𝜇3 − 𝑂𝐻 group and the incorporation of 𝐶𝑂2 should be observable by the use 

of ss-NMR. 

6.4 Pore size distribution for UiO – 67 (CA1902) and UiO – 67 – MgMe 

Based on the delayed observation of the two-step adsorption mechanism for UiO – 67 – 

MgMe compared to that of UiO – 67 (CA1902), calculation of the pore size distribution could 

give further insight into the nature of the two samples.  

 

 



119 

 

Appendix 

A. Formulas not presented in the thesis 

𝑪𝑶𝟐 molecules per unit cell 

In order to determine the number of 𝐶𝑂2 molecules per unit cell equation 23 was used: 

 𝑁𝐶𝑂2  𝑝𝑒𝑟 𝑈.𝐶. =  𝑉𝑎𝑑𝑠 𝐶𝑂2
 ∗ 𝑀𝑊𝑈.𝐶. (23) 

Where: 

𝑁𝐶𝑂2 𝑝𝑒𝑟 𝑈.𝐶. is the number of adsorbed 𝐶𝑂2 molecules per unit cell (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

𝑉𝑎𝑑𝑠 𝐶𝑂2
 is the number of moles adsorbed 𝐶𝑂2 molecules per gram sample (

𝑚𝑜𝑙

𝑔
)  

𝑀𝑊𝑈.𝐶. is the weight of the sample unit cell (
𝑔

𝑚𝑜𝑙
) 

 

Determination of salt to MOF ratio for a given metal to 𝝁𝟑 − 𝑶𝑯 ratio 

In order to determine the amount of salt to be added for the addition of metals to the MOF 

equation 24 was used: 

 𝑆𝑎𝑙𝑡

𝑀𝑂𝐹
= 𝐸 ∗ 

4 ∗   𝑀𝑊𝑆𝑎𝑙𝑡

 𝑀𝑊𝑀𝑂𝐹  
 

(24) 

 

Where: 

𝑆𝑎𝑙𝑡

𝑀𝑂𝐹
 is the ratio of salt to MOF that corresponds to a given equivalents of cation to 𝜇3 − 𝑂𝐻 

ratio. (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

𝐸 is the number of equivalents of metal to 𝜇3 − 𝑂𝐻 (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 

𝑀𝑊𝑆𝑎𝑙𝑡  is the molecular weight of the cation source (
𝑔

𝑚𝑜𝑙
) 

𝑀𝑊𝑀𝑂𝐹  is the molecular weight of the MOF (
𝑔

𝑚𝑜𝑙
) 
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B. Integrated ss- and ls – NMR spectra 

a. ls – NMR 

 

Figure 109. The integrated peaks for UiO – 67 (CA221) with two different pretreatments. Coloring scheme: blue: 5 ℃/min to 

330 ℃; red: 5 ℃/min to 330 then held at 330 for 12 hours. For the assignment of the peaks see figure 33. 

 

Figure 110. The integrated 1H-NMR spectrum for UiO – 67 – 10% bipy used in the calculations of the BPDC to bipy 
linker ratio. For the assignment of peaks, see figure 50. 
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b. Ss - NMR 

 

 

 

Figure 111. The integrated 1H-NMR spectrum for UiO – 67 (CA221) used to find the ratio of hydrogens on the linker relative 

to the number of 𝜇3 − 𝑂𝐻 group. The sample was pretreated at 200 ℃ for 1 hour at 2mbar 

 

 

Figure 112. The integrated 1H-NMR spectrum for UiO – 67 (CA221)  used to find the ratio of hydrogens on the linker 

relative to the number of 𝜇3 − 𝑂𝐻 group. The sample was pretreated at 330 ℃ for 1 hour at 2mbar 
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Figure 113. The integrated 1H-NMR spectrum for UiO – 67 – 10% bipy – PtCl2 used to find the ratio of hydrogens on the 

linker relative to the number of 𝜇3 − 𝑂𝐻 group. The sample was not pretreated 

 

Figure 114. The integrated 1H-NMR spectrum for UiO – 67 – 10% bipy – Pt NPs used to find the ratio of hydrogens on the 

linker relative to the number of 𝜇3 − 𝑂𝐻 group. The sample was not pretreated 
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