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Abstract  

Metal-organic frameworks (MOFs) are a class of porous materials that are formed 

when inorganic metal cations or clusters (nodes) are combined with organic anions 

(ligands). With careful choice of both node and ligand a porous material that contains a 

large internal surface area can be formed. With a large internal surface area, the study of 

many real-world applications of MOFs have been investigated such as catalysis, gas 

separations, gas storage and drug delivery. This thesis explores how the modification of 

structural features (e.g., pore sizes, functional groups, defect concentration) in 

zirconium-based MOFs impacts the gas/vapour adsorption of two atmospherically 

abundant compounds.  

Chapter 2 explores how water adsorption capabilities changes as the previously 

mention structural features are changed. The obtained results suggest that the water adsorbs 

by a water cluster growth mechanism that starts around the node. Estimation of the contact 

angle of water in the pore suggests that as the size of the ligand (i.e., pore size) is increased, 

the material becomes more hydrophobic. With the addition of pendant amine groups, the 

MOFs become more hydrophilic but the impact of the addition of the amine group 

decreases as the length of the ligand increases. 

Chapter 3 focuses on how structural features impacts the carbon dioxide gas 

adsorption properties. Pore size, number of defects, cluster dehydration, and cluster 

functionalization were examined to determine which features had the biggest 

enhancements on the carbon dioxide gas adsorption. The experiments found that pore size 
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had the largest impact on the enthalpy of adsorption of carbon dioxide gas. MOFs that 

naturally had small pores, or were functionalized to reduce the pore size, had more 

confinement effects that lead to an increased enthalpy of adsorption. Furthermore, the 

experiments showed how important the cluster-containing µ3-OH units were on carbon 

dioxide gas adsorption. 

Finally, Chapter 4 outlines some projects that have been started, but due to the 

COVID-19 pandemic were unable to be completed. Some of these are direct extensions to 

the work in Chapter 2 and Chapter 3, while others are new projects that were thought of 

during my graduate program. 
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Chapter 1 : Introduction 

Inorganic compounds where metal centres are bridged to form chains, sheets, and 

3D structures have been around for a long time.1–4 One of the oldest examples that comes 

to mind is Prussian Blue.2 As shown Figure 1.1, Prussian Blue contains an octahedral 

iron(II) centre in the form of the [Fe(CN)6]
4- cyanometallate anion, where the cyanide anion 

is carbon bound to the iron(II) centre.5 The nitrogen end of each of these cyanide units is 

further connected to an octahedral iron(III) centre. This connectivity continues in all three 

directions forming a 3D cubic framework.2,5 To charge balance Prussian Blue, an 

additional potassium(I) cation is present inside the open space of the framework. Materials 

that contain metal centres bridged to one another by inorganic or organic ligands are part 

of the coordination polymer family.6 Prussian blue has been shown to have many different 

practical applications such as dyes, an antidote for thallium poisoning, while analogues of 

Prussian blue has been introduced into batteries.7–11 These analogues can contain different 

metals, potentially in different oxidation states, for the octahedral M(II), octahedral M(III), 

or the M(I) centre.11  
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Figure 1.1: Prussian Blue. 

While Prussian Blue is one example of a coordination polymer, there are many 

more examples that can be found throughout the literature.12,13 Perhaps the simplest change 

from Prussian Blue is the use of cyanometallates that are not octahedral. Square planar 

cyanometallates such as [Ni(CN)4]
2- have been used to form the Hofmann Clathrates in 

which 2D sheets of Ni[Ni(CN)4] are formed with octahedral Ni(II) cations.14 The 

octahedral Ni(II) contains two molecules (e.g., ammonia) in the two axial position of the 

sheet. Hofmann Clathrates have been used for separation of isomers of xylenes.15 When 

the axial molecule on the Ni(II), is changed for a bridging ligand (e.g., pyrazine), then 

pillared Hofmann Clathrates are formed. By substituting the Ni(II) for other metals and by 

changing the length and type of pillared bridging ligand, a whole class of pillared Hofmann 

Clathrates can be formed.16  

It is easy to see from this simple discussion that different cyanometallates, different 

metal cations, and different terminal (e.g., monodentate/chelating) or bridging ligands can 
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lead to different types of coordination polymers. With that in mind, other coordination 

polymers have been studied extensively and used for applications in dye remediation, 

electronics, and sensors to name a few examples.17–21  

One natural extension of this work is to ask if coordination polymers with 

permanent porosity can be rationally designed from the approach outlined above (i.e., 

combining different metals and bridging ligands). One family of coordination polymers 

that have been well examined in the last ca. 25 years are metal-organic frameworks 

(MOFs). 

1.1  Metal-Organic Frameworks 

The first report of MOFs was in the late 1990’s when Prof. Omar Yaghi and 

coworkers reported the combination of zinc(II) and benzene dicarboxylate (BDC) in 

solution under elevated temperatures to form MOF-5 (Figure 1.2), a porous material with 

high surface area that would develop a new field of chemistry.22 The formula of MOF-5 

was determined to be Zn4O(BDC)3 with a Zn4O
6+ cluster that formed in-situ and is 

connected to neighbouring Zn4O
6+

 (Figure 1.2B) units through BDC2- units (Figure 1.2A). 

The Zn4O
6+ and BDC2- illustrate the two main components of any MOF, a node – the 

Zn4O
6+ in this example – and an anionic organic ligand – benzene dicarboxylate in this 

example. The node in MOF-5 is considered a six-connected node or an octahedral node. 

This means that each node connects with six BDC2- ligands, hence six-connected. These 

six ligands arrange themselves around the node in an octahedral geometry. While in 

coordination chemistry, we would expect to find six metal-ligand bonds at approximately 

90° to one another, in MOF chemistry, we refer to the number of ligands rather than the 
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number of metal-ligand bonds; depending on the ligand, these may be coincidently the 

same. In the case of MOF-5, the Zn4O
6+ node contains twelve Zn-O bonds from six 

different BDC2- units. Organic ligands will be further discussed in Section 1.1.3, but 

briefly, the ligand needs to possess at least two Lewis-basic groups (e.g., two carboxylate 

groups in BDC) that preferentially bridge two nodes rather than chelate them. We can look 

at MOF-5 from a topology point of view where we simplify the node as a ball and the 

ligand, in the case of BDC, as a stick where the two ends of the stick connect to different 

nodes. As shown in Figure 1.2 this forms a 3D cubic network, and thus pore, topology. It 

should be noted that for clarity in Figure 1.2B the carboxylate group coming out of the 

page, which would be connected to the two black zinc centres, has been omitted. The 

topology of MOF-5 and Prussian Blue are the same, but there is considerably more internal 

surface area in MOF-5 than in Prussian Blue. There are also considerably more ways to 

increase the porosity of MOF-5 versus Prussian Blue. 
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Figure 1.2: The combination of organic ligands (A) and inorganic nodes (B) to form a 

cubic three-dimensional topology which is porous (C). When benzene dicarboxylate is 

used as the organic ligand and a zinc node is used MOF-5 with a cubic structure is 

formed. 

There are lots of possible topologies available by changing the connectivity of the 

node, the geometry of the connected node, the number of Lewis-basic groups on the node, 

and the relative orientation of the Lewis-basic groups around the node. Furthermore, the 

topology does not have to generate just one type of pore. 

1.1.1 Metal-Organic Framework Nomenclature 

MOF-5 being the first reported MOF is slightly counterintuitive, the 5 would 

suggest that it is the 5th MOF synthesized and published. Herein lies an issue with 

introducing MOFs to researchers from outside the field; there is often no obvious 
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association between the name of the MOF and the structural/topological features that 

would allow a researcher to determine what the MOF looks like and what it may be used 

for. Often, the nomenclature is simply two to three letters followed by some numbers. The 

letters can often indicate the institution at which the MOF was first discovered such as UiO, 

MIL, HKUST, DUT, CALF and NU to name a few examples (University of Oslo – 

Universitetet i Oslo in Norwegian, Materials Institute Lavoiser, Hong Kong University of 

Science and Technology, Dresden University of Technology, Calgary Framework, 

Northwestern University, respectively).23–28 Some other names can include MOF, IRMOF, 

PCN, and ZIF (Metal-Organic Framework, Isoreticular MOF, Porous Coordination 

Network, Zeolitic Imidazolate Framework, respectively).22,29–34 The latter set of names 

describe the material instead of the place it was synthesized. The numbers that follow often 

have no obvious significance, or no significance at all. This becomes cumbersome for 

someone just entering the MOF field, especially when different letter codes can contain 

similar nodes but either similar or different topologies. UiO, NU, and PCN can all refer to 

the same Zr6O4(OH)12+ node.23,28,35 The UiO family of MOFs, the focus of this thesis, have 

the same node and topology so the rational for the name is logical. MOFs such as the NU 

family of MOFs can have the same ligand/node combination in different topologies, the 

same node but different ligands in the same topology, or the same node but different ligands 

in different topologies. While undoubtedly each research team/teams have a consistent 

rationale for the names, in the absence of a “Rosetta stone” this can be challenging. Further 

confusion can occur when materials that have the same structure share a common name. 

For example, PCN-57 and UiO-68-Me4 are the exact same MOF as are MOF-5 and 
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IRMOF-1.36,37 For all the reasons listed above, while the MOF nomenclature may be 

frustrating/challenging, I will make every effort to introduce the important features of a 

MOF as they pertain to the discussions in the chapters ahead. 

1.1.2 The Metal Node 

As alluded to above, there are different types of metal nodes that are found 

throughout MOF literature and can exist in many different forms. One example is a 

cluster-based node that often forms during synthesis and can contain several of the same 

metal ions that are bridged by µx-oxo or µx-hydroxo ligands. This is observed in 

Zr6O4(OH)4
12+ and Zn4O

6+ nodes mentioned in Section 1.1.1. Zr6O4(OH)4
12+ (further 

discussed in Section 1.2) is found in the common UiO family of MOFs. This cluster 

contains six central zirconium atoms that are joined by four µ3-oxo and four µ3-hydroxo 

atoms.23,38 Zn4O
6+ occurs in MOF-5 where the Zn(II) centres form a Zn4O

6+ node that 

contains four Zn(II) centres coordinated to a tetrahedral µ4-oxo unit.22,39 

There are no requirements for a metal node, other than it is a Lewis-acidic metal or 

group of metals. In the literature single metal sites such as manganese, chromium, iron, 

nickel, cadmium, and zinc and have been used as metal nodes in MOFs. Specifically, 

manganese and nickel can be found in MOF-74-Mn and MOF-74-Ni.40–45 Iron and 

chromium can be seen in MIL-53-Fe and MIL-53-Cr, respectively.24,46 In the ZIF and CdIF 

family of MOFs there are zinc and cadmium metals that are bridged to one another using 

the two nitrogen groups of an imidazolate core (ligands such as the imidazole in the ZIF 

and CdIF family of MOFs will be discussed in Section 1.1.3).34,47 Synthesizing the same 

MOF topology but with a change in only the metal centres, as mentioned in MOF-74 and 
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MIL-53, is a common strategy when an ideal pore size or geometry is desired but a lower 

gravimetric surface area, increased stability, or decreased toxicity is also desired.  

Focusing on MIL-53 (Figure 1.3), the metal ion M, is joined by four BDC ligands. 

The central metal is octahedral, bound to four oxygens from the dicarboxylate of the ligand, 

and two µ2-oxygen atoms that connect neighbouring metals.48 This bonding arrangement 

allows for the metals to form a chain rather than the discrete nodes of MOF-5 and UiOs. 

 
Figure 1.3: Structure of MIL-53 (A) metal-oxygen-metal backbone of the structure (B) 

benzene-1,4-dicarboxylate (C) and (D) showing the structure of the material looking 

down two different axis. 

1.1.3 Organic Ligands 

There is a lot of freedom with the type of ligand that is incorporated into MOFs. As 

long as the ligand is able to bridge two different metals rather than chelating a metal, then 

different properties, shapes, and functionalities can be utilized in the design of the MOF.49 
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These features can introduce new properties into the MOF, create different topologies, 

create new pore sizes/shapes, or change the size of the pore aperture.50  

At the top of Figure 1.4, we see a schematic of an ideal ligand in MOF chemistry. 

The ideal ligand contains a rigid core that will help create a rigid framework. The core 

further contains at least two Lewis-basic groups that can bridge two metal centres. Perhaps 

the most common groups are carboxylates. These Lewis-base groups can be part of the 

core. For example, imidazole contains the two Lewis-basic nitrogen groups within the core 

structure. The last component of the ligand is optional. It is a functional group that can 

decorate the pore and introduce some form of functionality (e.g., gas binding, catalysis, 

etc.) to the porous structure.51,52 Ideally, the presence of this group will not affect the overall 

topology of the MOF. This allows researchers to develop structure property relationship. 

Perhaps the simplest bridging ligand that can be used with MOFs is the dianionic 

1,4-benzene dicarboxylate ligand (Figure 1.4 bottom). As outlined above, the ligand 

contains a rigid core, two carboxylate groups that can each attach to a different node, and 

synthetic tunability to introduce functional groups into the pores of the MOF. There exist 

many examples in the literature of pendant groups installed on BDC.53,54 Some of the most 

common groups are -OH, -NH2, and -NO2, but more complex systems have also been 

utilized.54,55 
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Figure 1.4: Outline of the features of an ideal MOF ligand (A). Some examples of 

functionalized benzene dicarboxylate ligands (B). 

MOF-5 was synthesized with zinc and BDC to give a porous structure with defined 

pore shape and size.22 For some applications, larger pores are necessary. This can be due 

to the total volume of gas that needs to be stored, the total accessible surface area that is 

needed to interact with a guest, or because the functional group that is introduced into the 

pore occupies too much space for the current MOF to accomodate.30 To keep the same pore 

shape but increase the pore size and aperture, the length of the ligand can be extended from 

BDC to biphenyl-4,4′-dicarboxylate, [1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylate, or 

longer.23,56 These ligands contain all the same capabilities of the parent BDC ligand but the 

MOF has larger pore properties. 

The ligand can also be used to change the topology of the pore. Just as nodes can 

be six-connected or twelve-connected and generate one type of topology, changing the 
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number of connection points on the ligand can be used to generate different topologies with 

the same node. Starting from the ditopic BDC ligand, it can be easily seen how the tritopic 

trimesic acid (1,3,5-benzenetricarboxylic acid; H3BTC) can be used to make MOFs with 

many of the same advantages as BDC.57 For example, longer version of BTC can be made 

by introducing a spacer (e.g., phenylene) between the central ring and the carboxylate 

groups.58 This approach to ligand design can be used to introduce additional Lewis-basic 

binding sites that can generate new topologies that can be tuned towards different 

applications (Figure 1.5). 

 
Figure 1.5: Examples of ditopic (A) tritropic (B) and tetratopic ligands (C). Red circles 

represent the centre of the ligand, the grey ellipses represent the Lewis-basic sites. 

One example from the literature is the copper-based MOFs CuBDC (Figure 1.6) 

synthesized by Tan et al. and HKUST-1 (Figure 1.7). Both MOFs are copper node 

containing but have different organic ligands.25,59 CuBDC contains BDC ligands and 

HKUST-1 contains BTC ligands. The CuBDC node is a copper paddlewheel dimer 

(Figure 1.6), where each copper is square planar and the node is four-connected. The node 
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is then joined to other nodes via BDC ligands. This coordination between the nodes forms 

2D sheets, with small square openings. 

 
Figure 1.6: CuBDC structure showing sheets of Cu centres that are linked by terephthalic 

acids. 

HKUST-1 is a MOF that also contains a paddlewheel-based copper node. One 

slight difference between the nodes is that in HKUST-1 there are two terminal water 

molecules in the remaining axial positions on the copper(II) centres. 25 This makes the node 

octahedral and four-connected, not square planar and four-connected.59 However, when the 

sample is thermally treated, these two water molecules are displaced, resulting in the same 

node that was observed in CuBDC. Unlike the 2D structure of CuBDC, HKUST-1 contains 

two different types of pores. The pores in HKUST-1 can be described as a smaller, almost 

cubic, pore, and a larger hexagonal prism-based pore. 
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Figure 1.7: HKUST-1 with a central copper cluster and trimesic acid ligands. 

While ditopic ligands tend to be the most popular in MOF synthesis, much larger 

ligands with up to eight carboxylate ligands present (Figure 1.8) have been utilized. 

Typically, benzene-based ligands are commonly used in MOF synthesis, however, there 

are many other bases for ligands, such as imidazoles, amino acids, and alkyl chains.34,54,60,61 

Many of the MOF systems that have been discussed up to this point have only 

consisted of one type of ligand. However, there are examples in the literature that contain 

mixed ligands. There are many different types of mixed ligand MOFs. The mixed ligands 

could be a variable amount of the same core ligand with different functional groups on the 

ligand. For example, MOF-5 can be synthesized with 50% terephthalic acid and 50% 

2-aminoterephthalic acid ligands.62 We also see the addition of ligands with different 

cores/charges/connecting groups to create a new topology and pore structure.56,63 
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Figure 1.8: Examples of ligands incorporated into MOFs.64–66 

One of the most common types of MOFs that included multiple ligands to form different 

pore structure is pillared paddlewheel MOFs. In many ways, these is like the pillared 

Hofmann clathrates discussed in the introduction. In the pillared paddlewheel MOFs, 2D 

sheets of M2(BDC)2 are extended into the third dimension using a neutral linear 
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nitrogen-based ligand such as 4,4’-bipyridine, diazabicyclo[2.2.2]octane (DABCO), and 

pyrazine (to name a few).67–70 The MOF Zn2(BDC)2(DABCO) is a common example of 

these types of MOFs in the literature.67,71,72 As illustrated in Figure 1.9, the zinc coordinates 

to four BDC units to form the paddlewheel portion of the MOF. The DABCO molecules 

then form the pillar portion of the structure and link (i.e., pillar) the two sheets together 

forming a three-dimensional structure. The node is octahedral and six-connected. 

 
Figure 1.9: Structure of the pillared paddlewheel MOF Zn2(BDC)2(DABCO). 

1.1.4 Features of MOFs 

One of the attractive features of MOFs is their large internal surface area, which 

can be used for a variety of applications.73,74 The surface area of these MOFs is usually 

reported in metres squared per gram of material (m2/g); this is referred to as the gravimetric 

surface area. Currently the surface areas of MOFs range from several hundreds, into the 

thousands. The largest recorded surface area to date is DUT-60 with an impressive 

7800 m2/g.75,76 The gravimetric surface area is useful from an engineering standpoint; you 

can easily compare the surface area of one gram of each material. If the desire is for a 

material with a large internal surface and a low mass, replacing a heavy metal centre or 
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cluster for a lighter one can be an effective strategy in cluster containing MOFs to retain 

pore size and structure while decreasing the mass of material. If we consider UiO-66 with 

a surface area of 1580 m2/g, and the formula Zr6O4(OH)4(BDC)6 it has a molar surface area 

of 2.62 ⨯ 106 m2/mol.56 If we were to replace the zirconium(IV) with the lighter 

titanium(IV), then there would be a decrease in the molar mass. The molar mass would fall 

from 1664.06 g/mol to 1403.92 g/mol. Since the topology of the material should remain 

the same, the molar surface area should also remain constant. With a molar surface area of 

2.62 ⨯ 106 m2/mol for Ti-UiO-66, the gravimetric surface area would be expected to be 

about 1875 m2/g. This is an almost 20% increase in the gravimetric surface area by only 

replacing the metal present in the cluster-based node. Furthermore, MIL-53 synthesized 

with aluminum will have a lower molar mass compared to MIL-53 synthesized with iron. 

This would lead to more pores present in one gram of MIL-53-Al compared to MIL-53-Fe; 

this will lead to a higher gravimetric surface area. 

From a chemistry view, the gravimetric surface area may not always be the ideal 

comparison. For MOFs that form the same topology but differ in the ligand being used or 

the metal in the node, a molar surface area is the ideal comparison. Between different MOF 

topologies a molar comparison can be more challenging given that different types of pores 

are present, and the formula weight may reflect a different percentage of the pore(s). 

Table 1.1 illustrates a few examples of the comparison of the gravimetric surface area and 

the molar surface area. 
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Table 1.1: Comparison of the gravimetric surface area and molar surface area of 

selected MOFs. 

MOF Chemical formula 

Molar 

Mass 

(g/mol) 

Gravimetric 

Surface 

Area (m2/g) 

Molar 

Surface 

Area 

(m2/mol) 

UiO-66 Zr6O4(OH)4(CO2C6H4CO2)6 1658.01 158056 2.62 ⨯ 106 

UiO-67 Zr6O4(OH)4(CO2C12H8CO2)6 2120.64 250056 5.30 ⨯ 106 

MIL-53-Al Al(OH)(CO2C6H4CO2) 272.10 94877 2.58 ⨯ 105 

MIL-53-Fe Fe(OH)(CO2C6H4CO2) 300.96 2346 6.92 ⨯ 103 

DUT-60 

[Zn4O(CO2C16H12CO2)]3 

(CO2C42H27CO2)4 

4188.27 783975 3.28 ⨯ 107 

NU-1000 

Zr6(µ3-OH)4(µ3-O)4(OH)4(OH2)4 

(CO2CO2C40H22CO2CO2)2 

2184.81 205063 4.48 ⨯ 106 

From the results in Table 1.1 it is clear that from a molar point of view we get very 

different surface areas. UiO-66 shows roughly 63% of the gravimetric surface area of 

UiO-67 but it shows less than 50% of the molar surface area. When comparing MIL-53-Fe 

and MIL-53-Al, there is a significant difference in the observed gravimetric surface area 

of one order of magnitude. However, on a per-mole basis, we see two orders of magnitude 

difference. Thus, it can be beneficial to compare molar surface areas to determine how 

changing a ligand or node effects the properties. 
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1.1.5 Chemical Formula of MOFs 

The chemical formulas for most compounds are very intuitive and act as a quick 

identifier or shorthand notation for many chemicals. A few examples include methanol 

with a chemical formula of CH3OH, benzene having a chemical formula of C6H6 and 

acetonitrile having a chemical formula of CH3CN. 

When thinking about MOFs, the chemical formulas may not be as intuitive as one 

would think, especially when defects must be considered. Defects are entropically favored 

and the picture of an infinite 3D structure of a MOF, or coordination polymer, is met with 

the reality that a crystal has a finite size and must terminate the infinite repeat unit.78,79 This 

means that the perfect or ideal structure is unachievable. One of the most common defects 

observed is missing ligand defects, this is when a ligand is missing from where it is 

expected to be found.80,81 These can be difficult to think about and include in the chemical 

formula for MOFs. 

The best way to understand how MOF chemical formulas are generated is to think 

about it in two-dimensions as illustrated in Figure 1.10. In this figure we can see three 

different ways to consider the chemical formula of an infinite 2D sheet, and how to account 

for any missing ligand defects that may be present. All the representations are identical and 

lead to the same overall formula. 
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Figure 1.10: Three alternative ways to consider MOF chemical formulas and how each 

way accounts for missing ligand defects. 

The formula of this 2D schematic MOF would be ML2 (Figure 1.10A). Each metal 

is four-connected but each ligand is shared between two metals. However, there are a 

couple of different ways to come up with this formula. In Figure 1.10A each metal is 

connected to one ligand that is shared between two metals, which can be viewed as, M½L4, 

that further simplifies to ML2. When a defect is incorporated into this structure, we have 

the formula ML2-xD2x, where D is the defect in the material. The number of defects is twice 

that of the missing ligand due to the ditopic nature of the ligand coordinated to the metal. 

In other words, every time one ligand is removed, two defects are created (one on each 

metal the ligand was connected to). 

Alternatively, we can view the 2D schematic MOF as a metal with four ligands 

[ML4]
x- attached to a metal with no ligands Mx+ as illustrated in Figure 1.10B. [ML4]

x- are 
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inside the orange outline, while Mx+ is represented by the yellow M. Each of the metal with 

no ligands is attached to three additional metals with four ligands. This pattern continues 

infinitely in both the x- and y-directions. In this representation, we can say [ML4]
x- is 

attached to Mx+ to give {[M][ML4]} which can be simplified to ML2. When defects are 

considered, there would be a defect group present on the metal that was described as having 

“no ligands” and a defect group present on the [ML4]
x- ligand. This is due to the ditopic 

nature of the ligand; for each removed end we create one defect group. For example, a 

missing tritopic ligand would create three defects overall. 

The third way we can think about the chemical formula of a MOF is shown in 

Figure 1.10C, in this case we view each metal connected to one half of the ligand, as 

illustrated by the orange squares this gives the chemical formula M½L4. When we consider 

missing ligand defects, the new chemical formula would be M½(L4-xD2x).  

We see that there are three different ways to think about and illustrate the chemical 

formula of MOFs. The first method outlined tends to be the one that is seen the most 

throughout the literature, and the way that the chemical formulas of MOFs will be referred 

to throughout this thesis. 

1.2  UiO MOFs 

This thesis will explore some of the properties of MOFs based on the UiO topology. 

With that in mind, it is worth spending some time focusing on the history and features of 

this family of MOFs. UiO-66 is perhaps the most famous of the UiO family of MOFs. 

UiO-66 was first reported by Professor Lillerude and coworkers in the Journal of the 
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American Chemical Society in 2008.23 The manuscript briefly discussed the structure of 

the UiO family of MOFs. Lillerude suggested this family of MOFs had a lot of potential in 

the field due to the inherent stability of the zirconium cluster and the strength of the Zr-O 

bond. Lillerude was correct as there are over 4700 publications related to the UiO family 

of MOFs since the original publication.  

The node for the UiO MOFs is a zirconium-based node with the formula 

Zr6O4(OH)4
12+ as shown in Figure 1.11. The node is twelve-connected by linear, ditopic, 

carboxylate ligands.23 Perhaps the most popular of the UiO MOFs is UiO-66 that utilizes 

the BDC2- ligand.23,56 In the defect-free UiO-66 structure, the formula is 

Zr6O4(OH)4(BDC)6. Each cluster is bridged to twelve other clusters via twelve BDC 

ligands. The topology of the UiO MOFs contain an octahedral pore and a smaller 

tetrahedral pore. The octahedral pore face shares with eight tetrahedral pores, and edge 

share with twelve tetrahedral pores. A portion of the overall topology illustrating one of 

each pore is shown in Figure 1.11. 
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Figure 1.11: The Zr6O4(OH)4
12+ node showing four of the twelve carboxylates (left), and 

a portion of the topology illustrating a face sharing octahedral and tetrahedral pore of 

UiO (right). 

It should come as no surprise that by utilizing the same node and different linear 

ditopic carboxylate-containing ligands, that an isoreticular MOF with different pore sizes 

can be formed. For example, when H2BDC is replaced by H2BPDC 

(biphenyl-4,4’-dicarboxylic acid) in the synthesis of the MOF, then the large pore UiO-67 

is formed.23,56 By further increasing the ligand by one phenylene group, UiO-68 is formed. 

Structurally, as the ligand length increases, we see an increase in the pore size. The 

tetrahedral pore increases from 0.38 nm to 0.55 nm and finally to 0.99 nm as we move from 

UiO-66 to UiO-68.82 Similarly, the octahedral pore increases from 0.80 nm to 1.31 nm to 

1.72 nm.82 Depending on the synthesis used to make these MOFs, the gravimetric surface 



Chapter 1: Introduction 

23 

 

area increases from 1580 m2/g for UiO-66, to 2500 m2/g for UiO-67, and finally to 

3300 m2/g for UiO-68-Me4.
35,56 

1.2.1 Defects in UiO MOFs 

As mentioned in Section 1.1.5 defects exist in all materials and are unavoidable. 

The UiO family of MOFs are no exception. This means that the perfect structure of 

Zr6O4(OH)4(ligand)6 is unachievable.83 One type of defect observed in the UiO family of 

MOFs are missing ligand defects, and if we are to include these defects into the chemical 

formula, then the chemical formula would be Zr6O4(OH)4(ligand)6-x(defect)2x.
36,38 The 

amount of defect present is directly related to the amount of missing ligand. This ensures 

that the material does not contain any coordinately unsaturated metal centres and that the 

missing dianionic ligand is charge compensated by two anionic ligands. One of the defects 

that has been proposed is the presence of two OH- and two H2O molecules, as illustrated in 

Figure 1.12. While OH- and H2O are common defect caps for UiO MOFs, they are not the 

only ones reported in the literature.83–85 Work by De Vos and colleagues has shown that 

the addition of trifluoracetic acid during the synthesis of UiO-66 caused the trifluoracetic 

acid to become a part of the structure of the material as a defect cap in the form of the 

trifluoroacetate anion.80 Furthermore, work by Ameloot has illustrated that soaking UiO-66 

in methanol over several days causes defects to become capped with CH3O
-/CH3OH.86 
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Using UiO-66 as an example, each carboxylate on a ligand is coordinated to two 

zirconium atoms via a bridging bidentate mode (Figure 1.13). Thus, both OH- and H2O are 

required to completely replace the ligand. This ensures that the zirconium is fully 

coordinated and charge balanced. Given that each ligand in UiO-66 is bridging two nodes, 

how these defects charge balance the formula can be confusing at times. In UiO-66 the 

zirconium cluster has twelve 1,4-benzendicarboxylate ligands attached as indicated in 

Figure 1.13. Which gives a chemical formula of Zr6O4(OH)4(BDC)6 (See Section 1.1.5 for 

chemical formulas of MOFs). However, we can also consider the chemical formula to be 

Zr6O4(OH)4½(BDC)12. The second way gives more clarity that twelve benzene 

dicarboxylate ligands are connected to one cluster. 

 
Figure 1.12: Zirconium cluster showing one BDC ligand attached via a carboxylate (A), 

and a Zirconium cluster that has a missing ligand defect that is capped with a OH-/H2O 

pair (B). 
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Figure 1.13: The zirconium cluster of UiO-66, and all UiO-based MOFs, and how it is 

connected to other zirconium clusters through BDC in the ideal structure. Each node is 

a twelve-connected node. 

The formula for UiO-66 has been previously shown to be Zr6O4(OH)4(BDC)6.
23 If 

we think about the formula the second way outlined in Section 1.1.5 we still arrive at the 

chemical formula that is used in the literature.23 We view UiO-66 as being comprised of a 

zirconium node with no ligands attached to a node with twelve ligands attached to it. The 

cluster with no ligands attached has a chemical formula of [Zr6O4(OH)4]
12+. While the 

cluster that has the twelve ligands attached has the chemical formula of 

[Zr6O4(OH)4(BDC)12]
12-. When the two are connected we get the chemical formula 

[Zr6O4(OH)4][Zr6O4(OH)4(BDC)12], which simplifies to Zr6O4(OH)4(BDC)6, the general 

formula for UiO-66. 
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If a single ligand is removed from the MOF as illustrated in Figure 1.14, and 

replaced by OH-/H2O defect caps as previously discussed, the bonding between clusters 

and chemical formula is altered. 

 
Figure 1.14: The zirconium cluster of UiO-66, and all UiO-based MOFs, and how it is 

connected to other zirconium clusters through BDC with one missing 

1,4-benzenedicarboxylate introducing defects. 

In Figure 1.14 the orange sphere on the far left can represent the cluster with no 

ligands being coordinated to the cluster containing eleven ligands, in this case the orange 

cluster in the centre. Once the OH- and H2O defect caps are incorporated, the cluster 

without the ligands would now have the chemical formula Zr6O4(OH)4(OH)(H2O)11+, as 

the OH- and H2O has filled the two open coordination sites on the zirconium cluster. Using 

the nomenclature in Figure 1.10B, the cluster with ligands would have the chemical 

formula Zr6O4(OH)4(BDC)11(OH)(H2O)-11, where OH- and H2O replaces the ligand that 

was removed. From these two chemical formulas it is evident that the removal of one ligand 
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causes the incorporation of two OH-/H2O pairs, one on each cluster. Thinking about these 

two clusters in relation to each other, we now have a bonding of 

[Zr6O4(OH)4(OH)(H2O)][Zr6O4(OH)4(BDC)11(OH)(H2O)], which can be simplified to 

Zr6O4(OH)4(BDC)5.5(OH)(H2O). This illustrates how one missing ligand causes two 

OH-/H2O pair to be incorporated into the chemical structure. This provides us with the 

general formula for UiO based MOFs with missing ligand defects and a OH-/H2O 

occupying the ligand-vacant metal sites to be Zr6O4(OH)4(Ligand)6-x(OH)2x(H2O)2x. 

Missing ligand defects cause new cluster capping molecules to become 

incorporated and thus also causes a change in the molar mass. Defect free UiO-66 would 

have a molar mass of 1664.06 g/mol, while the material containing one missing ligand 

would have a molar mass of 1617.03 g/mol, a 3% decrease. The change in molar mass is 

dependent on the new incoming cluster capping molecules, and the number of ligands that 

are missing. 

Knowing the number of defects in MOFs becomes very important when comparing 

surface areas. As previously mentioned, the molar mass of a MOF plays a large role in the 

gravimetric surface area. Decreasing the molar mass will lead to more material in one gram, 

which will increase the surface area. However, once we begin to remove ligands, we also 

remove surface that gas can bind to, which will decrease the surface area. To really 

understand the impact on surface area from the missing ligands it is very important to 

quantify the number of defects present and compare the molar surface areas. Common 

literature methods for determining missing ligands include quantitative NMR or 

thermogravimetric analysis (TGA).38,87 
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1.2.2 UiO Stability 

Lillerud had originally alluded to the stability of UiOs making them ideal for real 

world and lab scale applications.23 Since its initial discovery there have been many 

investigations into the stability of these MOFs.54,88–90 The thermal stability of UiO-66 is 

well established and it is stable to a relatively high temperature of 620 K. The original 2008 

paper indicated that the zirconium node would begin to decompose at 803 K.23 Additional 

studies by Lillerud and others have been performed on the thermal stability of the UiO 

family of MOFs. Functionalized versions of UiO-66 have shown to also exhibit robust 

thermal stability.54,91,92 UiO-66-NH2 and UiO-66-NO2 both retained crystallinity when 

heated to 573 K in air, while UiO-66-Br showed much higher stability and does not begin 

to decompose until 723 K.54 

UiO-66 has also been cited to retain shape and crystallinity when exposed to 

different solvents. Lillerud had shown the stability of UiO-66 and its derivatives in ethanol, 

water and hydrochloric acid down to a pH of 1 (equivalent to 0.1 M hydrochloric acid).54 

Walton and co-workers also explored the stability of both UiO-66 and UiO-67 to organic 

solvents such as isopropanol, methanol, chloroform, pyridine, and acetone.93 They 

monitored the change in crystallinity via powder X-ray diffraction (PXRD) and 

ATR-FTIR. UiO-66 and UiO-67 showed little change to the crystallinity and overall 

structure when soaked in the organic solvents, indicating that these MOFs are stable in 

these solvents.93 UiO-66 has also been show to be stable in low pH conditions as well, with 

it being well documented that it is stable at a pH of 0-1 for prolonged amounts of time.23,93–

95 Waltons work also illustrated a point that became a topic of great debate in the MOF 



Chapter 1: Introduction 

29 

 

community. When UiO-66 was submerged in water, removed, and activated (heating under 

vacuum to remove any residual solvent), then UiO-66 retained its crystallinity. When the 

same experiment was performed for UiO-67, there was almost a complete loss of 

crystallinity.93 They attributed this to the torsional strain (i.e., the angle of rotation between 

the two aromatic rings) that could be relieved via the hydrolysis of the node-ligand bond 

and thus the collapse of the MOF. 

To further explore the stability of UiO-67 in water, Hupp and coworkers 

investigated the impact of solvent exchange after soaking UiO-67 in water for an extended 

period of time, but before activation  of the material. They had hypothesized that instability 

in water was due to the thermal activation from water in the pores (i.e., capillary forces) 

and not the material sitting in the water.88 To test this hypothesis, they allowed UiO-67 to 

sit in water for 24 hours followed by solvent exchange with acetone prior to thermal 

activation. The nitrogen gas adsorption isotherms and PXRDs were measured before and 

after water soaking. Without solvent exchange, the material showed dramatic broadening 

in the PXRD pattern along with loss of nearly all porosity, as indicated by almost no 

nitrogen gas adsorption. The acetone-exchanged material retained all the peaks in the 

PXRD pattern, and the nitrogen gas adsorption remained unchanged relative to the parent 

material. This indicated that the instability of UiO-67 comes from the activation from water 

and not actually by being submerged into water. 
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1.2.3 Functionalized UiOs 

Tailoring the ligand in MOFs to contain the desired functionality is a popular 

strategy used to impart properties to the pore.96–98 Kaskel and coworkers have synthesized 

proline-functionalized biphenyl and triphenyl dicarboxylate ligands and incorporated them 

into UiO-67 and UiO-68, respectively (Figure 1.15).99  

 
Figure 1.15: Proline functionalized biphenyl dicarboxylic acid and terphenyl 

dicarboxylic acid. 

These MOFs were then used to catalyze the reaction between 4-nitrobenzaldehyde 

and cyclohexanone. Without the MOF and only the proline functionalized ligand present 

in solution, a yields of 60% with slight favor of the anti product was observed. When the 

proline functionalized UiO-67 was used, the yield was drastically reduced to 11% with 

almost no preference for the sin or anti product. In comparison, proline functionalized 

UiO-68 showed vast improvement and had a reaction yield of 97% and almost a 9:1 

preference to the syn product. Kaskel and coworkers had attributed the change in reaction 

yield to the increased pore size in UiO-68 compared to UiO-67. With the larger pore size 
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present, diffusion of both starting materials (4-nirobenzaldehyde and cyclohexanone) along 

with the final product is much easier, attributing to the increased yield.  

As previously mentioned in Section 1.2.1 De Vos added trifluoracetic acid to 

UiO-66 during the synthesis to create defects capped with trifluoroacetate anions.100 These 

MOFs were subsequently used to catalyze the reaction of citronellal to isopulegol. The 

addition of trifluoroacetic acid drastically enhanced the conversion of the cyclization 

reaction. Without the trifluoroacetic acid modulator present, there was a conversion of 

approximately 20% after 10 hours. When 20 equivalents of trifluoracetic acid were 

included in the synthesis, then the conversion increased to 75% after 10 hours. To ensure 

that the increase in catalyst was not due to the trifluoracetate  present in the MOF but rather 

due to the defect sites created because of the addition of the modulator, UiO-66 was heated 

to 593 K. Once heated to this temperature, trifluoracetic acid groups dissociated leaving 

open metal sites. 19F NMR confirmed there were no trifluoro groups present in the sample 

and the catalysis was due to the open metal sites. 

UiO based MOFs have also been used in water purification applications, Davies 

and coworkers have used functionalized UiO-66 to remove heavy metals including Cd2+, 

Cr3+, Hg2+ and Pb2+.101 UiO-66-NH2, in which the ligand is the aminoterephthalic acid, was 

post-synthetically modified to replace the pendant amine group with other 

nitrogen-containing functional groups such as thiocyanate, methylthiourea 

(NHC(S)NHMe) and isocyanate, as shown in Figure 1.16. 
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Figure 1.16: Functionalization of UiO-66-NH2 to other nitrogen containing compounds 

for the removal of heavy metals from water. (A) UiO-66-NHC(S)NHMe (B) 

UiO-66-NCO (C) UiO-66-NCS. 

By incorporating these functional groups, the removal of the previously mentioned heavy 

metals were removed in varying levels, as illustrated in Table 1.2.  

Table 1.2: Efficiencies of functionalized UiO-66 for the removal of heavy metals from 

water. 

 UiO-66-NH2 UiO-66-NCO UiO-66-NCS UiO-66-NHC(S)NHMe 

Cd2+ 18% 18% 35% 50% 

Cr3+ 27% 22% 70% 65% 

Hg2+ 8% 11% 91% 97% 

Pb2+ 33% 26% 99% 73% 

Davis has shown that when the functional group contains a sulfur atom, the adsorption 

is greatly increased. The authors report 95% and 99% removal of Pb2+ and Hg2+ from water 

with these MOFs respectively. The authors had also illustrated how the incorporation of 

the sulfur containing compounds was a great enhancement over the amine functionalized 

UiO-66.101 
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1.3 Applications of MOFs 

This thesis will explore the adsorption of water vapour and carbon dioxide gas in 

zirconium-based UiO family of MOFs. Before we can dive into the results obtained, it is 

important to familiarize ourselves with the work that has been done in the literature. This 

section will provide a brief review of some of the strategies used to enhance the carbon 

dioxide and water vapour adsorption in many different MOFs along with results that 

researchers have obtained. 

1.3.1 Gas Adsorption  

With the large internal surface area as mentioned in Section 1.1, gas adsorption onto 

the surface of the MOFs has been greatly explored, and will be an active aspect of this 

thesis. Before exploring the different applications of MOFs for gas adsorption it is first 

important to understand how gases bind to a surface. 

There are two main ways that a gas can adsorb onto a surface, the first is 

chemisorption. Chemisorption is when the incoming gas molecules undergo a chemical 

reaction with the surface of the material. This changes both the gas and the surface of the 

material.102 This adsorption process leads to a very strong interaction between the gas and 

the surface as new bonds are formed. It can be quite difficult, or sometimes impossible, to 

break these bonds and reverse the reaction. Chemisorption can be advantageous in MOFs 

and has been taken advantage of for the removal of hydrogen sulfide gas from the 

environment. Zou and co-workers studied the interactions between hydrogen sulfide gas 

and different MOFs. UiO-66-NH2 has provided some results of interest.103 The pendant 
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amino group was able to react with the incoming hydrogen sulfide gas to form a pendant 

NH3SH (Figure 1.17). To recover the original material and hydrogen sulfide gas, the MOF 

was heated to 573 K. This high temperature suggests that the hydrogen sulfide underwent 

a chemical reaction with the MOF, making it very hard to thermally reverse. PXRD 

analysis and nitrogen gas adsorption surface areas also indicate that a chemical reaction 

had occurred and the NH3SH had formed. Furthermore, not all the hydrogen sulfide was 

able to be recovered through desorption, indicating that a chemical reaction had occurred. 

This indicates that part of this process is through chemisorption. 

 
Figure 1.17: Reaction of 2-aminoterepthalicarboxylate (the ligand in UiO-66-NH2) with 

hydrogen sulfide gas. 

The second adsorption method is physisorption. This is the most common 

interaction that we see in gas adsorption in MOFs. This is where intermolecular forces such 

as dipole interactions or quadrupolar interactions occur between the gas molecules and the 

surface of the MOF.104 These interactions are much weaker than chemisorption, and of 

these interactions the dipole-dipole interactions would be the strongest followed by the 

quadrupolar interactions. When a gas molecule is physisorbed onto the surface of a 

material, there is no chemical change unlike chemisorption. Since there is no chemical 

change, both the gas and the surface remain mostly unchanged making it possible for 
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desorption to occur easier due to only intermolecular forces needing to be overcome instead 

of the breaking of chemical bonds. 

Physisorption occurs for many different molecules in MOFs. One of the most 

common examples of physisorption in MOFs is nitrogen gas adsorption. Nitrogen gas is 

often used to determine the surface area of MOFs and will be further discussed in 

Section 1.4.4.1. Nitrogen gas however does not contain a permanent dipole, but it does 

contain partial charges (Figure 1.18). The centre of a nitrogen molecule, the triple bond, 

contains a localized positive charge. While the outsides edges, where a lone pair is present, 

contain a localized negative charge. With these electropositive and electronegative regions, 

there are quadrupolar interactions between the nitrogen molecules and the surface of the 

MOF where the gas becomes physiosorbed (Figure 1.18 bottom).  

 
Figure 1.18: Localized electronegative and electropositive charges in nitrogen (top). 

Nitrogen gas being physiosorbed onto a surface the contain both positive and negative 

regions (bottom). 
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1.3.2 Carbon Dioxide Adsorption  

Global warming has been linked to the increase of greenhouse gases in the 

atmosphere. This has led to increased average temperatures, melting of polar ice caps, and 

a change in the pH of the ocean, to outline a few examples.105–109 These changes have led 

to loss of animal habitats, which in turn has caused decreased animal populations leading 

to the extinction of certain species while threatening extinction to many others.110–112 It has 

also led to the change of life in rural and indigenous communities, change of costal 

landscapes, and changes in the day to day lives of people all over the world.113–115 One of 

the primary anthropogenic greenhouse gases responsible for these effects is carbon 

dioxide.116,117 According to NOAA (United States National Oceanic and Atmospheric 

Administration), atmospheric carbon dioxide partial pressures in 2021 was recorded to be 

almost 415 ppm, compared to 359 ppm in 1994.118 While this is only a small change in a 

short amount of time, carbon dioxide levels were consistently around 280 ppm before the 

industrial revolution.109 Since the industrial revolution there has been a dramatic increase 

in the burning of fossil fuels for industrial applications, massive deforestation, increase in 

transatlantic shipping and international travel, and a population boom. All these processes 

lead to the increase of carbon dioxide.119,120 

Due to the continuous rising of atmospheric carbon dioxide levels, researchers have 

been interested in removal of carbon dioxide gas.121,122 Ideally, the elimination of these 

emissions should be done where carbon dioxide is produced and the partial pressure is the 

highest, and easiest to interact with.123 This is not to say that removal of carbon dioxide 

from the air (direct-air-capture; DAC) is not important. However, strategies like direct air 
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capture for environmental sequestration of carbon dioxide are much more difficult due to 

the low partial pressure of carbon dioxide in the environment. Thus, while focus from 

emission sources and DAC is critical as we aim to reach net-zero by 2050, focus on 

emission sources is likely to be easier and more fruitful. MOFs are an attractive material 

for the sequestration of carbon dioxide. This is largely due to their larger internal surface 

areas and easy functionalization that can be utilized to improve the adsorption capacity and 

selectivity of carbon dioxide over other gases.51,67,124 Functionalization of MOFs has been 

carried out in several ways. Some researchers have focused on installing organic functional 

groups (e.g., -NH2) onto the ligand/node that will interact or bond with carbon dioxide.51,125 

Other works have relied on creating open metal sites.126 These open metal sites are often 

due to metals that are in lower coordination numbers than they would prefer to be in and 

in geometries that would allow gases to readily coordinate with the metal. For example, a 

metal that would prefer to be in an octahedral geometry but was found in a 5-coordinate 

square-based pyramidal geometry would likely coordinate to a Lewis-basic gas-phase 

ligand like carbon dioxide to form an octahedral geometry. While these are two methods 

that have been used to enhance the adsorption of carbon dioxide gas, in principle, they can 

be combined to form materials that feature both of these approaches. 

1.3.2.1 Pendant Functional Groups 

When deciding which functional group to incorporate into a MOF, it is important 

to consider the chemical properties of carbon dioxide. Carbon dioxide is non-polar. 

However, it does contain a quadrupole, the local positive area is located on the central 

carbon while the negative ends are located on the terminal oxygen molecules. The two 
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quadrupoles in this molecule allow for intermolecular interactions leading to physisorption. 

Functional groups can be employed in MOFs that are capable of interacting with the 

quadrupoles causing physisorption. However, pendant groups that are capable of a 

chemical reaction or chemisorption, have also been seen in the literature. Yaghi and 

coworkers had explored the carbon dioxide adsorption in IRMOF-74-III-(CH2NH2)2 

(Figure 1.19).127,128 This magnesium-based MOF with a 

2′,5′-bis(aminomethyl)-3,3′′-dioxido-[1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylate ligand 

showed great affinity for carbon dioxide gas, compared to the unfunctionalized 

IRMOF-74-III and IRMOF-74-III-CH2NH2. What is interesting about this work is that 

relative to the unfunctionalized MOF, the functionalized MOF showed 2.33 times more 

uptake at pressures below 100 Torr. To determine if the carbon dioxide was chemisorbed 

or physiosorbed onto the material, a second carbon dioxide gas adsorption isotherm was 

run right after the first isotherm. If the two isotherms looked the same, then it would 

indicate that physisorption is occurring. However, they had noticed a 17% drop in carbon 

dioxide uptake at 800 Torr, and an 83% drop at 0.8 Torr. This indicated that both 

chemisorption and physisorption were occurring. At low pressures of carbon dioxide, the 

pendant methylamine is a very reactive site and the authors hypothesized that there was 

covalent bonding between the carbon dioxide and the methylamine. Through solid-state 

NMR experiments, the authors were able to determine that the carbon dioxide had 

chemisorbed onto the ligand and created a carbamate (Figure 1.19). 
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Figure 1.19: Reaction of the IRMOF-74-III-(CH2NH)2 ligand with carbon dioxide to 

from a carbamic acid. 

Al-MIL-53 is a MOF that is traditionally made with aluminum nitrate and 

terephthalic acid. It has been shown that replacement of the terephthalic acid with 

2-aminotherepthalic acid will form the same MOF topology, but the pores will now be 

decorated with an uncoordinated amino group and the MOF Al-MIL-53-NH2 will be 

formed. In 2009, Deyaner and coworkers examined the gas adsorption capacity properties 

of both Al-MIL-53 and Al-MIL-53-NH2.
129 They had hypothesized that the addition of the 

pendent anime would act as a Lewis basic binding site for the Lewis-acidic carbon atom of 

carbon dioxide. From their variable temperature carbon dioxide adsorption experiments 

they were able to extract the enthalpies of adsorption of carbon dioxide onto the MOF. The 

enthalpies of adsorption for Al-MIL-53 were found to be –20.1 kJ/mol, only slightly higher 

than the enthalpy of vaporization of carbon dioxide (–15 kJ/mol).130 In other words, this is 

not a strong interaction. However, Al-MIL-53-NH2 was found to have an enthalpy of 

adsorption almost two times larger (–38.4 kJ/mol). This clearly demonstrates how pendent 

groups can be used to enhance gas adsorption properties. 
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MIL-125, comprised of a central Ti8O8(OH)4 node and terephthalic acid ligand is 

another example of a MOF where a simple substitution of terephthalic acid for 

2-aminoterepthallic acid leads to an increase in the adsorption capacity and enthalpy of 

adsoption for carbon dioxide.131 In 2011, Ahn and coworkers compared the carbon dioxide 

adsorption in MIL-125 and MIL-125-NH2.
131 At 298 K they reported a difference of 

10 mg/g in the carbon dioxide adsorption capacity, MIL-125 had a capacity of 15 mg/g, 

while MIL-125-NH2 had a capacity of 25 mg/g. Throughout their study they had 

determined that MIL-125-NH2 showed significant improvement in the heats of adsorption 

(–31 kJ/mol) when compared to the parent material (–21 kJ/mol). This further shows that 

the replacement of terephthalic acid with 2-aminoterepthalic acid leads to an enhancement 

of carbon dioxide adsorption. 

The above examples are ones in which the ligand was functionalized, thereby 

enhancing the MOF properties. This is not the only way to introduce functional groups in 

a MOF. Through post synthetic modification, a process in which the structure of the MOF 

is modified after it has been formed, pendant groups can be installed onto open metal sites. 

It is worth noting that open metal site doesn’t necessarily refer to a coordinately unsaturated 

metal centre but rather a metal centre that has a non-framework ligand that can be 

substituted. These groups can be terminal or bridging water, hydroxy, or halogen groups 

(to name a few). Cabello et al. took advantage of the open chromium site present in 

Cr-MIL-100, and installed either ethylenediamine or N,N’-dimethylethylenediamine to 

enhance the carbon dioxide adsorption (Figure 1.20).132 By grafting these groups onto the 

MOF, they observed a large improvement in the amount of carbon dioxide that was 
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adsorbed and an increase in the enthalpy of adsorption. Relative to the unfunctionalized 

Cr-MIL-100, when ethylenediamine was grafted onto the MOF node, the carbon dioxide 

adsorption capacity of the MOF increased by 50% at 308 K. When 

N,N’-dimethylethylenediamine was grafted, a mere 6% increase was observed. Examining 

the enthalpy of adsorption, the unfunctionalized Cr-MIL-100 was determined to have an 

enthalpy of adsorption of –63 kJ/mol at zero coverage. For both tethered MOFs 

(ethylenediamine and N,N’-dimethylethylenediamine), an enthalpy of adsorption of 

−80 kJ/mol was observed at zero coverage. This is nearly 20 kJ/mol more exothermic. This 

increase is attributed to the addition of the amine groups. 

 
Figure 1.20: Cr-MIL-100 (left) grafted with diamines (right) to enhance carbon dioxide 

adsorption. 
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1.3.2.2 Open Metal Sites 

As previously mentioned in Section 1.1.5 and Section 1.3.2.1 missing ligand defects 

are common, and as a result, metal sites that are not occupied by the Lewis-basic group of 

the ligands are not part of the MOF framework. Instead, the metal centres become 

coordinated to charge-compensating anions or solvent molecules such as OH- or H2O. The 

neutral pendent groups can be removed via vacuum and heating resulting in an unsaturated 

metal site. However, instead of adding a molecule that will graft into the pore once the 

solvent molecules have been removed, the metal site can remain uncoordinated and an 

incoming gas or vapour molecules can fill the vacant site, becoming saturated once again. 

Researchers have investigated if MOFs containing open metal sites are beneficial for the 

adsorption of carbon dioxide gas.133,134 

Caskey and coworkers explored how different metal centres inside of a MOF 

containing the same ligand and topology could alter the affinity for carbon dioxide.135 They 

investigated the uptake of Zn/DOBDC, Co/DOBDC, Ni/DOBDC, and Mg/DOBDC where 

DOBDC is the tetra anionic 2,5-dioxido-1,4-benzenedicarboxylate. The metal/DOBDC 

MOF is also known as MOF-74 and a schematic of it can be seen in Figure 1.21. This MOF 

has a geometry consisting of hexagonal pore channels (i.e., a honeycomb structure) that 

are formed when the ligand coordinates to an octahedral metal centre, but only using five 

of the six octahedral coordination sites. The remaining site contains a thermally removable 

solvent molecule. Returning to the structure briefly, the 

2,5-dioxido-1,4-benzenedicarboxylate form the sides of the hexagonal pore while 
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connecting to the metal centre either via a carboxylate or a phenoxide. The metal centre is 

located at the corner of the hexagonal pore. 

 
Figure 1.21: Structure of MOF-74 illustrating the series of hexagonal pores, along with 

the 2,5-dioxido-1,4-benzenedicarboxylate and the metal centres (M) that can coordinated 

to solvent molecules (X). 

During the synthesis of these MOFs, the metals become fully coordinated by 

solvent molecules such as water, DMF, or other organic solvents that are present. These 

molecules decorate the inside of the hexagonal pores. Activation via vacuum and heat is 

often enough to remove these coordinated solvent molecules and form a coordinately 

unsaturated five-coordinate metal centre. The metal centre now has an open metal site 

facing the inside of the hexagonal pore, providing a site for carbon dioxide, or potentially 

other gases, to coordinate onto. When examining the data on a per metal centre basis, the 

magnesium containing MOF had an uptake of 12 carbon dioxide molecules per metal 
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centre; not all the carbon dioxide guests were coordinated to the metal of course. The cobalt 

and nickel derivatives of MOF-74 had an uptake of 7 molecules per centre, and when zinc 

was utilized, only 4 molecules per centre was observed. Interestingly, the zero loading 

heats of adsorption of these materials followed the same pattern. Mg/DOBDC had an 

enthalpy of adsorption value of −47 kJ/mol while the nickel and cobalt containing MOFs 

were less exothermic (−41 and −37 kJ/mol respectively). Oddly, the enthalpies of 

adsorption for Zn/DOBDC were not reported. Caskey attributes the enhanced enthalpy and 

adsorption capacity of Mg/DOBDC to the ionic like bond that can be formed between the 

magnesium of the MOF and the oxygen of the carbon dioxide. The observed magnesium 

carbon dioxide bond is hypothesized to be very ionic, which can provide favorable binding 

locations for additional carbon dioxide to adsorb. 

One of the most attractive properties about MOFs, is that you can incorporate 

almost any ligand that has been designed for a specific application into a porous material. 

Zhou and coworkers thought about introducing open metal sites in a very interesting and 

unique way.136 They had designed a metal-organic complex (sadly, not a MOF) that was 

designed to have the optimal distance between the two metal centres to fit a carbon dioxide 

molecule. They set out to design a molecule that had a distance of approximately 0.74 nm 

between the two metal centres; this would allow for a carbon dioxide molecule to sit inside 

while having interactions with the metal centres, but not form a chemical bond. Having 

strong interactions without forming bonds is ideal as it allows for the gas to be adsorb 

reversibly from the pore without the input of a lot of energy. The ligand of choice was a 
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di-substituted naphthalene, 3,3’-(naphthalene-2,7-diyl)dibenzoic acid. When these ligands 

were reacted with metal salts, then they formed a cage-like structure as seen in Figure 1.22. 

 

Figure 1.22: Formation of cage that was utilized to capture carbon dioxide. 

While the cage that has been formed provides the ideal size for the adsorption of 

carbon dioxide gas, it lacks the infinite 3D network that we are use to seeing in MOFs. 

Zhou and coworkers were well aware of this and also designed a ligand that would form 

this same cage but have additional carboxylic acids to bridge cages and form a MOF. The 

ligand 5,5’-(naphthalene-2,7-diyl)isophthalic acid (Figure 1.23) was synthesized and with 

this modification and a copper centre, the MOF PCN-88 was formed. 
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Figure 1.23: PCN-88 formed from a copper centre and a disubstituted naphthalene 

ligand. 

Previously mentioned, the metal centres often become substituted by water or other 

solvent molecules. This is no different for PCN-88, The copper centre has solvent 

molecules attached that are removed under vacuum with slight heating. PCN-88 not only 

displayed a large carbon dioxide uptake at 1 atmosphere and temperatures of 273 and 296 K 

(7.14 and 4.20 mmol/g, respectively), but it showed great selectivity for carbon dioxide 

over nitrogen and methane. The zero-coverage enthalpy of adsorption was found to be 

−27 kJ/mol. While this is not the highest value that we have discussed at this point, it 

illustrates the strategy of pore confinement to increase carbon dioxide adsorption. 

Furthermore, one advantage of these lower heats of adsorption is that low energy input is 
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required to regenerate PCN-88 and desorb the carbon dioxide; if the balance between 

adsorption enthalpy and regeneration can be optimized, then this class of MOFs would be 

ideal for real world applications. 

With the goal of carbon dioxide storage in mind Hupp and co-workers set out to 

design a material that contained a large pore that would be beneficial for this application.28 

In order to obtain such a large pore size, an expanded version of trimesic acid was chosen 

to make NU-100. NU-100 is a copper containing paddlewheel MOF that has copper centres 

connected by a 1,3,5-tris[1,3-carboxylic acid-5-(4-(ethynyl)phenyl))ethynyl] benzene 

ligand (Figure 1.24). During the activation process for this MOF, the copper centre 

becomes uncoordinated, which leads to a higher carbon dioxide adsorption at low pressure 

than computational predictions. The carbon dioxide strongly interacts with the open metal 

coordination site thereby enhancing the uptake abilities of this MOF. 

 
Figure 1.24: 1,3,5-tris[1,3-carboxylic acid 5-(4-(ethynyl)phenyl))ethynyl] benzene 

ligand found in NU-100. 
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1.3.2.3 Pore Size 

Carbon dioxide is a relatively small gas molecule with a kinetic diameter of 

0.33 nm.45 Due to such a small size, the use of micropores has proven to be advantageous 

in the adsorption and selective uptake of carbon dioxide. This has been taken advantage by 

many different research groups,45,137,138 and one of the most famous examples of this comes 

from the Shimizu lab where the MOF CALF-20 has been employed industrially and has 

removed literal tons of carbon dioxide from the atmosphere to date.27  

CALF-20 is comprised of a zinc centre that is connected by 1,2,4-triazolate and 

oxalate ligands (Figure 1.25). The MOF possess three different pore sizes, the smallest 

being 0.273 ⨯ 0.291 nm, the middle pore is 0.194 ⨯ 0.311 nm and the largest pore being 

0.274 ⨯ 0.304 nm.  

 
Figure 1.25: CALF-20 shown from two different views. Top shows the pillared 

paddlewheel view and illustrates two different pore sizes and a view showing the more 

square pore (bottom). 
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CALF-20 can adsorb 4.07 mmol of carbon dioxide per gram of MOF at 1.2 bar. 

The enthalpy of adsorption is −39 kJ/mol at zero coverage. The enhanced adsorption in this 

MOF is attributed to the presence of the smaller pores. While CALF-20 has an impressive 

enthalpy of adsorption at zero coverage, it is not the reason why this MOF has been 

employed into industrial applications. CALF-20 has a large adsorption selectivity of carbon 

dioxide over relevant other gases. In laboratory experiments CALF-20 has shown 

selectivity to carbon dioxide over both nitrogen gas and water vapour. This is attributed to 

the ideal pore sizes that favor carbon dioxide gas over water vapour. This illustrates how 

optimizing pore size can lead to industrially used MOFs. 

MIL-88 (Figure 1.26) contains metal sites that are often capped with hydroxides or 

other solvent molecules that are easily removed under heat and vacuum as previously 

mentioned in Section 1.3.2.2. However, the generation of these metal sites are not used for 

the coordination of carbon dioxide in this case. Feng and co-workers explored how the open 

metal sites can be used as binding locations for a tritopic ligand capable of binding 

(bridging) to three of the metal sites at once, which leads to the creation of a new series of 

smaller pores.139 The authors hypothesized that the confinement of these pores would lead 

to higher enthalpies of adsorption for carbon dioxide. 
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Figure 1.26: MIL-88 (left) that has been functionalized with a tritopic neutral ligand to 

reduce the pore size and enhance carbon dioxide adsorption. X on the middle blue 

benzene dicarboxylic acid can either be H for the unfunctionalized version or OH for the 

hydroxy version. 

Feng and coworkers synthesized and monitored a series of MIL-88 MOFs 

containing a nickel-based node with varying organic ligands and a tritopic ligand to 

functionalize the pore. The organic ligands that were examined were 

benzene-1,4-dicarboxylate and 2,5-dihydroxybenzene-1,4-dicarboxylate. The pore 

segmenting ligands introduced into the material was 2,4,6-tri(4-pyridnyl)-1,3,5-triazine 

(Figure 1.26). These MOFs were named CPM-33a and CPM-33b (CPM = crystalline 

porous materials) respectively.  
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The implementation of these segmenting ligands led to the decrease of the typical 

1.04 nm wide pore to three smaller 0.45 nm segments. These new pores lead to confinement 

effects that provide pores with the optimal size for carbon dioxide adsorption. CPM-33a 

displayed an impressive carbon dioxide adsorption capacity of 137.2 cm3/g at 273 K and 

1 bar. The addition of the hydroxy functionality (CPM-33b) led to a significant increase in 

the uptake with a measured adsorption capacity of 173.9 cm3/g. At the time of this report, 

these values were among the highest reported for carbon dioxide adsorption in a MOF 

without open metal sites. The enthalpy of adsorption of CPM-33a and CPM-33b were 

reported to be −22.5 kJ/mol and −25.0 kJ/mol at zero coverage respectively.  

1.3.3 Water Adsorption 

The idea of using MOFs for water adsorption is not new, but great developments 

have been made in recent years.140 There are several things that must be taken into 

consideration when developing a MOF for water adsorption. In almost any application for 

water adsorption (e.g., industrially, environmentally, etc.), the first consideration is 

competitive binding. In other words, a MOF needs to preferentially bind water over other 

guests. Another point to consider is stability of the material under operating conditions. 

Lastly, it is important to consider the recyclability and reusability of the MOF.140–142 

MOFs have been investigated by Janiak and coworkers for their potential as 

solid-state adsorbents for heating and cooling applications.143 In 2009 they reported ISE-1, 

a nickel containing MOF that has benzene-1,3,5-tricarboxylate (BTC) and 
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1,2-bis(1,2,4-triazol-4yl)ethane as its organic ligands. In lab testing, ISE-1 performed well 

throughout 10 cycles, capable of collecting 280 g of water per kilogram of MOF. 

In 2013 Janiak published a follow-up paper using a series of Cr MIL-101 

(Figure 1.27) MOFs for heat transformation processes.144 MIL-101 contains BDC as its 

organic ligand, which can easily be functionalized to contain -NO2 and -NH2 

functionalities. These two functionalized MOFs demonstrated great reusability over 

40 cycles. Janiak also determined the enthalpies of adsorption. MIL-101 showed an 

enthalpy of adsorption of −45 kJ/mol while the amine and nitro functionalized materials 

had enthalpies of −43 and −48 kJ/mol respectively. The water uptake capacities of these 

MOFs were also reported to be 1.06 g of water per g of MOF and 0.60 g of water per g of 

MOF for the amine and nitro versions of Cr-MIL-101, respectively. This work illustrated 

how the addition of hydrophilic functional groups (i.e., amines) increased the loading 

potential of Cr-MIL-101 without having a detrimental impact on the other adsorption 

properties of the MOF. 

 
Figure 1.27: The local structure around the node of Cr-MIL-101. X indicates the location 

of substitution where functional groups such as -NO2 or -NH2 were installed for water 

adsorption/desorption applications. 
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Over the past several decades, we have been approaching a water shortage and 

considerable research has gone into obtaining potable water that does not require high 

energy inputs and can be used in remote areas. Yaghi and coworkers have put a tremendous 

amount of work into developing a system that is capable of adsorbing water vapour from 

the air at very low relative humidity while also being able to desorb the water without a 

large amount of energy input.142 MOF-801 (Figure 1.28) was determined to be the ideal 

candidate for this application. MOF-801 is comprised of the same central zirconium node 

as the UiO family and uses a fumarate ligand as the bridging ligand.145 The fumarate ligand 

is smaller than the BDC ligand used in UiO-66. This provides a smaller pore size that leads 

to adsorption of water at a lower relative humidity. 

 
Figure 1.28: MOF-801. (A) the zirconium cluster. (B) an octahedral and tetrahedral pore 

that form the overall 3D topology where the orange spheres represent the node, and the 

black lines represent the fumarate ligand. 
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MOF-801 was demonstrated to adsorb water as a relative humidity just above 0% 

with a very steep uptake once a relative humidity of 10% was achieved. Its maximum 

uptake was reported to be 450 cm3/g at a relative humidity of 90%.142 This uptake is 

equivalent to 36 w/w %. Yaghi had attributed the high uptake of water to be due to the 

small pore sizes of MOF-801, which was reported to be 0.74, 0.56 and 0.48 nm.142 These 

pore sizes are ideal for water-water interactions leading to condensation inside the pores. 

These materials also showed great reusability and stability of the MOF in humid 

conditions. In many ways, this MOF is the ideal material to easily adsorb and desorb 

through pressure swing adsorption (i.e., changes in humidity). 

To show the potential of MOF-801 for water adsorption, Yaghi and coworkers built 

a proof-of-concept system that used MOF-801 to adsorb and desorb water from the air.146 

They deployed the apparatus outside of Temple, Arizona where the natural pressure and 

temperature swings between a high of 40% relative humidity during the night, to a low of 

about 10% relative humidity during the day.146 Due to the large difference in the amount 

of water vapour in the air during the day and night the device was built to adsorb water 

vapour during the night and desorb the water vapour during the day. The device was 

equipped with a heater that would be powered by solar energy during the day to provide 

heat to the MOF and thermal desorption of the water would occur. During their field tests 

with the device deployed they were met with promising results. Using 3 g of MOF-801 in 

their system, and the weather patterns over the five tested cycles, they estimated, based on 

in-lab adsorption studies, that the device should be able to harvest 0.75 g of water. However 

actual measurements were not possible due to the small setup that was deployed. While 
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this value may seem low, it illustrated the potential of MOFs for water harvesting 

applications. Using the collected data, Yaghi and coworkers estimate that 1 kg of MOF-801 

would be able to harvest 0.12 L of water per day. While 0.12 L is not a lot of water per kg 

of MOF, it does illustrate the concept and potential that MOFs have as water harvesting 

materials. 

Yaghi and coworkers have continued to work on MOFs for atmospheric water 

adsorption. In 2019 they reported their results for MOF-303 (Figure 1.29).147 MOF-303 

consist of an aluminum based central back bone (Figure 1.29C), which are connected to 

each other via 1-H-pyrazole-3,5-dicarboxylate. This forms a 3D topology that has a 

one-dimensional rhombic shaped pore with a diameter of approximately 0.6 nm. MOF-303 

starts to adsorb water well below 5% relative humidity and saturates by 20% relative 

humidity. The total water adsorption uptake is 500 cm3/g. Based on the hydrophilic 

1-H-pyrazole-3,5-dicarboxylate ligand, the desorption is not energy intensive and the 

isotherms show very little hysteresis. This indicates that this is an easily reversible process. 

In a lab setting the device could produce 1.3 L kgMOF
-1

 day-1. This is an order of magnitude 

higher than the previous generation of MOFs that were used.  
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Figure 1.29: Grey rods represent the 1H-pyrazole-3,5-dicarboxylic acid ligand (A), while 

the black rods represent the aluminum chain (B), when combined they form long 

channels and a rhombic pore (C and D). 

MOF-303 also has faster adsorption kinetics than MOF-801. When MOF-303 was 

deployed for water capture, it was observed that after an hour of air flowing through the 

system, the relative humidity upstream and downstream were the same. This suggests that 

the sample is at equilibrium. For comparison, MOF-801 took almost one hundred minutes 

to reach saturation in real world conditions.145 Once equilibrium had been reached, the 

MOF-303 system was heated to promote the desorption of water. Using the quick 

adsorption and desorption cycles became very advantageous and lead to multiple 

adsorption/desorption cycles in a single day.  
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To demonstrate the real-world applications of MOF-303 as a water harvesting 

device, it was deployed in the Mojave Desert. On average 0.7 L kgMOF
-1

 day-1 was isolated 

in a region averaging temperatures of 300 K and a relative humidity of only 10%, during 

the day. This was an improvement of almost ten times over MOF-801, but only about half 

of what they expected to have based on the lab trials.147 

These select examples illustrate the need and potential for MOFs to be used as water 

harvesters, with very promising results from real world deployment of devices 

incorporating MOFs. 

1.4  Gas Uptake Isotherms 

As outlined previously, MOFs take advantage of a lot of gas phase chemistry. To 

study the gas adsorption properties of MOFs, the standard methodology requires us to 

determine how much gas adsorption is possible as a function of pressure at constant 

temperature (i.e., the gas adsorption isotherm). An isotherm can be measured at almost any 

temperature for any gas. However, if the measurement temperature is too high, then there 

will not be any adsorption of the gas onto the surface. 

This thesis heavily relies on the analysis of gas adsorption isotherms. With that in 

mind, this section will provide a brief introduction to the instrumentation used to make 

these measurements, and a few theories of gas adsorption. 
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1.4.1 Measuring the Gas Uptake of a Material 

 

Figure 1.30: Basic schematic of a gas adsorption instrument. 

Figure 1.30 illustrates the basic schematic of a gas adsorption instrument. The 

instrument uses either a tank of compressed gas or a sample holder that contains a volatile 

liquid and its vapour as the source for the adsorbate. The instrument is also equipped with 

a thermometer and a vacuum pump. The thermometer is used to measure the temperature 

of the manifold. Some instruments contain a heater around the manifold to ensure that the 

manifold is kept at a constant temperature. The vacuum pump is used to evacuate the 

material prior to starting the experiment and, in combination with the gas source, it helps 

to ensure that the target pressures can always be reached. 

The manifold of the instrument has a precisely calibrated volume (V1). For a 

measurement, the instrument first introduces a gas into the manifold at some pressure (P1). 
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Following the ideal gas law, this can be used to determine the moles of gas that are in the 

manifold before any adsorption occurs. At this point, the sample control valve is opened. 

This exposes the gas to the porous material. Given the sample holder has a non-zero 

volume, the new volume of the new total volume is (V2 = V1 + Vsample tube). Once 

equilibrium is reached between the sample and the gas, the pressure of the system is 

measured (P2). From here, there are a few different possibilities that can result.  

 

Figure 1.31: Schematic of the instrument with the sample access valve closed (A) and 

open (B). 

𝑃1𝑉1 = 𝑃2𝑉2 1.1 

The simplest scenario is when the moles of gas are identical before and after the 

sample is exposed to gas (i.e., n1 = n2 or equation 1.1). In this case, there has been no gas 

adsorbed onto the material. This can occur for several reasons. The sample could be 
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non-porous, the sample could have a pore aperture too small for the gas to enter, or the 

sample could be already saturated with gas from a previous data collection. 

The second scenario is when P1V1 is greater than P2V2. The instrument is ideally a 

sealed system, meaning that if the number of moles of gas is no longer the same before and 

after sample exposure, then the gas must have been adsorbed (Equation 1.2) onto the 

material of interest (Qads). Measuring Qads at different pressures (P2) produces the gas 

adsorption isotherm.  

𝑃1𝑉1 = 𝑃2𝑉2 + 𝑄𝑎𝑑𝑠 1.2 

This Qads leads to the production of an isotherm, a plot showing the amount of gas 

adsorbed as a change in pressure. 

1.4.2 Extraction of Thermodynamic Properties 

For gas adsorption isotherms, it is possible to extract thermodynamic properties 

such as the equilibrium constant, the enthalpy of adsorption, the entropy of adsorption, and 

the Gibbs free energy of the adsorption process.148,149 Most often, the enthalpy of 

adsorption is the thermodynamic property of interest. To extract this information, we need 

to fit the isotherm to a model. There are many different models that have been developed 

for adsorption.150–153 Depending on the isotherm model and the assumptions it makes, the 

model may contain an equilibrium constant or a variable that is proportional to the 

equilibrium constant. In this case, the determination of the rest of the thermodynamic 

parameters is relatively straight forward. As illustrated in Equation 1.3, the equilibrium 
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constant is related to the Gibbs energy and thus the entropy and enthalpy of the adsorption 

process.  

𝐾 = 𝑒
−∆𝐺
𝑅𝑇 =  𝑒

−(∆𝐻−𝑇∆𝑆)
𝑅𝑇 =  𝑒

∆𝑆
𝑅

 − 
∆𝐻
𝑅𝑇

 
 1.3 

From Equation 1.3, it is evident that we cannot find the enthalpy of adsorption with 

a single isotherm. There are an infinite number of ΔS and ΔH values that will satisfy a 

single ΔG, and thus K. However, if we measure the gas adsorption isotherms at different 

temperatures, then we obtain a different equilibrium constant at each measured 

temperature, which can be related back to different equilibrium constants and thus ΔS and 

ΔH can be determined.154 Further rearrangement of Equation 1.3 results in the linear form 

of the Van’t Hoff relation (Equation 1.4). Thus, having multiple equilibrium constants 

determined from variable temperature gas adsorption isotherms results in a straight line 

(Figure 1.32) when the ln(K) is plotted versus T-1. The slope of this line is proportional to 

ΔH and intercept is related to ΔS (Equation 1.4). 

ln(𝐾) =  
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
=  

∆𝑆

𝑅
−

∆𝐻

𝑅
∙  

1

𝑇
 1.4 
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Figure 1.32: Van't Hoff Plot and line of best fit. 

1.4.3 Models of Gas Adsorption 

To extract the thermodynamic parameters as explained above, we need isotherm 

models that relate the isotherm shape to the equilibrium constant. Many different models 

have been developed for fitting gas adsorption data, and they all make varying assumptions 

or are empirically derived. This section will provide a brief overview of a few different 

models that can be found in the literature. One of the simplest models, and yet most 

effective model, for gas adsorption is the Langmuir adsorption model. Since the Langmuir 

model is used in depth in Chapter 3, an in-depth discussion is provided here. 
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1.4.3.1 Langmuir Model 

The Langmuir model assumes that the entire surface that a gas is adsorbing onto is 

homogeneous. This means that only one type of binding site is present. This gives a 

straightforward equilibrium of surface (A) plus gas (B) results in gas on surface (C). 

𝐴 + 𝐵 ⇌ 𝐶 

From here, it is straightforward to determine the equilibrium constant. The equilibrium 

constant can be found from the following formula.  

𝐾 =  
[𝐶]

[𝐴][𝐵]
 1.5 

Using an Initial, Change, Equilibrium (ICE) tale, we can expand on K. For simplicity, 

if we write [A] in terms of surface coverage, then we can state that the maximum adsorption 

capacity is 1 and thus the max (i.e., initial) value of [A] is 1. Since we are exposing our 

MOFs to some initial pressure, we can call this Pinitial. For simplicity, at the initial point, 

[C] is equal to 0 (i.e., no adsorption has occurred). The change that is experienced for the 

surface, is a loss of some amount of adsorption sites (x). This results in a loss of [A] by x, 

a decrease in the pressure by Ploss, and the formation of x adsorbed sites. The resulting 

equilibrium value for the surface becomes 1-x. The final pressure is Pfinal (i.e., P2 in 

Equation 1.2). The equilibrium value for the amount of gas on the surface is x. 
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Table 1.3: ICE table for the determination of the equilibrium constant in the Langmuir 

equation. 

 A B C 

Initial  1 Pinitial 0 

Change -x -Ploss +x 

Equilibrium 1-x Pfinal = P2 +x 

From the equilibrium values found in Table 1.3, Equation 1.5 can be rewritten as 

Equation 1.6. A rearrangement to Equation 1.7 results in the Langmuir equation with K 

being the Langmuir constant. 

𝐾 =  
𝑥

(1 − 𝑥)(𝑃𝑓)
 1.6 

𝑥 =  
𝐾𝑃

(1 + 𝐾𝑃)
 1.7 

For a Langmuir isotherm to be valid, only one adsorption site must be present at 

any given pressure. This means that only one gas adsorption layer (monolayer) can form, 

or rather additional adsorption layers can’t occur until the previous layer is filled. More 

accurately, at every measured pressure (P2 in Equation 1.2) the adsorption process must 

represent the same monolayer adsorption.155 This is illustrated in Figure 1.33. The 

Langmuir theory makes several assumptions, the first is that the entire surface is 

homogeneous, and the binding of gas to a surface is the same across the entire material. 

Secondly, it assumes that there are no interactions between neighboring gasses, and the 

only interaction is between the gas and the surface.156  
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Figure 1.33: Adsorption of gas onto a surface, where the black line represents a surface, 

and the green spheres represent gas molecules. A illustrates the beginning of adsorption 

onto the surface, B represents the monolayer forming, and C represents the completion 

of the next adsorption layer. A Langmuir model fits the data until B. 

Equation 1.7 exists with the quantity adsorbed having a maximum value of 1. This 

is because we solved the equation based on the relative amount of the surface coverage, x. 

For any material, the maximum adsorption will be different and thus we define x as the 

ratio of the quantity adsorbed (Qads) to the maximum quantity that can be adsorbed (Qmax). 

This results in Equation 1.8. 

𝑄𝑎𝑑𝑠 = 𝑄𝑚𝑎𝑥  
𝐾𝑃

(1 + 𝐾𝑃)
  1.8 

In the Langmuir equation, it is assumed that the entire surface is homogeneous. For 

many materials, this is not necessarily the case. Materials can have multiple sites for gases 

to adhere. One method to account for this difference is to use the sum of two Langmuir 

equations to describe the gas adsorption process. Each equation represents its own 
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adsorption site with its own Qmax and its own equilibrium constants (K1 and K2), and 

therefore their own adsorption entropy and enthalpy. This is the dual-site Langmuir 

isotherm model (Equation 1.9).157 

𝑄𝑎𝑑𝑠 = 𝑄𝑚𝑎𝑥1  
𝐾1𝑃

(1 + (𝐾1𝑃))
+ 𝑄𝑚𝑎𝑥2  

𝐾2𝑃

(1 + (𝐾2𝑃))
 1.9 

1.4.3.2 Toth Model 

The Toth model is another model that is popular for fitting isotherms. The model 

looks similar to a single-site Langmuir model. However, the Toth model includes a 

homogeneity factor (t), to account for the fact that the surface acts as a single binding site, 

but it is not necessarily homogeneous.155 

𝑄𝑎𝑑𝑠 = 𝑄𝑚𝑎𝑥

𝐾𝑃

(1 + (𝐾𝑃)𝑡)1 𝑡⁄
 1.10 

 It is obvious that when the homogeneity factor is equal to 1, then the Toth equation 

reduces down to a single-site Langmuir equation; this also defines the upper-most limit to 

the homogeneity factor. The lower that the homogeneity factor deviates from unity, the 

less homogeneous the sample is assumed; the lower limit for the factor is 0.  

1.4.3.3 Brunauer-Emmet-Teller Model 

The Langmuir and Toth models both make assumptions about how gases adsorb 

onto a surface. In both models, it is assumed that monolayers grow one at a time and have 

to be complete before the next monolayer can start.155 However, for some gases and some 

materials, this is not necessarily how gases bind to surfaces. It is possible that before the 
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first monolayer has completed, the formation of partial multilayers occurs. Brunauer, 

Emmet, and Teller (BET) have developed a theory capable of modeling such data.158 

Figure 1.34 illustrates the difference between how the layers form in the Langmuir theory 

and BET theory. 

 
Figure 1.34: Comparison of Langmuir (A) and BET (B) adsorption models. 

𝑝
𝑝°⁄

𝑛(1 −
𝑝

𝑝°⁄ )
=  

1

𝑛𝑚𝐶
+  

𝐶 − 1

𝑛𝑚𝐶
 (

𝑝

𝑝°
) 

1.11 

The BET equation can be expressed as shown in Equation 1.11. In Equation 1.11, 

n represents the amount of adsorbed gas at a given relative pressure, similar to Qads in the 

Langmuir model.159 The relative pressure is represented by P/Pº, where P represents the 

pressure and Pº represents the saturation pressure of the adsorbate. nm represents the 

monolayer capacity of the material. The constant C is a factor that relates to the energy 
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difference between the first layer and the remaining layers; this constant is commonly 

referred to as the BET constant.159 

While many other theories of gas adsorption are present in the literature, these were 

focused on as they are referenced throughout this thesis. 

1.4.4 Information Obtained from Isotherms 

1.4.4.1 Surface Area 

One of the most common measurements taken from gas adsorption data is often the 

surface area of the material of interest. This can be determined from the monolayer 

coverage of the gas on the surface. At this point our complete surface is covered by a known 

number of gas molecules. Knowing the physical size of the gas molecule of interest, it is a 

simple calculation to determine the surface area. Figure 1.35 illustrates this concept. If we 

consider the probe gas molecules (i.e., blue cylinders in Figure 1.35) to be adsorbed 

nitrogen gas molecules, then it can be observed that 65 molecules are adsorbed onto the 

surface of the material. The cross-sectional area of a molecule of nitrogen gas is 0.162 nm2, 

and with 65 molecules of nitrogen on the surface the surface has an area of 10.5 nm2. If we 

also know the mass of this surface, then we can determine the gravimetric surface area. 
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Figure 1.35: Gas molecules adhered to a surface in a monolayer for the determination of 

the surface area. 

For a Langmuir adsorption isotherm, the surface area can be determined from Qmax. 

Assuming Qmax is measured in mols/g, we can easily determine how many molecules are 

in Qmax and thus determine the surface area by using the cross-sectional area of the probe 

molecule. If Qmax is reported in cm3/g, then we can use the molar volume of the probe gas 

to determine how many gas molecules are present and then use the cross-sectional area to 

determine the surface area.159 This is often referred to as the Langmuir surface area or the 

probe gas accessible Langmuir surface area. 

For BET theory, it is more challenging to determine the surface area. However, 

BET derived surface areas have been determined to be more accurate. Langmuir surface 

areas are an overestimate.160 This is because multilayer formation occurs before the first 

monolayer is complete. To calculate the BET surface area of a material it is unfortunately 

not as straight forward as the Langmuir model. Equation 1.11 is in the form of a straight 

line if we plot of (P/Pº)/[nm(1- P/Pº)] versus (P/Pº). The slope (S) of this straight line would 

represent (C-1)/nmC and an intercept (I) represents 1/nmC. Using the slope and the intercept, 

we can calculate both nm and C.159 
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𝑆 =  
(𝐶 − 1)

𝑛𝑚𝐶
 1.12 

𝐼 =
1

𝑛𝑚𝐶
 1.13 

𝐶 =  
𝑆

𝐼
+ 1 1.14 

𝑛𝑚 =  
1

𝑆 + 𝐼
 1.15 

As with the Langmuir model, once the monolayer capacity is determined, solving 

for the surface area becomes quite simple. We simply convert the monolayer capacity to 

number of gas molecules and multiply it by the cross-sectional area of the probe molecule. 

This is done using the following equation.159 

𝐴 =  
𝑛𝑚𝑁𝐴𝐿

𝑀𝑊
 1.16 

In this equation A represents the BET-derived surface area of the sample, nm is the 

monolayer capacity, NA is Avogadro’s constant, L is the cross-sectional area of the probe 

gas molecule, and MW is the molecular weight of the gas molecule. To obtain the 

gravimetric or molar surface area of the sample, one would need to divide the surface area 

of the sample by the mass of the sample, or number of moles of the sample, respectively. 

The challenge with an isotherm is that the BET equation does not fit the whole 

isotherm. This is primarily because the BET equation doesn’t have an adsorption limit. In 

other words, the BET equation does not have a Qmax and thus must deviate at some point 

from the collected gas adsorption isotherm. With that in mind, it is important to determine 
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what pressure region will yield the correct probe gas accessible BET surface area. Four 

criteria have been developed to help determine the pressure region to be used.158,159 

The first criteria is that the BET constant C, must be positive. The C constant in the 

BET equation is a relationship between the energy of adsorption of the first monolayer, 

and all other layers that would form after. This value must be positive to indicate the 

favorable adsorption of the first monolayer. 

  The second criteria is a plot of n(1- P/Pº) vs. P/Pº inside the selected pressure range 

must always be increasing for a BET equation; this plot is often called a Rouquerol plot 

and is an alternative way to view BET theory. Data points where the data is decreasing 

cannot be used as they deviate from the theory. The quantity of gas adsorbed is represented 

by n. As gas begins to adsorb, the value of n(1- P/Pº) will increase, however, once n 

approaches the amount of gas required for complete saturation of the material, the value of 

n will remain constant. n(1- P/Pº) will begin to decrease as (P/Pº) increases. This criterion 

forces the equation to only consider the gas adsorbed before saturation. 

The third criterion is that the pressure, (P/Pº), at which nm is calculated, must be 

inside the pressure range selected in the second criteria. This is somewhat of a self-check 

for the BET theory, if a value of nm is going to be calculated from a region of data, then it 

makes sense that the data must contain within it the calculated value of nm. 

The final criteria that must be met is that the calculated pressure at which nm should 

occur is within 10% of the actual pressure of nm. The equation that is used to calculate the 
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pressure at which nm occurs is outlined in Equation 1.17. This criterion is another self-check 

for the BET theory. If a pressure is calculated at which nm is said to occur, then it should 

be relatively close to the actual pressure at which nm occurs inside the selected data set. 

(
𝑝

𝑝°
)

𝑛𝑚

=  
1

√𝐶 + 1
 1.17 

As an example of how the BET region is selected and each criterion is accounted 

for, a nitrogen isotherm of UiO-66 will be used as an example (Figure 1.36D). 

 
Figure 1.36: Nitrogen Isotherm of UiO-66 and applying BET theory to obtain the surface 

area. (A) plot of n(P/Pº-1) versus (P/Pº) (B) plot of n(1- P/Pº) versus (P/Pº) (C) Zoomed 

in plot of n(P/Pº-1) versus (P/Pº) to see the linear region (D) n versus (P/Pº). 
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The selected region of the curve to be fit to BET theory is bracketed by two red 

lines in Figure 1.36. Figure 1.36A is the linear form of the BET Equation 1.11. 

Figure 1.36C is a zoomed in segment of Figure 1.36A to show the linear region that has 

been selected. As can be seen from the figure, the data is not linear over the whole region. 

Calculating the value of C from this region provides us with a value of 528. This value is 

positive and thus criterion one is met. Figure 1.36B, is the Rouquerol plot and within the 

two red lines, the value of n(1- P/Pº) is increasing with respect to (P/Pº); This meets the 

second criterion. In this example the value for nm is calculated to be 368 cm3/g. The third 

criteria states that the monolayer adsorption quantity must occur inside of the selected 

region. Using Figure 1.36D, we can see that 368 cm3/g occurs at a relative pressure of 

0.043 (P/Pº), which is inside the selected region of 0.00012 to 0.08 (P/Pº). The final criteria 

states that using Equation 1.17, the calculated value of (P/Pº) for monolayer adsorption 

should be within 10% of the actual value of 0.043 (P/Pº). In this example the relative 

pressure is calculated to be 0.042 P/Pº, which satisfies the final criteria. Thus, all four of 

the criteria are met and a nitrogen gas accessible BET surface area of 1600 m2/g is 

determined for this sample of UiO-66. 

In the field of MOF chemistry, determining the surface area of the materials is a 

quick diagnostic test to confirm that a new porous material, or the desired porous material 

has been made. During different experiments where MOFs are employed, surface area is 

often measured before and after the experiment is complete to provide insight into the 

stability and recyclability of the material.  
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1.4.4.2 Pore Size Distributions 

Gas adsorption isotherms can also provide insight into the pore sizes of the 

materials. Based on the material of interest it may contain micropores, mesopores or 

macropores. Micropores are defined as pores with an internal diameter less than 2 nm, 

where a macropore has an internal diameter greater than 50 nm. The pores that fall into the 

range between 2 and 50 nm are classified as mesopores.159 The most common way the pore 

size of these materials is calculated is through density functional theory (DFT) 

calculations.161 The experimentally obtained isotherms are fit to models. Each model has a 

collection of isotherms that have been computationally generated based on their pore size 

and how the pore interacts with the gas.162 In other words, each model knows the shape of 

an isotherm based on a specific pore size. These models are called Kernels. Pore size 

distributions are determined by deconvoluting the shape of the isotherm into a linear 

combination of the different pore sizes in the kernel. As an analogy, this is like a pocket 

full of change where you know the mass and the total value, and you use the knowledge of 

the mass of each coin and their dollar value to determine how many of each coin is present.  

These pore size distributions are useful in the identification of materials, and 

identifying materials that are best suited for applications based on the need for a specific 

pore size. From these pore size distributions, you can determine if a gas will be able to be 

stored inside the material or if the material can be used for separations of gases of different 

sizes. 
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When fitting measured data to different pore size models the first thing that needs 

to be considered is the shape of the pore. This is limited to either a cylindrical shaped pore 

or a slit shaped pore.159,163 In the case of MOFs, we tend to use the cylindrical based model. 

This is because when you look at the structure of the material, the pores look more like 

channels (cylinders) than sheets (slits). Slit shaped pores are more fitting to a structure of 

two-dimensional sheets such as graphite where gases may absorb into between these sheets. 

Once we have determined the shape of the pore, we need to determine the most appropriate 

model to use. The models contain information on how a pore of a particular size and 

functionality will adsorb a specific gas. Each model that is used is for a particular gas at a 

given temperature, if the temperature of analysis is different than the temperature of the 

model, then the data will not provide an accurate model of the pore sizes and distributions; 

the software will also not let you use a kernel that doesn’t match the gas and temperature 

used in the data collection. 

The models for pore size distribution also assume the nature of the adsorbent-

adsorbate interactions. In the cases for the models that we have access to in the gas 

adsorption software package, the software assumes that the entire surface of the adsorbent, 

in this case the MOF, is completely homogeneous. MOFs contain two main components, 

the inorganic centre and the organic ligand as previously mentioned. With two distinct 

regions, that adsorb gases differently, the material deviates from the expected 

homogeneous surface. Furthermore, if there are large ligands that are functionalized 

differently, then the surface again would deviate from how a Kernel would predict.  
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MOFs containing pores of many different shapes and sizes, along with having 

surfaces that depend on the node and ligand in a way that ca not easily be predicted by one 

Kernel. This means that it is very challenging (if not impossible) to make Kernels that 

would work with all MOFs. To calculate the pore size of MOFs we use the models that we 

have available to us. Using the model that makes the most chemical sense, along with 

giving a pore size that agrees with other published literature data or computational data, 

we can then determine if the calculated pore sizes are accurate. 

1.5 Motivation of this Thesis 

With many people living in water scarce regions, and climate change happening 

before our eyes, lots of research has been done to find ways to obtain potable water, along 

with reduce the amount of greenhouse gases in the environment. From the previous 

sections it is evident that MOFs can be a key contributor when it comes to removing 

moisture from the air as a source of potable water, and as materials to remove carbon 

dioxide from the atmosphere. 

The goals of this thesis that will be discussed in Chapter 2 and Chapter 3 were never 

to create the material that would be the best water harvester, or the best at removing carbon 

dioxide. The goal was to understand the processes at play, and what features of MOFs are 

important for water and carbon dioxide adsorption. In other words, my goal was not to 

build a better mouse trap, but to understand what makes a good mouse trap. As previously 

outlined in the literature, the most popular strategy for target gas adsorption tends to be to 

install a functional group and determine if the adsorption of the target gas has been 
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improved. While this is an important, and effective strategy, other features of the MOF 

(e.g., pore size, number of defects, etc.) that may have impacts on gas adsorption are 

overlooked. This thesis takes the family of UiO MOFs and monitors the adsorption of target 

gases by modifications in pore size, number of defects and types of defects present. Chapter 

2 investigates the mechanism of how water vapour binds in a series of UiO MOFs that have 

different pore sizes, and number of defects. Chapter 3 examines what features, such as 

defects, pore size and cluster functionalization have an important role in the adsorption of 

carbon dioxide gas. 

Going into this work, it was my hope that these investigations would provide a 

deeper understanding of how gases bind and what features enhance the gas binding 

capabilities in the UiO series of MOFs. This knowledge can then lead to the development 

of new materials, or the enhancement of already existing MOFs to improve water and 

carbon dioxide adsorption. 
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Chapter 2 : The Mechanism of Water Adsorption in UiO 

Metal-Organic Frameworks 

Statement of Co-authorship 
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2.1  Introduction 

As outlined in Section 1.3, MOFs have been used for many applications. One 

emerging application is the use of MOFs for humidity regulation and water harvesting 

(Section 1.3.3). As a short refresher, the porosity of MOFs makes them ideal for many 

applications in gas adsorption. This does not just include gases such as carbon dioxide, 

hydrogen, and methane, but it includes vapours such as water and ammonia.145,164–169 The 

ability to adsorb water vapour has important implications in harvesting water from the air 

in both indoor and outdoor environments. Outdoors, harvesting water from the 

environment can enable economic growth by providing potable water for 

agricultural-related products. This is especially important in areas with poor water supplies. 

Additionally, providing potable water has direct implications on human health. Indoors, 

maintaining the relative humidity (RH) of a building between 30 – 60% is ideal to reduce 

mold, while also maintaining comfort. Heating, ventilation, and air conditioning systems 

(HVAC) are energy intensive, requiring up to 50% of the industrial and 31% of the 

residential building energy consumption.170,171 If a passive system that is capable of 

maintaining the humidity levels can be found, then HVAC costs could be greatly reduced.  

In addition to water harvesting applications, water adsorption in MOFs can be used 

in heat transformation applications. This relies on the thermodynamics of 

adsorption/desorption. Heat is required to break adsorbent-adsorbate interactions. If the 

associated enthalpy can be provided by the temperature associated with a hot room, then 

the air is cooled by heat transfer to the desorption process. The reverse process can also be 

performed. Given that the formation of the adsorbent-adsorbate interaction is exothermic, 
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the heat emitted by the adsorption process can be transferred to a cold air stream. Thus, the 

air is heated by the adsorption process. Given the high density of adsorption sites in a MOF, 

there is considerable potential for MOFs to be employed in heat transformation 

processes.172,173 

In addition to the direct applications of water adsorption, there are several indirect 

roles associated with water adsorption. For example, water has the potential to act as a 

competitive inhibitor when other gases (e.g., carbon dioxide, methane)174 are being 

adsorbed. This decreases the efficacy of the MOF in real-world applications. Alternatively, 

water can act as a promotor, assisting in adsorption/desorption processes via hydrogen 

bonding.175 Thus, it is crucial to understand how water behaves inside MOFs. 

Water adsorption in MOFs tends to be overlooked quite frequently. This is because 

the role of water on the stability of MOFs is often the focus rather than gaining a deeper 

understanding regarding how water interacts with MOFs. As mentioned in Section 1.2, 

certain UiO MOFs are quite sensitive when it comes to interaction with water and care 

must be taken when activating the material from both liquid water and adsorbed water or 

the material may degrade. However, if we ignore how water is adsorbed into these 

materials, with regards to stability, co-adsorption, and the adsorption mechanism, then we 

limit and prevent advancements from being made in the field.  

With regards to water vapour adsorption in MOFs, there are three different 

water-adsorption mechanisms (Figure 2.1A).141,164,176 Capillary condensation, occurs when 

a monolayer of water is deposited evenly onto the walls of the MOF. Subsequently, 
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additional water layers grow until two layers of water coalesce (i.e., capillary 

condensation). Once condensation occurs, no further water vapour can be absorbed because 

the pores are full. This method is recognized by a water adsorption/desorption isotherm 

that contains considerable hysteresis in the adsorption versus desorption step (Figure 2.2B) 

but does completely adsorb back to the original position. For capillary condensation to 

occur, the surface of the material must be homogeneous with regards to the water 

adsorption process. Around room temperature, capillary condensation occurs in pores that 

are greater than 2 nm in width.141 This is outlined by Equation 2.1. 

𝐷𝑐 =
4𝜎𝑇𝑐

(𝑇𝑐 − 𝑇)
 2.1 

In Equation 2.1, Dc represents the critical diameter; this is the point at which the 

pore filling is continuous and reversible. Any pore size larger than the critical diameter can 

show capillary condensation, and conversely, any pore size that is smaller than the critical 

diameter cannot show capillary condensation behaviour. σ represents the size of the 

molecule that is being adsorbed, for water this value is approximately equal to 0.28 nm. T 

represents the temperature of analysis. Tc is the bulk critical temperature of the probe 

molecule, this is the temperature at which the gas cannot be converted into a liquid, 

regardless of pressure applied. For water this is approximately 647 K. If capillary 

condensation is not a viable mechanism due to the pore size being smaller than the 

calculated size at the adsorption temperature, then one of the alternative mechanisms must 

be in operation.  
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The second mechanism of water adsorption is adsorption and growth of water 

clusters from a nucleation site. In this mechanism, the surface of the MOF is not 

homogeneous and water vapour prefers to nucleate and grow from a favourable hydrophilic 

site. This is very likely the operating mechanism for gas adsorption in MOFs since nodes 

and ligands are not likely to appear homogeneous to a water molecule. Furthermore, as 

2 nm pores in MOFs are, often, at the large side of pore apertures, the critical diameter for 

capillary condensation has not been met. With this in mind, the nucleation site on MOFs 

can either be the node of the MOF (e.g., open metal site, hydrophilic oxo/hydroxy/aqua-

containing nodes), or another hydrophilic portion of the MOF such as -NH2 or -OH 

functional groups that decorate the pore of the MOF (Figure 2.1B). While a small amount 

of the gas can be chemically bound to the cluster or the node of the MOF, the adsorption 

mechanism for the bulk of the incoming gas is physisorption. This mechanism has been 

 
Figure 2.1: Mechanisms by which water vapour adsorption and condensation 

(potentially) occur inside the pores of MOFs. 
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explored in smaller MOFs such as MOF-801, where all pores are smaller than the 2 nm 

outlined above.142 For MOFs that grow via the cluster-growth mechanism, once the water 

cluster has nucleated, the water clusters grow as a function of increasing water vapour 

content (partial pressure/relative humidity) until they cannot grow any further. The water 

clusters either coalesce to form a continuous water phase in the MOF (Figure 2.1 right hand 

side) similar to what occurs in capillary condensation, or the water cluster stops growing 

because the MOF becomes too hydrophobic for the next layer of water molecules to grow 

off of the cluster. 

Systems that have water adsorption mechanisms based on the cluster-growth 

mechanism illustrated here are often recognized by isotherms that display hysteresis in the 

nucleation portion of the isotherm. Given the nucleation step can be chemisorption 

(potentially reversible), not all of the adsorbed water vapour becomes desorbed at the same 

pressure that it took to adsorb the vapour. This is due to the interactions between the water 

molecules and the nucleation sites inside the pore, or the walls of the material. This leads 

to more water adsorbed inside the material compared to the initial adsorption phase 

(Figure 2.2C). To completely remove the adsorbed water in this situation, either a lower 

pressure is required, or the sample needs to be heated to remove the nucleation site. In a 

worst-case scenario, solvent exchange (potentially at elevated temperatures) prior to 

thermal activation may be required. 

The final water adsorption pathway occurs for very hydrophobic materials where a 

water cluster forms in the pore without contact with the surface and grows until the pore is 

filled or the hydrophobic surface prevents further cluster growth.177 This mechanism is not 
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commonly observed in MOFs. However, if it were to occur, then it would require a 

hydrophobic MOF in which the node has no open coordination sites, the node is not 

hydrophilic, there are no defects that could be hydrophilic, and the ligands are also 

sufficiently hydrophobic to prevent water vapour adsorption. Hydrophilic defects are often 

caused by missing nodes/ligands where the remaining carboxylic acid/carboxylate 

(missing node) or terminal water molecules (compensating for a missing ligand) is 

hydrophilic. As such, these defects often provide sites (OH-, H2O, etc.) that are favorable 

for molecules such as water vapour to bind. The adsorption third mechanism can be 

recognized in a water isotherm where the desorption curve closely follows the adsorption 

curve (Figure 2.2A) even at low relative pressures. The desorption often follows the 

adsorption curve very closely because the water molecules are not strongly interacting with 

the pores and a small decrease in reduced pressure allows the system to re-establish 

equilibrium by releasing water vapour from the water cluster (i.e., desorption).  

 
Figure 2.2: Examples of water isotherms exhibiting a desorption curve that closely 

follows the adsorption curve (A) one showing hysteresis, but still completely desorbs 

(B) and isotherm showing hysteresis but not all water is desorbed (C). 
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In the present work, I focused my attention to six MOFs that differ in the ligand 

length, ligand functionality, and defect density while maintaining the topology of the 

material. The MOFs investigated herein are the UiO-family (Figure 2.3) that contain 

Zr6O4(OH)4
12+ nodes linked via six, assuming no defects, linear ditopic 

dicarboxylate-based ligands. These ligands form a large octahedral pore, and a smaller 

tetrahedral pore; for more information on the UiO family of MOFs see Section 1.2. I 

selected three unfunctionalized MOFs (UiO-66, UiO-67, and UiO-68-Me4/PCN-57) and 

three functionalized MOFs (UiO-66-NH2, UiO-67-NH2, and UiO-68-NH2). The 

amino-functionalized UiOs were specifically chosen due to the multitude of applications 

where the amino-functionality enhances the properties of the MOF or is otherwise utilized 

to introduce new functional groups into the pore of the MOF.53,178,179 By keeping the 

topology the same, the role of ligand length and functionality can lead to a general trend 

that can be applied to other MOF systems. It is worth briefly mentioning that UiO-68 was 

not explored herein due to the low solubility of the parent ligand. As such, PCN-57 was 

utilized. PCN-57 uses a functionalized version of the PCN-57 ligand, the 

2’,3’,5’,6’-tetramethyl-[1,1’1:4’,1’’-terphenyl]-4,4’’-dicarboxylic acid ligand; this is a 

terphenyl ligand with four methyl groups on the central aromatic ring. As PCN-57 was not 

synthesized by the research group that synthesized UiO-66 and UiO-67, they opted to use 

their own Porous Coordination Network (PCN) nomenclature. For the purpose of this 

thesis, I have opted to call the MOF UiO-68-Me4 and leave out the PCN-57 nomenclature. 

I believe this is important for clarity.  
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Figure 2.3: UiO-66 (left), UiO-67 (middle) and UiO-68 (right). The octahedral pores are 

illustrated by the large purple circles, while the tetrahedral pores are illustrated by the 

smaller green circles. 

2.2 Results and Discussion 

UiO-66, UiO-66-NH2, UiO-67, and UiO-67-NH2 were synthesized using the well-

established “hydrochloric acid” procedure. This procedure involves combining zirconium 

tetrachloride along with the organic ligand (terephthalic acid, aminoterepthalic acid, 

4,4-biphenyldicarboxylic acid, or 2-amino-4,4-biphenyldicarboxylic acid respectively) in 

15 mL of DMF with either 1 mL (UiO-66, UiO-66-NH2) or 0.5 mL (UiO-67, and 

UiO-67-NH2) of hydrochloric acid. Unlike the acetic acid procedure (see Chapter 3) for 

the synthesis of UiO-66, the hydrochloric acid procedure is high yielding, and has been 

well documented to work with many derivatives of both terephthalic acid and 

4,4-biphenyldicarboxylic acid. One key difference between the hydrochloric acid 

procedure and the acetic acid procedure is that the hydrochloric acid procedure produces 

highly defective UiOs. More specifically it has been shown to create missing ligand defects 

(See Section 1.2.1 for further discussion). 
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 The unfunctionalized UiO-68-Me4 and the amino functionalized UiO-68-NH2 were 

more difficult to synthesize; the hydrochloric acid procedure has not resulted in the 

formation of UiO-68s. While there are multiple procedures in the literature for the synthesis 

of UiO-68s, in our hands many of these did not work. After several attempts, UiO-68-Me4 

was synthesized using zirconium chloride as the source for the node, and using 

trifluoracetic acid as a modulator, as outlined by Cui and coworkers.180 On the other hand, 

UiO-68-NH2 was synthesized using a modified procedure outlined by Blight, Fogan, and 

coworkers.96 In my hands, and other members of the group, the synthetic reproducibility 

of these MOFs was not great. During this project it was found that these initial procedures 

produced these UiO-68s prior to the COVID shutdown. Strangely, after lab work resumed, 

these procedures no longer produced the MOFs with reasonable gas adsorption isotherms 

and X-ray diffractograms, and I had to shift to a different method to synthesize these MOFs. 

For UiO-68-Me4, the post-COVID procedure involved using zirconyl chloride and benzoic 

acid as the modulator as outlined by Goswami et al.35 The post-covid procedure for 

UiO-68-NH2 required zirconium chloride and benzoic acid as published by Schaate et al.181 

Although determining a synthetically versatile and reproducible synthesis of these MOFs 

is critical, this was outside of the scope and available timeframe of this thesis. For 

consistency, the pre-shutdown (COVID-19) MOFs are the primary data in this chapter 

(data collected prior to March 2020). Where necessary, the post-shutdown (August 2020) 

MOFs are utilized. Some differences in the isotherms are discussed in Appendix A. While 

there are small differences noticed in the isotherms, the observed conclusions remain true 

regardless of the synthetic procedure followed. 
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2.2.1 Powder X-Ray Diffraction 

With the three unfunctionalized MOFs and three amino-functionalized MOFs 

synthesized, our first method of characterization was via powder X-ray diffraction. In all 

six MOFs the measured X-ray diffractograms match the simulated structures quite well. 

This is the first indication that we have synthesized the desired material (Figure 2.4). 

The measured diffractograms of our six materials show narrow and well-defined 

peaks, which indicate a crystalline material. In my experience, when the synthetic 

procedure is not successful the peaks are considerably broader with the first two peaks 

 
Figure 2.4: Powder X-ray diffractograms of the six MOFs examined in this chapter and 

their respective simulated diffractograms. UiO-66 (A), UiO-67 (B), and UiO-68 (C). The 

simulated spectrum for the MOFs is shown as the green trace (lowest stack), the 

unfunctionalized MOF is the yellow trace (middle stack), and the amino-functionalized 

MOF is the grey trace (top stack). 
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often appearing as a single peak. Gas adsorption properties of samples that contain these 

broad diffractograms are always considerably lower than expected. In the measured 

patterns for the unfunctionalized and the amino-functionalized UiO-66 we notice that the 

(2 2 0) reflection at 12º in 2θ is present in the observed but not in the simulated 

diffractograms. This peak is always observed in UiO-66. If an atom/molecule is placed in 

the pore of the simulated structure of UiO-66, then a non-zero intensity for the (2 2 0) is 

observed. This suggests that residual solvent or gas molecules are present in the pore and 

contribute to the diffractogram. This same observation can be made for the UiO-67s (9º in 

2θ). UiO-68s on the other hand do show a peak in the simulated diffractogram that 

corresponds to this plane (7º in 2θ). With the powder X-ray diffractograms matching the 

simulated ones, we were able to continue to move forward in characterizing our MOFs. 

While powder X-ray diffraction is a necessary characterization tool, it does not provide 

complete information on the crystallinity of the MOF. If the MOF is a mixture of crystalline 

and amorphous material the crystalline portion would dominate the diffractogram and 

provide little indication that there was amorphous material present. Other techniques are 

required to completely characterize the MOFs in this study.  

2.2.2 Thermogravimetric Analysis 

Section 2.2.3 will illustrate that all six MOFs have nitrogen gas adsorption 

isotherms and nitrogen gas accessible BET surface areas that are consistent with the 

literature values. Given the need to discuss the similarities and differences in the adsorption 

properties for both nitrogen gas and water vapour, it was first important to quantify the 

number of missing ligands (see Section 1.2.2) in each MOF. This was done by using TGA 
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as outlined by Lillerude et al.83 One other literature method for the determination of the 

degree of missing ligands is the use of quantitative NMR. While this can be an effective 

method, it was not successful for these MOFs.38 In our hands the reproducibility was a 

major issue. From the same batch of MOF we would obtain very different results ranging 

from three missing ligands to more than six ligands present. Dissolution of the MOF also 

became an issue. Once the MOF was dissolved, there would often be some small insoluble 

impurities that we suspect was zirconium oxide, but we could not be certain that it did not 

contain any ligand. The TGA method was far more successful. An outline of the procedure 

used, using  UiO-66 as an example, is outlined below. 

To determine the number of missing ligands, a small amount of MOF was placed 

on a platinum pan (7-10 mg), placed in the TGA, and its weight monitored as the sample 

was heated in the presence of oxygen up to 876 K. At these temperatures, the organic 

components of the MOF oxidized and decomposed leaving only zirconium oxide behind. 

This can be illustrated by the following balanced equation. 

𝑍𝑟6𝑂4(𝑂𝐻)4(𝐵𝐷𝐶)6 +  45 𝑂2  
∆
→  6 𝑍𝑟𝑂2 +  48 𝐶𝑂2 + 14 𝐻2𝑂 

While the above equation is accurate for UiO-66, it is worth noting that at 

temperatures above 623 K, the node is known to dehydrate and evolve two equivalences 

of water, leaving two new O2- units on the node; this is formed by the proton transfer from 

one cluster-bound hydroxide to another. With that in mind, the final decomposition step is 

better described by the new chemical equation shown below. 

𝑍𝑟6𝑂6(𝐵𝐷𝐶)6 +  43 𝑂2  
∆
→  6 𝑍𝑟𝑂2 +  48 𝐶𝑂2 + 12 𝐻2𝑂 
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From the amount of zirconium oxide that remains after complete decomposition of 

the MOF, we can determine the amount of zirconium that was present in the MOF. To 

simplify the process of determining the number of missing ligands, the first step is to 

normalize the mass of ZrO2 to 100%; this is equivalent to stating that the final mass of 

ZrO2 is 100 mg. For the purpose of this work, this is known as the end plateau in the TGA 

(see Figure 2.5). We next have to determine what normalized mass we would have if we 

had a defect-free MOF. This ideal plateau can be calculated by taking the 100% of ZrO2, 

converting it to moles, using the relationship that it takes six zirconium centres to make 

one node, and then converting this to percent (or similarly mass) of MOF assuming no 

defects (i.e., six ligands). The ideal plateau is calculated by the following equation. 

𝐼𝑑𝑒𝑎𝑙 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 = (
𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑀𝑂𝐹

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑍𝑖𝑟𝑐𝑜𝑛𝑖𝑢𝑚𝑠 𝑝𝑒𝑟 𝑁𝑜𝑑𝑒 ∗ 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝑍𝑟𝑂2
) 100% 

For a defect-free MOF, the ideal plateau is calculated to be 220%. The relationship 

between the ideal plateau and the end plateau (i.e., 100% as defined above) represents the 

number of ligands that have decomposed. The difference can be used to calculate the 

weight percent of each of the six ligands using the following equation:  

𝐿𝑖𝑔𝑎𝑛𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
(𝐼𝑑𝑒𝑎𝑙 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝐸𝑛𝑑 𝑃𝑙𝑎𝑡𝑒𝑎𝑢)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖𝑔𝑎𝑛𝑑𝑠 𝑖𝑛 𝐼𝑑𝑒𝑎𝑙 𝑀𝑂𝐹
 

For UiO-66 the number of ligands in the ideal structure is known to be six, which means 

the ligand weight percentage is equal to 20%. Thus, we know that for every 20% loss 

between the observed plateau and the end plateau we have one ligand. Thus, we can then 
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use the difference between the experimental plateau and the end plateau to calculate how 

many ligands we have (x). This can be done using the following formula: 

𝑥 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝐸𝑛𝑑 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 

𝐿𝑖𝑔𝑎𝑛𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒
 

The experimental plateau is the normalized percent mass of the MOF at the point 

after the node is dehydrated; this includes the defect sites and the µ3-hydroxides on the 

node. Using UiO-66 as the example (Figure 2.5A). we have an experimental plateau of 

196%, end plateau of 100% and a ligand weight percentage of 20% therefore, x is 

calculated to be 4.8. The number of defects present would be the ideal number of ligands 

subtract the number of ligands calculated, for UiO-66 it is determined to have 1.2 missing 

ligands. Once we have determined the number of ligands (and defects) present we were 

able to determine the chemical formula for each MOF as discussed in Section 1.2.1.  

The resulting TGA plots for all six MOFs studied and their observed, theoretical, 

and end plateaus are shown in Figure 2.5, while Table 2.1 shows all the results from the 

calculations. Determining the experimental plateau involves making an estimate of where 

the MOF is truly dehydrated. Due to the slope in the TGA trace between 473 K and 673 K 

it can be difficult to determine the exact point of dehydration and therefore the experimental 

dehydrated mass. To estimate the number of missing ligands and molar mass, we picked a 

few places along the dehydration curve where we would consider the trace to represent 

post dehydration and pre decomposition. We then re-calculated the number of missing 

ligands, and molar masses in these extreme cases to determine the error associated with 

our calculations. 
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Table 2.1: Number of ligands per formula unit and the resulting molecular weight for each 

MOF synthesized in this study. 

MOF 

Ligands  

per Formula Unit Observed 

Molecular Weight (g/mol) 

Zr6O4(OH)4L6-x(d)2x 

UiO-66 4.8 ± 0.2 1550 ± 30 

UiO-66-NH2 3.8 ± 0.2 1510 ± 40 

UiO-67 5.1 ± 0.2 1970 ± 50 

UiO-67-NH2 3.9 ± 0.2 1820 ± 50 

UiO-68-Me4 5.4 ± 0.1 2730 ± 40 

UiO-68-NH2 5.4 ± 0.1 2510 ± 30 
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Figure 2.5: TGA of the MOFs studied outlining the normalized theoretical 6 ligand 

dehydrated mass, the normalized experimental dehydrated mass and the normalized 

ZrO2 mass. (A) UiO-66, (B) UiO-66-NH2, (C) UiO-67, (D) UiO-67-NH2, (E) 

UiO-68-Me4, (F) UiO-68-NH2. 
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2.2.3 Nitrogen Gas Adsorption Isotherms 

To further characterize our MOFs and confirm they have been successfully 

synthesized, the nitrogen gas adsorption isotherms were measured at 77 K. From these 

measurements we were able to determine their nitrogen gas accessible BET surface area 

and pore size distributions. While the powder X-ray diffractograms do indicate the desired 

material has been formed, the gas adsorption properties are a better measure of the bulk 

properties. This is because crystalline materials have sharper peaks and amorphous 

materials have considerably broader peaks. Thus, in powder X-ray diffractograms a small 

amount of crystalline material can easily dominate a diffractogram. 

2.2.3.1 BET Surface Area 

 

Table 2.2: MOF Characterization data from nitrogen gas adsorption isotherms. 

 Nitrogen gas accessible BET Surface Areas (m2/g) 

MOF Observed Literature 

UiO-66 1480 1580 

UiO-66-NH2 1100 1200 

UiO-67 2500 2500 

UiO-67-NH2 2000 2080 

UiO-68-Me4 3475 3300 

UiO-68-NH2 3350 3750 
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From the nitrogen gas adsorption isotherms (Figure 2.6) the nitrogen gas accessible 

BET surface area was determined for each of the six MOFs. The results are shown in 

Table 2.2. The obtained BET surface areas match the literature values quite well. This 

confirms that we have successfully synthesized each MOF. It should be noted that there is 

a difference of approximately 10% between the observed and literature values. This is quite 

common in the field of MOF chemistry. This difference is often due to batch-to-batch 

 
Figure 2.6: Nitrogen gas adsorption isotherms, measured at 77 K of the unfunctionalized 

UiOs (yellow trace) and amino-functionalized (green trace). (A) UiO-66 and 

UiO-66-NH2. (B) UiO-67 and UiO-67-NH2. (C) UiO-68-Me4 and UiO-68-NH2. 
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difference in the synthesized MOFs, along with each person’s interpretation of the BET 

region of the isotherm (see Section 1.4.3.3) and the available number of data points in this 

region.  

It was observed that as the ligand length increases, so does the nitrogen gas 

accessible surface area. UiO-66 showed a surface area of 1480 m2/g while UiO-67, which 

contains a longer ligand had a surface area of 2500 m2/g. From the TGA results displayed 

in Table 2.1, both UiO-66 and UiO-67 both contain roughly the same number of defects. 

This result indicates the effect of the added surface for the nitrogen gas to adsorb outweighs 

the added molecular mass of the ligand.  

The effect of the amino functionality is more difficult to assess. Assuming a MOF 

with the same number of ligands (or alternatively defects), the added pendant group 

provides increased molecular weight, which will lower the gravimetric surface area (as 

outlined in Section 1.1 and Table 1.1), while providing larger surface for the gas molecules 

to adsorb onto, which will increase the surface area. These features will have opposing, but 

not necessarily equal, effects. We have calculated the surface area of UiO-66 to be 

1480 m2/g, and UiO-66-NH2 to be 1100 m2/g. Upon first inspection we could believe that 

the addition of the pendant amino caused a large enough change to the molar mass to 

outweigh the increase in accessible surface area to decrease the surface area by 380 m3/g. 

However, when we consider the difference in the number of ligands in UiO-66-NH2 versus 

UiO-66 (approximately one more ligand in UiO-66 than UiO-66-NH2; Table 2.1), and the 

similar molecular weight between the two ligands (1550 versus 1510 g/mol for UiO-66 and 

UiO-66-NH2), then a molecular weight argument would not be likely here. Therefore, the 
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difference in these MOFs would be due to the number of missing ligands. The decrease in 

surface area is thus due to the fewer ligands in UiO-66-NH2 and thus less surface for gas 

to adsorb onto. The surface area effect is larger than the molecular weight effect. This is 

similarly observed for UiO-67 and UiO-67-NH2 (1970 versus 1820 m2/g with one and two 

missing ligands respectively) in which the increased number of defects lowers the observed 

surface area more than the molecular weight changes. 

 For UiO-68-Me4 and UiO-68-NH2 we see very little difference in the observed 

nitrogen gas accessible BET surface areas. Both MOFs contain approximately half a 

missing ligand per formula unit. UiO-68-NH2 has a surface area of 3350 m2/g with a 

molecular weight of 2510 g/mol. UiO-68-Me4 has a surface area of 3475 m2/g while having 

a molecular weight of 2730 g/mol. Based on the previous trends with UiO-68-Me4 

containing a larger molar mass, we would expect it to have a lower surface area compared 

to UiO-68-NH2. However, we observe the opposite. UiO-68-Me4 has a slightly larger 

surface area, this indicates that while the four additional methyl groups per ligand add 

roughly 200 g/mol in additional weight, they also provide enough surface area to offset the 

additional mass increase. 

2.2.3.2 Pore Size Distribution 

Further characterization of the six MOFs in this study involved calculating the pore 

size distribution from the available isotherm data in Figure 2.6. Examining the pore size 

provides insight of the structure of the pores, indicating how missing ligand defects would 

cause a change in the pore size distribution compared to defect free material. As mentioned 
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in Section 1.4.4.2 there are currently no models (i.e., Kernels) available that have been 

designed to take into consideration all the structural features of MOFs. As such, we are 

limited by the available models in the software package provided by Micromeritics. With 

that in mind, for any MOF the ideal approach is to compare all the available models and 

compare the quality of the fits between the model and the observed isotherms. In this work 

we assume that the model that provides the lowest error would be the model that represents 

the pore size the best. Using cylindrical shaped pores, which is consistent with what is 

expected for a MOF, there are three available models to fit nitrogen gas adsorption data at 

77 K. These models are cylindrical pores on an oxide surface, Tarazona, and Pillared clay. 

2.2.3.2.1 Data Fitting to Calculate Pore Size Distribution 

Figure 2.7 and Table 2.3 illustrate the fits of the three pore size models for UiO-66 

and UiO-66-NH2. All three fit the experimental data quite well, as observed in Figure 2.7 

and all these fits could be used to calculate the pore sizes of the materials. Table 2.3 

illustrates the standard deviation of the models from the experimental data and the lowest 

standard deviations represent the best fit. The best fits for UiO-66 and UiO-66-NH2 come 

from the pillared clay model. Additionally, the cylindrical pores on an oxide surface model 

also fits quite well. For these two models, a very low standard deviations of 1.04 cm3/g and 

0.44 cm3/g is observed. 
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All the fits for UiO-66 and UiO-66-NH2 look quite well relative to one another. 

With longer ligands used in UiO-67, UiO-67-NH2, UiO-68-Me4, and UiO-68-NH2, the pore 

 

Figure 2.7: Pore size distribution model fits for UiO-66 (A, B) and UiO-66-NH2 (C, D). 

Green trace represents the Tarazona model, yellow trace is cylindrical pores on an oxide 

surface model, grey trace represents the pillared clay model. These traces may be 

difficult to see showing how well the model fits the experimental data. 

Table 2.3: Standard deviation for pore size distribution fits of UiO-66 and 

UiO-66-NH2. 

 UiO-66 UiO-66-NH2 

Tarazona 2.99 cm3/g 1.29 cm3/g 

Cylindrical Pores on an Oxide Surface 2.63 cm3/g 0.44 cm3/g 

Pillared Clay 1.04 cm3/g 0.98 cm3/g 
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sizes increase, and the models begin to deviate from the experimental data leading to 

notably poorer fits.  

Figure 2.8 illustrates the fit of the three models for UiO-67 and UiO-67-NH2. 

Examining the fits for UiO-67 it is quite clear that cylindrical pores on an oxide surface is 

not a great fit (Figure 2.8A, yellow trace). 

 

 

Figure 2.8: Pore size distribution model fits for UiO-67 (A, B) and UiO-67-NH2 (C, D). 

Green trace represents the Tarazona model, yellow trace is cylindrical pores on an oxide 

surface model, grey trace represents the pillared clay model. These traces may be 

difficult to see showing how well the model fits the experimental data. 
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While the Tarazona and pillared clay models show worse fits than what is observed for 

UiO-66 (Table 2.3 versus Table 2.4), there is considerably more agreement between the 

data and the model for these fits versus the oxide surface model. 

The nitrogen gas adsorption isotherm for UiO-67 (Figure 2.8 and Figure 2.6) shows 

a step in the isotherm at approximately 0.15 P/Po. This is an indication that there are at least 

two different pore sizes and that they are different in size. While it is well known that UiOs 

have two different pore sizes (one tetrahedral pore and one larger octahedral pore), the lack 

of any step in any of the other MOFs likely suggests that these pores are more likely defect 

based than the expected pore sizes for these MOFs; we will see in Chapter 3 that changing 

the synthesis of UiO-67 produces different shaped isotherms. With this in mind, it is critical 

to accurately fit the shape of the isotherm for meaningful pore size distributions. 

Turning our attention to the fits to the amino-functionalized UiO-67, all three 

models appear fit the data much better than the fits for UiO-67. In the nitrogen gas 

adsorption isotherm, we don’t see the step that is observed for UiO-67. This indicates that 

the pores present in UiO-67-NH2 are similar in size. Given that UiO-67-NH2 has more 

missing ligands than UiO-67, it would be reasonable to expect to see a larger number of 

defect-based pores rather than the expected pore sizes for this MOFs.  

Examining the standard deviations of these fits displayed in Table 2.4, these models 

do not fit UiO-67 as well as they fit UiO-66. The standard deviation jumps from 1.04 cm3/g 

to 7.37 cm3/g for the best fitting models. UiO-67-NH2 also deviated from the models, but 
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not as severely as UiO-67. The best fitting model for UiO-67-NH2 illustrated a standard 

deviation of 2.17 cm3/g, just slightly above the values observed for UiO-66. 

Turning our attention to UiO-68-Me4 and UiO-68-NH2, it is quite evident that at 

this ligand length none of the three models fit the data very well (Figure 2.9). While 

UiO-68-NH2 shows acceptable agreement with the Tarazona model, over-interpreting the 

data for these larger MOFs should not be done. 

Table 2.4: Standard deviation for pore size distribution fits of UiO-67 and 

UiO-67-NH2. 

 UiO-67 UiO-67-NH2 

Tarazona 7.37 cm3/g 3.83 cm3/g 

Cylindrical Pores on an Oxide Surface 35.6 cm3/g 7.47 cm3/g 

Pillared Clay 13.2 cm3/g 2.17 cm3/g 
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The standard deviations of the fits (Table 2.5) for UiO-68-Me4 are very poor, with 

the best model (Tarazona) having a standard deviation of 13.1 cm3/g. This standard 

deviation is on the high end of which I am comfortable reporting a pore size for. However, 

due to the lack of models for MOFs, it is the best representation that we have available. 

UiO-68-NH2 had one model (Tarazona) that showed reasonable agreement with a standard 

deviation of 6.1 cm3/g, very similar deviation that was observed in UiO-67. 

 

 

Figure 2.9 Pore size distribution model fits for UiO-68-Me4 (A, B) and UiO-68-NH2 

(C, D). Green trace represents the Tarazona model, yellow trace is cylindrical pores on 

an oxide surface model, grey trace represents the pillared clay model. These traces may 

be difficult to see showing how well the model fits the experimental data. 
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The models that we have fit all six of these MOFs to are designed for more 

homogeneous surfaces (e.g., oxide surface or a clay material). As the length of the ligand 

is increased, the ratio of inorganic to organic component of the MOF decreases. With this 

decrease the material tends to deviate away from a homogeneous material. UiO-67-NH2 

has an interesting result. With the pores being closer in size, and less of the organic ligand 

present due to the missing ligand defects, the material may appear more homogeneous, 

which leads to better fits between the isotherm and the models used to calculate the pore 

size distribution. The UiO-68s may deviate from the models for similar reason. Longer 

ligands are introduced deviating the material further from homogeneity. In this case we 

have two different binding sites. The first site comes from the inorganic component of the 

MOF, while the second site comes from the organic component. Each of these sites would 

have different binding forces. The models that we are using only assume that the surface 

change as a factor of pore size is predictable (i.e., homogeneous). The ligands that were 

used in this study also have functional groups (methyl, or amino) that further cause a 

deviation from homogeneity, hence the hesitation to overinterpreted the results.  

 

Table 2.5: Standard deviation for pore size distribution fits of UiO-68-Me4 and 

UiO-68-NH2. 

 UiO-68-Me4 UiO-68-NH2 

Tarazona 13.1 cm3/g 6.1 cm3/g 

Cylindrical Pores on an Oxide Surface 45.3 cm3/g 69.0 cm3/g 

Pillared Clay 19.8 cm3/g 20.1 cm3/g 
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2.2.3.2.2 Pore Sizes from Nitrogen Isotherms 

With the experimental data properly fit for the calculation of the pore sizes present 

in each MOF we can now turn our attention to the interpretation of the data. The geometry 

of the UiO family of MOFs produce an octahedral and tetrahedral pore in the ratio of 1:2.182 

Assuming a defect-free material, it can be expected to see two main pore sizes consistent 

with a larger octahedral pore and a smaller tetrahedral pore. From computational data on 

the defect-free MOFs, the tetrahedral pore width increases from 3.8 Å to 5.5 Å to 9.7 Å as 

the ligand increases in length in UiO-66, UiO-67 and UiO-68-Me4. Similarly, the larger 

octahedral pore increases in width from 8.0 Å to 13.1 Å to 17.2 Å, respectively.82 

In UiO-66 and UiO-66-NH2 (Figure 2.6A), there appear to be two pores. The 

observed pore widths of UiO-66 are centred around 11 Å and 17 Å with UiO-66-NH2 

appearing at slightly lower widths (10 Å and 15 Å) and with a broader distribution. We 

attribute the broadness of these peaks to the additional missing ligands in UiO-66-NH2.
183 

As more ligands are removed, the peaks in the pore size distribution will begin to broaden 

and overlap. The smaller pore observed in the nitrogen gas adsorption isotherm of the 

UiO-66s is consistent with the experimental and computational octahedral pore width of 

UiO-66.56,82,184 The larger observed pore in the UiO-66s is due to the merging of pores 

caused by missing ligand defects.56,184–186 Although it is not uncommon to observe a pore 

width consistent with the tetrahedral pore in pristine UiO-66,184 the presence of defects has 

been demonstrated to reduce the incremental surface area of the tetrahedral pore while 

increasing the incremental surface area for defect-based pores. In the synthesis outlined in 
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Section 2.4.2 the procedure required concentrated hydrochloric acid to be added (12 M). 

The 1 mL of acid in 15 mL of DMF produces a concentration of 0.75 M. Our data for 

UiO-66 is consistent with the pore size distribution trend observed by Liang et al. where 

they had a slightly higher acid concentration of 0.92 M.184  

The pore size distributions of UiO-67s (Figure 2.10C and D) also agreed with 

literature values. The peak observed at approximately 12 Å can be attributed to the 

octahedral pore, while the larger pore observed at 25 Å in UiO-67 comes from missing 

ligand defects causing multiple pores to merge into a singular larger defect based pore; this 

is what was expected based on the shape of the isotherm for UiO-67. This is the same 

observation made for the UiO-66s and should not be surprising given these MOFs are made 

via the same synthetic procedure.56 

The pore size distributions for UiO-68-Me4 and UiO-68-NH2 are shown in Figure 

2.10F. Unlike the other four MOFs discussed in this chapter, the errors associated with the 

pore size distribution fits for the nitrogen gas adsorption isotherms are notably worse for 

UiO-68-Me4 and UiO-68-NH2 (Figure 2.9 and Table 2.5). We are thus hesitant to overly 

interpret these pore size distributions. The pore size distributions of UiO-68-Me4 exhibits 

two pores form the nitrogen gas adsorption isotherms. (11 Å and 17.5 Å in width). The 

amino-functionalized UiO-68-NH2 illustrates only one dominant pore centred around 15 Å 

wide. This pore is consistent with the octahedral pore. Unlike UiO-66 and UiO-67, which 

have pore widths larger than their amino-functionalized counterparts, UiO-68-Me4 has an 

octahedral pore width smaller than UiO-68-NH2. 
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Figure 2.10: Nitrogen isotherms (left) and Pore size distributions (right) of UiO-66 (A) 

UiO-66-NH2 (B) UiO-67 (C) UiO-67-NH2 (D) UiO-68-Me4 (E) and UiO-68-NH2 (F). 

The yellow trace represents the unfunctionalized MOFs while the green trace represents 

the amine functionalized MOFs. 
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This is attributed to the larger steric profile of the four methyl groups in UiO-68-Me4. These 

four methyl groups are facing the insides of the pores thereby reducing the amount of free 

volume inside of these pores. These values are within the range of the previously mentioned 

computational values.82 

2.2.3.2.3 Argon Isotherms for Pore Size Distribution  

For all the MOFs, we further probed the argon gas adsorption isotherms, measured 

at 77 K (Figure 2.11). Using a smaller probe gas could potentially allow for exploration 

into the micropore region. Using argon compared to nitrogen also eliminates any potential 

binding from the quadrupole in nitrogen gas. The analysis of argon gas adsorption is 

recommended to be done at 87 K. However, this is very difficult without access to liquid 

argon or a cryo-chiller. Since this is a common obstacle in the MOF community models 

for argon adsorption at 77 K have been developed. With these models, I had hoped to 

confirm the presence of a tetrahedral pore in the UiO-66’s and UiO-67’s. 

Figure 2.11 illustrates both the argon adsorption curves and the pore size 

distribution for all six MOFs analyzed in this study. We can first observe that the isotherms 

are different from those obtained from the nitrogen isotherms at 77 K; this is especially 

true for UiO-66-NH2 and UiO-67-NH2. Furthermore, assessing the argon accessible BET 

surface areas (Table 2.6) we notice large discrepancies between these values and those 

calculated from the nitrogen isotherms. The differences in the calculated surface area can 

be attributed to the analysis temperature of 77 K being below the triple point of argon 

leading to complications in pore filling. With this potential complication in mind, I did not  
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want to over interpret these results. 

 

Table 2.6: Nitrogen and argon gas accessible surface areas for UiO MOFs. 

 Gas accessible BET Surface Areas (m2/g) 

MOF Nitrogen Argon 

UiO-66 1480 1400 

UiO-66-NH2 1100 690 

UiO-67 2500 1734 

UiO-67-NH2 2000 1120 

UiO-68-Me4 3475 2770 

UiO-68-NH2 3350 5400 
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Figure 2.11: Argon isotherms (left) and pore size distributions (right) of UiO-66 (A) 

UiO-66-NH2 (B) UiO-67 (C) UiO-67-NH2 (D) UiO-68-Me4 (E) and UiO-68-NH2 (F). 
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 Examining the pore size distributions of these MOFs (Figure 2.11,B,D,E) they 

appear to be much different to those calculated from the nitrogen gas adsorption. This 

discrepancy can be attributed to the analysis temperature of 77 K compared to the 

recommended 87 K for argon isotherms. The pore size distribution models that we have 

access to for argon gas at 77 K are not great representations of gas adsorbing to the surface 

of a MOF, leading to hesitation to say if the tetrahedral pore would be present or not.  

 While I had hoped that using argon gas adsorption would provide meaningful 

insight into the tetrahedral pores of UiO-66s and UiO-67s, this was not the case. Without 

access to liquid argon, or a cryo-chiller capable of maintaining 87 K there were no pore 

size models available to give meaningful results. 

2.2.4 Water Adsorption Isotherms 

With the pore characteristics determined, we turned our attention to water 

adsorption isotherms carried out at 295 K. Figure 2.12A illustrates the water adsorption 

isotherms for the unfunctionalized MOFs (UiO-66, UiO-67, and UiO-68-Me4) while 

Figure 2.12B illustrates the water adsorption isotherms for the amino-functionalized MOFs 

(UiO-66-NH2, UiO-67-NH2, and UiO-68-NH2); the data are summarized in Table 2.7 with 

the isotherms displayed in Figure 2.12. Figure 2.19 displays the water isotherm with the 

desorption curve present. 

To further understand the interactions between the water vapour and the MOF we 

first need to determine the mechanism at which the water vapour is adsorbing. The three 

main mechanisms were outlined in Section 2.1. The first is capillary condensation. 
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Examining the desorption isotherms (Figure 2.12 clear points), none of the isotherms show 

a hysteresis loop consistent with capillary condensation.141 The third method was the water 

cluster/droplet forming in the pore without contact to the pore walls due to the presence of 

extremely hydrophobic ligands. In the six MOFs that were examined, the ligands used are 

not extremely hydrophobic. An example of an extremely hydrophobic ligand would be the 

use of 2,2’,3,3’,5,5’,6,6’-octafluoro[1,1’-biphenyl]-4,4’-dicarboxylate ligand on UiO-67. 

Since these MOFs do not fall into these two water adsorption mechanisms, they must fall 

into the water cluster growth mechanism. We hypothesize that the cluster growth occurs 

from the hydrophilic Zr6O4(OH)4
12+ node. 
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There are three main features associated with these isotherms: the pre pore-filling 

stage, pore-filling, and the post pore-filling adsorption capacity. The results obtained for 

 
Figure 2.12: Water isotherms of (A) UiO-66 (green) UiO-67 (yellow) and UiO-68-Me4 

(grey) and (B) UiO-66-NH2 (green) UiO-67-NH2 (yellow) and UiO-68-NH2 (grey). 
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UiO-66 (Figure 2.12 top, green trace) are consistent with previously published 

results.184,187–189 It should be noted that, in this work, UiO-66 shows greater water vapour 

uptake than previous literature values. This is due to the higher surface area than reported 

in other works. Previously published UiO-66 water adsorption shows a total uptake of 

2.2 mol H2O/m2 surface area,188 normalizing our uptake capacity we obtain 

2.1 mol H2O/m2 surface area indicating that our uptakes are in agreement with previously 

published results. 

a No water cluster formation region is observed. 

Table 2.7: Water adsorption data of UiO MOFs. 

MOF 

Adsorption  

onset (RH) 

Pcond/Psat  

(RH) 

Adsorption Step 

Width 

(RH) 

UiO-66 22% 30.95 ± 0.08 18.4± 0.03 

UiO-66-NH2 0%a 11.94 ± 0.13 38.3 ± 0.04 

UiO-67 47% 52.89 ± 0.08 14.4 ±0.03 

UiO-67-NH2 20% 

32.4 ± 0.03 

49.9 ± 0.05 

24.8 ±0.07 

14.0 ± 0.13 

UiO-68-Me4 75% 79.00 ± 0.03 7.63 ± 0.10 

UiO-68-NH2 36% 

32.4 ± 0.03 

49.9 ± 0.05 

16.8 ± 0.07 

23.1 ± 1.4 
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2.2.4.1 Pre Pore-Filling 

It has been suggested that the pre pore-filling in MOFs is due to node-centred water 

cluster growth.189 As illustrated in Figure 2.13, the pre pore-filling stage seems to stop at 

roughly the same uptake for all six MOFs. Normalizing the water adsorption isotherms for 

the water:zirconium ratio (Figure 2.13), we notice that all the MOFs adsorb approximately 

one water molecule per zirconium molecule just as pore filling starts. Where the MOFs 

defer is at the relative humidity that this ratio occurs. The smaller the pore, the lower the 

relative humidity. This suggests that the water cluster formation stage is dependent on the 

pore sizes and pore functionality of the MOFs. From an application point of view, these 

results indicate that as long as the relative humidity remains below the pore filling step, 

water can safely co-exist within the MOF and with other analytes in the pore. Extrapolating 

to larger MOFs, the relative humidity under which advantageous cooperative 

behaviour/adsorption can occur is expected to increase without risk. 

Examining the amino-functionalized MOFs, the trend of the pre pore-filling 

occurring when the water/zirconium ratio is 1:1 is still observed. However, the point at 

which this ratio occurs is shifted to much lower relative humidity. UiO-66-NH2 reaches 

this ratio as soon as water adsorption starts, where the unfunctionalized UiO-66 does not 

have this ratio until almost 20% relative humidity. UiO-67-NH2 and UiO-68-NH2 both 

obtain this ratio lower than the unfunctionalized parent material, 27% and 39% lower 

respectively. The pore sizes for the amino functionalized MOFs are comparable to the 

unfunctionalized versions, meaning the reason for the stark change in the pre pore-filling 

portion of the isotherms must come from the addition of the amino functionality. 
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Figure 2.13: Water molecules adsorbed per zirconium molecule for (A) UiO-66 (green) 

UiO-67 (yellow) and UiO-68-Me4 (grey) and (B) UiO-66-NH2 (green) UiO-67 NH2 

(yellow) and UiO-68- NH2 (grey) (bottom). 
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2.2.4.2 Pore Filling 

With the pre pore-filling adsorption examined, we turned our attention to 

pore-filling of water in the pores. For the three unfunctionalized MOFs (UiO-66, UiO-67, 

and UiO-68-Me4) and UiO-66-NH2, the condensation stage occurs in one step. For 

UiO-67-NH2, and UiO-68-NH2, the condensation occurs in two steps. For UiO-67-NH2, 

the second step is due to a small impurity of biphenyl-4,4’-dicarboxylate (BPDC) in the 

2-aminobiphenyl-4,4’-dicarboxylate (NH2-BPDC) ligand; this produces some amount of 

UiO-67 with UiO-67-NH2. For UiO-68-NH2 the relative contribution of the first step 

depends on the synthetic procedure (Appendix A).  

To further ascertain how the pores are changing, we calculated the apparent contact 

angle of the water inside the pore via the Kelvin equation (Equation 2.2). 

ln (
𝑃𝑐𝑜𝑛𝑑

𝑃𝑠𝑎𝑡
) =  

2V𝑚𝛾 cos 𝜃

r𝑘RT
 2.2 

 

The Kelvin equation relates the partial pressure (Pcond/Psat) at which the centre of 

the adsorption step occurs (Table 2.6, column 3) to the adsorbate properties (the molar 

volume of liquid water, Vm; and the liquid/vapour surface tension, γ), the adsorbent 

properties (pore width, rk), and the interactions between the adsorbent and the adsorbate 

(contact angle, θ; in this work we refer to this as the apparent contact angle). While the 

Kelvin equation is likely an oversimplification of the physical properties inside the MOF, 

the apparent contact angle facilitates a comparison between different MOFs.  
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The Kelvin equation is typically used for capillary condensation that is occurring 

inside the pore of a material, and while this may not be the mechanism at which the water 

droplet forms inside of the MOF it still can be used to calculate the droplet size. The contact 

angle will still hold true for the droplet of water as it does not matter how the droplet had 

formed. Due to the roughness of the surface of the material we were not able to directly 

measure the contact angle that has formed between the droplet and the surface of the MOF. 

Even if we were able to perform this measurement, it may not reflect the interaction of the 

water vapour and the inside of the pore.  

Qualitatively, as the pore size of the MOF increases, the relative pressure associated 

with pore filling shifts to higher relative humidity. This is consistent with the Kelvin 

equation, which illustrates that the position of the condensation step (Pcond/Psat) shifts to 

higher relative pressure as the pore width (rk) increases. Comparing the 

amino-unfunctionalized MOFs with those of their respective amino-functionalized 

counterparts, a shift in Pcond/Psat to lower relative humidity is observed. Given that the pairs 

of MOFs (e.g., UiO-66 vs. UiO-66-NH2) have similar pore size distributions (rk), the stark 

difference in water adsorption must be due to a change in the adsorbent adsorbate 

properties within the pore (θ); unsurprisingly, the amino-functionalized MOFs appear more 

hydrophilic (smaller apparent contact angle, θ) than their unfunctionalized counterparts. 
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Using the pore size distributions form nitrogen gas adsorption isotherms as a 

measure for the pore width in the Kelvin equation (Equation 2.2, 2*rk), and Pcond/Psat from 

the water adsorption isotherms, a quantitative measure of the apparent contact angle (θ) 

can be calculated (Table 2.8). Assuming the surface of the framework was perfectly 

wettable (θ = 0°), the pore width for UiO-66 would be 18.4 Å. This is considerably larger 

than the expected pore width from the nitrogen gas adsorption isotherm. This implies that 

the surface of UiO-66, and the larger MOFs, is not perfectly wettable. Adjusting the 

apparent contact angle (θ) until the calculated pore width (2*rk in Equation 2.2) matches 

the observed pore size distribution (Figure 2.6), the apparent contact angle for UiO-66 is 

estimated to be 54.0°. The more hydrophilic UiO-66-NH2 has an apparent contact angle 

that is 41° lower (13.0°). As the ligand length increases, so does the apparent contact angle 

(Table 2.8). However, the effect of the amino substituent on the apparent contact angle 

decreases considerably with increasing pore width (17° decrease for UiO-67-NH2 and a 

Table 2.8: Calculated apparent contact angle and pore width of UiO MOFs. 

MOF Apparent Contact angle (º) 

Cylindrical Pore Width 

(2*rk) (Å) 

UiO-66 54.0 10.8 

UiO-66-NH2 13.0 9.89 

UiO-67 66.5 13.5 

UiO-67-NH2 49.5 12.4 

UiO-68-Me4 83.1 10.8 

UiO-68-NH2 71.0 14.7 
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12.1° decrease for UiO-68-NH2). This suggests a cooperative effect when the amino 

substituents are in proximity of the node. This further suggests that the ligands are 

hydrophobic in the absence of any hydrogen bonding groups. 

The position of the amino group in UiO-66-NH2 is different than the position in 

UiO-67-NH2 and UiO-68-NH2. Figure 2.14 illustrates the difference in position of the 

amino-functionality in UiO-66-NH2 and UiO-67-NH2. While we know that the pore shape 

for these MOFs is octahedral and tetrahedral, the square 2D illustration is much simpler 

and the discussion remains the same. 

UiO-66-NH2 has the amino functional group pointing towards a cluster, where 

UiO-67-NH2 and UiO-68-NH2 always have the amino functional group pointing 

approximately into the centre of the pore and not near the cluster. We had originally 

hypothesized that the water cluster formation begins from the hydrophilic zirconium 

centre. Having the amino functional group that is capable of hydrogen bonding with water 

 
Figure 2.14: Position of -NH2 functional group in UiO-66-NH2 (left) and UiO-67-NH2 

(right). 
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molecules near the zirconium node creates a synergistic relationship that makes these 

materials more hydrophilic. 

The apparent contact angle calculated for these MOFs are consistent with 

hydrophilic materials. With the exception of UiO-66-NH2, which borders on a perfectly 

wettable (θ = 0° would yield a dominant pore with of 10.1 Å), the remaining MOFs have 

apparent contact angles comparable to common organic polymers (e.g., poly(vinyl 

acetate) = 80°, polymethyl methacrylate = 68°, polycarbonate = 88°).190–192  

Given the relationship between pore aperture/functionality and the water adsorption 

isotherms, it is reasonable to conclude that the pore-filling step should mirror the pore size 

distribution. (Figure 2.15). It is no surprise that the pore is centred at the same size, as the 

pore size from the nitrogen isotherm was used in the Kelvin equation. The interesting result 

however is the breadth of the peak distribution determined from both nitrogen gas and 

water vapour adsorption are similar. Only large discrepancies are noticed in UiO-68-NH2 

and to a lesser extent UiO-68-Me4; both of these MOFs had pore size distributions that had 

higher errors than would be ideal for determining the breadth and distribution of pore sizes. 

This illustrates that the breadth of the water adsorption step is related to the breadth of the 

pore size distribution within the MOF. 
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To further look at the adsorption process, we extracted the isosteric enthalpies of 

adsorption for UiO-66 using variable temperature water vapour adsorption data. Water 

 

Figure 2.15: Comparison of the pore size distribution from nitrogen adsorption isotherms 

(yellow trace) and the determined pore size from the Kelvin equation simulated water 

vapour adsorption isotherms (green trace). (A) UiO-66, (B) UiO-66-NH2, (C) UiO-67, 

(D) UiO-67-NH2, (E) UiO-68, (F) UiO-68-NH2. 
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isotherms were measured at 295, 305 and 315 K (Figure 2.16) in order to extract the 

enthalpies of adsorption. 

 

Figure 2.16: Water isotherms of UiO-66 measured at 295 K (green trace) 305 K (yellow 

trace) and 315 K (grey trace). Lines represent the fit of the isotherm using equation 2.3. 
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2.3 

For isosteric heats of adsorption, a chemically meaningful equation is often the best 

choice (see Chapter 3), however, any equation that fits the data well and interpolates 

between the data points is sufficient to determine the isosteric heats of adsorption. Thus, 

for isosteric heats of adsorption, the three water isotherms were fit using the equation 
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above. The data was fit in the data plotting software SigmaPlot 13, using a global fit having 

Qmax1, Qmax2, and Qmax3 being locked into being the same value for all three isotherms and 

fit to Equation 2.3. The above equation is not chemically meaningful, but it is a good model 

of the experimental data. In the equation Qadsorbed represents the quantity of gas adsorbed. 

The first term in the equation is used to fit the pre step portion of the isotherm. The 

remaining three terms represent three different adsorption sties (steps) in the isotherm. In 

each one of these steps, Qmax represents the maximum quantity adsorbed for the site. P is 

the pressure. Pcond represent the pressure of condensation at one of three different sites. β 

relates to the width of the step associated with the pore size at each site. The parameters a, 

Qmax1, Qmax2, and Qmax3 were forced to being identical for all 3 temperatures; this is a 

chemically reasonable restraint that states the number of absorption sites at each site stay 

constant across the temperature range explored. Furthermore, this enabled us to better fit 

the low-pressure data necessary to determine the isosteric heats at low loadings. The 

isosteric heats at constant loading were numerically determined. This was done through the 

Clausius-Clapeyron equation, with the error for the isosteric heats of adsorption being 

determined from the error of the slope in the Clausius-Clapeyron equation. 
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Figure 2.17: Isosteric heats of adsorption of water adsorbed onto UiO-66. The error bars 

are derived from the error associated with the slope of the fit to the Clausius Clapeyron 

equation. 

As shown in Figure 2.17 for water adsorption leading up to 1 water:zirconium, the 

enthalpies are quite high owing to the formation of the first node-water interaction. 

Subsequently, the enthalpies reflect the enthalpy of vaporization for water (−44 kJ/mol). 

Having a high enthalpy of adsorption for the first interaction of node-water interaction 

supports our hypothesis that before any water cluster growth can occur the ratio of water 

to zirconium must be 1:1. 

2.2.4.3 Water Adsorption capacity 

In comparison to the nitrogen gas adsorption isotherms, the water adsorption 

capacity for all the MOFs appears more similar than different. Normalizing the water 
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adsorption isotherms to water per zirconium (Figure 2.13), an interesting observation 

emerges. The water adsorption isotherms seem to only adsorb 5 (UiO-66-NH2 and UiO-67, 

UiO-68-NH2), 8 (UiO-66, UiO-67-NH2), or 10 (UiO-68-Me4) water molecules per 

zirconium. UiO-66 and UiO-66-NH2 have the smallest pore sizes, as determined by the 

nitrogen adsorption isotherms, and they adsorb 8 and 5 molecules of water per zirconium 

respectively. As the ligand size is expanded, it would be expected that the number of water 

molecules per zirconium centre should increase. However, UiO-67-NH2 only adsorbed 

8 molecules of water per zirconium, the same as UiO-66 which has much smaller pores. 

Similarly, UiO-67 adsorbed 5 molecules of water per zirconium, the same as UiO-66-NH2 

which again, has much smaller pores. We hypothesized that UiO-67-NH2 could adsorb 

more water per zirconium centre that unfunctionalized UiO-67 due to the presence of more 

defects (one missing ligand versus two, Table 2.1), along with the addition of the amino 

functional group. With more missing ligands, there are more open zirconium sites for the 

water vapour to adsorb. Moving into UiO-68-Me4 and UiO-68-NH2 it is observed that 

UiO-68-Me4 has the largest water vapour adsorption per zirconium molecule at ten, where 

the amino version only showed five. While UiO-68-Me4 adsorbed the most, it was only 

two water molecules more than UiO-66, which had a pore size of almost half of those in 

UiO-68-Me4. 

These observations lead us to believe that if the ligand is extended beyond one 

phenylene group (UiO-66/UiO-66-NH2), then the water molecules cluster around the node 

with neighbouring clusters not able to connect with each other (Figure 2.18). It is unclear 

from this work if water clusters around each node, like a shell, or around each zirconium 
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(Figure 2.18). We hypothesize that this is around each zirconium rather than each node, 

but computational work is necessary to confirm this. Of particular note is that there is 

considerable space remaining in the larger MOFs for other gases to fill the unused volume 

and interact with the node/water cluster. 

 The presence of this excess space makes these materials ideal for separation of 

water from different gas mixtures such as carbon dioxide or methane that may contain 

traces of water vapour. It also provides an avenue of exploration for mixed gas adsorption 

experiments. If water vapour is present in the MOF, does it make it more favorable or more 

difficult to adsorb other gases such as carbon dioxide or nitrogen.  

 
Figure 2.18: Water cluster growth from the cluster of UiO-66 (top) UiO-67 (middle) and 

UiO-68-Me4 as the relative humidity increases (left to right). 
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2.2.5 Water Swing Experiments 

The recyclability of these materials was also investigated by performing water 

isotherms that consisted of an adsorption to a given point followed by a desorption curve 

back down to a lower humidity. Analyzing how closely the adsorption curve follows the 

desorption curve will give us insight on how well water vapour desorbs from the material. 

If there are any detrimental effects from the desorption of water, then they would also 

become apparent in these cycling studies. Of the desorption isotherms, it appears that 

UiO-66 displays a small amount of hysteresis, which indicates that the desorption of the 

water vapour is relatively easy. This is consistent with the water cluster growth mechanism 

discussed in Section 2.1. The hysteresis observed for UiO-66 is not the typical hysteresis 

that MOF chemists are used to seeing. In typical hysteresis, there is a difference in the 

desorption and adsorption isotherms, with the desorption isotherm found further to the left 

of the adsorption isotherm (Figure 2.2B). In the case of the water isotherms for UiO-66 the 

hysteresis is observed in the vertical direction, where the desorption curve appears higher 

than the adsorption curve Figure 2.2C. 

 The UiO-67s and UiO-68s do not show the same desorption trace, in these 

isotherms the hysteresis is  more difficult to interpret (Figure 2.19). This can be interpreted 

in a few different ways. The first being that there the initial binding of water is very strong, 

and the desorption requires more energy to remove thereby causing the hysteresis. The 

second interpretation is that there is a structural change in the MOF. For example, the MOF 

could have decomposed after being exposed to water vapour and the water vapour becomes 

chemically bonded to the resulting decomposition material. While the desorption trace on 
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the isotherm can provide insight that one of these scenarios occurred, it cannot tell which 

one occurred. To determine this, we performed pressure swing experiments. If the 

adsorption and desorption curves are reproducible, then it would indicate that the hysteresis 

is due to the water vapour not being completely desorbed under reduced pressure. If the 

desorption and adsorption curves are not reproducible, and the desorption curves end at 

drastically different points after being exposed to higher relative humidity, then it could 

indicate a structural change in the material. 

 
Figure 2.19: Water adsorption (color trace)/desorption (white trace) isotherms of (A) 

UiO-66 (green), UiO-67 (yellow), UiO-68-Me4 (grey), (B) UiO-66-NH2 (green), 

UiO-67-NH2 (yellow), UiO-68-NH2 (grey). 

The first MOF that was investigated was UiO-66, the sample was first exposed to 

approximately 20% relative humidity, followed by a desorption back to approximately 

15% relative humidity, followed by an adsorption to approximately 30% relative humidity, 

and then desorption back to 15% relative humidity. This was repeated until the sample 

reached approximately 90% relative humidity. The collected isotherms are shown in 

Figure 2.20. Figure 2.20A displays the low-pressure water vapour adsorption. In these 

experiments, it is observed that the desorption trace follows the adsorption trace quite well, 
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desorbing to roughly the same point. Desorbing from approximately 28% relative humidity 

(white trace with blue outline Figure 2.20A) shows a very small amount of hysteresis. This 

is very little compared to the amount present in the UiO-67s and UiO-68s (see below). This 

indicates that the process is reversible, and that the hysteresis is due to the water vapour 

having a strong interaction with the MOF and not being able to completely desorb at the 

same pressure the adsorption occurred at; lower pressure and potentially heat would be 

required to remove any residual water. This data also indicates that the material remains 

intact. When these experiments are extended to higher relative humidity (Figure 2.20B), 

including relative humidity values above the pore-filling step, the same trend is observed. 

For UiO-66 only a very small amount of hysteresis observed after each additional run, 

confirming that the material has remained intact when the water is desorbed under vacuum. 
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Figure 2.20: Water swing isotherms of UiO-66 at low pressure (A) and full relative 

humidity range (B). The solid makers indicate the adsorption curves while the unfilled 

markers represent the desorption curves. Each colour represents a new 

adsorption/desorption swing. 
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Preforming the same series of experiments on UiO-67 can provide insight into the 

stability and water adsorption and desorption process. In our hands and in the literature, it 

has been observed that UiO-67 is more sensitive in the presence of water compared to 

UiO-66.89,93,193 With this sensitivity in mind, I hypothesized that several cycles would be 

very detrimental to the MOF.  

 Examining the low-pressure water isotherms shown in Figure 2.21A it is evident 

that the adsorption and desorption processes are reversable, especially in the low-pressure 

region. Hysteresis is not present until the MOF is exposed to 55% relative humidity and 

then desorbed. 55% relative humidity is about half of the way up the large adsorption step 

that is present in the water isotherm. The desorption trace (white with green outline; 

Figure 2.21B) ended just below 100 cm3/g. This is the same value that is observed from 

the desorption trace in Figure 2.19A. This suggests that the hysteresis observed may be due 

to strong MOF-water interactions that would require even lower pressures, or potentially 

heat, to fully remove the adsorbed water. The observed hysteresis was not necessarily a 

change in the structure of the material. To determine if there was a structural change further 

cycling experiments would be required. 

Once the MOF is brought to saturation (Figure 2.21B, green trace) there were some 

very different results. The desorption curve (Figure 2.21B, white trace with green outline) 

did not follow the adsorption closely and displayed some hysteresis indicating some water 

remains adsorbed. Furthermore, each time UiO-67 was dosed to a higher relative humidity 

(Figure 2.21B, maroon, grey, and blue trace) the original curvature and saturation that was 

observed in a single run (Figure 2.19A) is no longer observed. This indicates that there was 
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a structural change in the material after exposure to water vapour at these relative 

humidities.  

In our hands after a single water isotherm of UiO-67 from 0% relative humidity to 

90% relative humidity desorption down to 10% displayed a complete loss of surface area 

indicating that decomposition of the material occurs. This agrees with literature 

observations as mentioned in Section 1.2.2. The activation from water via heat and vacuum 

can be problematic. Hupp, Farah and coworkers have reported that placing UiO-67 in liquid 

water for 24 hours does not alter the powder X-ray diffractogram.88 However, once the 

sample has been exposed to liquid water and activated under heat and vacuum a loss in 

crystallinity and porosity is observed. The authors attribute this to the capillary forces 

associated with the removal of water. It has also been demonstrated that washing the 

water-soaked MOF with organic solvents (acetone) to remove any water from the pores 

and heating the MOF under vacuum retains both the surface area and crystallinity. The data 

presented here do not completely agree with the results of Hupp, Farah and coworkers. In 

the experiments that were performed UiO-67 was exposed to a slightly different 

environment. I hypothesize that the decomposition of UiO-67 must occur under 

vapour-based conditions. Our data indicates that UiO-67 decomposes when exposed to 

humidity conditions above the large uptake of water vapour (54% and 75% relative 

humidity) regardless of the activation procedure. 
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These same experiments were performed for UiO-68-Me4 (Figure 2.22), and similar 

results were observed for that of UiO-66 and UiO-67. Below the step in the isotherm, the 

 
Figure 2.21: Water swing isotherms for UiO-67. (A) showing the low-pressure 

adsorption. (B) showing adsoprion and desorption acorss the full relative humidity range. 

Each colour represents a new adsorption/desorption swing. 
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adsorption and desorption curves are very reversible. Cycling below the large upswing in 

relative humidity, there is very little difference between the adsorption and desorption 

curves; there is no notable hysteresis. Once the MOF is exposed to relative humidity above 

the large upswing in the water isotherm (ca. 75% RH), then hysteresis is observed. As the 

MOF is cycled from saturation back down to 20% relative humidity, the ending point of 

the desorption curve is always around the same point, roughly 100-150 cm3/g (2 water 

molecules per zirconium), and the hysteresis curves appear to be similar when exposed to 

higher relative humidity. It is of particular note that the higher the relative humidity that 

the sample is exposed to leads to a desorption curve that ends at a higher quantity adsorbed. 

This could be due to strong interactions between the initially adsorbed water molecules and 

incoming water molecules that only occur at higher relative humidity. This provides insight 

that the hysteresis is due to the removal of the water vapour and the hysteresis loop may 

completely close with lower pressure. With the hysteresis curves being so consistent, it is 

a strong indicator that the material is not as sensitive to decomposition as observed with 

UiO-67. 
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I hypothesize that the increased stability of UiO-68-Me4 comes from the presence 

of the four methyl groups on the ligand. The addition of these methyl groups restricts the 

 
Figure 2.22: Water swing isotherms for UiO-68. (A) showing the low-pressure 

adsorption. (B) showing adsorption and desorption across the full relative humidity 

range. Each colour represents a new adsorption/desorption swing. 
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movement of the aromatic rings, making it behave similar to UiO-66. UiO-67 on the other 

hand has free rotation between the two aromatic rings. If a water molecule was to cleave 

the zirconium-oxygen bond, then the biphenyl ligand may rotate to a lower energy 

confirmation and the free carboxylate may not be close enough to the cluster to re-attach. 

UiO-66 only has one aromatic ring, and UiO-68-Me4 loses a lot of that dihedral rotation 

due to the sterics of the methyl groups. If a ligand was to detach from these MOFs it has a 

better chance to reattach to the cluster.  

2.2.6 Long Term Water Vapour Studies 

The obtained data illustrates that water vapour clusters around the node. To 

ascertain how this affects the MOF, we examined the nitrogen-accessible BET surface area 

of the unfunctionalized MOFs after expose to water vapour at relative humidity below the 

pore filling step. Humidity chambers of 25%, 54%, and 75% were made using potassium 

acetate, magnesium nitrate, and sodium chloride saturated solutions in water. As has been 

previously demonstrated, and verified herein, when UiO-66 is exposed to 75% humidity 

(above the relative humidity required for saturation) for 100 days, the nitrogen-accessible 

BET surface area remained unchanged.194  

UiO-67 on the other hand did not show the same long-term stability that we 

observed in UiO-66. After as little as one day at 75% relative humidity there is almost a 

complete loss of nitrogen-accessible surface area (Figure 2.23 green trace). 75% relative 

humidity is above the threshold for saturation of UiO-67 making it no surprise that the 

MOF had decomposed.88–90,93 
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When exposed to 54% relative humidity, an environment where there is still 

adsorption of water (greater than one water per zirconium) but not saturation of water, there 

was still complete loss of nitrogen accessible surface area after as little as four days 

(Figure 2.23 yellow trace). This result gave an interesting insight into why the MOF may 

be decomposing. If activation from water was the only issue, then we should not see a 

larger loss in surface area as time progressed. With the result observed for the 54% relative 

humidity exposure it indicates that the presence of water vapour, will cause the 

decomposition of the MOF, not necessarily the activation from water alone. The 

decomposition happens faster at a relative humidity closer to that required for saturation, 

which is why the decomposition happened faster when exposed to 75% relative humidity. 

At 25% relative humidity exposure, an environment much lower than the uptake of one 

water molecule per zirconium molecule there was no significant change in the nitrogen 

accessible surface area even after 100 days, indicating there was not enough water vapour 

present to cause the decomposition of the MOF. 
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With regards to UiO-68-Me4, at over 100 days at 54% RH there was no significant 

loss in the surface area. Agreeing with the observations made for UiO-67 suggesting that 

exposure to humidity below the large upswing in water adsorption had no detrimental effect 

to the MOF. 

Furthermore, the powder X-ray diffractograms were measured of all six MOFs after 

a water isotherm just below the large upswing in water adsorption was measured. The 

diffractograms are shown in Figure 2.24 A and for each of the UiO-66s there is no evidence 

of deviation from the sample prior to humidity exposure; all peaks remain consistent with 

the fresh MOF and the simulated diffraction pattern.  

Since UiO-67 lost all porosity when exposed to 75% and 54% relative humidity 

there was no new information to be learned measuring the diffractograms of these samples. 

It was more insightful to expose them to humidity below the large upswing in adsorption 

 
Figure 2.23: Nitrogen Isotherms of UiO-67 measured after 1 day at 75% relative 

humidity (green trace) and four days at 54% relative humidity (yellow trace). 
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to determine if the crystallinity is retained. An adsorption and desorption isotherm were 

preformed up to 40% relative humidity. From Figure 2.24B it is clear that the 

diffractograms of UiO-67 and UiO-67-NH2 remain unchanged indicating the material 

remains crystalline after exposure to humidity below that of the large upswing in 

adsorption. UiO-67-NH2 (Figure 2.24 B) did show some peak broadening at 3-5° 2θ and a 

loss of most peaks above 10° 2θ. 40% relative humidity is part way up the adsorption curve 

for UiO-67-NH2, this broadening and loss of peaks may be due to slight decomposition of 

the MOF.  

Examining the diffractograms from the UiO-68s we see that the materials remain 

crystalline after being exposed to a relative humidity of approximately 70%. There is no 

observed peak broadening or missing peaks. Just like UiO-67, exposing the material to 

below the pore filling step there is no observed loss in crystallinity, this once again 

illustrates that at partial pressures below the pore-filling stage, these MOFs are stable for 

prolonged periods of time. 
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Figure 2.24: Powder X-ray diffractograms for UiO-66 (A) UiO-67 (B) UiO-68 (C). i) 

simulated spectrum, ii) unfunctionalized pre-water exposure, iii) unfunctionalized 

post-water exposure, iv) amino functionalized pre-water exposure and v) amino 

functionalized post water exposure. 
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2.3 Conclusions 

Water adsorption onto porous materials shows great promise for removal of water 

vapour from the air. Simultaneously, for other applications, water vapour adsorption may 

inhibit or enhance chemistry inside a porous material. The work presented herein presents 

an in-depth look at zirconium-based MOFs by analyzing the water adsorption isotherms 

using nitrogen adsorption isotherms as a point of comparison. 

Extending our results toward the applications of zirconium-based MOFs, there are 

three conclusions that can be drawn from our work. Firstly, at relative pressures below the 

occurrence of pore-filling, water reversibly adsorbs approximately one water molecule per 

zirconium centre. This indicates that the porous structure is still capable of adsorbing other 

gases and may even offer advantageous hydrogen bonding to assist in adsorption, catalysis, 

and/or chemical reactivity. Furthermore, at these partial pressures, we observed no 

detrimental effect on these MOFs. Secondly, the hydrophobicity of the pore increases as 

the pore width increases. These results indicate that zirconium-based MOFs as large or 

larger than UiO-68 are safe from interference or structural changes at most humidity levels. 

This is ideal for MOF applications in high humidity environments where we expect water 

to safely co-exist with the MOF. Lastly, with consideration to HVAC systems, UiO-66 is 

an ideal candidate for passive HVAC systems. The onset of water adsorption is centred 

around the ideal indoor air conditions. 
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2.4  Experimental 

2.4.1 General Methods 

All reagents were purchased from chemical suppliers and used without further 

purification. 1H-NMR was collected on a Bruker 300 or 500 Avance spectrometer, with the 

instrument used specified in the description for each synthesis procedure. 

2.4.2 Synthesis 

2′‐amino‐1,1′:4,1′′‐terphenyl‐4,4′′‐dicarboxylic acid (NH2-H2TPDC) 

 
Scheme 2.1: Synthesis of 2'-amino-1,1:4,1''-terphenyl-4,4''-dicarboxylic acid. 

The first step in the synthesis of NH2-H2TPDC was a Suzuki coupling to form the 

terphenyl ligand with an ethyl protected carboxylic acid, 

diethyl-2'-amino-1,1:4,1''-terphenyl-4,4''-dicarboxylate (Et-NH2-TPDC) Similar to 

literature methods,195 94 mL of N,N-dimethylformamide (DMF) and 80 mL of deionized 

water were combined in a 3-neck 500 mL round bottom flask and sparged with nitrogen 

gas while stirring. After thirty minutes 3.7116 g (14.913 mmol) of 2,5-dibromoanaline, 

8.1487 g (45.255 mmol) of 4-(ethoxycarbonyl)phenylboronic acid, 5.600 g (82.341 mmol) 
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of sodium bicarbonate, and 0.1200 g (0.5118 mmol, 3.4 mol%) of palladium acetate was 

added to the flask. The contents were heated at 363 K for sixteen hours under a flow of 

nitrogen gas. Subsequently, the reaction was cooled to room temperature and the grey 

precipitate was isolated by suction filtration. The precipitate was dissolved in ethyl acetate 

and washed with water to remove any salts from the organic fraction. The layers were 

separated, and the organic layer was dried over magnesium sulfate. The solvent was 

removed under heat and reduced pressure to yield a brown solid of Et-NH2-TPDC with a 

52% yield (3.0179 g, 7.755 mmol). The 1H-NMR spectrum was collected on a Bruker 

500 MHz Avance spectrometer. The data were consistent with literature values.195 

1H-NMR (500 MHz, Chloroform-d): δ 8.10 (d, J = 8.2, 2H), 8.07 (d, J = 8.2, 2H), 7.63 (d, 

J = 8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 7.8 Hz, 1H), 7.06 (dd, J = 7.8, 1.8 

Hz, 1H), 6.98 (d, J = 1.8 Hz, 1H), 4.37 (q, J = 7.2 Hz, 2H), 4.36 (q, J = 7.2 Hz, 2H), 1.38 

(t, J = 7.2 Hz, 3H), 1.37 (t, J = 7.2 Hz, 3H). 

Synthesis of 2′‐amino‐1,1′:4,1′′‐terphenyl‐4,4′′‐dicarboxylic acid (NH2-H2TPDC) 

To deprotect Et-NH2-H2TPDC, the brown solid was added to a 250 mL round 

bottom flask containing 65 mL of tetrahydrofuran (THF). The flask was heated at 338 K. 

Once the temperature was reached, 32 mL of 5.5 mol/L potassium hydroxide (KOH) in 

methanol was added and allowed to reflux overnight. The reaction was then removed from 

heat and cooled to room temperature. The precipitate was isolated by suction filtration, and 

subsequently suspended in 65 mL of THF. 3.3 mL of trifluoracetic acid was added to the 

suspension and the suspension was stirred for two hours. The yellow product was isolated 

by suction filtration and washed with deionized water (3 × 100 mL) followed by methanol 
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(3 × 20 mL). The 1H-NMR spectrum was collected on a Bruker 300 MHz Avance III 

spectrometer. The spectrum for NH2-H2TPDC was consistent with the literature.196 This 

reaction was quantitative. 1H-NMR (300 MHz, DMSO-d6): δ 8.02 (d, J = 8.2 Hz, 4H), 7.74 

(d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 7.9 Hz, 1H), 7.16 (d, J = 1.8 Hz, 

1H), 7.02 (dd, J = 7.9, 1.8 Hz, 1H).195 

2’,3’,5’,6’-Tetramethyl-[1,1’1:4’,1’’-terphenyl]-4,4’’-dicarboxylic acid 

(Me4-H2TPDC) 

 
Scheme 2.2: Synthesis of 2’,3’,5’,6’ tetramethyl [1,1’1:4’,1’’ terphenyl] 4,4’’ 

dicarboxylic acid. 

Similar to NH2-H2TPDC the first step in the synthesis of Me4-H2TPDC was a 

Suzuki coupling that would yield the terphenyl ligand with an ethyl protected carboxylic 

acid, diethyl-2’,3’,5’,6’ tetramethyl [1,1’1:4’,1’’ terphenyl] 4,4’’ dicarboxylate 

(Et-Me4-TPDC). In a slightly modified method from the literature,197 5 mL of DMF and 

5 mL of deionized water were combined in a 20 mL Biotage microwave vial and sparged 

with nitrogen gas for thirty minutes. After sparging, 0.1050 g (0.3596 mmol) of 

3,6-dibromdurene, 0.2050 g (5.154 mmol) of 4-(ethoxycarbonyl)phenylboronic acid, 

1.1500 g (7.570 mmol) of cesium fluoride and 0.0200 g (0.01731 mmol, 1.6 mol %) of 
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tetrakis(triphenylphosphine)palladium(0) was added to the vial and sparged with nitrogen 

gas for five minutes. The vial was placed in a Biotage Initiator microwave reactor for 

thirty-five minutes at a temperature of 413 K. The reaction was subsequently cooled to 

room temperature and the precipitate was isolated by suction filtration. The filtrate was 

washed with deionized water (2 × 25 mL) followed by washing with acetone (3 × 15 mL) 

resulting in a grey precipitate of Et-Me4-H2TPDC in a 75% yield (0.1133 g, 0.2634 mmol). 

The 1H-NMR spectrum was collected on a Bruker 500 MHz Avance spectrometer. The 

data was consistent with literature values.197 1H-NMR (500 MHz, Chloroform-d): δ 8.12 

(d, J = 8.6 Hz, 4H), 7.26 (d, J = 8.6 Hz, 4H), 4.41 (q, J = 7.1 Hz, 4H), 1.91 (s, 12H), 1.42 

(t, J = 7.1 Hz, 6H). Note: CDCl3 overlaps with the doublet at 7.26 ppm, the integration of 

half the doublet was utilized to determine the relative integration. 

Synthesis of 2’,3’,5’,6’-tetramethyl-[1,1’1:4’,1’’-terphenyl]-4,4’’-dicarboxylic acid 

(Me4-H2TPDC) 

The product of the Suzuki-coupling from the previous step, Et-Me4-TPDC, was 

dissolved in 40 mL of THF/methanol mixture (50:50) and 20 mL of 1 mol/L KOH in water 

was added and allowed to reflux overnight. The mixture was then removed from heat and 

allowed to cool to room temperature. The organic solvents were removed under reduced 

pressure and heat. The remaining solution was acidified with 1 mol/L hydrochloric acid 

until a pH of 1 was reached. At this point, a white powder was observed. The precipitate 

was isolated by suction filtration and washed with deionized water (3 × 25 mL) and 

methanol (3 × 10 mL). The 1H-NMR spectrum was collected on a Bruker 300 MHz Avance 

III spectrometer. The data was consistent with literature values.197 This reaction was 
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quantitative. 1H-NMR (300 MHz, DMSO-d6): δ 8.04 (d, J = 8.3 Hz, 4H), 7.29 (d, J = 8.3 

Hz, 4H), 1.87 (s, 12H). 

2-Nitrobiphenyl-4,4’-dicarboxylate (NH2-H2BPDC) 

 
Scheme 2.3: Nitration overview of H2BPDC. 

Nitration Overview 

The first step in the production of NH2-H2BPDC, is the nitration of dimethyl 

biphenyl-4,4’-dicarboxylate. Traditionally, the literature preparations for this step are done 

on relatively large scales (ca. 20 g).198 In our hands, scaling down the reaction without 

further modifications lead to a mixture of the mono-, di-, and un-substituted complexes. 

The main modification for this reaction is to use a more dilute HNO3/H2SO4 solution, to 

prevent localized high concentrations of HNO3, and to pre-cool the HNO3 solution. We 

believe that scaling down this reaction results in every drop of HNO3/H2SO4 solution 

overreacting before it can evenly mix into solution. The more dilute solution slows down 

the kinetics thereby preventing the formation of the di-nitrated compound. 
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Synthesis of 2-nitro-dimethyl-biphenyl-4,4’-dicarboxylate  

In a 25 mL round bottom flask, 0.5000 g (1.850 mmol) of dimethyl 

biphenyl-4,4’-dicarboxylate was dissolved in 5 mL concentrated H2SO4. 12 mL of a 

concentrated solution of H2SO4 with 0.125 mL of HNO3 was chilled in an ice bath for 

fifteen minutes. The diluted HNO3/H2SO4 solution was added dropwise to the 25 mL round 

bottom flask with stirring. The temperature was maintained below 278 K. The solution was 

stirred for thirty minutes and subsequently poured into a 600 mL beaker full of ice 

producing a white precipitate. The solution was stirred for forty-five minutes before the 

precipitate was isolated by suction filtration, washed with 500 mL of deionized water, and 

allowed to dry overnight to give a 92% yield (0.5366g, 1.703 mmol). The 1H-NMR 

spectrum was collected on a Bruker 300 MHz Avance III spectrometer. 1H-NMR 

(300 MHz, Chloroform-d): δ 8.56 (d, J = 1.7 Hz, 1H), 8.30 (dd, J = 8.0, 1.7 Hz, 1H), 8.12 

(d, J = 8.6 Hz, 2H), 7.54 (d, J = 8.0 Hz, 1H), 7.41 (d, J = 8.6 Hz, 2H), 4.00 (s, 3H), 3.95 

(s, 3H). 

Synthesis of 2-amino-dimethyl-biphenyl-4,4’-dicarboxylate 

In a 250 mL round bottom flask 0.6600 g (2.093 mmol) of 

2-nitro-dimethyl-biphenyl-4,4’-dicarboxylate was dissolved in a 50:50 mixture of THF and 

methanol. 0.0700 mg (0.06578 mmol) of 10% palladium on carbon was added. The flask 

was capped with a rubber septum and a balloon of hydrogen (aprox. 4 L) was used to sparge 

the solution. An additional balloon of hydrogen (aprox. 4 L) was used to maintain a positive 

pressure of hydrogen over the reaction. The reaction was stirred overnight (ca. twenty 
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hours) at room temperature. The next morning, the solution was filtered through celite and 

washed with 20 mL of THF and 20 mL of methanol. The solvent was removed under 

reduced pressure resulting in a brown solid. No further purification was performed. This 

reaction was quantitative. The 1H-NMR spectrum was collected on a Bruker 300 MHz 

Avance III spectrometer. 1H-NMR (300 MHz, Chloroform-d): δ 8.13 (d, J  = 8.3 Hz, 2H), 

7.55 (d, J  = 8.3 Hz, 2H), 7.49 (dd, J  = 7.9 Hz, 1.6 Hz, 1H), 7.45 (d, J  = 1.6 Hz, 1H), 

7.18 (d, J  = 7.9 Hz, 1H), 3.95 (s, 3H), 3.92 (s, 3H).  

Synthesis of 2-amino-biphenyl-4,4’-dicarboxylic acid (NH2-H2BPDC) 

In a 250 mL round bottom flask 0.5000 g (1.753 mmol) of 

2-amino-dimethyl-biphenyl-4,4’-dicarboxylate was dissolved in 50 mL of THF and 50 mL 

of 1 mol/L aqueous KOH solution. The resulting solution was heated to 313 K and stirred 

overnight. Subsequently, the organic solution was removed under heat and reduced 

pressure. The aqueous solution was acidified with 1 mol/L hydrochloric acid until a pH of 

1 was reached. The resultant off white precipitate was isolated by suction filtration and 

washed with 150 mL of deionized water (3 × 50 mL). This reaction was quantitative. The 

1H-NMR spectrum was collected on a Bruker 300 MHz Avance III spectrometer. 1H-NMR 

(300 MHz, DMSO-d6): δ 8.00 (d, J  = 8.3 Hz, 2H), 7.57 (d, J  = 8.3 Hz, 2H), 

7.42 (d, 1.7 Hz, 1H), 7.22 (dd, J  = 7.8 Hz, 1.7 Hz, 1H), 7.12 (d, J  = 7.8 Hz, 1H).199  

Synthesis of UiO-66 

UiO-66 was synthesized according to previously published literature procedures as 

follows.56 0. 1255 g (0.5385 mmol) of zirconium tetrachloride and 0.1247 g (0.7506 mmol) 
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of terephthalic acid were added to a 25 mL Duran vial. To the vial 15 mL of DMF and 

1 mL of concentrated hydrochloric acid was added, and the vial capped. The solution was 

sonicated until all solids were dissolved resulting in a clear colourless solution, this took 

approximately five minutes. Once all solids were dissolved the vials were placed in a 353 K 

oven overnight. The jar was removed from the oven cooled to room temperature and the 

resulting solid and solution was transferred to a 50 mL centrifuge tube and centrifuged at 

7800 RPM for three minutes, the solution was decanted and 15 mL of fresh DMF was 

added, and the process was repeated three times. After three washes with DMF the same 

process was repeated with methanol three times. After the final washing the centrifuge tube 

with the white powder was placed in an oven at 353 K overnight to remove any residual 

methanol. 

Synthesis of UiO-66-NH2 

UiO-66-NH2 was synthesized following previously published literature procedures 

as follows.56 0.1340 g (0.7481 mmol) of 2-aminoterepthalic acid was added to a 25 mL 

Duran vial followed by 0.1250 g (0.5364 mmol) of zirconium tetrachloride. 15 mL of DMF 

was then added followed by 1 mL of concentrated hydrochloric acid. This solution was 

then sonicated until a clear yellow solution remained. The reaction mixture was then placed 

in a 353 K oven overnight. Upon removal from the oven the mother liquor was exchanged 

for 25 mL of methanol, both solution and resulting precipitated were transferred to a 

100 mL round bottom flask, the Duran vial was then rinsed with an additional 25 mL of 

methanol, and this was added to the round bottom flask and refluxed overnight. The 

reaction was then removed from heat and transferred to a 50 mL centrifuge tube. The 
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resulting precipitate and solution were centrifuged at 7800 RPM for three minutes. The 

methanol was then decanted, and 20 mL of fresh methanol was added, and the tube was 

shaken to redistribute the solid and it was then placed back into the centrifuge and the 

process was repeated a total of three times. Once this was complete the methanol was 

decanted and the solid was placed in a 353 K oven overnight to dry. 

Synthesis of UiO-67 

UiO-67 was synthesized by using previously published procedures as follows.56 

0.0673 g (0.2888 mmol) of zirconium tetrachloride and 0.0922 g (0.3806 mmol) of 

4,4-biphenyldicarboxylic acid were added to a 25 mL Duran vial. To the vial 15 mL of 

DMF and 0.5 mL of concentrated hydrochloric acid was added and the vial capped. The 

solution was sonicated for approximately ten minutes, not all the solids dissolved. Once 

sonication was complete, the vials were placed in a 353 K oven overnight. The jar was 

removed from the oven, cooled to room temperature and the resulting solid and solution 

was transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for three min. The 

solution was decanted and 15 mL of fresh DMF was added and the process was repeated 

three times. After three washes with DMF, the same process was repeated with methanol 

three times. After the final washing the centrifuge tube with the white powder was placed 

in an oven at 353 K overnight to remove any residual methanol. 

Synthesis of UiO-67-NH2 

UiO-67-NH2 was synthesized by using previously published procedures as 

follows.56 0.0670 g (0.288 mmol) of zirconium tetrachloride and 0.0920 g (0.395 mmol) of 
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2-amino-biphenyl-4,4’-dicarboxylic acid was added to a 25 mL Duran vial. To the vial 

15 mL of DMF and 0.5 mL of concentrated hydrochloric acid was added, and the vial 

capped. The solution was sonicated for approximately ten minutes, not all the solids 

dissolved. Once sonication was complete, the vials were placed in a 353 K oven overnight. 

The jar was removed from the oven, cooled to room temperature, and the resulting solid 

and solution was transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for 

three minutes. The solution was decanted and 15 mL of fresh DMF was added. This process 

was repeated three times. After three washes with DMF the same process was repeated 

with methanol three times. After the final washing the precipitate was transferred to a vial 

to be used in a Tousimis Samdri-PVT-3D supercritical drier with fresh anhydrous ethanol. 

The ethanol was exchanged twice a day for fresh anhydrous ethanol for three days. On the 

third day, the MOF was supercritical dried in order to activate the material. 

Synthesis of UiO-68-Me4 

Method A (Post-COVID shutdown procedure): Following the synthesis by 

Goswami et al.35 In a 50 mL Pyrex jar, 0.1200 g (0.3724 mmol) of zirconyl chloride 

octahydrate, 0.1000 g (0.2685 mmol) of Me4-H2TPDC, 20 mL of DMF, and 1.000 g of 

benzoic acid (8.189 mmol) were combined and sonicated for three minutes. The resulting 

solution was placed in the oven at 373 K overnight. Once removed from the oven and 

cooled to room temperature, the mixture was transferred to a 50 mL centrifuge tube and 

centrifuged for five minutes at 7800 RPM. The solution was decanted, and (25 mL) fresh 

DMF was added, shaken, centrifuged, and the solution was decanted. This process was 
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repeated a total of three times. This process was then repeated three times with 25 mL 

methanol. The resulting precipitate was placed in a vacuum oven at 353 K overnight. 

Method B (Pre-COVID shut down procedure): This MOF was prepared from a 

slightly modified procedure outlined by Cui et al.180 In a 50 mL Pyrex Jar, 0.0460 g 

(0.197 mmol) of zirconium chloride, 0.0640 g (0.171 mmol) of Me4-H2TPDC, 40 mL of 

DMF, and 1 mL of trifluoroacetic acid were combined and sonicated for three minutes. 

The resulting solution was placed in the oven at 393 K for four days. Once removed from 

the oven and cooled to room temperature the mixture was transferred to a 50 mL centrifuge 

tube and centrifuged for five minutes at 7800 RPM. The solution was decanted, and 

(25 mL) fresh DMF was added, shaken, centrifuged, and the solution was decanted. This 

process was repeated a total of three times. This process was then repeated three times with 

25 mL methanol. The resulting precipitate was placed in a vacuum oven at 353 K overnight. 

Synthesis of UiO-68-NH2 

Method A (Post COVID shutdown): In a slightly modified procedure outlined by 

Schaate et al.181 0.1200 mg (0.5150 mmol) of zirconium tetrachloride, 1.8800 g of benzoic 

acid (15.394 mmol) and 20 mL of DMF were combined in a 50 mL Pyrex jar and sonicated 

for three minutes. After sonication a clear colorless solution resulted, 0.1700 g 

(0.5100 mmol) of NH2-H2TPDC and 0.028 mL of deionized water were added and sonicate 

again for three minutes to form a cloudy yellow solution. This was placed in a 393 K oven 

overnight. Once removed from the oven and cooled to room temperature, the sample and 

solvent were transferred to a 50 mL centrifuge tube and centrifuged for five minutes at 
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7800 RPM. The solution was decanted, and (25 mL) fresh DMF was added, shaken, 

centrifuged, and the solution was decanted. This process was repeated a total of three times. 

This process was then repeated three times with 25 mL methanol. The resulting precipitate 

was placed in a vacuum oven at 80 °C overnight. 

Method B (Pre-COVID shutdown): Following a slightly modified literature 

procedure,96 In a 50 mL Pyrex jar 0.1300 mg of L-proline (1.129 mmol), 0.0540 mg of 

zirconium tetrachloride (0.2317 mmol), 0.0730 mg of NH2-H2TPDC (0.2190 mmol) and 

10 mL of DMF were combined and sonicated for five minutes and a cloudy yellow solution 

formed. 20 µL of concentrated hydrochloric acid was added and sonicated again for two 

minutes. This was then placed in a 393 K oven overnight. Once removed from the oven 

and cooled to room temperature, the sample and solvent were transferred to a 50 mL 

centrifuge tube and centrifuged for five minutes at 7800 RPM. The solution was decanted 

and (25 mL) fresh DMF was added, shaken, centrifuged, and the solution was decanted. 

This process was repeated a total of three times. This process was then repeated three times 

with 25 mL acetone. The resulting precipitate was placed in a vacuum oven at 353 K 

overnight. 

2.4.3 Gas Adsorption 

Excluding UiO-67-NH2, prior to gas adsorption measurements, samples were 

activated on a Micrometrics Smart Vac-Prep by heating at a rate of 5 K/min to 363 K and 

holding at this temperature for thirty minutes under vacuum. Subsequently, the sample was 

heated to 423 K at 5 K/min and held for six hundred minutes under vacuum. UiO-67-NH2 
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was activated by first exchanging the synthesis solvent with ethanol over several days and 

subsequently activated by supercritical drying using a Tousimis Samdri-PVT-3D 

supercritical drier.56,200 

Nitrogen Isotherms were collected on a Micrometrics 3Flex instrument at 77 K. 

Water isotherms were measured at 295 K on a Micrometrics 3Flex instrument. In order to 

expose the sample to water vapour, a 3Flex sample holder containing 5 mL of distilled, 

deionized water was installed on one of the three sample ports and subsequently used as a 

dosing port. Prior to analysis, the water was subjected to three freeze-pump-thaw cycles to 

remove any dissolved gases. 

2.4.4 Thermogravimetric Analysis 

Thermogravimetric analysis was run on 6-10 mg of sample using a TA instruments 

Q500. The samples were heated under air with a flow rate of 50 mL/min starting at room 

temperature and ending at 923 K at a rate of 10 K/min. 

2.4.5 Powder X-Ray Diffraction 

Powder X-ray diffraction patterns were collected on Rigaku XtalLAB Synergy-S X-ray 

diffractometer with a copper radiation source with the divergent slits set to 86%. Patterns 

were measured from 3º to 50º in 2θ. 
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Chapter 3 : Structure Property Relationship Between UiO 

Based Metal-Organic Frameworks and Carbon Dioxide 

Adsorption 
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3.1  Introduction 

Carbon dioxide levels in the atmosphere have been increasing over the past several 

decades. This has led to increased global temperatures, melting of ice caps, and rising ocean 

levels, as previously mentioned in Section 1.3.2. One of the primary sources for this change 

is the burning of fossil fuels and various industrial processes. With this in mind, a great 

deal of research using MOFs to remove carbon dioxide from the environment has been 

undertaken, as discussed in detail in Section 1.3.2. The work examines how pore structure 

and function relate to the adsorption of carbon dioxide (i.e., structure 

property-relationships). With the multitude of node/ligand combinations and the resultant 

3D porous structures, there are many structure property relationships that yield insights 

regarding what makes a MOF excel at carbon dioxide adsorption. Many strategies and 

examples of MOFs being used for carbon dioxide adsorption can be found in Section 1.3.2. 

Additional examples include the work of Long and co-workers who have shown that 

cooperative behaviour of terminal amino groups in Mg2(dobpdc) (dobpdc = 

4,4'-dioxidobiphenyl-3,3'-dicarboxylate), installed via post synthetic modification onto the 

open metal sites in Mg2(dobpdc), can lead to the formation of a carbamate.125 They have 

also shown that while the addition of the terminal amine is important, the length of the 

functional group is also important. With a functional group of a certain length hydrogen 

bonding between the amine of the functional group on the neighboring cluster is present, 

allowing for the carbamate to be held in place (Figure 3.1).124  
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Figure 3.1: Formation of a carbamate from inside Mg2(dobpdc). The carbamate is 

stabilized by hydrogen bonds from nearby metal clusters.  

In the work of Shimizu and co-workers, modification of the pore size and aperture 

of Zn2(Atz)2ox (Atz, 3-amino-1,2,4-triazole and ox, oxalate) has shown a larger uptake in 

carbon dioxide adsorption compared to reported MOFs.51,201 The authors attribute the 

orientation of the Atz and ox in the pores of the MOF for this enhanced adsorption. Two 

different locations for the carbon dioxide to bind have been identified, the first being near 

the free amine group of the Atz ligand and the second being near the ox ligand. In the first 

position near the free amine group, Shimizu and coworkers have shown X-ray 

crystallographic data that suggest that the hydrogen molecules of the free amine group have 

hydrogen bonding interactions with the ox groups that are in backbone of the MOF. This 

indicates that the carbon dioxide is coordinated through the interaction of the lone pair on 

the nitrogen atom and the carbon atom of carbon dioxide. The second interaction is between 

the oxygen of carbon dioxide and the carbon of the ox ligand in the backbone of the MOF. 

They had also observed an interaction between the oxygen of the carbon dioxide in the first 

position and the carbon atom of the carbon dioxide in the second position.  
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In UiO-66, Morris and co-workers have shown, through IR and computational 

studies, that there are three different places that the carbon dioxide molecules are able to 

bind in the MOF.202 The first binding location is through hydrogen bonding between the 

µ3-OH found inside the zirconium cluster and an oxygen atom of the carbon dioxide. The 

second location is identified as carbon dioxide being located inside the smaller tetrahedral 

the pore and dispersion forces with the π-electrons present in the benzene dicarboxylate 

ligand. The final binding site they discuss for UiO-66 is the binding between the incoming 

carbon dioxide gas and a zirconium molecule from the cluster that has an open coordination 

site due to missing ligand defects. 

With our ongoing interest in gas phase chemistry in MOFs, and especially those 

gases that are present in the atmosphere, we were interested in further exploring the 

structure property relationship of carbon dioxide adsorption in UiO-66 and UiO-67.  

Traditionally, researchers would modify the functional groups decorating the pore 

to study the structure property relationships. One of the simplest modifications we can 

imagine from the UiO family of MOFs would be the addition of a pendant amine group to 

compare the uptake capabilities of UiO-66 and UiO-66-NH2. In 2014 Janiak and coworkers 

published a paper that explored how the addition of an amine functional group to 

Cr-MIL-101 would change the carbon dioxide adsorption of the MOF.203 They quickly 

realized the importance of the additional amino group as the carbon dioxide adsorption at 

1 bar and 293 K increased from 15.5 weight percent in the unfunctionalized MOF to 

22.2 weight percent in the amino functionalized MOF. Its also common to explore an 

increase in the pore sizes of the materials, an example from the UiO family of MOFs would 
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be the increase in pore size moving from UiO-66 to the larger pore UiO-67. In the literature 

Rosi et al. synthesized a zinc MOF with biphenyl dicarboxylate ligands that is anionic.204 

The MOF is charge balanced by a cationic species, normally dimethylammonium. By 

changing the cationic species to larger molecules such as tetramethylammonium, 

tetraethylammonium or tetrabutylammonium the volume of the pore would change. They 

observed a decrease in pore volume from 0.75 cm3/g in the parent material containing 

dimethylammonium cation, to 0.65 cm3/g when the tetramethylammonium cation is used, 

to 0.55 cm3/g when tetraethylammonium cation is used, and 0.37 cm3/g when the 

tetrabutylammonium cation is used. With this decrease in pore volume there is an increase 

in the carbon dioxide enthalpy of adsorption, The smallest pore volume MOF was found 

to have an enthalpy of adsorption of –31.2 kJ/mol while the unfunctionalized MOF had an 

enthalpy of adsorption of –21.9 kJ/mol. While this is an important methodology for 

structure property relationships, there are other comparisons that have not been explored. 

We were interested in examining the role of defects and how they can alter carbon dioxide 

adsorption.  

Defects are inherent to all materials. They are entropically favoured and 

enthalpically disfavoured resulting in an optimal number of defects based on the synthesis 

and inherent properties of a material. What has made defect studies in MOFs so challenging 

is that often it is difficult to control the number and types of defects. As illustrated in 

Chapter 2, missing ligand defects are very common in UiO MOFs when made via the very 

commonly used hydrochloric acid procedure. It has been shown that approximately one to 

two missing ligand defects are formed in  UiO-66, UiO-67, and their derivatives.36,38 
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Thankfully, for the UiO family of MOFs, controlling defects has been well examined. Zhou 

and co-workers have investigated the role of adding small amounts of acetic acid (final 

concentrations of 0.3 to 1.2 M) and had discovered that increasing the amount of acetic 

acid lead to a higher number of defects present.205 They had also noted that increasing the 

reaction time from 24 to 48 hours results in the formation of larger pore volumes, indicating 

missing ligand defects. In these systems, the shape of the isotherm deviates from what is 

traditionally observed. This suggest that mesopores are beginning to form. Furthermore, 

Behrens and co-workers have investigated the role of benzoic acid as a modulator in 

UiO-66 and UiO-67.181 They have reported that adding up to 30 equivalents of benzoic 

acid during the synthesis of these MOFs leads to the incorporation of more ligands, 

decreasing the number of missing ligand defects.  

The UiO family of MOFs were discussed in detail in Section 1.2. In brief, these 

MOFs contain a central zirconium cluster with the formula Zr6O4(OH)4
+12. These clusters 

are connected by linear ditopic organic ligands (benzene dicarboxylate for UiO-66, and 

biphenyl dicarboxylate for UiO-67).23,56 Once the ligands and clusters are combined, 

porous material containing a large octahedral pore and smaller tetrahedral pore is formed. 

By varying the synthetic procedure, the missing ligands are either replaced by capping 

carboxylate groups or terminal water/hydroxide groups on the node.183,205 Post 

synthetically, the node of the MOF can be dehydrated. The dehydration removes any 

hydrogen-bond donor groups from the node while also creating an open site on the cluster 

where previously a µ3-OH group can be found.38 The new node has the formula Zr6O6
12+ 

and can be seen in Figure 3.2. 
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Lastly, Ameloot and co-workers have shown that partial solvolysis of some ligands, 

or the replacement of terminal water groups and terephthalate ligands with 

methanol/methoxy groups, is possible by soaking the MOF in methanol for up to three 

days.86 

The strategy illustrated above of adding a functional group and observing the 

change in the MOF behaviour is common in the literature, and quite effective. However, 

in this project we take a step back and want to examine the structure of the MOF and how 

the inherent pore features contributes to the adsorption properties of the materials. For 

example, we have the ability to examine how the defect free structure of UiO-66 adsorbs 

carbon dioxide in the presence of the µ3-OH and in the absence of it. Similarly, we can 

repeat these experiments with defect-containing UiO-66 in the presence and absence of the 

µ3-OH groups. In addition to this, steric bulk can be added to the defect sites by replacing 

the water/hydroxide defects with methanol/methoxy defects. This would not only remove 

the hydrogen-bonding water/hydroxide defects but also potentially change the pore size of 

the MOF. By repeating all of the work on UiO-66 with UiO-67, we can separate the role 

of the pore from that of the surface.  

 

Figure 3.2: Dehydration of the Zr6O4(OH)4
12+ cluster to Zr6O6

12+. 



Chapter 3: Carbon Dioxide Adsorption in UiOs 

164 

 

Based on the aforementioned synthesis/post synthetic modifications, we explore six 

variations of UiO-66 and six variations of UiO-67 for their carbon dioxide adsorption 

properties. These variants have enabled us to determine what features of zirconium-based 

MOFs favour carbon dioxide adsorption and what features are benign. 

3.2  Results and Discussion 

3.2.1 Pristine and Defective UiO-66 and UiO-67 

We started exploring the gas adsorption properties by first looking at UiO-66 that 

was synthesized with acetic acid as the modulator. Herein, we will refer to this MOF as 

UiO-66-AA to distinguish it from other procedures. As it is generally considered to contain 

little to no defects, it makes for an ideal starting point. UiO-66-AA was synthesized by 

reacting zirconium chloride and terephthalic acid in N,N-dimethylformamide (DMF) using 

acetic acid as the modulator in a ratio of 40:11 (v:v), or a concentration of 3.8 M. It has 

been well documented that this synthetic procedure produces octahedral shaped crystals 

with little to no missing ligands.206 Thus, UiO-66-AA is considered to be “pristine”. While 

defects are always present, in UiO-66-AA, it is well documented that the missing ligands 

are minimized; Audu et al. have shown that the MOF shows 5.5 of 6 ligands.206 To explore 

the impact of the acetic acid synthesis on the gas adsorption properties of UiO-66 we first 

looked at the nitrogen gas adsorption isotherms of UiO-66-AA (Figure 3.3). We see a 

typical Type I (Section 1.4.1) isotherm for UiO-66-AA with a nitrogen gas accessible BET 

surface area of 1725 m2/g (Table 3.1). 
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The pore size distribution was calculated (Figure 3.3) using the DFT model for 

cylindrical pores on an oxide surface. This revealed that we see one dominant pore around 

11 Å consistent with the literature and the octahedral shaped pore of UiO-66.56,82,184 The 

pore size distribution shows a small number of defect-based pores at 19 Å; this is far less 

than was observed in Chapter 2 (and below) for UiO-66 made with hydrochloric acid 

(UiO-66-HCl). While we cannot see the tetrahedral pore (computationally determined to 

be 3.8 Å)82 due to the limitations of the pore size distribution models available to us, the 

Table 3.1:Nitrogen accessable BET surface area of investigated UiO MOFs. 

MOF Surface area (m2/g) 

UiO-66-AA 1725 

UiO-66-HCl 1600 

UiO-67-AA 1500 

UiO-67-HCl 2400 

ΔUiO-66-AA 1460 

ΔUiO-66-HCl 1560 

ΔUiO-67-AA 1530 

ΔUiO-67-HCl 2130 

MeOH UiO-66-AA 1450 

MeOH UiO-66-HCl 1400 

MeOH UiO-67-AA 2430 

MeOH UiO-67-HCl 2100 
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presence of an octahedral pore size and the lack of a considerable amount of defect-based 

pores suggests that the tetrahedral pore of UiO-66 is intact. 

With the pristine nature of UiO-66-AA confirmed, it would be used as the baseline 

for comparison for all the other UiO-66 derivatives explored in this study. We explored the 

carbon dioxide gas adsorption properties as a function of temperature (278, 283 and 288 K) 

shown in Figure 3.4. In order to gain further insights into the thermodynamics of gas 

adsorption, we fit the three isotherms to single-site Langmuir equation (Equation 3.2). 

From the equilibrium constants obtained in the fit (K in Equation 3.2), we were able to 

extract the enthalpy of gas adsorption using a Van ’t Hoff plot as shown in Section 1.4.2. 

As shown in Table 3.2, the estimated maximum adsorption capacity for UiO-66-AA is 

 
Figure 3.3: Nitrogen gas adsorption isotherm (A) measured at 77 K and the pore size 

distribution of UiO-66-AA (B). 
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6.84 mmol/g with an exothermic enthalpy of adsorption of −24.3 ± 1.5 kJ/mol. This is close 

to the computationally calculated value of −26.2 kJ/mol by Maurin and co-workers and 

within the experimentally determined value of −26 to −24 kJ/mol by Walton and 

coworkers.207,208 The differences may be due to varying synthetic procedures. Walton and 

co-workers used a modulator free synthesis that may produce a different number of defects 

than the procedure we followed using acetic acid. The activation of the materials was also 

different, Walton activated their MOFs at 378 K under vacuum, while the MOFs that were 

used in this study were activated at 423 K. 

With our pristine UiO-66 examined, we turn our attention to a different synthetic 

procedure to form UiO-66. UiO-66 was synthesized using the same starting materials and 

 
Figure 3.4: Carbon dioxide gas adsorption isotherms of UiO-66-AA measured at 278 K 

(green trace), 283 K (yellow trace), and 288 K (grey trace). 
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solvent but using hydrochloric acid as the modulator (UiO-66-HCl) in a much lower ratio 

than acetic acid (DMF:HCl 15:1, v:v). This procedure has been shown to readily produce 

large quantities of UiO-66, derivatives of UiO-66, UiO-67, and derivatives of UiO-67.56 

Aside from the versatility of the hydrochloric acid procedure, it has been determined that 

this procedure produces UiOs with missing ligands (see Section 1.2.1). For UiO-66, it has 

been estimated that approximately one to two of the six ligands are missing.56 For every 

missing ligand, four zirconium-ligand bonds are replaced (two neutral and two anionic) 

with two water and two hydroxide groups (one pair per node); this retains the original 

geometry around each zirconium and the charge neutrality of the MOF. Given this, 

UiO-66-HCl would contain larger pores, more hydrogen bonding sites, and potentially 

metal sites that a guest can bond with (e.g., via a ligand substitution reaction). 

The obtained BET surface area of UiO-66-HCl is 1600 m2/g. This is slightly lower 

than that of UiO-66-AA, but not drastically different making these two MOFs easy to 

compare to one another. In looking at the two nitrogen gas adsorption isotherms 

(Figure 3.5), we also note that UiO-66-AA has a sharper bend (i.e., the “knee” of the 

isotherm) in the low-pressure region compared to UiO-66-HCl. The knee of the isotherm 

relates to the C constant is obtained when fitting data to the BET criteria (Section 1.4.4.1). 

The sharper the knee, the higher the C constant, indicating stronger interactions between 

the gas and the material. UiO-66-HCl is also suggested to have more defect pores, these 

pores occur at a larger pore size and can potentially account for the some of the observed 

difference in the curvature of the nitrogen isotherm. 
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To further explore the differences between these two MOFs, we also looked at the 

pore size distribution of UiO-66-HCl (Figure 3.5B). Unlike UiO-66-AA, we see a large 

decrease in the 8 Å and 11 Å pore with a concomitant increase in the defect-based pores 

(ca. 17 Å). As shown by Liang and coworkers as defect-based pores increase, the number 

of tetrahedral and octahedral pores decrease.184 

With these structural differences in mind, we were able to explore the relationship 

between the missing ligand defects and the carbon dioxide adsorption properties. As with 

UiO-66-AA, the carbon dioxide gas adsorption properties of UiO-66-HCl were measured 

at 278, 283, and 288 K. 

 
Figure 3.5: Nitrogen gas adsorption isotherms (A) measured at 77 K and pore size 

distribution plots (B) of UiO-66-AA (green trace) and UiO-66-HCl (yellow trace). 
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In looking at the difference between the carbon dioxide adsorption isotherms for 

UiO-66-HCl and UiO-66-AA (Figure 3.6), there is one main difference. In UiO-66-HCl, 

the curvature of the isotherms are less curved than that of UiO-66-AA. This indicates that 

UiO-66-HCl has a smaller equilibrium constant. To take a closer look at the 

thermodynamic parameters, we fit the isotherms to a single-site Langmuir equation and 

extracted the enthalpy parameters from a Van’t Hoff plot (Table 3.2). Calculating the 

enthalpy of adsorption for UiO-66-HCl, it was found to be −20.9 ± 0.7 kJ/mol which is 

3.4 kJ/mol higher (less exothermic) than UiO-66-AA. The maximum adsorption quantity 

(Qmax) between UiO-66-AA and UiO-66-HCl is very similar (6.84 versus 7.15 mmol/g, 

respectively); correcting for the molecular mass differences of the two, we get a near 

identical maximum adsorbed quantity of 11.2 mole CO2/mole UiO-66-AA versus 

11.3 mole CO2/mole UiO-66-HCl. The biggest difference between the two MOFs is that 

UiO-66-HCl has a 14% higher (less exothermic) enthalpy of adsorption (−20.9 kJ/mol vs. 

−24.3 kJ/mol) than the pristine UiO-66-AA. 
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Figure 3.6 Carbon dioxide gas adsorption isotherms of UiO-66-AA (circles) and 

UiO-66-HCl measured at 278 K (green trace), 283 K (yellow trace), and 288 K (grey 

trace). Solid line repersents the isotherm after fitting to the single-site Langmuir 

equation. 

Table 3.2: Calculated enthalpies of adsorption and maximum loadings. 

MOF ΔH (kJ/mol) (error) Qmax (mmol/g) (error) 

UiO-66-AA −24.3 (1.5) 6.84 (0.03) 

UiO-66-HCl −20.9 (0.7) 7.15 (0.03) 

UiO-67-AA −16.9 (1.8) 5.87 (0.06) 

UiO-67-HCl −21.2 (2.2) 8.93 (0.12) 

ΔUiO-66-AA −21.4 (1.4) 8.01 (0.06) 

ΔUiO-66-HCl −21.1 (1.0) 8.02 (0.04) 
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Table 3.2 (Continued) 

MOF ΔH (kJ/mol) (error) Qmax (mmol/g) (error) 

ΔUiO-67-AA −13.4 (2.4) 9.53 (0.15) 

ΔUiO-67-HCl −13.6 (2.7) 10.64 (0.18) 

MeOH UiO-66-AA −23.5 (1.7) 5.22 (0.03) 

MeOH UiO-66-HCl −28.4 (2.1) 7.91 (0.05) 

MeOH UiO-67-AA −19.4 (1.7) 7.70 (0.09) 

MeOH UiO-67-HCl −19.7 (2.5) 7.18 (0.07) 

The approximately 4 kJ/mol difference between UiO-66-AA and UiO-66-HCl 

suggests that there is a clear difference between the pristine material and the missing 

ligand-containing material. One possibility is that the structure of the pristine material 

contains surface binding sites (e.g., edges/corners) that are ideal for carbon dioxide 

adsorption. Alternatively, it is possible that one of the two pore sizes (tetrahedral or 

octahedral) is perfectly sized to tightly bind carbon dioxide. Morris and co-workers 

suggested that bridging in the tetrahedral site was important.202 To differentiate between 

these two hypotheses, we looked at UiO-67 made via the acetic acid and the hydrochloric 

acid route.  

UiO-67 contains the same zirconium-based node as UiO-66 but incorporates the 

longer biphenyl-4,4’-dicarboxylate ligand.56 For UiO-67, the pore size is much larger 

(3.8 versus 5.5 Å for the tetrahedral and 8.0 versus 13.1 Å for the octahedral). Thus, if the 

shape of the pores or a portion of the pores is important, then we should expect to see a 
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difference in the enthalpy of adsorption between UiO-67-AA and UiO-67-HCl, consistent 

with what was observed for UiO-66-AA and UiO-66-HCl. If it is the volume or size of the 

pores, then we expect a weaker interaction between carbon dioxide and either of these 

MOFs, as the pores are larger relative to UiO-66-AA or UiO66-HCl.  

Before we could explore the carbon dioxide adsorption of UiO-67-AA and 

UiO-67-HCl, we first examined the nitrogen gas adsorption isotherms and associated pore 

size distributions (Figure 3.7, Table 3.1). UiO-67-HCl has a 900 m2/g higher surface area 

than the pristine UiO-67-AA. Furthermore, UiO-67-HCl shows a clear step in the isotherm 

around a relative pressure of 0.15 P/Po. This step in the isotherm indicates the presence of 

defect-based pores. As shown in the pore size distribution, UiO-67-AA contains two pores 

at 12.7 and 15.5 Å. Meanwhile, UiO-67-HCl shows four different pore sizes, with one large 

broad pore centred around 25 Å. Just as in UiO-66-HCl, UiO-67-HCl has more ligand 

defect-based pores than the acetic acid made UiO-67-AA. This illustrates that UiO-67-AA 

and UiO-67-HCl are a good comparison for UiO-66-AA and UiO-66-HCl. 
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The carbon dioxide isotherms for UiO-67-AA and UiO-67-HCl are shown in 

Figure 3.8. Unlike the two UiO-66 MOFs explored, these isotherms look very similar to 

each other. The isotherms were fit to a single-site Langmuir model (Table 3.2). Comparing 

the two UiO-67s, it is important to note that UiO-67-HCl contains more adsorption sites 

(Qmax) than UiO-67-AA (8.93 mmol/g vs. 5.87 mmol/g); the difference is even larger if we 

consider the molecular weight differences between the two samples (18.9 versus 11.6 mole 

CO2/mole MOF, UiO-67-HCl and UiO-67-AA respectively). This suggests that the added 

defects in UiO-67-HCl allow for more carbon dioxide binding sites to exist; this is 

consistent with the much larger gravimetric surface area of UiO-67-HCl.  

 
Figure 3.7: Nitrogen gas adsorption isotherms (A) measured at 77 K, and pore size 

distribution plots (B) of UiO-67-AA (green trace) and UiO-67-HCl (yellow trace). 
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The carbon dioxide adsorption data suggests a few key points. Comparing 

UiO-67-HCl and UiO-66-HCl, we notice relatively similar enthalpies (−21.2 ± 2.2 kJ/mol 

vs. −20.9 ± 0.7 kJ/mol). However, for UiO-67-AA and UiO-66-AA, the enthalpies of 

adsorption are considerably different (−16.9 ± 1.8 kJ/mol vs. −24.3 ± 1.5 kJ/mol). The 

observation that UiO-66-AA has a notably lower (more exothermic) enthalpy of adsorption 

versus UiO-67-AA suggests that UiO-66-AA likely has an ideal pore size and architecture 

for carbon dioxide adsorption. This is likely due to confinement effects in one of the pores; 

if it was a structural effect (e.g., shape of the pore wall rather than the size of the pore), 

 
Figure 3.8: Carbon dioxide gas adsorption of UiO-67-AA (circles) and UiO-67-HCl 

(squares) at 278 K (green) 283 K (yellow) and 288 K (grey). Solid line repersents the 

isotherm after fitting to the single-site Langmuir equation. 
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then we would expect these MOFs to have similar enthalpies. With the larger pores in 

UiO-67, the confinement effects are greatly reduced.  

Given these results, UiO-67 allows us to explore the role of other structural effects 

in the absence of the confinement effects. For UiO-67-HCl, the presence of more defects 

seems to enhance carbon dioxide adsorption enthalpies and provide more adsorption sites. 

We hypothesis that the change in enthalpies is due to the presence of the OH-/H2O defects 

on the node that provide a hydrogen bonding site for the carbon dioxide molecule. As such, 

hydrogen bonding is important for carbon dioxide adsorption, but maybe not as important 

as confinement effects. It is possible the effects work in tandem or even that the presence 

of the hydrogen bonding groups are enough to constrict the pore to the “perfect” confined 

pore for carbon dioxide adsorption. 

3.2.2 Dehydration of the Zirconium Cluster 

To further explore the impact of hydrogen bonding, we heated the four MOFs at 

573 K overnight to dehydrate the MOF (Figure 3.9).38 In this scenario, the μ3-OH present 

on the cluster are removed in the form of a water molecule, an open metal site is created, 

and the OH-/H2O present on the node from defects are at least partially removed. 

 
Figure 3.9: Dehydration of the cluster in the UiO family of MOFs. 
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Examining the nitrogen isotherms (Figure 3.10A) of the heated UiO-66 samples, 

(ΔUiO-66) we notice that there is no significant change in the shape of the nitrogen 

isotherm or the nitrogen accessible BET surface area (Table 3.1). ΔUiO-66-AA had a 

surface area of 1460 m2/g compared to 1725 m2/g in the parent material. ΔUiO-66-HCl had 

a surface area of 1560 m2/g compared to the surface area of 1600 m2/g in the parent 

material. This indicates that there are little-to-no structural changes in the materials. To 

further explore this, we measured the powder X-ray diffractograms of these MOFs after 

heating (Figure 3.11). As shown in Figure 3.11, very little change was observed confirming 

that dehydration of the MOF did not result in structural collapse or other considerable 

changes to the porous structure.  

 
Figure 3.10: Nitrogen gas adsorption isotherms (A) measured at 77 K and the pore size 

distrubuition plots (B) of ΔUiO-66-AA (yellow trace) and ΔUiO-66-HCl (green trace). 
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Figure 3.11: Powder X-ray diffractograms of simulated UiO-66, UiO-66-HCl, 

UiO-66-AA, ΔUiO-66-HCl, and ΔUiO-66-AA. 

Examining the pore size distributions that are calculated from the nitrogen gas 

adsorption isotherms of the ΔUiO-66 samples (Figure 3.10B), we notice that the original 

trend that the acetic acid synthesis provides more of the octahedral pores and less of the 

defect-based pores remain even after heating; this further confirms that heating the material 

did not produce large changes in the number of defects or other structural changes 

(i.e., UiO-66 and ΔUiO-66 defer only in the presence/absence of H2O/OH- groups that can 

be thermally removed). Additionally, as shown in Figure 3.12, the pore size distribution 

did not drastically change from the original distribution. The comparison of UiO-66-AA 

pre- and post-heating show that there is slightly more of the defect-based pores present. In 
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UiO-66-HCl after heating the materials look very similar with almost no change in the pore 

size distribution. 

 
Figure 3.12: Pore size distributions of UiO-66-AA (A) and UiO-66-HCl (B) before 

(green trace) and after (yellow trace) heating at 573 K overnight. 

Looking at the carbon dioxide gas adsorption isotherms (Figure 3.13), we notice 

that the maximum uptakes (8.02 mmol/g, or 13.0 mole CO2/mole ΔUiO-66-AA, and 

8.01 mmol/g 11.7 mole CO2/mole ΔUiO-66-HCl) are relatively similar to one another as 

was observed in the hydrated UiO-66-AA and UiO-66-HCl. However, in the dehydrated 

samples, there is a roughly 4 kJ/mol increase (less exothermic) in the heats of adsorption 

for ΔUiO-66-AA (−24.3 ± 1.5 and −21.4 ± 1.0 kJ/mol respectively) and no change in the 

heats of adsorption for ΔUiO-66-HCl. For UiO-66-AA, this presents two options. Firstly, 

it is possible that the confinement effects in UiO-66-AA work in concert with hydrogen 



Chapter 3: Carbon Dioxide Adsorption in UiOs 

180 

 

bonding to generate the observed enthalpy of adsorption for UiO-66-AA.  Alternatively, 

the hydrogen bonding due to the presence of the µ3-OH may be negligible, and the 

increased enthalpy of adsorption may be due to the steric profile of the µ3-OH present in 

the node leading to the overall confinement effects. When the hydrogen bonding between 

the µ3-OH on the cluster and the carbon dioxide gas is lost, then the confinement effect is 

not as strong or completely absent leading to enthalpies similar to UiO-66-HCl, which do 

not have the confinement effects. For ΔUiO-66-HCl, the enthalpies of adsorption either 

suggest that hydrogen bonding is unimportant for carbon dioxide adsorption or that the 

dispersion interactions are similar in energy to the hydrogen bonding interactions. Once 

the MOF has been dehydrated, there are several open metal sites present (Figure 3.9), this 

is a common strategy used in the literature as previously discussed (Section 1.3.2.2). 

However, we see no significant increase in the adsorption of carbon dioxide when the 

cluster is dehydrated, indicating that while it may be effective for other MOFs, it is not 

effective in the UiO family.  
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Figure 3.13: Carbon dioxide gas adsorption of ΔUiO-66-AA (circles) and ΔUiO-66-HCl 

(squares) at 278 K (green) 283 K (yellow) and 288 K (grey). Solid line repersents the 

isotherm after fitting to the single-site Langmuir equation. 

To further understand why once the cluster has been dehydrated the enthalpies of 

adsorption for the UiO-66 samples were the same we examined the amount of carbon 

dioxide that was adsorbed at 800 mmHg. ΔUiO-66-HCl had an uptake of 2.16 mmol/g 

MOF. If we convert this to volume of carbon dioxide by using Equation 3.1, which is also 

known as the Gurvich rule.159 We see that the volume is 0.091 cm3 of carbon dioxide per 

gram of MOF. 

𝑉𝑝𝑜𝑟𝑒 =  
𝑛𝑔𝑎𝑠 𝑎𝑑𝑠

𝜌𝑙𝑖𝑞𝑢𝑖𝑑
 3.1 

In Equation 3.1 Vpore represents the volume of the pore, while ngas ads represents the moles 

of gas adsorbed, and ρliquid represent the density of the prob gas in liquid form. 
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Using Equation 3.1, the total pore volume required to hold the carbon dioxide at 

the point where the isotherm ends (800 mmHg) can be determined. This pore volume can 

then be compared to the pore volume calculated in the pore size distributions to determine 

what sized pores contain carbon dioxide. First, examining ΔUiO-66-HCl it is found that 

pores up to and including 14.5 Å contain carbon dioxide. If we compare that to 

ΔUiO-66-AA we see that the pores required to hold the quantity of carbon dioxide at 

800 mmHg end at approximately 10.2 Å. If we relate the pore enthalpy of adsorption to the 

size of the filled pores, we observe that UiO-66-AA has a stronger interaction with carbon 

dioxide compared to ΔUiO-66-AA. With the hydrogen bonding of the µ3-OH removed, we 

can see how important the confinement effects are as previously suggested.  

 
Figure 3.14: Nitrogen gas adsorption isotherms (A) measured at 77 K, and the pore size 

distribution plots (B) of ΔUiO-67 AA (green trace) and ΔUiO-67-HCl (yellow trace). 
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To further explore the role of hydrogen bonding, we examined the enthalpies of 

adsorption for ΔUiO-67-AA and ΔUiO-67-HCl. Using UiO-67 we are able to probe the 

importantance of hydrogen bonding as the larger pores that are present in UiO-67 to not 

have the confinement effects that we see in UiO-66. As with ΔUiO-66-HCl and 

ΔUiO-66-AA we examined the nitrogen gas adsorption isotherms and powder X-ray 

diffractograms to ensure that there was no notable change of the material caused by the 

dehydration of the MOF at 573 K. As illustrated in Figure 3.15 we see that there was no 

significant change in the nitrogen gas adsorption isotherms and both samples remained 

porous, while the powder X-ray diffractograms show that there was no change in the 

crystallinity of the material (Figure 3.15). 

 

 
Figure 3.15: Powder X-ray diffractograms of simulated UiO-67, UiO-67-HCl, 

UiO-67-AA, ΔUiO-67-HCl and ΔUiO-67-AA. 
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Comparing the pore size distributions of the heated samples to the parent material, 

as illustrated in Figure 3.16, we see that there has been no detrimental change in the pore 

sizes and the MOFs synthesized via the acetic acid procedure looks identical to the parent 

material Figure 3.16. 

 

Figure 3.16: Pore size distributions of ΔUiO-67-AA (A) and ΔUiO-67-HCl (B) before 

(green trace) and after (yellow trace) heating at 573 K overnight. 

Turning our attention to the carbon dioxide gas adsorption isotherms of the 

ΔUiO-67 samples, we notice something quite interesting. The isotherms for both the 

UiO-67-AA and UiO-67-HCl synthesis both lose much of their curvature and look very 

linear (Figure 3.17). This indicates a much lower equilibrium constant, which most likely 

reflects a much less exothermic enthalpy of adsorption. 



Chapter 3: Carbon Dioxide Adsorption in UiOs 

185 

 

 

Figure 3.17: Carbon dioxide gas adsorption of ΔUiO-67-AA (circles) and ΔUiO-67-HCl 

(squares) at 278 K (green), 283 K (yellow), and 288 K (grey). Solid line repersents the 

isotherm after fitting to the single-site Langmuir equation. 

Fitting the variable temperature carbon dioxide gas adsorption isotherms of 

ΔUiO-67-AA and ΔUiO-67-HCl to a single-site Langmuir isotherm model resulted in the 

enthalpies of adsorption becoming less exothermic for both MOFs, along with an increase 

in the Qmax values. The Qmax increased from 5.87 and 8.93 mmol/g to 9.53 and 

10.64 mmol/g. While the obtained curves of UiO-67-AA and UiO-67-HCl are able to be 

fit to a single-site Langmuir isotherm to determine the Qmax value with low errors 

associated, the plots lack the obvious curvature that is observed in UiO-66-AA and 

UiO-66-HCl. For this reason, I am hesitant to overinterpret the calculated Qmax values for 

these samples. If we turn our attention to the heats of adsorption, for ΔUiO-67-AA we 
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observe a change from −16.9 to −13.4 kJ/mol, and for ΔUiO-67-HCl the enthalpies 

increase (became less exothermic) from −21.2 to −13.6 kJ/mol. Clearly, the presence of 

hydrogen bonding groups is important for higher enthalpies of adsorption. With the 

hydrogen bonding sites present, there are favorable interactions leading to a higher 

enthalpy of adsorption. When these hydrogen boding sites are removed in the heated 

samples, both procedures yield identical (within error) enthalpy of adsorption. This 

suggests that the enthalpies of adsorption associated with hydrogen bonding between 

carbon dioxide and either UiO-66 or UiO-67 are similar. 

The enthalpy of adsorption for ΔUiO-66-HCl showed almost no change, and 

ΔUiO-66-AA showed approximately 3 kJ/mol increase as previously mentioned. If 

removing the µ3-OH only changed the hydrogen bonding environment, then the change in 

the ΔUiO-67 samples should be similar to what was observed in the ΔUiO-66 samples. 

Since the same increase is not observed in ΔUiO-67 (3.5 kJ/mol in ΔUiO-67-AA and 

7.6 kJ/mol in ΔUiO-67-HCl), there must be another difference in these samples. This 

difference can be accounted for through the dispersion interactions between carbon dioxide 

and the ligand, and they are lower in UiO-67. This can be explained by the electron 

withdrawing nature of the zirconium(IV) centres. The strongly withdrawing nature of four 

zirconium(IV) molecules on one aryl group (UiO-66) is greater than the two zirconium(IV) 

molecules (UiO-67) onto a singular aryl group; this puts a larger δ+ charge on the aryl ring 

in UiO-66 vs. UiO-67. This δ+ charge will attract a δ- charge, that can be found on the 

oxygen of the carbon dioxide. The stronger the δ+ charge the stronger the interaction with 

the carbon dioxide, and therefore the more exothermic the enthalpy of adsorption, as 
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observed in the ΔUiO-66. Returning to UiO-66-HCl, we hypothesize that the energy of the 

dispersion interaction are similar to that of the hydrogen bonding and thus the lack of 

hydrogen bonding does not amount to a large change in the observed enthalpies. 

Comparing the volume of carbon dioxide adsorbed in relationship to the pore 

volumes, as was performed for the ΔUiO-66 samples, it is observed that ΔUiO-67-AA has 

all its adsorption in pores that are 12 Å or smaller, while ΔUiO-67-HCl has carbon dioxide 

adsorbed in its 15 Å and smaller pores (Figure 3.14). Since the data are being fit to a 

single-site isotherm, the calculated enthalpy of adsorption that is observed comes from 

each pore that carbon dioxide is adsorbed in. We have previously seen how a smaller pore 

has a stronger interaction with carbon dioxide leading to a lower enthalpy of adsorption. 

As larger pores begin to adsorb carbon dioxide, the interaction would be weaker, and an 

increase in the enthalpy of adsorption would be observed. This trend is reported above for 

both ΔUiO-66 and ΔUiO-67.  

3.2.3 Functionalization of the Zirconium Cluster 

With this new insight into how defects on the cluster affect the adsorption of carbon 

dioxide, we decided to examine how modifying the hydrogen bonding environment around 

the cluster can further improve the enthalpy of adsorption. Ameloot and co-workers have 

demonstrated that soaking UiO-66 in methanol can produce three different types of 

defects.86 In pristine UiO-66, the first type of defect occurs when the methanol cleaves one 

of the two carboxylic acids.  In this scenario, the ligand is still connected to one cluster and 

is now dangling in the pore. The node is now charge and  compensated and coordinatively 
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saturated with a methoxy and methanol groups, respectively. If the solvolysis continues to 

break the remaining ligand-metal bonds, then the MOF is in the second scenario where 

there has been complete solvolysis of a ligand and both clusters are now capped with 

methanol/methoxy groups. The final scenario involves just the exchange of the water and 

hydroxide that we hypothesize is present in the defective MOFs, in this case UiO-66-HCl 

and UiO-67-HCl (Figure 3.18). 

 

Figure 3.18: Displacement of benzene dicarboxylate via methanol solvolysis. Pristine 

MOF (left), partial benzene dicarboxylate removal resulting in dangling ligand and 

cluster capped with methanol and methoxy (middle), and complete removal of the 

benzene dicarboxylate ligand with methanol and methoxy capped defects. Blue spheres 

represent zirconium, red spheres represent oxygen, grey spheres represent carbon and 

light green spheres represent hydrogen. 
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Ameloot et al. have shown that the degree to which each type of defect is formed 

depends on the total number of missing ligands in the parent MOF.86 With the goal of 

studying the effects of modifying the defects/surface of UiO-66 and UiO-67, we followed 

the procedure published by Ameloot et al. and soaked the MOFs in methanol for three days 

at room temperature to ensure the water/hydroxide constituents were replaced with the 

methanol and methoxy groups.86 The powder X-ray diffractograms of the methanol-soaked 

MOFs were also measured to ensure there was no loss of crystallinity during the methanol 

soaking process (Figure 3.19). As illustrated in Figure 3.19, there is no loss of crystallinity 

or other notable changes to the diffractograms upon methanol soaking. This indicates that 

the structures remain intact and have not begun to collapse. 

 
Figure 3.19: Powder X-ray diffractograms of simulated UiO-66 (black), UiO-66-HCl 

(yellow), UiO-66-AA (green), MeOH-UiO-66-HCl (grey) and MeOH-UiO-66-AA 

(blue). 
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Measuring the nitrogen gas adsorption isotherms of MeOH-UiO-66-AA and 

MeOH-UiO-66-HCl showed that after methanol soaking and activation the materials 

remained porous and retained most of their surface areas (Table 3.1), UiO-66-AA showed 

a slight loss of surface area when soaked in methanol as it fell from 1725 to 1450 m2/g and 

UiO-66-HCl showed a decrease from 1600 to 1400 m2/g. In combination with the PXRD 

results, this data cannot be explained by partial collapse of the structure. As discussed in 

Chapter 1 and Chapter 2, a change in surface area becomes difficult to assess as there is 

both a loss of surface due to the missing ligands, and decrease in molar mass that have 

opposing effects.  

The decrease in surface area after methanol soaking can be explained in one of two 

ways. The first explanation is that there is complete solvolysis and removal of the ligand. 

This would remove a BDC from the structure of the MOF (Figure 3.18 left). Once the BDC 

is removed, two methanol and two methoxy ligands would fill in the vacant coordination 

site on the clusters. As previously discussed in Section 1.2.1, adding defects will change 

the molar mass of our material. Replacing one BDC with two methoxy and two methanol 

groups would cause a slight decrease in the molecular weight, approximately 38 g/mol. 

This decrease in molecular weight would lead to more moles of MOF in one gram of MOF, 

which would lead to an increase in the gravimetric surface area. Additionally, the BDC 

provides more surface for the gas to bind to relative to the methanol and methoxy groups. 

This leads to less overall surface for gas to bind to, which causes an overall decrease in the 

surface area. Thus, if a ligand is removed via solvolysis, then we would predict a decrease 

in the surface area. 
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Figure 3.20: Nitrogen gas adsorption isotherms (A) measured at 77 K and the pore size 

distrubuition plots (B) of MeOH-UiO-66-AA (yellow trace) and MeOH-UiO-66-HCl 

(green trace). 

The second scenario is that there is not complete displacement of the ligand, but 

the BDC becomes partially displaced from one cluster and stays attached to another. The 

vacant site on the cluster becomes filled with one methanol and one methoxy group 

(Figure 3.18 middle). In this scenario the BDC is still incorporated into the MOF, which 

still provides surface for the gas to bind, but there is an additional 63 g/mol added to the 

molecular weight of the MOF, which would cause there to be less moles of MOF in one 

gram of material. This change would decrease the overall surface area of the material. From 

the data we have obtained, we can not be certain which scenario is occurring but both 
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scenarios would lead to an overall decrease in the surface area of the MOFs, which is what 

we observe. 

We turned our attention to the pore size distributions of the methanol-soaked 

MOFs. Examining MeOH-UiO-66-AA first (Figure 3.21A), we notice that the pore size 

distributions remain very similar to the parent material, UiO-66-AA. If anything, we notice 

a small increase in the defect pore (17 Å), which can indicate a very small amount of 

solvolysis occurring. If the BDC ligand is only partially displaced (i.e., only one of the two 

carboxylic acids is replaced with methanol/methoxy defects), then it is possible that very 

little change in the pore sizes would be observed, or that thermal solvent activation is 

sufficient to remove the methanol/methoxy groups and re-coordinate the ligand. If 

complete solvolysis of the ligand occurred, then one potential explanation for this is that 

once a BDC is removed and the two methanol and methoxy groups are coordinated to the 

cluster, the gap between these two defects/clusters is too small for the probe gas to occupy 

To the isotherm, this would effectively make the MOF look unchanged with respect to the 

pore filling process and thus no significant change would be observed in the isotherm.  

 Turning our attention to the pore size distributions for MeOH-UiO-66-HCl, we see 

a significant change. While the observed pore sizes of MeOH-UiO-66-HCl remain in the 

same location relative to the parent material, there is a large decrease in the defect pores 

observed in the 15-20 Å region and a large increase in the octahedral region. This indicates 

that there are more of the octahedral based pores, and by extension this would lead to an 
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increase in the amount of tetrahedral based pores. There are two possible explanations for 

this data.  

 

Figure 3.21: Pore size distributions of MeOH-UiO-66-AA (A), and MeOH-UiO-66-HCl 

(B) before (green trace) and after (yellow trace) soaking in methanol for three days. 

Ameloot et al. suggest that the exchange is an equilibrium process.86 One scenario 

that may be occurring is there is solvolysis of some of the BDC ligands found on the surface 

of the MOF. Once those ligands are now in solution, they can diffuse into the MOF and 

potentially re-incorporate back into the structure of the MOF. This would cause the internal 

defects to be “healed”, producing a more perfect pore structure.  

The second option is that the terminal methoxy/methanol defects close the gap 

between the two nodes sufficiently such that the probe gas can’t occupy the space and thus 
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the isotherm would appear as if the material is “healed”. This is similar to what we propose 

is occurring in MeOH-UiO-66-AA.  

With the current data, we cannot conclude which of these options, or if another 

option that we haven’t considered, is occurring. However, additional experiments can be 

preformed (TGA or quantitative NMR) to determine the number of ligands that are 

incorporated into the MOF. Regardless, what we observe is that the pore structure of 

MeOH-UiO-66-HCl appears to look very similar to that of pristine UiO-66. 

Turning our attention to the carbon dioxide gas adsorption isotherms of the 

methanol soaked UiO-66 MOFs (Figure 3.22) we had observed some interesting results. In 

the parent UiO-66-HCl and UiO-66-AA MOFs we observed a higher curvature, and thus 

equilibrium constant, for UiO-66-AA. We see the opposite trend with the methanol-soaked 

MOFs; MeOH-UiO-66-HCl has a higher gas uptake and higher curvature compared to 

MeOH-UiO-66-AA. Fitting the isotherms to the single-site Langmuir equation to obtain 

the enthalpies of adsorption, we see MeOH-UiO-66-HCl has a much more exothermic 

enthalpy of adsorption compared to the parent material. The enthalpy of adsorption 

decreases from −20.9 ± 0.7 to −28.5 ± 2.1 kJ/mol after soaking in methanol. There are two 

main reasons for this change that we have hypothesized. The first hypothesis is the stark 

change in the pore sizes. We have seen from previous results that the presence of more of 

the smaller pores in UiO-66-AA leads to a large increase in the enthalpy of adsorption 

compared to UiO-66-HCl. Given that MeOH-UiO-66-HCl shows pore sizes similar to 
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UiO-66-AA, it is reasonable to expect the enthalpies to become more exothermic due to 

the creation of these confinement effects.  

 

Figure 3.22: Carbon dioxide adsorption of MeOH-UiO-66-AA (circles) and 

MeOH-UiO-66-HCl (squares) at 278 K (green), 283 K (yellow), and 288 K (grey). Solid 

line repersents the isotherm after fitting to the single-site Langmuir equation. 

Computational studies by Calero et al. have shown that the incorporation of a small 

amount of methanol inside the pores of UiO-66 causes an enhancement of adsorption of 

carbon dioxide in UiO-66. They suggest that methanol can adsorb in the octahedral pore 

first, and this causes a reduction in the pore size causing an increase in the confinement 

effect which is favorable for the carbon dioxide adsorption.209 With this in mind we 

hypothesize that the coordinated methanol and methoxy groups could have the same impact 

on the enthalpy of adsorption in UiO-66 and UiO-67 as observed by Calero et al. 
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 Turning our attention to UiO-66-AA, the enthalpies are relatively unchanged 

(−23.5 ± 1.7 vs. −24.3 ± 1.5 kJ/mol) for MeOH-UiO-66-AA and UiO-66-AA. This 

suggests that either the partial ligand solvolysis is ineffective, or that the thermal activation 

resulted in loss of methanol groups and the formation of UiO-66-AA from 

MeOH-UiO-66-AA; the pore size distribution would be consistent with both 

interpretations. This is not the case for MeOH-UiO-66-HCl, which looked very different 

upon thermal activation prior to gas adsorption. 

 

 

Figure 3.23: Carbon dioxide gas adsorption isotherm of UiO-66-AA (circles) and 

MeOH-UiO-66-HCl (squares) measured at 278 K (green), 283 K (yellow), and 288 K 

(grey). 



Chapter 3: Carbon Dioxide Adsorption in UiOs 

197 

 

Interestingly, however, is that the enthalpies for MeOH-UiO-66-HCl are more 

exothermic than UiO-66-AA (Figure 3.23). This may be due to the difference between a 

tetrahedral pore with six BDC ligands is not as ideal as a tetrahedral pore with 6-x ligands 

and 2x flexible methoxy/methanol defect groups nearly closing the tetrahedral pore. 

Alternatively, it is possible that the µ3-OH is substituted by a µ3-MeO groups. In 

combination with the pore healing effect, the µ3-MeO has a higher steric profile on the pore 

which may lead to better confinement effects. This would suggest that the role of the µ3-OH 

in UiO-66-AA may be more of a steric role than an electronic role on the confinement 

effects and the associated enthalpies of adsorption. 

It is interesting to note that methanol soaking did not affect the enthalpies in 

UiO-66-AA despite the positive effects in MeOH-UiO-66-HCl. This would suggest that 

the role of the methanol is different in these two materials beyond the healing effect on the 

pore. Assuming the µ3-MeO are being produced in MeOH-UiO-66-HCl, it is possible that 

these groups cannot be formed in UiO-66-AA because the mechanism for µ3-MeO 

inclusion requires defects to be present at the onset of methanol soaking. 

 With these results in mind, we wanted to determine how soaking UiO-67 in 

methanol would change the uptake carbon dioxide adsorption properties of these materials. 

We hypothesized that the introduction of the larger MeO-/MeOH may potentially enhance 

the gas uptake properties, along with the addition of a more favorable interaction site as 

seen in the methanol soaked UiO-66 MOFs. To ensure that there was no destruction to 

UiO-67 after soaking in methanol the nitrogen gas adsorption and powder X-ray 
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diffractograms were measured. The BET accessible surface area in MeOH-UiO-67-AA 

increased from 1500 to 2430 m2/g, while the surface area for MeOH-UiO-67-HCl 

decreased from 2400 to 2100 m2/g. 

From the pore size distributions, it is evident that the MeOH-UiO-67-AA still 

possess a smaller pore at approximately 12 Å, and neither of the MOFs show much 

deviation in the pore size distribution when compared to the parent materials (Figure 3.25). 

From Figure 3.25 it is evident that soaking the UiO-67s did not provide a large difference 

in the pore size distribution as was observed in UiO-66-HCl. The powder X-ray 

diffractograms collected show no loss of crystallinity as shown in Figure 3.26. 

 

Figure 3.24: Nitrogen isotherms (A) measured at 77 K and the pore size distrubuition 

plots (B) of MeOH-UiO-67-AA (green trace), and MeOH-UiO-67-HCl (yellow trace). 
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Figure 3.25: Pore size distributions of MeOH-UiO-67-AA (A) and MeOH-UiO-67-HCl 

(B) before (green trace) and after (yellow trace) soaking in methanol for three days. 
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Figure 3.26: Powder X-ray diffractograms of simulated UiO-67 (black), UiO-67-HCl 

(yellow), UiO-67-AA (green), MeOH-UiO-67-HCl (grey), and MeOH-UiO-67-AA 

(blue). 

The carbon dioxide gas adsorption isotherms of the methanol-soaked UiO-67 

looked very similar to all the previous UiO-67 samples, where there was very little 

difference between the hydrochloric acid synthesis and the glacial acetic acid synthesis. 

First, examining the Qmax values from a single-site Langmuir isotherm we see an increase 

in the UiO-67-AA after soaking in methanol, it increased from 5.86 to 7.70 mmol/g, while 

there was a small decrease in the UiO-67-HCl sample from 8.93 to 7.18 mmol/g. These 

samples do show slightly more curvature than the ΔUiO-67 samples.  

The calculated enthalpies of adsorption were found to be very similar in these 

samples, MeOH-UiO-67-AA had an enthalpy of adsorption of −19.4 ± 1.7 kJ/mol, a slight 
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decrease from the −16.9 ± 1.8 kJ/mol of the parent material. MeOH-UiO-67-HCl had a 

calculated value of −19.7 ± 2.5 kJ/mol, a slight increase from the parent material that had 

a value of −21.2 ± 2.2 kJ/mol. The calculated enthalpies of adsorption for both 

MeOH-UiO-67 samples are within error, suggesting that there may not be a large 

difference in the parent and modified materials. 

 

Figure 3.27: Carbon dioxide gas adsorption isotherm of MeOH-UiO-67-AA (A) and 

MeOH-UiO-67-HCl (B) at 278 K (green), 283 K (yellow), and 288 K (grey). Solid line 

repersents the isotherm after fitting to the single-site Langmuir equation. 

Interestingly, from the methanol-soaked materials, the calculated enthalpies of 

adsorption are quite similar, regardless of the acid modulator that was used during 

synthesis. Similar to the heated samples of UiO-67, this provides insight into the adsorption 

interactions between the functional groups on the cluster and the carbon dioxide gas. From 
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our previous experiments we know that UiO-67 does not contain a pore size that is ideal 

for adsorption of carbon dioxide, and there is no drastic change in pore size observed. This 

indicates that the small decrease in the heats of adsorption observed in the methanol-soaked 

samples is from the addition of the more favorable interactions provided from the 

methanol/methoxy groups that are now present on the cluster. 

3.3  Conclusions  

In examining the carbon dioxide adsorption of modified and functionalized UiO-66 

and UiO-67, synthesized through two different methods, we were able to determine the 

structure property relationship between pore size, presence/absence of defects, dehydration 

and functionalization of the cluster. It has been demonstrated that the pore size, leading to 

confinement effects played the biggest role in an increased enthalpy of adsorption of 

UiO-66. UiO-66-AA and MeOH-UiO-66 had the smallest pore sizes as found in the pore 

size distribution, and the highest heats of adsorption. Derivatives of UiO-67 had the largest 

pore size and contained the lowest heats of adsorption. Furthermore, we were able to show 

that the presence of the µ3-OH present in the cluster also plays a crucial role in carbon 

dioxide adsorption, when all samples of UiO-66 and UiO-67 were heated past 573 K there 

was a decrease in the enthalpy of adsorption. Using these findings, the development of 

more efficient carbon dioxide adsorbing MOFs is possible due to the better understanding 

of the structure property relationship of the UiO family of MOFs and the interactions of 

carbon dioxide. 
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3.4  Experimental 

3.4.1 General Methods 

All reagents were purchased from chemical suppliers and used without further 

purification. 

3.4.2 Synthesis 

UiO-66-HCl 

Following a literature procedure,56 0.1255 g (0.5385 mmol) of ZrCl4 and 0.1247 g 

(0.7506 mmol) of terephthalic acid were added to a 25 mL Duran vial. To the vial 15 mL 

of N,N-dimethylformamide (DMF) and 1 mL of concentrated hydrochloric acid was added 

and the vial capped. The solution was sonicated until all solids were dissolved resulting in 

a clear colourless solution, this took approximately five minutes. Once all solids were 

dissolved the vials were placed in a 353 K oven overnight. The jar was removed from the 

oven cooled to room temperature and the resulting solid and solution was transferred to a 

50 mL centrifuge tube and centrifuged at 7800 RPM for 3 mins, the solution was decanted 

and 15 mL of fresh DMF was added, and the process was repeated three times. After three 

washes with DMF the same process was repeated with methanol three times. After the final 

washing the centrifuge tube with the white powder was placed in an oven at 353 K 

overnight to remove any residual methanol. 
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UiO-67-HCl 

Following a literature procedure,56 0.0673 g (0.2888 mmol) of ZrCl4 and 0.0922 g 

(0.3806 mmol) of 4,4-biphenyldicarboxylic acid were added to a 25 mL Duran vial. To the 

vial 15 mL of DMF and 0.5 mL of concentrated hydrochloric acid was added and the vial 

capped. The solution was sonicated for approximately ten minutes, not all the solids 

dissolved. Once sonication was completed vials were placed in a 353 K oven overnight. 

The jar was removed from the oven cooled to room temperature and the resulting solid and 

solution was transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for three 

minutes, the solution was decanted and 15 mL of fresh DMF was added, and the process 

was repeated three times. After three washes with DMF the same process was repeated 

with methanol three times. After the final washing the centrifuge tube with the white 

powder was placed in an oven at 353 K overnight to remove any residual methanol. 

UiO-66-AA 

Following a modified literature procedure,206 in a 50 mL Duran vial 0.1488 mg 

(0.6385 mmol) of ZrCl4 and 0.1064 mg (0.6405 mmol) of terephthalic acid was combined, 

and 40 mL of DMF was added along with 11 mL of glacial acetic acid. The mixture was 

then sonicated until all the precipitate had dissolved, approximately ten minutes. Once a 

clear colourless solution remained this was placed in a 393 K oven overnight. The jar was 

removed from the oven cooled to room temperature and the resulting solid and solution 

was transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for three minutes, 

the solution was decanted and 30 mL of fresh DMF was added, and the process was 
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repeated three times. After three washes with DMF the same process was repeated with 

methanol three times. After the final washing the centrifuge tube with the white powder 

was placed in an oven at 353 K overnight to remove any residual methanol. 

UiO-67-AA 

Following a modified literature procedure,206 in a 50 mL Duran vial 0.1488 mg 

(0.6385 mmol) of ZrCl4 and 0.1551 mg (0.6403 mmol) of 4,4-biphenyldicarboxylic acid 

was combined, and 40 mL of DMF was added along with 11 mL of glacial acetic acid. The 

mixture was then sonicated for approximately ten minutes, not all the precipitate dissolved. 

Once a clear solution remained this was placed in a 393 K oven overnight. The jar was 

removed from the oven cooled to room temperature and the resulting solid and solution 

was transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for three minutes, 

the solution was decanted and 30 mL of fresh DMF was added, and the process was 

repeated three times. After three washes with DMF the same process was repeated with 

methanol three times. After the final washing the centrifuge tube with the white powder 

was place in an oven at 353 K overnight to remove any residual methanol. 

Dehydration of the MOFs 

Dehydrated node UiO-66 and UiO-67 (ΔUiO-66-AA, ΔUiO-66-HCl, 

ΔUiO-67-AA, and ΔUiO-67-HCl) were synthesized by a stepwise heating profile. Initially 

the samples were heated on a Micrometrics SmartVac Prep under vacuum to 363 K at a 

rate of 5 deg/min and held for thirty minutes, followed by heating to 423 K at 5 deg/min 

and held for sixty minutes and finally heated to 573 K with a heating rate of 5 deg/min and 
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held for five hundred and forty minutes. Heating to 573 K allowed for the dehydration of 

the node.  

Solvolysis of the MOFs 

Solvolysis of the node/ligand of both UiO-66 and UiO-67 (MeOH-UiO-66-AA, 

MeOH-UiO-66-HCl, MeOH-UiO-67-AA, and MeOH-UiO-67-HCl) were formed 

according to a literature procedure. Briefly, a sample of the parent MOF (0.0400 - 0.0600 g) 

was placed in a vial with 10 mL of methanol and allowed to soak for three days.86 The 

samples were then centrifuged at 7800 RPM for five minutes and the methanol decanted 

off. The MOFs were then dried in a 323 K oven overnight. 

3.4.3 Gas Adsorption Studies 

Prior to gas adsorption measurements samples were activated on a Micrometrics 

Smart VacPrep or a Micrometrics VacFlow prep. Caution must be taken with the 

dehydrated samples (ΔUiO-66-AA, ΔUiO-66 HCl, ΔUiO-67-AA, and ΔUiO-67-HCl), 

overheating can lead to degradation of the material. For this reason, all dehydrated samples 

were activated on a Micromeritics Smart VacPrep as it allowed for more precise control of 

the heating rate. For the remaining samples, the gas adsorption results were consistent 

between samples activated on both a Smart VacPrep and a VacFlow Prep. On the SmartVac 

Prep samples were heated to 363 K at a rate of 5 deg/min and held for thirty minutes, 

followed by heating to 423 K at a rate of 5 deg/min and held for six hundred minutes. On 

the VacFlow prep, samples were evacuated by slowly opening the vacuum valve for the 

sample compartment and leaving the sample exposed for three minutes. Afterwards, the 
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valve was closed for three minutes. This process was repeated three times. Afterward, the 

sample was placed under vacuum and the temperature was set to 363 K and left for 

forty-five minutes. This was followed by overnight heating at 423 K under vacuum. 

Nitrogen and carbon dioxide gas adsorption isotherms were measured on a 

Micrometrics 3Flex. Nitrogen gas adsorption isotherms were measured at 77 K. Carbon 

dioxide gas adsorption isotherms were measured using a water circulating bath to maintain 

a temperature of 278 K, 283 K or 288 K; this enabled us to extract thermodynamic 

adsorption parameters. 

3.4.4 Powder X-ray Diffraction 

Powder X-ray diffraction patterns were measured on a Rigaku Miniflex 600 with a 

copper radiation source. Patterns were measured from 3º to 60º in 2θ with a step size of 

0.02º 2θ at a rate of 5º/minute. 

3.4.5 Data Fitting 

 Section 1.4.2 discusses how thermodynamic properties can be extracted from gas 

isotherms, however, it does not cover how the equilibrium constant can be determined from 

the isotherm. For this discussion three isotherms of UiO-66-AA (Figure 3.28) will be used, 

and the results have been previously discussed in Section 3.2. Fitting was done using 

SigmaPlot 13 graphing software. The errors provided from the software only represent the 

error of how the data fits, we did not think that this was the most accurate representation 

of the errors. 
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Figure 3.28: Carbon dioxide isotherms of UiO-66-AA measured at 278 K (green) 283 K 

(yellow) and 288 K (grey). 

When fitting this isotherm to the single-site Langmuir equation (Equation 1.8), 

there are a few assumptions that are made to obtain the most accurate enthalpy of 

adsorption. Since the three temperature runs are performed on the same material, a safe 

assumption is that the value for Qmax should be constant between the three runs. In other 

words, the maximum amount a gas that the MOF can hold is not temperature dependent 

but is a physical attribute. Using only one parameter of Qmax for the three isotherms would 

reduce the number of variables that need to be extracted from the fit thereby reducing the 

errors on the fits. For example, in the absence of this assumption, each isotherm would 

produce a value of Qmax and a value of K (6 parameters overall) but fixing the fit to one 

value of Qmax would reduce the number of parameters to 4. The other assumption that was 
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made was that there is some background adsorption, from the tube or small leaks in the 

instrument that are completely unavoidable and must be accounted for. To account for this, 

we introduce a correction factor (Equation 3.2; c) to the equation. This simply introduces 

an offset in the y-axis to account for a constant background adsorption. This results in the 

single-site Langmuir equation that was used to fit our collected data. 

𝑄𝑎𝑑𝑠 =  𝑄𝑚𝑎𝑥

𝐾𝑃

(1 + 𝐾𝑃)
+ 𝑐 3.2 

Fitting the isotherms shown in Figure 3.28 to the single-site Langmuir equation 

without the c constant and not fixing Qmax to a single value gave an enthalpy of adsorption 

to be −19.7 kJ/mol, while demonstrating an error of 0.3 kJ/mol. While this value may be 

considered a good measurement because of the low error, it may not be an accurate 

representation of the enthalpy of adsorption. The Qmax values that were calculated varied 

from 6.8 to 6.7 and 6.5 mmol/g as the temperature was increased from 278 to 283 to 288 K. 

The decrease in the Qmax is not chemically reasonable as stated above, with a Qmax that is 

not chemically reasonable the obtained equilibrium constant is likely not chemically 

reasonable. Knowing that Qmax should remain unchanged we can now look into how the 

equilbirum constant, and calculated enthalpy of adsorption will change under these 

assumptions. The new enthalpy of adsorption is calculated to be −24.3 +/- 0.1 kJ/mol, with 

an error associated with this just as low as the value not using the outlined assumptions. 

Given that our constraints and assumptions are chemically reasonable, and the errors are 

approximately the same, we opted for a fitting model with a global Qmax and a background 

correction term. 
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To gauge the error in our measurements we propagated the error from the 

calculation of the equilibrium constant to the Van ‘t Hoff plot (Figure 3.29). We fit the data 

to the line of best fit. While it is possible to get the error of the slope and intercept, and thus 

the error of the enthalpy and entropy from the fit of the line, this represents the error of the 

fit of the line and does not factor in the error of the equilibrium constants (i.e., the errors 

from the original fit). To address this, we also fit the data to the max and min lines from 

the error bars to obtain a high and low estimate for the enthalpy of adsorption (Table 3.3). 

This allowed us to estimate the error from the data. To illustrate the difference here, when 

we used the error from the line, we get a heat of −24.3 ± 0.1 kJ/mol, but when we use the 

errors from the equilibrium constant, we get −24.3 ± 1.5 kJ/mol. The latter seems more 

reasonable as it reflects the errors of the original fit.  

 
Figure 3.29: Errors in the equilibrium constant when fitting the carbon dioxide data for 

UiO-66-AA with no constraints and no c constatn (A) and with constraints and a c 

constant (B) The green trace repersents the original equlibrium data, yellow repersents 

the high end estimation while grey repersents the low end estimation. 
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Table 3.3: Calculated enthalpies of adsorption for UiO-66-AA using a single-site 

Langmuir equation with and without constraints and a C constant. 

 Low Estimate 

(kJ/mol) 

High Estimate 

(kJ/mol) 

Fit Data 

(kJ/mol) 

Standard 

Deviation 

(kJ/mol) 

Unconstrained 

with no c 

−18.1 −21.3 −19.7 1.6 

Constrained 

with c 

−22.8 −25.8 −24.3 1.5 

We also attempted to fit the data to a dual site Langmuir isotherm, using the same 

constraints listed above to determine if this model was better at fitting our experimental 

data. For some of the fitting parameters, the obtained values provided errors so large the 

results were rendered meaningless. For UiO-66-AA one of the Qmax values were found to 

have an error three orders of magnitude higher than the calculated Qmax value. 
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Chapter 4 : Future Work 

A good project is never truly complete and there are always other avenues to 

explore. With that in mind, this chapter builds on the work in Chapter 2 and 3. Several of 

these projects were started during my PhD but could not be completed due to time 

constraints. Some of these research directions are in their infancy with only a few data 

points, while others have some initial results that can help guide future students. Finally, a 

few projects are presented that have been imagined while in the lab and writing this thesis 

will be outlined. 
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4.1  Mixed Gas Measurements 

4.1.1 Scope and Early Results 

One of the most interesting results found when exploring the water uptake 

capabilities of UiO-66, UiO-67, and UiO-68 was the larger MOFs (UiO-67 and UiO-68) 

do not completely saturate with water. From the work in Chapter 2, I believe that there 

should be additional space in the pore for other gases to adsorb around the ligand while 

water is present around the node. At the time of conducting the experiments, we did not 

have a good method to explore this hypothesis. Specifically, I wonder if there is 

competitive binding with gases in the MOF, or if it possible to spatially separate gases in 

the MOF to the node and the ligand. The Katz research group now has two unique ways of 

exploring this. The research team recently installed a Hiden Automated Breakthrough 

Analyzer. A breakthrough reactor takes a packed column of material and flows a pure gas, 

gas mixture, or gas-vapour mixture through the column while monitoring the downstream 

gas composition via mass spectrometry. This can be done as a function of temperature and 

pressure as well. Thus, with this new instrument, the competitive binding of water and 

other gases such as nitrogen, carbon dioxide, and methane can be measured, and insight 

can be provided in the quantity of gases that can be stored simultaneously inside the MOF. 

Additionally, the research team has an IR system with a praying mantis cell capable of 

measuring the IR of a material as a function of time and gas exposure. These offer a unique 

opportunity to study competitive binding, cooperative binding, and spatially separated gas 

storage. 
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In our early results we have measured the breakthrough times (the amount of time 

required for gas to pass through a material) of both UiO-66-HCl and UiO-66-AA with a 

stream of gas comprised of 85% nitrogen and 15% carbon dioxide (8.5 mL/min nitrogen, 

1.5 mL/min carbon dioxide). This is approximately the composition of post-combustion 

gas. I ran these experiments at a range of different pressures at 293 K. The breakthrough 

times were normalized per gram of material and reported in Table 4.1 below. 

Table 4.1: Breakthrough times (reported in seconds/g) for nitrogen and carbon dioxide 

for UiO-66-AA and UiO-66-HCl. 

 Breakthrough time (s/gram) at different pressures 

UiO-66 Gas 1 bar 2 bar 3 bar 3.5 bar 

Acetic Acid 

Carbon 

Dioxide 

213.2 491.3 729.2 137.8 

Nitrogen 74.0 136.1 162.9 101.2 

Hydrochloric 

Acid 

Carbon 

Dioxide 

375.3 553.7 701.0 747.4 

Nitrogen 46.6 70.5 55.1 108.6 

From this preliminary data, we can see that as there is an increase in the pressure 

of the gas, there is an increase in the breakthrough time. Assuming approximately similar 

kinetics, this indicates that as pressure increases the material can store more of each gas. 

This is what would be expected if the carbon dioxide isotherm continued to absorb more 

gas at higher pressures (Chapter 3). Furthermore, we note that the breakthrough time of 

carbon dioxide is much higher than the breakthrough time of nitrogen, indicating that the 

interaction between carbon dioxide and the MOF is stronger than the interaction between 
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nitrogen and the MOF (at 293 K). Under ambient conditions, this means that both 

UiO-66-HCl and UiO-66-AA are more selective to carbon dioxide over nitrogen. Again, 

this is unsurprising. Of particular note, however, is that the 3.5 bar data for UiO-66-AA 

shows different behaviour than UiO-66-HCl. UiO-66-AA has a shorter breakthrough time 

than UiO-66-HCl. This suggests that there is a change in the adsorption capacity at higher 

pressures due to the presence of defects. This, and other breakthrough and IR data are worth 

further exploration. 
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Figure 4.1: Breakthrough curves of carbon dioxide (A) and nitrogen (B) for UiO-66-HCl 

UiO-66-AA (C - carbon dioxide and D - nitrogen). Measured at 1 bar (green trace) 2 bar 

(yellow trace) 3 bar (grey trace) 3.5 (blue trace). 
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 Examining the difference in the breakthrough times of the two synthetic 

procedures, we do notice a difference between the two materials. This is expected as they 

both show different pore sizes, and different uptake capacities. These breakthrough 

experiments can be very beneficial to further understand the kinetics of how these gases 

move through the materials, and how having different gas mixtures may impact the 

adsorption capacity of the MOFs. 

Upon first inspection, UiO-66-HCl has a longer breakthrough time at both 1 bar 

and 2 bar. In Chapter 3 the pore sizes of both materials were extensively characterized, and 

it was discovered that UiO-66-HCl had the larger pore size. The larger pore could allow 

for the gas to flow much faster through the material resulting in faster kinetics and 

breakthrough times. This rationalization can be applied to both nitrogen and carbon dioxide 

breakthrough times. However, we see the reverse trend with UiO-66-HCl having longer 

breakthrough times up until nearly 3 bar vs. UiO-66-AA. This may suggest that the 

adsorption capacity of these gases is higher for UiO-66-HCl at these pressures. I believe 

future work should explore how temperature, pressure, and gas composition (CO2:N2, and 

CO2:N2:H2O) affect the breakthrough time, shape of the curve, and adsorption capacity. 

This should be compared to the thermodynamic gas adsorption data for the pure 

gases/vapours in order to determine if cooperative effects or detrimental effects occur when 

mixtures are studied.  

From the data above, a plot comparing pressure and breakthrough time (Figure 4.2) 

can be assembled. Leaving out the 3.5 bar data, I observed that UiO-66-AA has a much 
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larger slope (258 versus 163 seconds/g/bar), which indicates as the pressure increases, there 

is a stronger affinity for carbon dioxide in the MOF. This trend may be due to competitive 

binding of nitrogen and carbon dioxide. This plot may be a good way to illustrate if 

competitive binding or cooperative effects are possible. By repeating the data above and 

comparing the slopes, it should be possible to assess how much of a role mixed gases have 

on the overall material performance.  

4.1.2 Future Experiments 

Further investigation into how the change in temperature and pressure would 

change the breakthrough times of nitrogen and carbon dioxide to see if there is a 

 
Figure 4.2:  Breakthrough time versus pressure for carbon dioxide in UiO-66-HCl 

(yellow) and UiO-66-AA (green). 
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relationship between pressure, temperature, and breakthrough time. The data indicates that 

there are differences between these materials, but further exploration is needed. In addition 

to the breakthrough data, nitrogen gas adsorption isotherms at these temperatures may shed 

some light into the competitive binding. At the very least, with nitrogen isotherms at these 

temperatuers, we should be able to determine the theoretical separation selectivity vs. the 

observed selectivity from the breakthrough data. 

In all the early experiments illustrated above, we have not explored how the 

addition of water vapour has impacted the breakthrough times or adsorption capacity of 

UiO-66. Future work would include measuring the breakthrough times of the MOF under 

two situations. The first scenario would be with water vapour present in the carrier gas, this 

would provide insight into how competitive binding would occur when the MOF was 

freshly synthesized and did not have any gases inside the pore. Based on the breakthrough 

times, we could determine how water vapour affects a dry MOF during its first moisture 

exposure. 

The second scenario involved performing these measurements on a MOF that has 

already been pre-saturated with water. In the case of UiO-66 we have determined that 

storing the MOF at a relative humidity much above its saturation point does not have any 

detrimental effects. UiO-66 could be stored in a relative humidity environment above the 

point of saturation until it has equilibrated, then the breakthrough times measured without 

prior sample activation. Alternatively, the breakthrough instrument could be used to do a 

humid breakthrough of nitrogen gas and then the gas composition changed to determine 

the effect of pre-humidified MOF on the sample. Comparing the breakthrough times and 
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the shapes of the curves from the unsaturated materials and the saturated materials would 

provide information to how much space is available once the MOF is saturated. 

The ratio of nitrogen to carbon dioxide should also be explored, the initial 

experiments were performed at 85% nitrogen and 15% carbon dioxide mixture. By varying 

the concentration of these gases it may provide some insight into the competitive binding 

between nitrogen and carbon dioxide that may be happening in the MOF.  

These experiments can then be further carried out on UiO-67 and UiO-68. We know 

that the desorption of water in these MOFs can be problematic, therefore the second 

scenario outlined above would not be appropriate for these materials. The second scenario 

could be modified, we had discovered that adsorption and desorption below the large 

uptake of water vapour does not lead to decomposition of UiO-67 and UiO-68. These two 

MOFs could be stored in an environment where some water vapour is adsorbed, but not 

enough to cause detrimental effects to the material. Once they have equilibrated, the 

breakthrough times could then be measured and compared to the freshly synthesized 

materials. 

4.1.3 Experimental 

4.1.3.1 General Methods 

All reagents were purchased from chemical suppliers and used without further 

purification.  
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4.1.3.2 Synthesis 

UiO-66-HCl 

A similar procedure outlined in Section 3.4.2 was followed, however the synthesis 

was scaled up. In a 50 mL Duran container 0.2500 g (1.073 mmol) of zirconium chloride 

and 0.2460 g (1.481 mmol) of terephthalic acid were combined and dissolved in 30 mL of 

DMF and 2 mL of hydrochloric acid with the aid of sonication. Once a clear colourless 

solution remained it was placed in an oven at 353 K. The jar was removed from the oven 

cooled to room temperature and the resulting solid and solution was transferred to a 50 mL 

centrifuge tube and centrifuged at 7800 RPM for three minutes, the solution was decanted 

and 30 mL of fresh DMF was added, and the process was repeated three times. After three 

washes with DMF the same process was repeated with methanol three times. After the final 

washing the centrifuge tube with the white powder was placed in an oven at 353 K 

overnight to remove any residual methanol. 

To obtain enough material for the sample holder of the Hiden Automated Breakthrough 

analyzer, two batches of UiO-66-HCl were synthesized and combined. 

UiO-66-AA 

The procedure for UiO-66-AA, does not scale up well therefore several batches 

were synthesized and combined for breakthrough measurements. The procedure for the 

synthesis of UiO-66-AA was as follows. In a 50 mL Duran Vial 0.1488 g (0.6385 mmol) 

of zirconium chloride and 0.1064 mg (0.6405 mmol) of terephthalic acid was combined, 

and 40 mL of DMF was added along with 11 mL of glacial acetic acid. The mixture was 
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then sonicated until all the precipitate had dissolved, approximately ten minutes. Once a 

clear solution remained this was placed in a 393 K oven overnight. The jar was removed 

from the oven cooled to room temperature and the resulting solid and solution was 

transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for three minutes, the 

solution was decanted and 30 mL of fresh DMF was added, and the process was repeated 

three times. After three washes with DMF the same process was repeated with methanol 

three times. After the final washing, the centrifuge tube with the white powder was placed 

in an oven at 353 K overnight to remove any residual methanol. 

Breakthrough Experiments 

Breakthrough experiments were performed on a Hiden Automated Breakthrough 

analyzer. The sample was activated under a 1 bar of helium with a flow rate of 20 mL/min 

at 393 K. Once activation was complete, the temperature was lowered to 293 K and the gas 

composition was switched to a flow rate of 8.5 mL/min of nitrogen and 1.5 mL/min of 

carbon dioxide that was flown at a pressure of 1, 2, 3 or 3.5 bar depending on the 

experiment being performed. 

4.2  Further Enhancement of the Zirconium Cluster in UiO-66-HCl for 

Carbon Dioxide Adsorption 

4.2.1 Early Results 

It had become apparent to us that the addition of methanol groups on the cluster of 

hydrochloric acid synthesized UiO-66 had enhanced the carbon dioxide adsorption of the 
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gas tremendously (Section 3.2.3). With this discovery we briefly examined the effect of 

other node-modifying groups using the same procedure as soaking the MOFs in methanol. 

The difference was that rather than soaking the MOF in pure methanol, we included an 

additional carboxylic acid containing molecule. Ameloot and coworkers had shown that 

soaking the MOF in methanol, with a small amount of heat and an additional carboxylic 

acid would lead to ligand exchange, for this reason we decided to explore a variety of small 

carboxylic acids.86 We had chosen to explore crotonic acid, 2-butynoic acid, acetic acid, 

formic acid, benzoic acid, and trifluoracetic acid. 

Similar to all other experiments, before the carbon dioxide isotherms could be 

measured the nitrogen isotherms were collected to ensure the sample remained porous. The 

BET nitrogen accessible surface area for these samples is shown in the table below. 

 

 

 
Figure 4.3: Organic acids used in attempts to functionalize the cluster of UiO-66-HCl. 

1) crotonic acid 2) 2-buytonic acid 3) acetic acid 4) formic acid 5) benzoic acid 6) 

trifluoro acetic acid. 



Chapter 4: Future Work 

224 

 

Table 4.2: BET surface area of UiO-66-HCl methanol soaking with the presence of 

additional acids. 

Additional Acid BET Surface Area (m2/g) 

Crotonic acid 1500 

2-Butynoic acid 1600 

Acetic acid 1520 

Formic acid 1900 

Benzoic acid 1480 

Trifluoro acetic acid 1970 

From the results obtained in Table 4.2, it is clear that there was no structural change 

in the material as its surface area had not significantly decreased. With these materials in 

hand, we measured the carbon dioxide isotherms at three temperatures (278, 283, 288 K) 

and extracted the thermodynamic parameters as outlined in Section 3.4.5. The obtained 

values for the enthalpy of adsorption are listed in Table 4.3. 

Table 4.3: Enthalpy of adsorption of acid modified UiO-66-HCl. 

Acid Functionalization ΔH (kJ/mol) Qmax (mmol/g) 

Crotonic acid −11.4 10.2 

2-Butynoic acid 25.4 6.9 

Acetic acid −27.3 5.9 

Formic acid −25.8 7.1 

Benzoic acid −23.8 5.9 

Trifluoro acetic acid −17.3 6.1 
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 The obtained enthalpies of adsorption look promising. Acetic acid, formic acid, and 

benzoic acid enhance the adsorption enthalpy over the unfunctionalized UiO-66-HCl. The 

data from these three samples, when fit to a single-site Langmuir isotherm, do fit rather 

well and have low associated errors. However, additional measurements should be made 

to verify these calculated values. Trifluoro acetic acid had a calculated enthalpy of 

adsorption value of −17.3 kJ/mol, the low end for what we have observed for UiO-66. 

Additionally, the errors associated with these fits were found to be higher than for other 

samples, indicating that the data does not fit a single-site Langmuir isotherm. We 

hypothesize that the values for the trifluoracetic acid functionalized MOF was so different 

from the other functionalized MOFs was due to the presence of the fluorine group. We see 

that using acetic acid enhanced the enthalpy of adsorption, the trifluoracetic acid is a similar 

shape and size as the acetic acid but had a much lower enthalpy of adsorption with the only 

difference being the hydrogen atoms on the methyl groups were replace with fluorine 

atoms. 

2-Butyonic acid yielded an endothermic enthalpy of adsorption, indicating that heat 

was required for carbon dioxide to adsorb to the material. This does not make any chemical 

sense as physisorption is an exothermic process. This value should not be taken as a true 

measurement and should be revisited. Crotonic acid did provide a negative enthalpy of 

adsorption, and while the data did have a low associated error, this value still should not 

be taken to be accurate. The obtained enthalpy of adsorption is not as exothermic as the 

other samples. This is the least exothermic sample that we have observed and less 

exothermic than the associated energy of the enthalpy of condensation of carbon dioxide. 
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For this reason, the calculated value of −11.4 kJ/mol should not be over interpreted and 

should be remeasured as it does not make chemical sense. The data may suggest that a 

Langmuir isotherm may not reflect the true chemistry inside the pore and would need to be 

revisited.  

4.2.2 Future Directions 

The functionalization of the cluster with these six organic acids has proven to 

provide interesting results, and there is potential for further understanding of how the 

functionalization of the cluster can modify the carbon dioxide capabilities of these 

materials. It was alluded too in the previous section that the future work in this project 

would entail performing these measurements again to verify the calculated values. The 

project also requires further characterization of these materials. It is known that soaking 

the MOF in methanol will cause replacement of ligands or defects on the cluster, but we 

need to determine if the acids used have been incorporated, and how much of these acids 

vs. methanol vs. leached ligand have also been incorporated or removed. To explore the 

ratio of methanol to organic acid incorporated into the MOF, simple 1H-NMR or 

thermogravimetric analysis can be used to determine the ratio of the organic acid, ligand, 

and methanol, along with the number of ligands that remain in the material. 

Previous literature has used gas phase NMR experiments to determine the 

interaction site between carbon dioxide gas and the solid MOF.202 We have briefly tried to 

study the 13C-NMR of 13CO2 adsorbed onto UiO-66. However, due to the move to the new 

Core Science Facility and instrument breakdowns, we have not been able to investigate 
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these as in depth as we would have liked. Using NMR experiments can provide insight to 

how the carbon dioxide binds with different functional groups attached to the cluster.  

Exploring even further, the enthalpy of adsorption of many different gases can be 

explored with these functionalized MOFs. It would be interesting to see how the 

functionalization of the cluster would impact the adsorption of gases like carbon monoxide, 

hydrogen, and methane to name a few. Finally, exploring more of the organic acids or 

different Lewis-basic molecules that could functionalize the cluster and their gas 

adsorption capabilities would be interesting. 

4.2.3 Experimental 

4.2.3.1 General Methods 

All reagents were purchased from chemical suppliers and used without further 

purification. 

4.2.3.2 Synthesis 

In a 20 mL glass vial between 0.0417 g and 0.0530 g of UiO-66 (0.0238 mmol to 

0.0318 mmol; Table 4.4) and 10 mL of methanol were combined. To each vial between 

0.0061 mg and 0.2360 mg (0.334 to 1.04 mmol) of the acid to functionalize the cluster was 

added. These vials were then placed in a 313 K oven for three days. The vials were then 

removed from the oven and transferred to a 50 mL centrifuge tube and centrifuged at 

7800 RPM for three minutes. The methanol was then decanted off and 10 mL of fresh 

methanol was added. This process was repeated a total of three times. After the final 
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washing, the sample was placed in an oven at 353 K overnight to completely remove any 

residual solvent. 

Table 4.4: Masses of UiO-66 and functionalizing acids. 

Functionalizing 

acid 

Mass of 

UiO-66 (g) 

Moles of 

UiO-66 

(mmol) 

Mass of 

functionalizing 

acid (g) 

Moles of 

functionalizing 

acid (mmol) 

Crotonic acid 0.0530 3.18 ⨯ 10-2 

0.0067 6.16 ⨯ 10-1 

2-Butynoic acid 0.0495 2.97 ⨯ 10-2 
0.0061 5.89 ⨯ 10-1 

Acetic acid 0.0417 2.51 ⨯ 10-2 
0.2363 6.94 ⨯ 10-1 

Formic acid 0.0477 2.87 ⨯ 10-2 
0.4148 1.04 

Benzoic acid 0.0396 2.38 ⨯ 10-2 
0.0064 3.24 ⨯ 10-1 

Trifluoro acetic 

acid 

0.0481 2.89 ⨯ 10-2 
0.4470 3.34 ⨯ 10-1 

4.3  Turning off Cluster-Gas Interactions 

4.3.1 Introduction 

In both Chapter 2 and Chapter 3 it was observed how important the cluster is for 

the adsorption of incoming gases. In Chapter 2 we had shown that the zirconium cluster is 

a viable place for water vapour to begin adsorbing. In Chapter 3 we reported how important 

the µ3-hydroxo inside the cluster was for the adsorption of carbon dioxide in UiO-67. An 

interesting exploration would be how these gases interact with both UiO-66 and UiO-67 if 

the cluster was blocked. One potential route that this could be explored would be through 
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the addition of functional groups on to the biphenyl dicarboxylate ligand, pointing towards 

the cluster (Figure 4.4).  

 
Figure 4.4: Proposed modifications to the ligand to help block gases from interacting 

with the cluster. 

When choosing an appropriate functional group to introduce around the cluster, we 

initially wanted a heteroatom as we figured a larger group (e.g., methyl) would be too bulky 

and could inhibit the synthesis of the MOF or produce a MOF with a large number of 

missing ligands. For this reason, we had decided to explore the halogens as potential 

functional groups. Fluorine was an ideal functional group for a magnitude of reasons. First 

of all, it was a synthetically obtainable target in very few steps; given that we began 

working on this at the tail end of my PhD, this was a reasonable consideration. Second of 

all, fluorine-containing molecules are often very hydrophobic. We had hypothesized that 
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this could reduce the amount of water adsorbed in UiO-67. We believe that this could 

completely transition the mechanism away from node cluster growth and force it into the 

water clustering inside of the pore. We had also chosen fluorine as it is smaller than the 

other halogens, we believed that this would allow for a relatively pristine material to be 

formed, and increasing the size to chlorine or bromine be too large and could hinder the 

formation of the MOF. 

 We had proposed two ligands to incorporate into UiO-67 that would be interesting 

for this project. We had proposed a di-substituted biphenyl dicarboxylate along with a 

tetra-substituted biphenyl dicarboxylate as shown in Figure 4.5.210 

 

Figure 4.5: Synthesis to obtain proposed fluorinated biphenyl dicarboxylate ligands. 
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4.3.2 Preliminary Results 

Following the synthetic route outlined in Figure 4.5 we were able to obtain the pure 

tetra- and di-substituted ligands and were able to begin attempting to synthesize UiO-67 

containing these ligands. Using the tetra-substituted ligand we were able to obtain a small 

amount of UiO-67-2,2-F. The synthesis of this MOF required a large amount of ligand, but 

early attempts only yielded a very small amount of MOF. We were able to obtain a nitrogen 

isotherm for this MOF, and it had a nitrogen accessible BET surface area of 1150 m2/g. 

We were also able to synthesize a small amount of UiO-67 with the di-substituted ligand 

(UiO-67-1,1-F) and it had a nitrogen accessible BET surface area of 1780 m2/g. We 

propose that the difference in surface areas between these two MOFs and the 

unfunctionalized UiO-67 is due to the addition of the fluorine groups and the additional 

mass associated with these ligands. The procedure for the synthesis of these MOFs 

(Section 4.3.4.3) is very similar to the glacial acetic acid prep used in this thesis.206 The 

primary difference is that a larger amount of acetic acid was necessary in comparison with 

the parent UiO-67 procedure. The obtained surface area also closely resembles that of the 

acetic acid synthesis discussed in Chapter 3, where we see the modification of the acid 

result in a lower surface area. Due to the small amount of material present, we were unable 

to perform any further experiments on these MOFs. 

4.3.3 Future Work 

There are many promising directions that these experiments can be taken but before 

any of these avenues can be explored the scale up synthesis of these MOFs must be 
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completed. Once a viable synthetic route is established, the MOFs will need to be further 

characterized via thermogravimetric analysis to determine the number of ligands that were 

incorporated. Assuming little-to-no missing ligands and with plenty of material in hand, 

other experiments can be performed including water vapour adsorption isotherms to 

determine if there has been any change to the uptake capacity or a potential switch in the 

adsorption mechanism of the material, and carbon dioxide isotherms to determine if the 

enthalpies of adsorption have changed due to the addition of the fluorene groups. 

Furthermore, the fluorine functionalization can be moved into the meta position on the 

aromatic ring to help determine if the change in adsorption properties is due to the addition 

of the fluorine group or if the cluster has been successfully blocked.198 

 

Figure 4.6: One potential synthetic route to mono- and di-fluorinated 

4,4'-biphenyldicarboxylic acid ligands. 

It is also quite possible that the addition of the fluorine groups are not quite large 

enough to block gas molecules from entering the cluster. Instead of installing a larger 
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halogen, there is an alternative route to follow; we could remove the cluster entirely. In the 

literature, click chemistry has been used to install cross ligands between the ligands in 

porous materials. What I propose is similar to the installation of cross ligands, where one 

end of the ligand will contain an azide, while another ligand will contain an alkyne.211 Once 

these ligands are incorporated into the MOF, a small amount of copper catalyst can be 

added and the two ligands should become tethered to one another (Figure 4.7). It is possible 

that the tethering of the ligands will result in an effective blocking group, however, the 

entire cluster may be removable by soaking the MOF in acid. If the cluster is completely 

removed, then we can explore how the gas molecules interact with just the ligands of the 

porous material. 

 

Figure 4.7: Potential click coupling reaction between an azide and alkene on the 

functionalized biphenyl dicarboxylate. 
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4.3.4 Experimental 

4.3.4.1 General Methods 

All reagents were purchased from chemical suppliers and used without further 

purification. 1H-NMR was collected on a Bruker 300 or 500 Avance spectrometer, with the 

instrument used specified in the description for each synthesis procedure. 

4.3.4.2 Ligand Synthesis 

To synthesize 3,3′,5,5′-tetrakis(fluro)biphenyl-4,4′-dicarboxylate and 

3,3′-difluoro[1,1′-biphenyl]-4,4′-dicarboxylate a slightly modified literature procedure was 

used.210 

Dimethyl 3,3′,5,5′-tetrakis(fluro)biphenyl-4,4′-dicarboxylate 

In a 50 mL 3-neck round bottom flask 0.2360 g of nickel(II) chloride hexahydrate 

(0.9928 mmol) and 1.04 g of triphenylphosphine (3.67 mmol) and the flask was placed 

under dynamic nitrogen. In a second 50 mL round bottom flask, 15 mL of DMF was 

sparged with nitrogen for thirty minutes. After the sparging was complete the DMF was 

canula transferred into the 50 mL 3 neck round bottom flask. Once the nickel(II) chloride 

hexahydrate and the triphenylphosphine had completely dissolved, 0.0648 g of zinc powder 

(0.991 mmol) was added, and the reaction was stirred for one hour. After stirring was 

completed 0.2490 g of methyl 4-bromo-2,6-difluorobenzoate (0.9920 mmol) was added 

under nitrogen gas. The reaction was then stirred overnight under dynamic nitrogen. The 

reaction was removed from heat and cooled to room temperature. Afterwards, 0.250 mL of 

methyl iodide (4.016 mmol) was added to the reaction and allowed to stir for one hour. The 
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resulting mixture was then poured into 200 mL of water and a precipitate formed. This 

precipitate was collected by suction filtration and washed with water (3 × 50 mL). The 

precipitate was then added to 150 mL of ethyl acetate and stirred at room temperature for 

thirty minutes. The resulting precipitate was isolated by suction filtration and discarded. 

The filtrate was collected, and the solvent was removed under heat and reduced pressure 

to yield the desired product. 1H-NMR (300 MHz, DMSO-d6): δ 7.84 (d, J = 9.7 Hz, 4H), 

3.92 (s, 6H). 19F-NMR (300 MHz, DMSO-d6) δ -110.13 (d, J = 9.7 Hz). 

3,3’,5,5’-Tetrakis(fluro)biphenyl-4,4′-dicarboxylic acid (2,2-F-BPDC) 

To a 250 ml round bottom flask 0.5000 g of Dimethyl 

3,3′,5,5′-tetrakis(fluro)biphenyl-4,4′-dicarboxylate (1.461 mmol) was added and dissolved 

in 100 mL of a 50/50 mixture of THF and 1 M KOH. Once the solid had completely 

dissolved it was heated to 357 K and allowed to reflux overnight. The THF was removed 

under heat and reduced pressure. Once all the THF was removed the solution was acidified 

to a pH of 1 with 1 M hydrochloric acid. At this point a white precipitate had formed. The 

precipitate was isolated by suction filtration and washed with methanol (3 × 25 mL). 

1H-NMR (300 MHz, DMSO-d6): δ 7.76 (d, J = 9.3 Hz, 4H). 19F-NMR (300 MHz, 

DMSO-d6): δ -111.07 (d, J = 9.6 Hz). 

Dimethyl 3,3′-difluoro[1,1′-biphenyl]-4,4′-dicarboxylate 

The synthesis of this compound was the same as 

dimethyl 3,3′,5,5′tetrakis(fluro)biphenyl-4,4′-dicarboxylate. In a scaled-up reaction, 1.07 g 

of nickel(II) chloride hexahydrate (4.50 mmol) and 4.47 g of triphenylphosphine 
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(17.0 mmol) was placed in a 250 mL 3 neck round bottom flask and placed under dynamic 

nitrogen. In a separate 250 mL round bottom flask 100 mL of DMF was sparged with 

nitrogen for approximately thirty minutes. The DMF was then canula transferred into the 

flask containing the nickel(II) chloride hexahydrate and the triphenylphosphine and 

allowed to stir until all solids were dissolved. Once all solids had dissolved, 0.2711 g of 

zinc powder (0.4146 mmol) was added under nitrogen protection and the solution was 

allowed to stir for one hour. Then 1.0192 g of methyl 4-bromo-2-fluorobenzoate 

(0.4373 mmol) was added to the reaction under nitrogen protection and stirred overnight. 

The reaction was removed from heat and cooled to room temperature before 1 mL of 

methyl iodide was added to the reaction and allowed to stir for one hour. The resulting 

mixture was then poured into 400 mL of water and a precipitate formed. This precipitate 

was collected by suction filtration and washed (3 × 100 mL). The precipitate was then 

added to 300 mL of ethyl acetate and stirred at room temperature for thirty minutes. The 

resulting precipitate was isolated by suction filtration and discarded. The filtrate was 

collected, and the solvent was removed under heat and reduced pressure to yield the desired 

product. 1H-NMR (300 MHz, DMSO-d6): δ 8.00 (dd, J = 8.0 Hz, 12.3 Hz 2H), 7.86 (d, 

J = 12.4 Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H) 3.89 (s, 6H). 19F-NMR -109.42 (dd, J = 12.3, 

7.7 Hz). 

3,3'-Difluoro-[1,1'-biphenyl]-4,4'-dicarboxylic acid (1,1-F-BPDC) 

Similar to the synthesis of 3,3’,5,5’-tetrakis(fluro)biphenyl-p,p’-dicarboxylate, 

0.5000 g of dimethyl-3,3′-difluoro[1,1′biphenyl]-4,4′-dicarboxylate (0.1633 mmol) was 

placed in a 250 mL round bottom flask and 100 mL of a 50/50 mixture of THF and 1 M 
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KOH was added. The reaction was refluxed overnight, cooled to room temperature and the 

THF was removed under heat and reduced pressure, and the resulting solution was acidified 

with 1 M hydrochloric acid to give a white solid precipitate that was further isolated by 

suction filtration. 1H NMR (300 MHz, DMSO-d6) δ 7.97 (dd, J = 8.0 Hz, 12.3 Hz, 2H), 

7.80 (dd, J = 12.2, 1.7 Hz, 2H), 7.74 (dd, J = 8.2, 1.8 Hz, 2H). 19F NMR δ -109.62 (dd, 

J = 12.3, 7.8 Hz). 

4.3.4.3 Fluorinated MOF Synthesis 

The glacial acetic acid procedure that was used to synthesize UiO-66-AA and 

UiO-67-AA was slightly modified for the synthesis of the fluorinated UiO-67s.206 In a 

25 mL bomb flask (thick glass walled pressure flask with a polytetrafluoroethylene screw 

cap), 0.0060 g (0.26 mmol) of zirconium chloride was dissolved in 5 mL of DMF. Once 

dissolved, 0.2350 g or 0.2090 g (0.7512 mmol) of 2,2-F-BPDC-H2 or 1,1-F-BPDC-H2 were 

added along with 1.57 mL of acetic acid and the solution was sonicated for five minutes. 

Once sonication was complete the solution was placed in an oven at 393 K for two days. 

Once removed from the oven the solution was allowed to cool to room temperature. As the 

solution cooled solid began to form on the walls of the vessel. Once cooled to room 

temperature the solution was carefully decanted. Once most of the solution was decanted 

10 mL of fresh DMF was added and the powder was scraped from the side of the vessel 

and transferred to a 50 mL centrifuge tube and centrifuged at 7800 RPM for five minutes. 

Once this was complete, the DMF was carefully decanted off and another 10 mL of fresh 

DMF was added and the sample was centrifuged at 7800 RPM again for five minutes. This 

process was repeated a total of three times. Once this was complete the same procedure 
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was followed but with methanol as the solvent. Once the washings with methanol were 

complete the sample was transferred to a 353 K oven to dry. 

4.4 UiO-67 Water Stability 

4.4.1 Introduction 

Throughout this thesis the stability of UiO-67 with respect to water has been 

brought up. Throughout the preparation of this thesis a question has remained in my mind. 

With Mondloch and co-workers showing that UiO-67 decomposes when activated from 

liquid water, but not when UiO-67 is washed with an organic solvent after water 

exposure.88 Interestingly, in our hands exposing the MOF to a relative humidity of 54% or 

75% leads to the complete decomposition of the MOF after several days. In Chapter 2 we 

discuss how we believe that the water is causing the decomposition, not necessarily the 

activation. 

This poses the question of what causes UiO-67 to decompose in atmospheric 

conditions, with elevated relative humidity compared to being stored in liquid water. To 

ensure that the activation from water was not the cause of decomposition of UiO-67, we 

stored a sample of the MOF at 75% relative humidity for much longer than it would take 

to decompose, and exchanged it with methanol three times prior to activation. The surface 

area of this sample was not retained, and it was completely decomposed indicating that the 

activation procedure was not destroying the MOF. 
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The air in the atmosphere is comprised of many gases besides water and nitrogen, 

it also contains argon, helium, oxygen, and carbon dioxide. Most of these gases are not 

present in liquid water, or present in negligible concentrations. The gas that is present in 

the atmosphere that sticks out is carbon dioxide. It may be possible that carbon dioxide can 

interact with water vapour inside the MOF to create carbonic acid, and further lose a proton 

to form bicarbonate. This becomes important as Cao et al. have shown that UiO-66 can 

react with the bicarbonate ion in solution causing the MOF to decompose via 

Equation 4.1.87 Since UiO-67 contains the same zirconium building block and a similar 

ditopic ligand, the same or similar reaction may also occur in UiO-67. 

𝑍𝑟6𝑂4(𝑂𝐻)4(𝐵𝐷𝐶)6 + 18𝐻𝐶𝑂3
−  

→ 3[𝑍𝑟2(𝑂𝐻)2(𝐶𝑂3)4]2− + 8𝐻2𝑂 + 6𝐶𝑂2 + 6𝐵𝐷𝐶2− 

4.1 

While Cao et al. have shown that the reaction occurs in the liquid phase, it is not a 

stretch to think that this reaction could also occur in the gas phase.87 It is quite possible that 

at 54% and 75% relative humidity there is enough bicarbonate formed to cause the MOF 

to completely decompose. To prove that carbon dioxide is playing a role in the 

decomposition of UiO-67 in atmospheric conditions there are a series of experiments to 

perform. 

4.4.2 Proposed Experiments 

It has been shown that the desorption curve of a water isotherm can cause UiO-67 

to decompose, and it would be very difficult to create an environment with minimal carbon 

dioxide while still exposing the MOF a high relative humidity. Making these experiments 
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quite tricky. I propose making a single sample of UiO-67 and characterizing it with PXRD 

and nitrogen gas isotherms as described throughout this thesis. Once the material has been 

fully characterized it should be split into two samples and placed into a 3Flex tube 

containing a sealed frit to eliminate the possibility of any exchange between the sample 

and gas inside the tube and the atmosphere. Initially both batches would be exposed to a 

full water isotherm, without a desorption curve. The first sample would be backfilled with 

nitrogen and allowed to age for several days. The second sample would be backfilled with 

nitrogen and carbon dioxide to mimic atmospheric concentrations and aged for several 

days. Both samples would then be activated under heat and vacuum followed by nitrogen 

isotherms and PXRD measurements to characterize the materials. 

Based on the results of other first experiments there are follow up experiments to 

perform. First, if the sample stored under nitrogen shows gas adsorption or crystallinity 

consistent with UiO-67, then we cannot eliminate the possibility that the activation of the 

material had led to the decomposition, as suggested by Mondloch. To confirm that the 

activation from the water is the issue, we would repeat the experiment, however, prior to 

activation after the water isotherm, the sample should be washed with an organic solvent 

such as acetone or methanol to exchange any water remaining in the pores. 

Based on the hypothesis above, the sample that was stored under a mixture of 

carbon dioxide and nitrogen the MOF should decompose due to the formation of the 

bicarbonate. If the gas adsorption and PXRD has changed after the aging period, it could 

be due to the activation from water, which we know is an issue, or the MOF would be 

destroyed due to the bicarbonate. To determine which caused the decomposition another 
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series of experiments where the MOF is washed with an organic solvent prior to activation 

would be performed. 

There also runs the possibility that there is not enough water vapour present after a 

single water isotherm for an adequate amount of bicarbonate to form when the tube is 

backfilled with nitrogen and carbon dioxide, if only a small amount of bicarbonate is 

formed the MOF may not decompose. This would be evident if after washing with an 

organic solvent the porosity and crystallinity is retained. 

From the results in Chapter 2, I demonstrated that storing the MOF in a sealed 

container with a saturated salt solution causes the MOF to decompose. There also can be 

an experiment performed where a saturated salt solution and the MOF are stored in a sealed 

container that has been flushed with nitrogen prior to the aging period. It would be 

important to do this experiment under static conditions as dynamic nitrogen may change 

the relative humidity of the atmosphere. 
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Figure 4.8: Sealed container that can be purged with nitrogen to create an atmosphere 

with minimal carbon dioxide.  

If after aging in the nitrogen sealed container the surface area and crystallinity of 

the MOF remains intact, then it suggests that the carbon dioxide is responsible for the 

decomposition of the material. 

 A crucial component of this project would be to monitor the formation of 

bicarbonate. To do this we could use a couple of different methods. The first method is 

Solid-State NMR. With solid state NMR, the 13C nuclei could be monitored, and a change 

in chemical shift should be observed as it changes from gaseous carbon dioxide to 

bicarbonate and finally bound to the zirconium cluster as suggested in Equation 4.1. This 

would confirm the formation of bicarbonate and a potential binding location. 

The second method that could be used is a breakthrough measurement. The mass 

spectrometer would be set to monitor carbon dioxide, water, and carbonic acid. The MOF 
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would be loaded into the breakthrough instrument and a flow of nitrogen and carbon 

dioxide gas would initially be used until breakthrough is accomplished. After this the gas 

flow would be switched to contain carbon dioxide and humidified nitrogen. If bicarbonate 

is forming, it would be detected by the mass spectrometer. This experiment would confirm 

the formation of bicarbonate along with insight to how much is forming. 
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Chapter 5: Conclusions 

The introduction stated that MOFs could be made from a variety of metal centres 

and ligands. With this freedom, the potential of these porous materials is near endless. In 

the literature we commonly see MOFs that are designed for specific gas phase applications, 

where one structural feature is said to be responsible for the capability of the material. 

While this is an effective approach, sometimes the reason why certain results are obtained 

can be overlooked. If we can understand why and how materials interact with gases, then 

we can lead to further enhancement in a variety of different MOFs. 

In Chapter 2 we examined how the structural properties of six different UiO MOFs 

played an important role in the adsorption of water vapour. We were able to draw three 

main conclusions from this work. The first was that under low relative humidity we see 

water vapour adsorb at a ratio of one water molecule per zirconium molecule, and this is 

reversable, which indicates that there should still be space inside of the material for other 

gases to adsorb. The presence of the hydrogen bonding site from the water may even 

enhance the adsorption of other target gases or assist in other applications such as catalysis. 

The second conclusion that we were able to take away from this project was pore size plays 

a big role in the relative pressure that causes the onset of humidity. UiO-66, the MOF that 

contained the smallest of the pores, had the water vapour adsorption step occur at the lowest 

relative humidity. Moving to larger pore size MOF, we noticed that the relative humidity 

required to create a water adsorption step was increased. With MOFs larger than UiO-68, 

the isotherm step would not occur until 90 % relative humidity or higher. This would result 
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in minimal water adsorption and there would be no competitive binding between water 

vapour and other gases in these MOF. The third conclusion was UiO-66 had an operational 

range, and the recyclability to be used in HVAC systems to maintain comfortable 

temperature for human health and showed potential for this application. To make these 

conclusions we had to look at multiple features of the MOFs, not just the pore size but also 

the number of defects that were present to determine how they played a role in the 

mechanism at which water vapour adsorption occurred. 

Chapter 3 showed a great example of how different topological features played an 

important role in carbon dioxide gas adsorption in UiO-66 and UiO-67. We have seen in 

these materials that having a smaller pore can lead to confinement effects with enhanced 

gas adsorption. However, how that smaller pore is achieved can very. Having a near 

pristine material, leading to a larger presence of the smaller tetrahedral pore, results in a 

larger enthalpy of adsorption. As the pore sizes were increased in UiO-67 the interactions 

between the carbon dioxide and the MOF were much lower due to the lack of confinement 

effects. The investigation continued to examine how the open metal sites on the zirconium 

cluster can play a role in the adsorption of carbon dioxide. We established that heating to 

a point of dehydration hindered the gas adsorption capabilities of the MOF. We had also 

determined that functionalization of the cluster with methanol/methoxy coordinating 

groups allowed for the enhancement of carbon dioxide adsorption but only if defects were 

already present in the MOF. We have attributed this to the new interaction site provided by 

the methanol/methoxy caps, along with these molecules taking up more room in the pores 

causing more confinement effects. 
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While this thesis provides an in-depth investigation into the adsorption capacities, 

and mechanism of adsorption for water vapour and carbon dioxide gas independently, the 

investigation into the binding of water vapour and carbon dioxide mixed gas systems can 

provide much more insight into how these gases may competitively or cooperatively bind. 

Some potential future experiments to investigate this has been outlined in Chapter 4. While 

functionalizing materials and examining the gas adsorption capabilities is a method that we 

see in the literature and will continue to see it is important to fully understand how all 

properties in a given structure contributes to the observed results. Once we fully understand 

how materials work, we can further enhance their capabilities and see them in operation in 

real world conditions.
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Appendix A - Additional information for Chapter 2 - The 

Mechanism of Water Adsorption in UiO Metal Organic 

Frameworks 

Table A.1: Standard deviation for Pore size Distribution Fits of UiO-68-Me4 and 

UiO-68-NH2 

Method A (Post COVID) UiO-68-Me4 UiO-68-NH2 

Tarazona 13.1 cm3/g 6.1 cm3/g 

Cylindrical Pores on an Oxide Surface 45.3 cm3/g 69.0 cm3/g 

Pillared Clay 19.8 cm3/g 20.1 cm3/g 

Method B (Pre COVID) UiO-68-Me4 UiO-68-NH2 

Tarazona 12.0 cm3/g 7.15 cm3/g 

Cylindrical Pores on an Oxide Surface 35.1 cm3/g 69.0 cm3/g 

Pillared Clay 16.6 cm3/g 28.9 cm3/g 
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Water Adsorption and Desorption Isotherms 

Figure A.1: Water adsorption and desorption isotherms. Left: UiO-66 (Adsorption: red 

circle trace; Desorption: white circle trace) UiO-67 (Adsorption: blue square trace; 

Desorption: white square trace), and UiO-68-Me4 (Adsorption: green triangle trace; 

Desorption: white tri-angle trace). Right: UiO-66-NH2 (Adsorption: red circle trace; 

Desorption: white circle trace) UiO-67-NH2 (Adsorption: blue square trace; Desorption: 

white square trace), and UiO-68-NH2 (Adsorption: green triangle trace; Desorption: white 

triangle trace) 
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Pore Size Distributions from Nitrogen Gas and Water Vapour Adsorption Isotherms. 

 

Figure A.2: Comparison of DFT-determined pore size distributions from fits to the nitrogen 

gas adsorption isotherm (red trace) and the pore size distribution fits from the Kelvin 

equation-derived water vapour adsorption isotherms. (a) UiO-66, (b) UiO-66-NH2, (c) 

UiO-67, (d) UiO-67-NH2, (e) UiO-68-Me4 (grey is from synthetic method B), (f) 

UiO-68-NH2 (grey and green are from synthetic method B). Note: the pore size fits for 

UiO-68-Me4 and UiO-68-NH2 are not perfect fits, but it does predict the most predominant 

pore. 
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Comparison of water isotherms for UiO-68 synthetic procedures. 

Over the course of the project, several synthetic procedures for UiO-68-Me4 and 

UiO-68-NH2 were attempted. In our hands, we struggled to get reproducible results. The 

two synthetic preps (Method A and Method B) were often successful, but occasionally still 

failed. This suggests that there are additional variables in the synthesis of this MOF that 

are yet unknown that prevent us from getting reproducible results. Furthermore, the data 

for these materials were different enough that warrant discussion of these differences. 

Given that others may also get differing results, we opted to report on the results of two 

different synthetic procedures to shed light on the MOF itself. Table A.2 shows the 

differences in the observed BET surface areas. Method B produces materials with notably 

(~400 m2/g) lower surface area than Method A. despite this, the pore size distributions for 

the two MOFs (Figure A.2 e and f red/dark red traces) seem more similar than different. 

This may suggest that Method A produces fewer impurities. However, given the quality of 

the pore size distribution fits, we are hesitant to overinterpret this data. 

Table A.2: Comparison of BET surface areas between Method A and Method B for the 

UiO-68 reported in this work. 

 BET surface area (m2/g) 

MOF Method A Method B Expected 

UiO-68-Me4 3475 2950 3300 

UiO-68-NH2 3350 2950 3750 
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Despite the similarities in the nitrogen adsorption data, the water isotherms looked 

surprisingly different. For UiO-68-Me4, the two methods had different condensation step 

positions. This suggests either a change in the hydrophobicity of the MOF, potentially via 

conformational changes, or the difference in defect density, which could change the pore 

size. Based on the pore size distribution data, it seems unlikely that the pore size is 

changing.  

 

Figure A.3: water adsorption isotherms for UiO-68-Me4 (Dark green: method A; Light 

green: method B) and UiO-68-NH2 (Magenta: method A; Pink: method B). 

Looking at the water adsorption isotherm for UiO-68-NH2 there are two steps in 

the isotherm for Method A, but only one step for Method B. upon closer inspection of the 

isotherm from method B, the background slope changes around 0.4 P/Po. This suggests that 

both MOFs have the same types of pores, but the number of each pore may be different. 

From the data in this work, we assumed that the condensation step at 0.6 P/Po is the large 

octahedral pore and access to the tetrahedral pore may only be possible in the synthesis for 

Method A. Indeed, if we look at the pore size distribution generated from the water 
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adsorption isotherms, we see two pores consistent with the tetrahedral and octahedral pore 

of UiO-68. 

Although the interpretation of this data is consistent with the data, given that the 

synthetic procedures were not as reproducible for the UiO-68 MOFs versus the UiO-66 

and UiO-67 MOFs, this is only a hypothesis. Further analysis of the synthetic procedures 

is necessary to optimize the procedures and analyze the water adsorption/desorption data; 

this is beyond the scope of this work. 


