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Abstract 

 

Gas capture and separation is a relevant, dynamic field of research because gases play a 

vital role in our society from the synthesis of polymers and plastics to the production of fuel. 

Furthermore, there is an ever-increasing concentration of greenhouse gases, namely CO2 and 

methane, in the atmosphere, which is leading to climate change. Various types of adsorbents 

and absorption-based methods have been utilized for gas capture and separation, however 

many of these methods are expensive and have a high energy penalty. Metal-organic 

frameworks (MOFs) are a class of adsorbents which can be made inexpensively, and they 

can be recycled with a low energy input, thus making them desirable materials for gas 

capture and separation.  

This thesis focuses on MOFs with small pores for gas capture and separation. The MOFs 

are made with isophthalic acids, which are inexpensive starting materials. The MOFs were 

found using the Cambridge Structural Database, analysed using a simulation software known 

as PoreBlazer, and then synthesized for gas adsorption analysis. Many reported synthetic 

procedures could not be replicated, but this led to the discovery of many new MOF materials. 

Together with the MOFs that could be reproduced in our laboratory, many MOFs were found 

with good uptakes and good selectivities for various interesting gas pairs. This thesis not 

only introduces several new MOFs but shows the variability of using the isophthalic acid 

ligand core to produce many MOF materials. Overall, several important discoveries of new 

MOF materials for important gas separations were made.  
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Chapter 1 – Introduction 

 

1.1 Introduction to Gas Capture and Separation 

Gas storage, separation and purification are important industrial processes as they 

produce chemical materials for the production of polymers, plastics, and, especially, fuel.1 

Modern society requires a lot of energy to function and the use of fossil fuels, such as natural 

gas, crude oil or coal, provides a lot of this required energy.2 However, the use of fossil fuels 

has led to increases in environmental issues such as global warming, due to the increased 

amounts of carbon dioxide (CO2) and methane (CH4) in the atmosphere. Therefore, 

controlling the concentration of gases such as these entering the atmosphere is ideal. The gas 

streams produced from the burning of such fossil fuels are riddled with impurities and thus 

require separation. The gas streams that are used in industry, such as light hydrocarbons, 

also require separation and purification before use.2   

 

1.1.1 Noncovalent Forces and Important Gas Parameters 

Before delving into important gas separations and the uses of gases in industry, it is 

necessary to explain some important gas properties. These properties help to explain why 

some gas pairs are hard to separate. These key characteristics can be described as dipole and 

quadrupole moments, polarizability, and kinetic diameter. 

  

 

Figure 1.1 Electrostatic potential maps for selected gases. Blue signifies depleted 

electron density with a coloured scale of increasing electron density up to red which 

signifies enhanced electron density. These maps were calculated in Spartan with Hartree-

Fock 6-311+G** calculations. The electron density scale is molecule dependent and is 

based on the absolute calculated minimum and maximum electron density values. 
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Most chemical bonds are polar; therefore they have a more positive end and a more 

negative end. Such bond polarities can result in a molecule, as a whole, having more positive 

regions and more negative regions. This kind of electron distribution is known as a dipole, 

with the magnitude of the dipole being the dipole moment.3 Dipole moments depend not just 

on bond polarities but on the shape of a molecule. CO2 for example does not have a dipole 

moment as the polar C=O bonds cancel each other out due to the linear molecular shape. 

However, water has a dipole moment due to its bent shape.3 Quadrupole moments are also 

based around bond polarities. In simple terms, a quadrupole is made of two antiparallel 

dipoles, which are aligned so that there is no net dipole.4, 5 Much like for dipoles, the 

magnitude of a quadrupole is the quadrupole moment. There are two kinds of quadrupole 

arrangements – two dipoles side-by-side or two dipoles head-to-head which both dipoles 

point in opposite directions.4 CO2 has a quadrupole moment as the ends have a more negative 

charge and the middle is more positive, thus like two dipoles which are head-to-head.   

The electron cloud of a molecule is also important for polarizability. An electron cloud 

can be distorted by dispersion forces and the ease of distortion of a molecule’s electron cloud 

is known as the polarizability.3 The distorted electron cloud creates a temporary dipole. The 

larger the electron cloud, the easier it is to distort and thus it is more polarizable.3 The 

distribution of the electron clouds of various gas molecules can be visualized in Figure 1.1. 

Different colours show the more negative and more positive regions, as captioned in the 

figure. 

 

 

Figure 1.2 Kinetic diameter versus polarizability for selected gases discussed in section 

1.1.6-13 Colours: black: atmospheric gases, red: hydrocarbons, blue: noble gases. Figure 

inspired from Chen’s 2019 review.14 
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Another key parameter is the kinetic diameter of gases (Figure 1.2). The kinetic diameter 

is the effective size of a gas molecule and is generally larger than the actual molecular size 

as kinetic diameter accounts for molecular motion.15 In this thesis, when the size of a gas 

molecule is mentioned, it will mean the kinetic diameter of the gas. 

 

1.1.2 Carbon Capture and Separation 

Carbon dioxide (CO2) is a key industrial gas that is produced in a variety of ways such 

as from the combustion of hydrocarbons (flue gas), natural gas wells, or as an off-gas from 

automotive combustion or petroleum refineries.16, 17 However, the primary source of CO2 

production is from fossil fuels. With the steady increase in the use of fossil fuels since the 

start of the industrial era, the amount of CO2 in the atmosphere has increased.18 As of 2019, 

the global energy-related CO2 emissions reached   up to approximately 33 gigatonnes.19 CO2 

is known to be a primary greenhouse gas which has significant impacts on global warming.18 

For this reason, CO2 sequestration, known as carbon capture, has become a very important 

topic in research fields.  

Carbon dioxide has several applications as it can be used to carbonate beverages, as a 

carrier for spray paints or vegetable oils, in portable fire extinguishers, in the welding 

industry or it can be reacted with ammonia to produce urea for fertilizers.16 Furthermore, 

there are emerging technologies that will make better use of large quantities of CO2 such as 

CO2 hydrogenation to produce single carbon (C1) products such as methanol, formic acid or 

methane, or C2+ products such as olefins or longer-chain alcohols.20 Furthermore, other 

methods of CO2 utilization include using it to make biofuels, polymers for plastics, or in 

seawater desalination.21     

 

 

Figure 1.3 Key atmospheric gases for separation. Atom colours: carbon: black, oxygen: 

red, nitrogen: periwinkle blue, and hydrogen: pale peach. 

 

There are currently fours type of carbon capture and separation methods that are under 

investigation with these being: pre-combustion capture, post-combustion capture, oxyfuel 

combustion and direct air capture.18, 22  
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1.1.2.1 Precombustion Capture 

Fuels (such as coal, biomass, or natural gas) are reacted with air or oxygen, in a partial 

oxidation process known as gasification, to produce hydrogen gas (H2) and carbon monoxide 

(CO).17, 18, 22 The formed gas is known as syngas.17 The CO produced is further reacted in a 

shift converter to make CO2 and more H2.
18 Therefore, the key gas pair here that needs to be 

separated is CO2 and H2. Using current separation methods, this separation is expensive and 

involves high temperatures.18  

 

1.1.2.2 Postcombustion Capture 

In postcombustion capture, CO2 is to be removed from flue gas emitted from combustion 

plants.17, 18 The composition of the flue gas depends fuel type and combustion conditions, 

however, generally, the main component of flue gas is nitrogen (N2) which accounts for 

approximately 73 – 77 % of flue gas, followed by CO2 of approximately 8 – 15% and water 

vapour of around 5 – 7 %.17, 19, 22 Flue gas can also contain oxygen (O2), CO, nitrous oxides 

(NOx), sulphur dioxide (SO2), hydrogen sulphide (HS), and hydrocarbons.17 For this form of 

capture, the key gas pair for separation is CO2 and N2. These gases are hard to separate due 

to their similar sizes (CO2: 3.30 Å and N2: 3.64 Å) and shape (Figure 1.2 and Figure 1.3). 

However, they do have some different characteristics such as different polarizability (CO2: 

2.91 Å3 and N2: 1.74 Å3), as seen in Figure 1.2 and quadrupole moment (CO2: -4.30 x 10-26 

esu cm2 and N2: 1.47 x 10-26 esu cm2) which aides in separation.6, 14, 19, 23 This type of carbon 

capture is one of the easiest to employ in industry as a power plant could be fitted with the 

appropriate chemical processors to capture the CO2. This is currently employed in some 

plants, however, the ones used are to trap gas impurities, such as NOx or SO2
 rather than 

CO2.
18  

 

1.1.2.3 Oxyfuel Combustion 

Fuels are ignited with nearly pure O2 to generate, almost exclusively, CO2.
18, 22 The 

almost pure CO2 is an advantage of this technique and makes it ideal for capture and direct 

storage. However, a downfall of this technique is that pure O2 is required, which means it 

needs to undergo its own separation and purification process beforehand.18 The O2 used for 

combustion is generally sequestered from air therefore, the key gas pair here is O2 and N2 as 

air is mostly made of N2. O2 and N2 are difficult to separate due to their similar sizes (O2: 

3.46 Å and N2: 3.64 Å) and similar properties, such as polarizability (O2: 0.97-1.07 Å3 and 

N2: 1.74 Å3, Figure 1.2) and quadrupole moment (Figure 1.3).13, 22 
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1.1.2.4 Direct Air Capture 

In this method, CO2 is directly sequestered from the air.19, 22 As of 2018, the current 

levels of CO2 in the air were 400 ppm, which is below the harmful level. However, due to 

the ever increasing amount of CO2 in the atmosphere, removal of CO2 is important to avoid 

reaching toxic levels.22 Direct air capture has the potential for climate change remediation 

as it can take the CO2 directly from the air.24, 25 The key gas pair for separation in this method 

would also be CO2 and N2
 due to high atmospheric N2 levels. 

 

1.1.3 Hydrocarbon Separation 

Natural gas and crude oil are the main sources of hydrocarbon intermediates, such as 

methane, acetylene, ethane, ethylene, propane, and propylene, which are important 

precursors and products in both the petrochemical and polymer industries.26, 27 For 

application purposes these gases need to be of high purity, but they often contain 

contaminants, therefore separation methods are required, especially for certain gas pairs.  

 

 

Figure 1.4 Key hydrocarbon gases for separation. Atom colours: carbon: black, and 

hydrogen: pale peach. 

 

Methane (CH4) is the main component of natural gas and is also a by-product in all gas 

streams from crude oil processing. CH4 is considered as a cleaner alternative to fossil fuels 

because when it is oxidized it releases a lower amount of CO and CO2 compared to fossil 

fuel combustion.19, 26, 27 However, to utilize CH4 as a possible fuel source, it needs to have 

any impurities removed.19 Thus, one of the key gas pairs for separation is CH4 and CO2. 

These gases have similar sizes (CO2: 3.30 Å and CH4: 3.80 Å) and polarizabilities (CO2: 
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2.91 Å3 and CH4: 2.59 Å3), as seen in Figure 1.2, which makes separation more difficult. 

Their quadrupole moments do differ as methane doesn’t have one, which assists separation.6, 

14, 27 Furthermore, much like CO2, CH4 is a greenhouse gas which needs to have its 

atmospheric concentration reduced. This presents CH4 and N2 as a key gas pair for separation. 

CH4 and N2 have similar kinetic diameters (CH4: 3.80 Å and N2: 3.64 Å) but different 

polarizabilities (CH4: 2.59 Å3 and N2: 1.74 Å3, Figure 1.2) and quadrupole moments.6, 14, 19 

Ethane (C2H6) is a precursor in the cracking production of ethylene (C2H4).
26, 27 Ethylene 

is used widely in reactions to make polymers such as polyvinyl chloride or polystyrene.26 

Ethylene can also be used to make ethylene glycol which can make synthetic fibres and 

antifreeze.26 One of the main impurities in the production of ethylene is acetylene (C2H2).
14 

The presence of acetylene can be detrimental to ethylene polymerization reactions as 

acetylene can poison reaction catalysts, is highly explosive, and can form metal acetylides 

which can block gas stream pathways.14, 27 Thus the removal of acetylene from ethylene 

mixtures is desired, thus making it a key gas pair in research. The current method for 

separating ethylene and acetylene is cryogenic distillation (see section 1.2.2 for more details) 

which is highly energy-intensive.2 However, it is difficult to separate ethylene and acetylene 

due to their similar sizes (C2H4: 4.20 Å and C2H2: 3.30 Å) and polarizability (C2H4: 4.25 Å3 

and C2H2: 3.33 – 3.93 Å3) as seen in Figure 1.2 and Figure 1.4. However, their quadruple 

moments do differ slightly (C2H4: 1.50 x 10-26 esu cm2 and C2H2: 7.50 x 10-26 esu cm2).6, 9, 

14 The separation of ethane and ethylene is also important in case there is any unreacted 

ethane after cracking, thus making this another key gas pair. Because ethane and ethylene 

have similar boiling points (C2H6: 185 K and C2H4: 169 K), separation via distillation is 

difficult.27 These two gases also have similar sizes (C2H6: 4.40 Å and C2H4: 4.20 Å),  

polarizability (C2H6: 4.43 – 4.47 Å3 and C2H4: 4.25 Å3
, Figure 1.2) and quadruple moments 

(C2H6: 0.650 esu cm2 and C2H4: 1.50 x 10-26 esu cm2), further complicating separation.6, 9  

Acetylene is more than just an impurity as it can be used for the synthesis of plastics and 

polyurethanes, or for welding and cutting metal.19  In the cracking of hydrocarbons or natural 

gas to produce acetylene, CO2 is produced as an impurity with H2 and CH4.
19, 27 This results 

in another key gas pair for separation: acetylene and CO2, but like the hydrocarbons 

mentioned former, CO2 and acetylene have similar properties, such as their size (C2H2: 3.30 

Å and CO2: 3.30 Å) and polarizability (C2H2: 3.33 – 3.93 Å3 and CO2: 2.91 Å3), as seen in 

Figure 1.2.6, 19 Their quadrupole moments (C2H2: 7.50 x 10-26 esu cm2 and CO2: -4.30 x 10-

26 esu cm2) are different however, which aids in the separation process.6 

Propane (C3H8) is a product of natural gas liquids or steam cracking in petroleum refining 

and is used to produce propylene (C3H6).
16, 26, 27 Propylene can be either polymerized alone, 
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such as for making polypropylene plastics, or it can be copolymerized, such as with 

ethylene.19, 26 Propylene can also be used in making chemicals such as isopropanol or 

glycerol.26 Propylene gas streams used for polymerization must have a very high purity (> 

99.9 %), as impurities can poison the reaction catalyst however, traces of propane remain 

after cracking, making propane and propylene a key gas separation pair.19 These gases have 

similar boiling points (C3H8: 231 K and C3H6: 225 K) meaning that they are difficult to 

separate via distillation methods.27 Propane and propylene are also similar in size (C3H8: 

4.90 Å and C3H6: 4.60 Å) and polarizability (C3H8: 6.29 – 6.37 Å3 and C3H6: 6.26 Å3) which 

further complicates separation (Figure 1.2 and Figure 1.4).10, 11, 14  

 

1.1.4 Xenon/Krypton Separation 

Xenon and krypton are noble gases which have important industrial uses. Xenon can be 

used in flash photography, spacecraft propellant, and in some forms of lamps.16, 19 Xenon 

also has many medical uses such as being used an as anaesthetic due to its non-toxic 

properties, non-laser phototherapy and MRI and CT scanning.28 Krypton can be used, 

sometimes with argon, in incandescent lamps as it decreases degradation of the lamp 

filament, in lasers and for stimulating plant growth as the light emitted from krypton lamps 

is known to aid in stimulating photosynthesis.16 Furthermore, both xenon and krypton have 

applications in insulation and electronics.2, 19 Currently, cryogenic distillation is the main 

method for separation of xenon/krypton mixtures, which is highly energy-intensive and 

expensive.2, 19 Xenon and krypton are difficult to separate due to their similar shape and size 

(Xe: 4.10 Å and Kr: 3.69 Å) but they do have differing polarizabilities (Xe: 4.01 Å and Kr: 

2.47 Å) (Figure 1.2 and Figure 1.5).7, 12 

 

 

Figure 1.5 Xenon and krypton. Atom colours: xenon: violet and krypton: pale pink 
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1.2 Current Methods for Gas Separation 

Gas separation and purification are an important part of gas preparation for industrial 

application. These separations account for 50 % of industrial energy and 10 – 15 % of global 

energy consumption.1, 15, 19, 27 There are currently a range of methods employed for the 

capture, separation, and purification of gas mixtures, however, as outlined above, these gas 

separations are difficult to perform due to similarities in the gas properties, and often these 

methods are costly and energy-intensive. In this section, the current methods for gas capture, 

separation and purification will be outlined, alongside emerging methods.27     

 

1.2.1 Absorption-Based Methods 

Absorption-based methods are one of the most widely established gas capture processes, 

especially for CO2 capture. One such method is amine scrubbing which is the most mature 

technology used for postcombustion capture of CO2 and H2S and has been utilized 

commercially since the 1930s.29, 30 In amine scrubbing, CO2 is captured by a closed loop 

cycle of adsorption and desorption (stripping) cycles with aqueous amine media.29, 30 CO2 is 

absorbed by the aqueous amine solution at around 40 °C by reacting with the amine to form 

either a carbamate species (primary or secondary amines) or bicarbonate ions (tertiary 

amines).29-31 In the stripping stage, the solution is then heated to around 100-120 °C with 

water vapour to regenerate the amine so it can be used again.29, 32 The water vapour used is 

condensed from the stripper vapour to release the CO2.
29 A range of primary, secondary and 

tertiary alkanolamines are utilized in amine scrubbing.30, 32 Monoethanolamine (MEA) is the 

traditionally used amine, but new compounds are being used more frequently. Furthermore, 

there is constant research and development of amine technologies, such as Shell CANSLOV, 

which utilizes amine technology for SO2 and CO2 capture.32, 33 

Some of the advantages of amine scrubbing include the high purity streams of CO2 

produced (> 95 %), non-reliance on human operators which reduces labour costs, and the 

amine solvent can be recycled which reduces material costs.34 However, this well-

established method for CO2 capture does come with its downfalls. One of the greatest 

disadvantages is the large energy cost required to regenerate the amine; greater than half of 

the total capture cost.30, 31 The use of MEA and some other amines have disadvantages such 

as low CO2 loading capacity, the formation of toxic products, reduced efficiency upon 

degradation (thermal or oxidative), and the corrosion of pipes and other equipment.29, 32 Ergo, 

while amine scrubbing is a highly established technique for CO2 capture, it has many 

limitations.  
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1.2.2 Cryogenic Distillation 

Cryogenic distillation involves the use of extremely low temperatures (below 120 K) to 

separate gases.35 Cryogenic distillation is mainly used to separation of air into its constituent 

gases (nitrogen, oxygen and argon), in the separation of CO2 from gas mixtures, and in the 

separation of light alkenes from alkanes, such as ethylene purification and propylene 

purification.35, 36 Simply put, the gas feed enters the cryogenic distillation tower, which is at 

a low temperature and high pressure. The gas mixture is separated due to differences in their 

boiling points i.e. one gas will liquefy and leave through the bottom, and the other will 

remain gaseous and leave through the top.34, 35, 37, 38 This is shown by the simplified 

schematic in Figure 1.6. The distillation columns contain trays to aid in separation and the 

number of trays is dependent on the difficulty and desired purity of separation.38 

 

 

Figure 1.6 A simplified schematic depicting a cryogenic distillation tower for the 

separation of alkenes and alkanes.37 

 

For CO2 capture, an advantage of cryogenic distillation is that there is a high recovery 

rate of CO2 and the product is liquid CO2.
34 For air separation, cryogenic distillation results 

in high purity gas (95% when separating O2 and N2) and high gas recovery (95%).39 One of 

the main disadvantages of cryogenic distillation is that it is highly energy-intensive as a lot 

of energy is required to maintain such low temperatures.34, 37 In terms of CO2 capture, 

another drawback is that cryogenic separation cannot be used on its own to sequester CO2 

from flue gas, because first other gases such as O2, NOx, SOx and water vapour must be 

removed before the cryogenic process can begin.34 Due to the low temperatures used, if 

contaminants such as water, oil or unwanted gases are present, they can freeze and clog up 
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the pipes, which can result in system failure or corrode equipment.34, 35 Other disadvantages 

include possible risks such as overpressurization, oxygen deficiency in the work 

environment, and flammability.35  

 

1.2.3 Membranes 

The use of membranes for gas separation has been commercially implemented since the 

1980s.40 In terms of gas separation, membranes are a barrier between two phases. Gases are 

allowed through the barrier due to a difference in pressure.40, 41 The main mechanism of gas 

separation membrane technology involves three steps: 1) absorption of the gas into the 

membrane at the higher pressure side of the membrane, 2) diffusion of the gas through the 

membrane, and 3) desorption of the gas at the lower pressure side of the membrane.40, 41  

There are different kinds of membranes, based on their material type, such as polymeric, 

inorganic, carbon-based, zeolitic, solubility-controlled, facilitated transport, or mixed-matrix 

membranes.36, 40 The most commonly implemented commercial membrane is polymeric.36, 

42 Commercially, membranes have several applications such as the recovery of hydrogen 

from ammonia plants, the separation of CO2 and natural gas, the separation of nitrogen from 

air, and the separation of C2-C4 alkenes from nitrogen in petrochemical and polyolefin plants, 

with other separations in the works for future applications.42, 43  

There are many advantages to membranes over other methods of separation. One such 

advantage is the low cost compared to conventional methods as membrane technologies have 

simple, compact, and easy to use equipment that contains no moving parts. Membranes also 

do not require phase changes, have a small carbon footprint, and have a low energy use.41, 42 

Some disadvantages of membranes are that they require high operating pressure, and they 

are susceptible to poisoning by contaminants such as heavy metals, water or small particles. 

Membranes also have restrictive operating temperatures as they cannot withstand high 

temperature, have a lack of corrosion resistance, and the selectivity or permeability of 

membranes can degrade over time.42, 44  

 

1.2.4 Porous Materials 

Porous materials allow for adsorption-based methods of gas capture and separation. 

There are a number of different types of porous materials including zeolites, activated 

carbons, silica gels, molecular sieve carbons, porous polymers, and metal-organic 

frameworks (MOFs).45-47 These materials all have different properties to each other in terms 

of crystallinity, stability, and  diversity.46 Some of these materials are already established in 
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the field of gas capture and separation, such as zeolites and activated carbons, whilst others, 

such as MOFs, are emerging methods. 

 Zeolites are a well-established class of porous materials.48 Zeolites are crystalline 

materials known as aluminosilicates as they are formed by a periodic array of TO4 octahedra, 

where T = Si or Al.31 The framework of zeolites is negatively-charged therefore charge 

balancing cations are found in the frameworks, commonly alkali cations such as Na+ or K+.31 

Zeolites contain uniform micropores or mesopores with the pore sizes ranging of 3 – 10 Å.45, 

46 Zeolites occur commonly in nature, for example chabazite and mordenite (Figure 1.7), 

however synthetic zeolites can also be made. Naturally-formed zeolites tend to have smaller 

pores and pore volumes than synthetic zeolites.48 Zeolites have a number of favourable 

qualities, such as good regenerability, good thermal and chemical stability, they are 

incombustible, have large surface areas, and high adsorption capacity.31, 46-48 However, even 

though zeolites are one of the more established methods for gas storage and separations, 

there are drawbacks; they can be sensitive to acid/base and they can only operate under mild 

conditions as elevated temperatures or the presence of water can be detrimental to 

adsorption.31, 46, 48 The cost of zeolites can be both an advantage or a disadvantage depending 

on the desired zeolite. Sometimes costs are low, for example if natural zeolites are used or 

the raw materials used to make synthetic zeolites are cheap, and sometimes the cost is high, 

for example if the synthetic procedure is expensive, energy-intensive, time-consuming, or 

toxic.49  

 

 

Figure 1.7 Crystal structure of mordenite. Atom colours: oxygen: red, aluminium: blue, 

silicon: yellow, and sodium: lilac. 50 
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Activated carbon is another well-established adsorption-based method for gas storage 

and separation. Air purification is one of the many uses for activated carbon, alongside water 

treatment and solvent recovery.51 These materials contain pores ranging from 3 – 100 Å with 

pore sizes varying not just between different types of activated carbons but within the 

material itself.31, 45, 47, 52 Activated carbon can be formed from a range of possible sources, 

such as coal, industrial by-products such as petroleum or coke pitch, or a range of biomass 

sources like coconut shells or sawdust.31 This is one of the advantages of using activated 

carbon. To make activated carbon materials, there are two stages: carbonization, where the 

precursor material is heated until a carbon skeleton (char) is left behind, and activation, 

where the char is functionalized by physical or chemical treatments.31 There are many 

advantages of activated carbon including its large surface area, pore volume, low cost, good 

stability and decent reusability.45, 47 However, there are also disadvantages such as decreased 

adsorption ability under humid conditions, high desorption temperatures, incomplete 

desorption, irreversible binding of gases, and flammability.47 Another significant drawback 

is the lack of pore uniformity and that while the surface of the pores can be chemically altered, 

it is difficult to alter the structure of activated carbons.51, 52  

An emerging type of porous material in the field in gas storage and separation is a class 

of compounds called metal-organic frameworks (MOFs). MOFs are a type of coordination 

network which have permanent porosity which allows for the uptake and separation of gas 

molecules.53 This class of porous materials will be expanded upon in section 1.3 and 1.4.  

 

1.3 Metal-Organic Frameworks (MOFs) 

Metal-organic frameworks, commonly known by the acronym of MOFs, are a sub-class 

of coordination networks.53 According to the International Union of Pure and Applied 

Chemistry (IUPAC), the definition of a MOF is ‘a coordination network with organic 

ligands containing potential voids’ and a coordination network is a type of coordination 

compound which extends with repeating entities in more than one direction.53 As another 

description, MOFs are made with metal-based nodes that are connected by strong 

coordination bonds to charged organic ligands.54, 55 They are generally crystalline structures 

but are not necessarily.53, 56 There is no defined nomenclature for MOFs however they are 

usually nicknamed from either (1) their place of origin, such as HKUST-1 which originates 

from the Hong Kong University of Science and Technology57 or NU-1000 which originates 

from Northwestern University58, or (2) by their components such as Cu(4,4’-

bpy)1.5·NO3(H2O)1.25
59 (4,4’-bipy = 4,4’-bipyridine) or Ni-BDC (BDC = 1,4-benzene 

dicarboxylic acid).60 The latter nickname is known at the reticular formula.55 
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1.3.1 Brief History of MOFs 

The earliest examples of coordination compounds can be reported back to the 1800s, 

with a pigment called Prussian Blue and it is known to be one of the first recognized 

coordination compounds.54 However, the development of coordination networks really 

began late in the 1950s.54 However, it wasn’t until 1995 that the term ‘metal-organic 

framework’ was first introduced by Omar Yaghi.54, 59 This compound had a cationic 

framework that was made of Cu+ nodes, with a distorted trigonal planar geometry that had 

not yet been observed in other compounds with similar types of coordination.59 The nodes 

were connected to 4,4’-bipy linkers resulting in a structure that had rectangular shaped 

voids.59 Thus, the era of MOFs began. 

Due to the instability of using single metal ions as nodes, polynuclear clusters were 

sought after instead. As mentioned in the name, polynuclear clusters contain multiple atoms, 

which could be multiple metal ions or could be coordinating atoms such as oxygen or 

nitrogen attached to the metal ion. These polynuclear clusters can be referred to as a 

secondary building units (SBUs) however, an SBU is not a chemical entity but rather 

hypothetical unit which is used to make MOF structures easier to understand. SBUs provide 

higher stability, rigidity, and directionality than single metal nodes.54 This led to the 

development of well-known, and some of the earliest known, MOF structures with high 

stabilities upon solvent removal and permanent porosity: MOF-2 (1998), MOF-5 (1999), 

and HKUST-1 (1999).57, 61, 62  

MOF-2 is made of dinuclear Zn2+ paddlewheel clusters (SBUs) with the oxygens of the 

cluster coming from the carboxylate groups of the BDC ligands and from coordinated water 

molecules. The BDC ligands associate to the nodes via di-monodentate behaviour.61 MOF-

2 was the first framework that maintained its structure upon solvent removal and its 

permanent porosity was shown by N2 uptake at 77 K.61  
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Figure 1.8 (Left) Structure of MOF-5. (Right) Structure of HKUST-1. Atom colours: 

carbon: black, oxygen: red, zinc: pale blue, copper: royal blue, and hydrogen: peach. 

Hydrogen atoms omitted for clarity.   

 

In the following year, Yaghi’s group released the structure of MOF-5, which is likely to 

be the most well-known MOF. The SBU of this MOF is made of a single oxygen atom which 

is further bound to four Zn2+ atoms, which results in a Zn4O tetrahedron. 62 This allows for 

expansion along Cartesian coordinates in a 3-dimensional way, which is done by the addition 

of the BDC ligands at the edge of each Zn tetrahedron, resulting in the framework structure 

of MOF-5 (Figure 1.8).62 MOF-5 has three-dimensional channels that intersect with each 

other with 12.9 Å inter-cluster distance and a pore aperture of 8 Å.54, 62 The high stability of 

this MOF was shown by heating it to 300 °C with there being no effect on its crystallinity or 

structure. N2 at 77 K isotherms of MOF-5 showed a higher uptake than MOF-2, and 

assuming monolayer coverage, the apparent Langmuir surface area was estimated to be 

2,900 m2 g-1, which further confirms the permanent porosity of MOF-5 and was an early 

indicator of the high surface areas that MOFs can have.62 

HKUST-1 was also released in 1999 by William’s group. HKUST-1 is made of dimeric 

Cu2+ paddlewheel SBUs with the equatorial oxygen atoms being donated from the TMA 

(trimesic acid) carboxylate groups. The Cu2+ ions are coordinated with a pseudooctahedral 

geometry with axial coordinated water ligands.57 Much, like MOF-5, HKUST-1 has 

intersecting three-dimensional channels, with the framework having a honeycomb 

arrangement with hexagonal pore apertures which are made up of six SBUs and six TMA 

ligands, resulting in an inter-cluster distance of 18.6 Å.57 The framework structure can be 

seen in Figure 1.8. N2 at 77 K isotherms gave a Langmuir surface area of 917 m2 g-1. 
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From 1999 onward came the exponential increase in the number of MOFs discovered 

and published. Due to the wide variety of metals and organic ligands available, a near infinite 

number of MOFs can be achieved.  

  

1.3.2 Isoreticular Principle and Multivariate MOFs 

The formation of MOFs is dependent on many variables, such as temperature, solvent, 

metal to ligand ratio, and synthesis method. In saying that, the rules of reticular chemistry 

can be applied as MOFs fall under the subheading of reticular chemistry because they are 

compounds which form strong bonds to make extended structures with a repeating net-like 

structure (topology).54, 55, 63 The isoreticular principle is an important feature within reticular 

chemistry as it results in the formation of a series of compounds with the same topology. 

These are generally achieved by altering the ligands, generally the ligand length (for example 

Figure 1.9), to achieve a family of MOFs with the same topology but differing pore sizes.54  

 

 

Figure 1.9 Ligand structures for IRMOFs 2, 3, 4, 8, 10 and 16, respectively. See Figure 

1.10 for the IRMOF structures. 

 

An example of this is the IRMOF (Isoreticular Metal-Organic Framework) series produced 

by Yaghi’s group, as seen in Figure 1.9 and Figure 1.10.64, 65 This series of MOFs have the 

same topology as MOF-5 but with different ligands. The ligands are altered in different ways. 

One way is by adding different functional groups to BDC such as Br, NH2, or O(CH2)2CH3 

as seen by ligands 2, 3 and 4 (Figure 1.9), which makes IRMOFs 2, 3 and 4 respectively 

(Figure 1.10). Alternatively, the BDC linker can be expanded through to the addition of 

benzene rings to make longer ligands as shown by ligands 8, 10 and 16 (Figure 1.9) which 

make IRMOFs 8, 10 and 16 respectively (Figure 1.10).64 As the linker size increases, so does 

the size of the pores, whilst still maintaining the framework topology. 
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Figure 1.10 Structure of IFMOFs 2, 3, 4, 8, 10, 16, respectively. Atom colours: carbon: 

black, oxygen: red, zinc: pale blue, hydrogen: peach, bromine: brown and nitrogen: 

periwinkle blue. 

 

The isoreticular principle applies to more than just changing ligand functionalization or 

length. Changing the metal ions present can also produce an isoreticular series, as seen by 

the MOF-74 series (Figure 1.11). 

 

 

Figure 1.11 Structures of the MOF-74 series. Atom colours: carbon: black, oxygen: red, 

nitrogen: periwinkle blue, zinc: pale blue, nickel: chrome, cobalt: magenta, magnesium: 

orange, and copper: royal blue. Hydrogen atoms omitted for clarity. 
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The metal centres in this series adopt an octahedral geometry, with the oxygen donors 

being from the carboxylate or hydroxyl groups on the 2,5-dihydroxyterephthalic acid 

(DHTP) ligand.66 This forms a framework with honeycomb-shaped three-dimensional 

channels, and the SBUs forming helical rods.66 At the metal centres, there is generally a 

coordinated solvent molecule which can be removed upon activation to generate an open 

metal site. These sites point into the pore, which can be seen in the first structure in Figure 

1.11 as DMF is coordinated. The first MOF-74 structure that was reported contained zinc, 

and over the course of several years, isoreticular structures were reported containing nickel, 

cobalt, magnesium, and copper (Figure 1.11).66-70 Yaghi’s group also showed that MOF-74 

can contain more than one metal at a time in the framework and still have the same topology. 

They were able to insert up to ten metals into the MOF (Ba, Ca, Cd, Co, Fe, Ni, Mg, Mn, Sr, 

and Zn) as observed by elemental analysis.71 This mixed metal MOF is an example of a 

multivariate MOF as the ten metals are inserted into random places throughout the MOF 

however the overall topology is retained. The introduction of heterogeneity into the 

framework can be either through different metal ions forming the same SBUs (as is the case 

here) or through having multiple linkers present which have the same coordinating groups 

but differing chemical composition, for example a MOF made with both BDC and BDC-

Br.54   

 

1.3.3 Key Characteristics of MOFs 

MOFs contain a number of optimal characteristics that make them appealing for use in 

a variety of applications. One of the most advantageous characteristics of MOFs is their 

permanent porosity as the pores are where the important chemistry occurs. Permanent 

porosity is when the MOF will remain porous upon changes to its environment such as 

solvent, temperature or solvent-removal.54 MOFs can also have their exact structures 

determined via X-ray diffraction. This is highly advantageous as it allows for atomic-level 

precision leading to a better understanding of the inner workings of the behaviour of the 

MOF. 

Another advantage of MOFs is the range that can be made due to the variety of metals 

and ligands available. Transition metals, such as Zn2+ and Co2+, are the main metals used in 

MOFs, however other metals such as alkaline earth metals like Mg2+ or lanthanide ions can 

be included.62, 66, 68, 69, 72 The wide variety of organic ligands available is limited only by the 

laws of organic chemistry and the imagination. MOF ligands can be ditopic (containing two 

coordination sites), tritopic (three coordination sites) or more, which further increases the 

number of ways that ligands can coordinate to SBUs, thus resulting in more MOF structures. 
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MOF structures can also be multicomponent, where there is more than one type of ligand 

present, or multivariate, as mentioned in the previous section, both of which increase MOF 

possibilities. 

MOFs have a variety of other optimal characteristics such as their robustness, resistance 

to thermal or chemical degradation (stability), and they can be cheap and easy to make.45, 73 

They are also more designable and tunable than other porous materials which is highly 

advantageous and this includes the ability to post-synthetically modify MOFs.45, 46, 73 

Combining all of the aforementioned abilities, MOFs are dynamic field of chemistry 

with a vast range of applications. MOFs can be used for catalysis as ligands can be 

functionalized to contain catalytic groups for specific reactions.74-76 MOFs can be used for 

their luminescent properties that come from either the metal centres (such as lanthanides) or 

due to aromatic or conjugated π systems.72, 77 Such luminescent MOFs can be used in sensing 

such as for the detection of ions, vapours, or changes in pH or temperature.72 One of the 

biggest applications of MOFs is in the field of gas capture, storage, and separation, which 

will be further outlined in section 1.4.  

 

1.4 Use of MOFs in Gas Capture and Separation 

As introduced above, MOFs are becoming increasingly investigated for their application 

in gas capture, storage, and separation. This is due to the porous nature of MOFs being ideal 

adsorbents for gas storage and the ability of ligand functionalization to result in a range of 

interactions with different gas molecules, allowing for efficient separation.6, 19, 78, 79 This 

section will outline the mechanisms of separation in MOFs, introduce why small pore MOFs 

are efficient at gas separation along with some examples, and will end with the introduction 

to some experimental and computational techniques.  

 

1.4.1 Methods of Separation in MOFs 

Gases can be separated in MOFs using several different mechanisms which can roughly 

be divided into two sections: equilibrium and non-equilibrium processes.1 It is important to 

note that these two types of separation processes are not mutually exclusive, as separation 

can be a combination of these types. 
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Figure 1.12 Types of separation. (A) Thermodynamic separation. (B) Kinetic 

separation. (C) Molecular sieving. The blue framework represents a MOF. 

 

Equilibrium processes are generally governed by thermodynamics; such separations are 

often called thermodynamic separations (Figure 1.12A). This is the most common type of 

gas separation in MOFs and often occurs in MOFs with large pores.14, 80 For thermodynamic 

separation, all gases can enter the pores, as shown in Figure 1.12, however, gases will adsorb 

to the surface of the pore based on their adsorption affinity.1, 15, 81 Gases with a higher affinity 

will adsorb more strongly, such as the blue “molecule”, and gases with a lower affinity will 

bind more weakly, such as the orange “molecule”.15 The strength of the binding affinity is 

determined by the types of interactions the adsorbing gas can make with the MOF surface, 

such as van der Waals contacts, hydrogen-bonding or dipole-dipole interactions. These 

interactions can be determined by the framework through pore size and shape, functional 

groups on the ligands and their arrangement in the pore, or by the metal nodes, for example 

if a node contains open metal sites.15 The properties of the gas are also important in 

thermodynamic separation, such as polarizability, size, shape, and dipole/quadrupole 

moment.45  

In non-equilibrium processes, separation relies on the rate of diffusion of gases through 

the pores.1, 45, 81 This type of separation is also known as kinetic separation (Figure 1.12B).14 

Gases that have a higher mobility will occupy the pore preferentially to other gases.14 This 

is seen in Figure 1.12B as the orange “molecule” has a higher mobility, as shown by the 

solid orange arrow, whereas the blue “molecule” has a lower mobility, as shown by the 

dashed blue arrow. The size of the MOF pore governs this kind of separation process and 
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the smaller the pore, the more amplified the kinetic separation is.1 As the pore size decreases, 

the diffusion of gases becomes more hindered and molecular diffusion will transform into 

surface diffusion which is more dependent on the kinetic diameter and molecular weight of 

the gas.81 If the pore size continues to be reduced, it will reach a point where one of the gas 

components can no longer enter the pore, thus resulting in size-exclusion separation.81 Pore 

size is not the only factor that influences kinetic separation; temperature and pressure are 

also influencing factors for both the gas and the framework.81  

Size-exclusion separation, also known as molecular sieving, generally falls under the 

category of non-equilibrium processes as gases that are too large to fit into the pores are 

excluded, as seen by the orange “molecule” in Figure 1.12C, whilst smaller gases are allowed 

entry, as seen by the blue “molecule”.1, 81 In some cases, the rate of diffusion of a gas is so 

low that it doesn’t enter the pore, however it could still fit into the pore. This is due to there 

being a small pore window that leads to a larger pore. The gas doesn’t enter the pore as it 

‘bounces off’ due to this small pore aperture, even though the gas could hypothetically still 

fit into the pore, if it could get through the small pore window.45 MOFs are generally quite 

rigid structures, even at elevated temperatures before they break down, which helps size-

exclusion separation. The shape of the gas is also an influencing factor of size-exclusion 

separation.15, 45  

 

1.4.2 Small Pore MOFs for Gas Separation 

As mentioned above, the size of MOF pores is an influencing factor on separation ability. 

For this reason, microporous (< 20 Å) and ultra-microporous (< approximately 7 Å) MOFs 

are becoming increasingly more investigated for their gas separation properties.19, 80 Large-

pore MOFs generally have a higher surface area and thus a higher uptake, however they 

often have lower selectivity values (the preference of one gas over another). On the other 

hand, small-pore MOFs generally have higher selectivity but lower uptake ergo, the most 

efficient MOFs for gas adsorption would have a balance between these properties.14 Ultra-

microporous MOFs tend to have a higher density than average MOFs, which makes their 

volumetric capacity on par with materials that are more porous.24 Furthermore, denser 

frameworks are often more mechanically resistant than highly porous MOFs.24 

All of the types of separation methods outlined in section 1.4.1 apply to small pores 

MOFs. One of the biggest advantages of such MOFs is that the pore sizes are of the same 

scale as the sizes of the gases.80 The gases outlined in section 1.1 are between 3.2 and 5.0 Å 

for their kinetic diameter, and the size of MOF ultra-micropores, as aforementioned, is less 
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than 7.0 Å, making the gases fit nicely inside the pores. This will increase the strength of the 

interactions made, allowing for better separation.19, 24 Good size complimentary can also 

allow for kinetic sieving to occur as larger gases can be physically prevented from diffusing 

into the pore.24 Small pore MOFs can be made using several different approaches such as 

using short ligands, interpenetration using larger ligands, ligand functionalization, post-

synthetic modification, or installing partitioning linkers.1, 19, 82  

 

 

Figure 1.13 Structures of MOF-508 in the open phase (left) and the dense phase (right). 

Atom colours: carbon: black, oxygen: red, nitrogen: periwinkle blue and zinc: pale blue. 

Hydrogen atoms omitted for clarity. 

 

In 2008, Bastin and et. al. introduced the first microporous MOF for the separation of 

CO2 by fixed-bed adsorption.83 This MOF, named MOF-508, has the formula 

Zn(BDC)(4,4’-bipy)0.5. MOF-508 is an interpenetrated MOF with two forms labelled a, 

which is the open phase and b, which is the dense phase (Figure 1.13).84 The b phase is made 

upon guest exclusion however the structure switches back to the open, a phase upon guest 

inclusion.84 In the open form, MOF-508 has one-dimensional channels of 4.0 x 4.0 Å which 

makes it both microporous and the ideal size for separation of CO2, N2, and CH4 as they are 

all near this size.83 MOF-508 shows selectivity towards CO2 and this MOF introduced 

microporous MOFs as possible separators for gas mixtures.  
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Figure 1.14 (A and B) Structure of SIFSIX-1-Cu from two orientations. (C) Structure of 

SIXSIX-2-Cu. (D) Structure of SIFSIX-2-Cu-i with two carbon colours to show the 

interpenetration. Atom colours: carbon: black and grey, nitrogen: periwinkle blue, copper: 

royal blue, silicon: yellow and fluorine: green. Hydrogen atoms omitted for clarity. 

 

A group of small pore MOFs is the SIFSIX family. These MOFs are another example of 

the isoreticular principle as the metal ions, organic ligands or pillar anions can be replaced, 

creating various MOFs with the same topology.1, 15, 22, 82 Furthermore, many of the MOFs in 

this family display high separation selectivities and uptakes.1, 82 SIFSIX-1-Cu was the first 

in the series to be made, however its name was given after publication.85 SIFSIX-1-Cu 

contains Cu2+ as the metallic node alongside SiF6
2- anions; these two alternate in an 

extending chain as seen in Figure 1.14A and B.85 In the equatorial positions of the Cu2+, 4,4’-

bipy ligands are coordinated through the nitrogen, which form a two-dimensional grid, and 

the SiF6
2- ions expand the structure axially to made it three-dimensional. The network 
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contains two types of channels: one with dimensions of 8.0 x 8.0 Å and the other with 

dimensions of 6.0 x 2.0 Å, thus classifying this MOF as microporous.85 SIFSIX-1-Cu 

displays high methane uptake, of around 145 cm3/g, and high acetylene uptake of around 

190 cm3/g.1, 85 

Also in the SIFSIX family are SIFSIX-2-Cu and SIFSIX-2-Cu-i, as seen in Figure 1.14C 

and D. These MOFs have the same topology as SIFSIX-1-Cu however they are made with a 

longer ligand, 4,4’-dipyridylacetylene, which results in larger channels, as seen by SIFSIX-

2-Cu which has channels of 13.1 x 13.1 Å.82, 86 Howbeit, larger pores can result in 

interpenetrated MOFs, which is seen with SIFSIX-2-Cu-i. The interpenetration of this MOF 

decreases the pore channel dimensions down to 5.2 x 5.2 Å.82, 86 Both MOFs display good 

uptake of CO2, with SIFSIX-2-Cu-i displaying a higher uptake than its non-interpenetrated 

counterpart (41 cm3/g versus 121 cm3/g). Both MOFs show good selectivity for CO2/CH4 

and CO2/N2 gas mixtures again with SIFSIX-2-Cu-i outperforming SIFSIX-2-Cu. This is 

likely because pores of SIFSIX-2-Cu-i are of similar dimensions to CO2, thus resulting in 

better complimentary and stronger interactions.80, 86 

 

1.4.3 Introduction to Experimental and Computational Techniques  

This section will outline a number of techniques that are used to characterize gas uptake 

and separation abilities of porous materials. A microporous MOF called MUF-15 will be 

used as a worked example throughout this section to display the analysis techniques used. 

MUF-15 is made of Co2+ hexanuclear clusters, with these nodes being connected by 

isophthalic acid (H2ipa) ligands.87 This MOF displays good selectivity for ethane over 

ethylene.87 The structure of this MOF is described in better detail in section 1.5.2. 

 

1.4.3.1 Gas Adsorption Theory  

Adsorption is known as the condensation of a gas (or liquid) onto an interface, such as 

the surface of a solid.54, 88, 89 The opposite of adsorption is desorption, where the gas (or 

liquid) on the solid surface is removed. All the aforementioned processes can be summarized 

using the term sorption.88 The adsorbable gas is known as the adsorptive, once it enters the 

adsorbed state it is known as the adsorbate, and the solid surface is known as the adsorbent.54, 

88 There are two kinds of adsorption: chemisorption and physisorption. In chemisorption, 

chemical bonds are made between the adsorbate and the absorbent. This changes the 

properties of the adsorbate, which strongly adheres to the surface, and only a monolayer (a 

singular layer of molecules on the surface) is formed.54, 88, 90 In physisorption, weak 
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intermolecular interactions are made between the adsorbate and adsorbent. The physiosorbed 

adsorbate retains its identity upon adsorption and desorption and physisorption can result in 

multilayer surface coverage.54, 88-90  

Gases can interact with porous materials via chemisorption or physisorption. For this 

thesis, physisorption will be investigated. Gases physisorb to MOFs through a wide range of 

attractive and repulsive non-covalent interactions such as van der Waals contacts, hydrogen 

bonding or electrostatic interactions. These kinds of interactions are influenced by the gas 

properties outlined in section 1.1.1.1 like polarizability, dipole moment and quadrupole 

moment. Because gases adsorb to the surface of MOF pores, these properties become 

important in determining the strength of the interaction and thus influencing gas uptake.  

 

 

Figure 1.15 Types of surfaces on an adsorbent: the van der Waals surface (red), the 

Connolly surface (blue) and the accessible surface (green). Figure adapted from 

Thommes et. al. and Sarkisov et. al. The grey circles represent the surface atoms, and the 

dark grey is the bulk of the adsorbent. 88, 91 

 

The surface of a solid is an important part of gas sorption theory and it can be defined in 

three ways: the van der Waals surface, the Conolly surface, and the accessible surface.88, 91 

These can be seen in Figure 1.15. The van der Waals surface is defined as the edge of the 

van der Waals spheres of the surface atoms and is where the occupied space and the empty 

space meet, as shown by the red line in Figure 1.15.88, 91 The blue line in Figure 1.15 shows 

the Connolly surface. The Connolly surface is accessible by physisorption and is defined by 

a point on the end of a spherical probe (blue circle in Figure 1.1) that is rolling across the 

surface.88, 91 Lastly, the green line in Figure 1.15 represents the accessible surface which is 

determined by the middle of a spherical probe (green circle), of a certain size, that rolls over 

the surface. Connolly surface and the accessible surface are probe-size dependent, as shown 

by the different sized probes. Smaller probes will lead to larger surface areas and thus pore 

volumes. These definitions are outlined in the paper by Sarkisov et. al and are used in the 
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computational program known as PoreBlazer.91 This calculates structural properties of 

porous materials, and it will be outlined more in Chapter 2 as it is a vital part of this thesis 

project.91  

 

1.4.3.2 Gas Adsorption Equipment and Adsorption Isotherms 

Gas adsorption analysers are used to measure the gas uptake of porous materials, such 

as MOFs, and an example of such instrumentation, called a Quantachrome iQ2, can be seen 

in Figure 1.16 (right).  

 

 

Figure 1.16 (Left) C2H6 (ethane) and C2H4 (ethylene) gas adsorption isotherms for 

MUF-15 at 293 K.87 Coloured circles are adsorption points and open circles are 

desorption points. (Right) Annotated diagram of a Quantachrome iQ2 gas adsorption 

instrument. 

 

The activation ports are where all solvent is removed from the MOF pores. This occurs 

under vacuum and at a chosen temperature. The sample cell/s are heated by the temperature 

bags. Once fully activated, the sample/s are moved to the measurement ports where they are 

kept at a chosen temperature by the water bath. On the measurement ports is where the MOF 

is exposed to the chosen gas and measurement takes place, hence its name. For measurement, 

the manifold of the instrument will dose a certain amount of gas into the sample cell. Using 

the ideal gas law, the expected gas pressure can be calculated.88 This is compared to the 

measured pressure and the difference in pressure is used to calculate uptake. This pressure 
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difference is due to the adsorption of gas by the MOF. The amount adsorbed by a certain 

mass of material is dependent on the equilibrium pressure and the temperature, thus resulting 

in an adsorption isotherm, which is a graph of successively increasing gas pressure versus 

the uptake of the MOF (at a certain temperature).88, 89 This is main method used to display 

the uptake of a gas by a MOF or other porous material. An example of a typical isotherm for 

a MOF can be seen in Figure 1.16 (left) with MUF-15 being used as a case study.87  

 

 

Figure 1.17 Main types of gas sorption isotherms in MOFs. Figure adapted from IUPAC 

gas sorption guidelines.88 

 

IUPAC has classified six types isotherms, named I through VI, which can be applied to 

the gas uptake of a variety of porous materials.54, 88, 89 Generally, the type of isotherm 

displayed is dependent on the pore size of the material however, MOFs do not strictly follow 

this pattern as most MOFs display either Type I or Type IV isotherms. Type I isotherms are 

reversible, concave in regard to pressure, and the amount adsorbed reaches a plateau of 

saturation. Materials with these types of isotherms generally have strong interactions 

between the adsorbate and the adsorbent and a decrease in the pore width results in a higher 

adsorption energy and a decrease in the pressure at which the pores are filled.88-90 Type IV 

isotherms, which are also known as stepped isotherms, have an initial concave region which 

corresponds to monolayer coverage then the inflection to the quasi-linear and convex regions 

which corresponds to multilayer coverage reaching a saturation plateau. The difference 

between Type IV(a) and Type IV(b) is that the former displays hysteresis, which is where 

the adsorption and desorption curves do not match.54, 88, 89 Hysteresis in MOFs is generally 
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not ideal. Hysteresis in MOFs can be due to slow diffusion or a framework shift. Stepped 

isotherms are generally associated with changes to the framework structure, which result in 

changes in uptake such as a pore opening wider to accommodate more gas.92, 93  

 

1.4.3.3 Isosteric Heat of Adsorption (Qst) 

The isosteric heat of adsorption, denoted Qst, is a measure of the change in enthalpy (heat 

released) when an adsorbate is adsorbed to a surface from the bulk phase.94, 95 Qst is 

dependent on the binding strength of an adsorbate and adsorbent, thus a larger Qst value 

means that more gas will be adsorbed to the surface, at a given pressure, and thus that gas 

has a strong affinity to the surface.24, 95 Furthermore, Qst can be used to determine the 

regeneration energy which is the energy required for desorption.95 Qst can be determined by 

using either direct calorimetry or by using adsorption isotherms for the same gas at two or 

three different temperatures.94, 95 For this thesis, we will use the latter method. These 

temperatures should ideally be no more than 20 K apart as a larger difference will introduce 

errors.95 Qst is dependent on gas loading, as the surface coverage of the material plays a role 

in the Qst value for that specific loading, thus Qst is often plotted against uptake.95 

In practice, a virial fitting is applied to the isotherms, using the following equation: 

𝑙𝑛𝑃 = 𝑙𝑛𝑁 +
1

𝑇
∑𝑎𝑖𝑁

𝑖 +∑𝑏𝑖𝑁
𝑖

𝑛

𝑖=0

𝑚

𝑖=0

 
Eq. 1 

where Ni is the adsorbed amount and ai and bi are virial coefficients. Generally, the more 

parameters used, the better the virial fit to the data. The closer the R2 value is to 1, the better 

the fitting. Following this, an integrated version of the Clausius-Clapeyron equation is used 

to calculate Qst 
94, 95: 

𝑄𝑠𝑡 = −𝑅∑𝑎𝑖𝑁
𝑖

𝑚

𝑖=0

 
Eq. 2 

where R is the universal gas constant, ai is the virial coefficient from Eq. 1, and Ni is the 

adsorbed amount. The Clausius-Clapeyron equation has two assumptions; the first being that 

the unabsorbed gas displays ideal behaviour, and the second being that the molar volume of 

the adsorbed species is negligible.95 There is also the assumption that Qst will not change 

over a sufficiently narrow temperature range i.e. within 10 to 20 K.95 
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Figure 1.18 Virial equation fittings for ethane isotherms of MUF-15 at three 

temperatures: 298, 293 and 288 K. 

 

 

Figure 1.19 Isosteric heat of adsorption plot for ethane for MUF-15. 

 

MUF-15 can be used as a case study for calculating Qst. As previously mentioned, the 

data is fitted using a virial equation at two or more temperatures, as seen in Figure 1.18. Four 

ai parameters and two bi parameters were used, and their values can be seen in the table in 

Figure 1.18. The R2 value is 0.99995 which shows that the virial fitting is a very good fit.  

The ai coefficients are then be used to calculate Qst using Eq. 2. This is then plotted as a 

function of uptake (Figure 1.19). Qst0 can also be determined, which is the isosteric heat of 

adsorption for the initially adsorbing gas molecule (zero coverage). In Figure 1.19, the Qst 

trend is positive with an increasing uptake, however, Qst usually has a negative trend. This 

is because the sites on the surface with the highest affinity will be filled first (at low 

pressures).24, 95 A positive trend suggests that the MOF may be flexing, initial gas uptake 
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promotes cooperative gas adsorption, or new binding sites are created once some gas has 

adsorbed to the surface.24   

 

1.4.3.4 Ideal Adsorption Solution Theory (IAST) 

The Ideal Adsorbed Solution Theory (IAST) was first introduced in 1965 by Myers and 

Prausnitz.96, 97 The theory is based on the assumptions that the adsorbent is 

thermodynamically inert and homogenous, all adsorptive molecules have equal access to the 

adsorbent, that the adsorbed phase acts as an ideal solution, and that two gases in a mixture 

behave the same way they would in a pure form.24, 96, 97 For MOFs, IAST is used to determine 

the selectivity (preference) of a MOF material for the adsorption of one gas over another. 

IAST can be calculated using pure component isotherms for different gases to predict the 

amount of each gas species adsorbed onto the surface when in equilibrium with a gas 

mixture.98 It is assumed that temperature remains constant and that the pure component 

isotherms are measured at the same temperature.98 

In practice, the gas isotherms are fitted accordingly by an appropriate model, such as the 

Henry or Langmuir (single site or dual site) models, as seen in Eq. 3 to Eq. 5. In some 

circumstances, the Langmuir-Freundlich (single site or dual site) model can be used, which 

contains an exponential on the pressure term. The equations for these isotherm fittings are 

as follows, where y is the excess gas uptake (in cm3/g), P is the equilibrium pressure (kPa), 

k is the Henry constant, and b and q are dependent on the isotherm.94, 98, 99 The q parameter 

is the uptake at saturation.  

Henry isotherm: 

𝑦 = 𝑘𝑃 
Eq. 3 

Single-site Langmuir (SSL) isotherm: 

𝑦 =
𝑞𝑏𝑃

1 + 𝑏𝑃
 

Eq. 4 

Dual-site Langmuir (DSL) isotherm: 

𝑦 =
𝑞1𝑏1𝑃

1 + 𝑏1𝑃
+

𝑞2𝑏2𝑃

1 + 𝑏2𝑃
 

Eq. 5 

After fitting, the q, b, and t values are put into the IAST software package which performs 

differential equations to ultimately produce the IAST selectivity, S, of a gas pair (named 1 

and 2) by the following equation:   

𝑆 =
𝑞1/𝑞2
𝑝1/𝑝2

 
Eq. 6 
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where q1 and q2 are the molar loadings of the adsorbed gases and p1 and p2 are the partial 

pressures of gases 1 and 2 in the feed gas stream.99 The higher the value of S the more 

selective an adsorbent is towards a certain gas. 

Whilst IAST is the best method for determining selectivity in MOFs, it is highly 

dependent on the isotherm fittings (Eq. 3 to Eq. 5).98, 100, 101 A wrong fitting can result in 

inaccurate IAST values, as can situations where the IAST assumptions are no longer valid, 

such as molecular sieves, flexible MOFs or those where the adsorbates distribute themselves 

unevenly within the pores.98, 101 Therefore it is paramount to be careful with fittings and to 

use the best model for an isotherm to ensure correct IAST values. For this reason, dual-site 

Langmuir (DSL) and single-site Langmuir (SSL) fittings will be used, ideally DSL. DSL 

seems to result in quite accurate IAST values.102 DSL fittings will be performed first, then if 

it does not appear to fit the data well, SSL fits will be used. An example of a poor DSL fit 

would be if q2 was abnormally low (< 1), thus moving to the SSL model would be best as 

the low q2 is indicating that there is no need to model a second site. The numbers produced 

from the fittings will be closely analysed, as indicated above, to see if they look like 

reasonable values i.e. not very large or very small and have errors that are less than ≈ 10% 

of the value. This indicates that the model is appropriate, alongside a high R2 value; the 

closer the R2 value is to 1, the better the fit. 

 

 

Figure 1.20 Single site Langmuir fits for pure component isotherms of ethane and 

ethylene for MUF-15 at 293 K. 
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Figure 1.21 IAST selectivity as a function of pressure. 

 

MUF-15 will again be used as a case study to show how IAST is calculated for a MOF. 

As mentioned earlier, MUF-15 is selective for ethane over ethylene therefore isotherms of 

these two gases at a certain temperature are used to show this selectivity. An SSL fitting (Eq. 

4) is used to fit the data and it can be seen that the q1 and b1 values are reasonable as is the 

R2 value. The values for q, b and t are then input into a software package that determines 

IAST. IAST is then plotted as a function of pressure (Figure 1.21). 

 

1.5 MOFs Built Up Using Isophthalate Ligands 

Isophthalic acid (H2ipa) is a small ligand that has been used in the formation of thousands 

of MOFs, be it by itself, in a derivative form, or as a co-ligand in multicomponent MOFs. 

This section will introduce H2ipa based MOFs and the three MOFs which became the 

‘parents’ of this thesis project. 

 

1.5.1 Background  

Isophthalic acid (H2ipa), otherwise known as 1,3-benzendicarboxylic acid, consists of a 

benzene ring and two carboxylate groups at the 1’ and 3’ positions.103 This ligand has been 

used in many MOFs as it can create a range of diverse structures, especially when 

substituents are placed in the 5′ position or this ligand is used as a co-ligand. According to 

the Cambridge Structural Database (CSD), there are just under 9,000 MOFs containing the 

H2ipa motif. The H2ipa ligand commonly creates structures with zig-zag or wave-like 

channels, however it can form other structures such as helical or herring-bone structures.103-
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105 Compared to many of the ligands used in MOF formation, H2ipa is a small ligand 

therefore the MOFs that are made can be classified as microporous or ultra-microporous. 

The ligand can also coordinate in a variety of ways through either both oxygen atoms of the 

carboxylate group or only one, through bridging modes, non-bridging modes, and bidentate 

chelating modes, as seen in Figure 1.22.103, 106, 107 

 

 

 Figure 1.22 Various bridging modes for the isophthalate ligand where M is a metal 

centre. Figure adapted from Gonçalves et. al.103 

 

The 5′ position can be substituted with functional groups, such as F, Cl, I, Br, OH, NO2, 

NH2, CH3, OCH3, CN, SO3, and PO3H, to create ipa derivatives.
103, 108-110 The functional 

groups would affect MOF formation due to their size (and therefore steric effects), polarity 

or ability to interact with nearby groups, such as through hydrogen bonding or van der Waals 

interactions. These groups would impact pore size, shape, and environment which would in 

turn impact the application of such MOFs.    

These H2ipa ligands are useful as they can be used to make single-ligand MOFs (as will 

be the focus of this thesis), or they can also be used to create multicomponent MOFs with 

other ligands.104-109 They can be used as spacers or pillaring agents. This ligand can also 

coordinate to a range of metal ions, which further increases the number of possibilities of 
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MOFs available to be formed. The most common metal ions used are Zn2+, Co2+, Cd2+, Cu2+, 

and lanthanide ions (such as Er3+, Dy3+ or Ho3+), however, there are some examples of main 

group metals, such as Mg2+ and Al2+.103, 111-113 There are also a few examples of 

heterometallic ipa derivative MOFs containing transition metals and/or alkali metal ions.114-

116 Combining the range of 5′ derivative ligands with the range of coordination modes, 

possible metals that ipa ligands can coordinate to, and the range of possible pore structures, 

there are a large number of H2ipa-based MOFs that can be made. Furthermore, MOFs formed 

with pure H2ipa ligands are likely to be ultra-microporous, which suggests that these MOFs 

could be useful for gas separation purposes as the pore sizes would be on par with the sizes 

of gases. Functionalization of the 5′ position of such MOFs would potentially change the gas 

adsorption characteristics, providing interesting aspects for research.  

When discussing this ligand, there are three forms of the name which will be used 

throughout this project. As introduced above, H2ipa will be used when discussing the doubly 

protonated form (isophthalic acid). When only one carboxylate group is protonated, then the 

ligand will be referred to as Hipa, and when neither group is protonated (isophthalate), the 

ligand will be called ipa. When discussing the various 5′ derivatives of H2ipa, the same 

nomenclature will be used alongside the name of the functional group, which will be attached 

to the end. For example, 5-aminoisophthalic acid would be called H2ipa-NH2 and the 

isophthalate version would be called ipa-NH2.` 

 

1.5.2 Project Parent MOFs: MUF-15, MUF-16, and MUF-17  

Recently published from our group, are three ipa MOFs with good separation abilities. 

These MOFs are known as MUF-15, MUF-16, and MUF-17 (MUF = Massey University 

Framework).6, 78, 79, 87, 117, 118 These MOFs display different gas uptakes and separation 

abilities which is interesting as they are all based around the same H2ipa parent ligand.  
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Figure 1.23 Precursors and structure of MUF-15. Atom colours: carbon: black, oxygen: 

red, hydrogen: peach, cobalt: magenta, and 5′ substituents: orange. Hydrogen atoms 

omitted from the structure for clarity. 

 

MUF-15, as mentioned in the case study in section 1.4.3, is selective for ethane over 

ethylene. The MOF is made of Co2+ hexanuclear clusters, with the oxygen atoms coming 

from the carboxylate groups on the ipa ligands and from coordinated water molecules.87 

These clusters are linked together by the ipa ligands resulting in zig-zag shaped one-

dimensional channels, with different sized apertures of 8.5 x 3.5, 7.0 x 3.8 and 3.2 x 1.2 Å.87 

The structure of MUF-15 can be seen in Figure 1.23. MUF-15 has a relatively high uptake 

(for a small pore MOF) of both ethane and ethylene, of 105 cm3/g and 93 cm3/g respectively, 

at 293 K and 1 bar.87 The IAST selectivity for MUF-15 for a 50/50 mixture of ethane and 

ethylene is around two. This, combined with its uptake, is very good and comparable to other 

ethane selective MOFs.87, 119, 120 The 5′ position of the ipa ligands points toward the middle 

of the pores, thus making this position ideal for functionalization with different substituents 

such as hydroxyl, nitro, methyl, fluoro, bromo or methoxy groups (Figure 1.23).79, 118 This 

creates a family of MUF-15 MOFs that are very similar to each other. They all share the 

Co2+ hexanuclear cluster, however the ligand arrangement differs slightly between the 

MOFs.79 Comparing them all to MUF-15, MUF-15-F is isoreticular, MUF-15-Br and MUF-

15-CH3 are supramolecular isomers, and MUF-15-OMe is a topological isomer.79, 118 The 

structure of MUF-15-OH and MUF-15-NO2 could not be determined, due to their lack of 

stability, thus their exact structural relationship to MUF-15 is not known. In this series, the 

functionalization of the ligands changes their gas uptakes and the gases they ‘prefer’ i.e. 

have a higher uptake of.79 This indicates that the functional group on the ligand influences 

gas uptake. Furthermore, the functional group can induce the flexibility. MUF-15-NO2 

shows slight flexibility for CO2 and ethane uptake and MUF-15-OMe shows significant 

flexing for CO2, acetylene, ethane and ethylene.79, 118 This indicates that gas uptake pries the 
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framework into a more open form to take up more gas, resulting in a jump in uptake in the 

gas adsorption isotherm.118 

  

 

Figure 1.24 Precursors and structure of MUF-16 (Co). Atom colours: carbon: black, 

oxygen: red, hydrogen: peach, nitrogen: periwinkle blue, and cobalt: magenta. Hydrogen 

atoms omitted from structure for clarity. 

 

 

Figure 1.25 MUF-16 (Co) adsorption isotherms at 293 K.  

 

MUF-16 is made from 5-aminoisophthalic acid (H2ipa-NH2). MUF-16 can contain either 

Co2+, Mn2+, or Ni2+ metal centres. The metal ions adopt an octahedral geometry with two 

nitrogen atoms coming from a ligand amino group, arranged trans to each other, and four 

oxygen atoms from the carboxylate groups which are arranged equatorially to the nitrogen 

donors.6 The metal ions are aligned in a one-dimensional chain, and the Hipa-NH2 ligands 

connect these chains together into two-dimensional sheets.6, 117 These sheets are then grown 

into a three-dimensional framework by the hydrogen bonding between carboxylate groups 
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on adjacent layers. The structure of MUF-16 (Co) can be seen in Figure 1.24. The resultant 

framework has one-dimensional channels of 3.6 x 7.6 Å.6, 117 These channels are the perfect 

size to accommodate small gas molecules, such as CO2, of which this framework is highly 

selective for, as evidenced in the isotherms in Figure 1.25. MUF-16 (Co) has an uptake of 

48 cm3/g for CO2 (at 293 K and 1 bar).6 This is a significantly higher uptake than all other 

gases exposed to MUF-16 (Co), which have uptakes between 1.2 cm3/g (for methane) and 

5.4 cm3/g (for propene).6  

 

 

Figure 1.26 Precursors and structure of MUF-17. Atom colours: carbon: black, oxygen: 

red, hydrogen: peach, nitrogen: periwinkle blue, and cobalt: pink. Hydrogen atoms 

omitted from structure for clarity. 

 

The third MOF in this series is called MUF-17. This MOF is made up of pentanuclear 

clusters containing five Co2+ ions, bridging OH groups, coordinated water molecules and the 

oxygen and nitrogen atoms from the carboxylate and amino groups, respectively, on the ipa-

NH2 ligands.78 The clusters act as 12-connected nodes, which are connected through ipa-

NH2 ligands, and expand outward to form zig-zag shaped one-dimensional channels. The 

structure is seen in Figure 1.26. These channels contain large cavities with an aperture size 

of 4.7 x 4.8 Å, which are connected though narrower channels of 3.1 x 3.5 Å.78 MUF-17 is 

selective towards acetylene in the presence of CO2 and ethylene, with an uptake of 112 

cm3/cm3 for acetylene, compared to 93 cm3/cm3 for CO2 and 79.70 cm3/cm3 for ethylene, at 

293 K and 1 bar.78  
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1.5.3 Project Outline and Aims 

As introduced, the H2ipa ligand, both 5′ functionalized and in its original state, is a highly 

versatile ligand which can create a wide variety of MOFs which have differing structures. 

Furthermore, MUFs 15-17 showed that MOFs based off the H2ipa ligand can have good gas 

uptakes and selectivities. This resulted in the birth of this project; to use the H2ipa ligand, in 

either its original form or 5′ functionalized form, to make a range of MOFs with good gas 

uptakes and selectivities for different key gas pairs. The aim of this project is to target MOFs 

which have already been reported in the literature but have not been subjected to gas 

adsorption analysis. In practise we know that following literature procedures will often lead 

to new MOF phases, which is the other aim of this project; to investigate any new phases 

that are discovered over the course of this project. Chapter 2 will outline the entire 

methodology of this project, while Chapter 3 will mainly discuss the results of using known 

MOFs for gas adsorption analysis. Chapters 4 and 5 will discuss most of new MOF phases 

that were discovered, and finally, Chapter 6 will conclude the project and introduce any 

future work.  
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Chapter 2 – Selecting MOFs for Synthesis and Analysis 

 

2.1 Introduction 

As stated in Chapter 1, this chapter will discuss the entire methodology of this project. 

PoreBlazer formed a vital part of this thesis work as it was used to determine and give a 

starting point for which H2ipa derivative MOFs would be explored for this project. This 

chapter will outline how PoreBlazer works, including the property information it produces 

and how it was used to determine which MOFs will be of interest for this project. Then this 

chapter will show which MOFs of interest have been chosen as a starting point and it will 

outline the synthetic and analytic methodology of this project. 

 

2.2 PoreBlazer 

Computer simulations are useful in the analysis of MOFs as they can provide a lot of 

information into the structure and properties of a MOF. PoreBlazer, developed by Sarkisov 

and Harrison, is the first simulation package of its kind for the computational 

characterization of both crystalline and amorphous materials, ordered or disordered.91, 121  

The code used by PoreBlazer is a Fortran 90 code which is based on a grid/lattice 

representation of the porous space.91, 121 PoreBlazer gives information about the pore volume, 

largest cavity diameter (LCD), pore limiting diameter (PLD), accessible surface area (ASA), 

network percolation and a few other parameters, some of which will be outlined in detail 

further in this section.91, 121 There are other computational simulation packages besides 

PoreBlazer such as ZEOMICS, MOFomics, Zeo++, RASPA, and PorosityPlus which use 

different approaches and interfaces to calculate the same kinds of properties as PoreBlazer.91, 

121  

The algorithm that PoreBlazer uses to calculate structural properties is made up by 

dividing the porous material system into cubelets. One of the first calculations determines 

the distances between the middle of each of the cubelets and the middle of each of the atoms. 

This lattice of cubelets is used to determine all the structural properties via various 

algorithms, such as the following examples. To determine pore volume, a spherical probe 

must be able to sit in the centre of a cube and not have any overlap with a surface atom.91 

The percolation of a porous material is calculated using the Hoshen-Kopelman algorithm by 

determining a path that a spherical probe can take through the system without overlap of 

surface atoms.91 To determine the accessible surface area, a Monte Carlo algorithm is used. 
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In this method, for each atom, points are generated at random around the atom surface. Each 

point is tested to see if it is within a collision distance from any other atom; if it is not, then 

that point is part of the accessible surface.91   

 

 

Figure 2.1 Schematic depicting the types of surfaces and pore volume definitions on an 

adsorbent. (A) van der Waals surface and geometric pore volume. (B) Probe-accessible 

surface and probe-accessible pore volume. (C) Connolly surface and probe-occupiable 

pore volume. The striped circles represent the surface atoms, and the dark grey is the 

bulk of the adsorbent, with the gap between the striped circles representing a horizontal 

channel. 88, 91 Figure adapted from Sarkisov et al.91 

 

The pore volume and surface area calculated by PoreBlazer must be strictly defined. 

The surface of a solid can be defined in three different ways: the van der Waals surface, the 

probe-accessible surface, and the Conolly surface, each of which have corresponding pore 

volume definitions (Figure 2.1).88, 91 The definitions of the three surfaces can be found in 

Chapter 1, section 1.4.3.1 and in Figure 1.15. The red shaded area in Figure 2.1A corresponds 

to the geometric pore volume, which is the space enclosed by the van der Waals surface (red 

line) and is accessible to a minute point probe.91 The volume enclosed by the probe-

accessible surface (green line) is known as the probe-accessible pore volume, as shown by 

the green shaded area in Figure 2.1B, as it is accessible to a probe of that specific size.91 

Lastly, the volume enclosed by the Connolly surface (blue line), as shown by the blue shaded 

area in Figure 2.1C, is the probe-occupiable pore volume which corresponds to the volume 

that the spherical probe can occupy91. The size of both the probe-accessible and probe-

occupiable pore volumes is dependent on the size of the probe used. For the PoreBlazer 
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calculations, a nitrogen probe is used (radius of 2.8 Å), and the ASA value produced is the 

accessible surface area (green) mentioned in Figure 2.1B. PoreBlazer also reports the 

geometric pore volume as shown by the red shaded region in Figure 2.1A. 

 

 

Figure 2.2 Schematic depicting the largest cavity diameter (LCD) and the pore limiting 

diameter (PLD). The green line depicts the probe-accessible surface. 

 

Two more important properties calculated by PoreBlazer are largest cavity diameter 

(LCD) and pore limiting diameter (PLD). The largest probe that can cross the porous 

material in at least one dimension in a continuous pathway is known as the PLD (Figure 

2.2).91 The largest pore in the material is known as the LCD (Figure 2.2).91 PoreBlazer 

appears to use the van der Waals surface to calculate PLD and LCD as changing the probe 

radius does not influence the PLD and LCD values. 

PoreBlazer works by inputting several files into a folder within the program then using 

a run batch (run.bat) file which contains the code to calculate the structural parameters. The 

files required by PoreBlazer are as follows91, 122: 

1. Defaults.dat file. This is provided by the PoreBlazer package and contains 

information about: 

a. The default universal force field (UFF) used. 

b. The helium atom sigma (Å) and epsilon (K) values, alongside the nitrogen 

atom sigma (Å), and the temperature (K). 

c. The cut-off distance (Å) and the number of trials performed for a surface 

area calculation.  

d. Cubelet size (Å). 
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e. The anticipated size of the largest possible pore diameter and the bin size for 

the pore size distribution (PSD), both in Å. 

f. Random number seed. 

2. UFF.atoms file. This is also provided by the PoreBlazer package and contains values 

for the diameter (Å), epsilon (K) and molecular weight (g mol-1) of 98 elements.  

3. xyz file. This was made using Olex2 for each MOF based on the cif file. This file 

contains the x, y, z coordinates for the atoms in the MOF structure. The files were 

edited so that no solvent was present in the pores.  

4. input.dat file. This is different for each MOF. It requires the name of the MOF xyz 

file, followed by the a, b, c unit cell lengths (Å), and ending with the α, β, γ unit cell 

angles (°). 

5. run.bat file. This performs the calculations. 

Once all five files are in a folder within PoreBlazer, clicking on the run.bat file starts the 

calculations. Once completed, a results.txt file is created which contains all of the parameters 

that PoreBlazer calculates, alongside pore size distribution (PSD) files for MOFs that are 

deemed porous 

 

2.3 Results and Discussion 

Due to the large number of H2ipa and H2ipa derivative MOFs that can be made, it was 

paramount to devise a way to sort through all the MOFs to find a starting point. This resulted 

in the following method for this thesis project. This method can be visualized in Figure 2.3. 

Steps 1 to 3 were completed by me before the official commencement of this project.  

1. The CSD was searched for MOFs containing ipa or its 5′ derivatives. A MOF 

subset was used so only MOF structures came up as results. The structure of ipa, 

and its 5′ derivatives was input into the search engine and any MOFs with that 

motif came up as results. The search parameters were refined so that the MOF 

contained ipa itself and not the ipa motif as part of a larger ligand. There were 

around 9,000 results of MOFs containing the ipa ligand however, these were 

further narrowed down using parameters such as not allowing a metal to nitrogen 

bond (which eliminated many frameworks with co-ligands). This parameter did 

not work for ipa-NH2, however as the amine can coordinate to metals, ergo this 

parameter could not be used for ipa-NH2.  Furthermore, certain 5′ (R) functional 

groups were searched such as R = H, N, O, S, P or more specifically, CH2OH or 

a halogen, which further narrowed down the results. 
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2. 507 MOFs were found in Step 1 and were compiled in an Excel spreadsheet and 

sorted according to their R groups. For each MOF, the CCDC (Cambridge 

Crystallographic Data Centre) code, CCDC deposition number, journal name, 

publication year, DOI, metal centre, formula, and density were collected 

alongside whether or not the paper analysed the sorption properties of the MOF. 

For each MOF, the cif file and paper was collected and saved. 

3. All 507 MOFs were input into PoreBlazer to calculate the PLD, LCD and ASA. 

A nitrogen probe was used for the calculations. Only 12 MOFs produced no 

PoreBlazer data. For some, this was because the atoms they contained were not 

present in the UFF.atoms file, such as iodine or lithium, and the others did not 

run for unknown reasons. 

4. Two lists were formed as starting points for this thesis project. They were known 

as the ‘Priority List’ and the ‘Larger Pore List’. 

a. MOFs with similar PLD, LCD and ASA values to MUF-15, MUF-16, 

and MUF-17 were collated. There were around 50 MOFs total. This list 

was narrowed down by choosing MOFs with more straightforward 

syntheses or those which contained metals that were already available in 

our laboratory, such as Zn2+ or Co2+. MOFs that contained more exotic 

metals, such as V or Np, and/or hazardous metals, such as Cd or U were 

ruled out. This resulted in a shorter list which was nicknamed the 

‘Priority List’ as it was a list of MOFs that were the starting point for this 

project. Majority of these MOFs have PLD and LCD values that are 

similar to MUF-16 as this MOF has the best separation ability out of the 

three parent MOFs. This list is found in Table 2.1. 

b. The ‘Larger Pore List’ was formed by collating MOFs which an LCD > 

6 Å i.e. pore sizes greater than MUF-15, MUF-16, and MUF-17, hence 

the nickname ‘Larger Pore’. These MOF pores are still quite small as 

they are ≤ 10 Å thus we expect they may have good separation 

performance. From there, the synthetic protocols were analysed with the 

same criteria as in step 4a to narrow down the list. This list is found in 

Table 2.2. 

5. Synthesis attempts of MOFs in first the ‘Priority List’ then in the ‘Larger Pore 

List’ were made. There are three possible outcomes of this step: 

a. The MOFs cannot be synthesized. 

b. The desired MOF was made. 

c. A different MOF was made. 
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For the latter two outcomes, the MOF needed to be made in pure phase and in a 

sufficient amount (> 30 mg) to move on to step 6. 

6. Gas sorption was performed on the MOFs to test their uptake and thus separation 

abilities. The MOF would be screened for a range of gases, including CO2, N2, 

CH4, acetylene, ethane, ethylene, propane, propylene, Xe, and Kr. Within this 

step, there are two possible outcomes: 

a. Good gas sorption. This would include modest to high uptakes and good 

separation between one or more key gas pairs. 

b. Poor gas sorption. This would include low gas uptakes and/or poor 

separation, which is indicative of low porosity. 

Following gas sorption, Qst would be calculated for gases with a high uptake and 

IAST would be calculated for key gas pairs that showed good differences in 

uptake. 

Further characterization was performed on successful MOFs, such as stability tests, 

thermogravimetric analysis (TGA), and single crystal X-ray diffraction (for new MOFs).  

Whilst this project starts with synthesizing previously published MOFs, new MOFs are 

still being looked out for, as mentioned in the stepwise methodology (step 5c). If an 

unexpected phase showed up, it was investigated to see if it is porous. Even better if it is a 

new MOF. Furthermore, literature protocols were altered to try produce new phases or 

isoreticular families of MOFs by differing metals or ligand functional groups.  
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Figure 2.3 Flowchart describing the methodology of this thesis project from conception 

to synthesis to gas sorption. Each step has its own colour with blue being synthesis-

related steps. 
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Table 2.1 PoreBlazer parameters for the ‘Priority List’ MOFs including the 

parameters calculated for MUFs 15, 16, and 17 for comparison. 

CCDC Code Metal 

Centre 

R=? Year LCD 

(Å) 

PLD 

(Å) 

ASA 

(m2/g) 

Ref 

MUF-15 Co H 2019 5.07 3.23 432 87 

NAGKOY Zn NO2 2016 5.43 3.96 423 123 

XADDOX Co H 2010 5.85 3.43 725 124 

HOMQEI Cu OH 2019 4.72 3.34 374 125 

TOWLOI Fe H 2014 4.87 2.44 - 126 

MUF-16 Co NH2 2020 3.47 2.74 0 6 

JETJOI Zn & Na H 2005 3.45 2.73 0 115 

ACOHUW03 Mn NH2 2012 3.54 2.34 - 127 

TILHEC Co & Na H 2007 3.32 2.75 0 128 

LARPIF Fe & Na H 2012 3.29 2.73 0 129 

SABXEB Co & Tb NO2 2008 3.46 2.60 - 130 

SABYUS Co & Eu NO2 2008 3.56 2.52 - 130 

EMIDEJ02 Ca H 2018 3.52 1.53 - 131 

RUGXOI01 Zn OH 2017 3.64 1.58 - 132 

MUF-17 Co NH2 2019 4.49 2.24 0 78 

OGUPIQ Co NH2 2009 4.30 2.74 0 133 

COXFOL Co H 2009 4.69 2.87 113 134 

XOBGUT Eu NO2 2019 4.60 2.93 53.7 135 

LOWQIX Zn H 2001 4.08 2.28 - 136 
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Table 2.2 PoreBlazer parameters for the ‘Larger Pore List’ MOFs. 

CCDC 

Code 

Metal 

Centre 

R=? Year LCD (Å) PLD (Å) ASA 

(m2/g) 

Ref 

QULMOA In SO3 2009 10.05 2.66 - 137 

IPIREG Zn NH2 2016 9.51 8.19 601 138 

KIXKOS Co H 2007 8.27 2.64 - 139 

NAGKEO Zn Br 2016 8.12 3.39 1240 123 

TACYED In H 2010 7.98 5.73 1470 140 

QULMIU In NH2 2009 7.21 4.03 391 137 

WAMRIN Mg NH2 2012 7.16 5.59 1450 113 

AJIHOQ Cu H 2003 7.07 6.25 584 141 

TOWMID Fe OMe 2014 7.07 2.34 - 126 

TAGQUQ Cu NO2 2016 7.02 6.45 362 142 

FILYEG Co H 2013 6.67 3.8 1350 143 

TOWMEZ Fe Br 2014 6.45 2.28 - 126 

EDOTUN Co & Zn H 2007 6.35 4.49 201 114 

OFEJAM Cu H 2013 6.28 3.6 456 144 

RUGXUO Zn OH 2015 6.13 4.91 702 132 

 

In Table 2.1 and Table 2.2, sometimes ASA is reported as zero. This is not due to a lack 

in porosity, as known porous MOFs can give ASA values of zero. It is due to the MOF 

having a PLD smaller or very close to the size of a nitrogen probe, thus N2 will be unable to 

diffuse through the network, making ASA and the probe-occupiable volume zero.91  Those 

with a dash for ASA did not give any value. These all have a small PLD ( < 2.70 Å) therefore 

the likely reason is the same as above; the PLD is smaller than the size of the nitrogen probe. 

As there are many MOFs on the ‘Priority List’ and the ‘Larger Pore List’, one may expect 

that this project will result in many of those MOFs being successful results, i.e. having good 

gas uptake and separation capabilities. However, MOF synthesis is highly sensitive, and it 

is likely that many of the MOFs on these lists will not be reproducible, or they may only be 

reproducible in a mixed phase. The MOFs may also not be stable upon activation or not be 
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as porous as advertised. Thus we only expect a small handful, likely three or four, to be 

successful results. We have seen this in this project and the following chapters will outline 

these results.   

 

2.4 Conclusion 

This chapter outlines how the computer simulation software named PoreBlazer was used 

to create the ‘Priority List’ and the ‘Larger Pore List’. The results of these lists will be the 

focus of Chapter 3, whilst also being the fundamental basis of Chapters 4 and 5. This chapter 

shows the wide variety of MOFs that can be made with the base ligand, with a wide range 

of pore sizes, accessible surface areas and metals that are incorporated. This search has also 

shown the relevance and importance of the H2ipa ligand as the papers reporting its use in 

MOF chemistry have been reported since the early 2000s and is still being reported in recent 

years.    
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Chapter 3 – MOFs on the ‘Priority’ and ‘Larger Pore’ Lists 

 

3.1 Introduction 

In Chapter 1, H2ipa was introduced as a highly versatile ligand which can coordinate in 

various ways to various metals to produce a wide range of MOFs.103 MOFs containing only 

this ligand, or only 5′ derivatives of this ligand, were analysed in Chapter 2 using PoreBlazer. 

The results were compared with MUF-15, -16 and -17, which are exceptional ipa-derived 

MOFs for gas adsorption and separation. This resulted in the ‘Priority List’ of potentially high-

performance MOFs. In addition, those with pores > 6 Å were collated to produce the ‘Larger 

Pore List’. These two lists became the starting line for this project. Even though all of these 

MOFs are known, their gas adsorption abilities had not been measured. This is the goal of this 

project, as outlined in Chapter 2. We anticipate that in some cases the literature synthetic 

methods will be difficult to reproduce so these lists are also likely to produce other interesting 

MOFs for gas adsorption analysis.   

This chapter outlines the results from the ‘Priority List’ and ‘Larger Pore List’. We will 

analyse in detail both the successful results and the less-successful results and discuss how 

PoreBlazer ties in with the experimental data gathered. This chapter will also highlight gas pair 

selectivities calculated for certain MOFs and compare them to some benchmark values set by 

selected MOFs in the literature. 

 

3.2 Results and discussion 

3.2.1 ‘Priority’ List Results 

The ‘Priority List’, as first outlined in Chapter 2, can be found in Table 3.1 with information 

about if the MOF was successfully synthesized alongside any other additional notes. 
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Table 3.1 PoreBlazer parameters for the ‘Priority List’ MOFs including the parameters 

calculated for MUFs 15, 16, and 17 for comparison. Key: ✓ means synthesized,  means 

could not be synthesized, – means did not attempt, and  means an inconclusive result. 

CCDC Code Metal 

Centre 

R= LCD 

(Å) 

PLD 

(Å) 

ASA 

(m2/g) 

Made 

✓/ 

Notes 

MUF-15 87 Co H 5.07 3.23 432 N/A  

NAGKOY 123 Zn NO2 5.43 3.96 423  Reagents unavailable 

XADDOX 124 Co H 5.85 3.43 725  Unable to reproduce 

HOMQEI 125 Cu OH 4.72 3.34 374 - 
Based on a metal 

organic polyhedra* 

TOWLOI 126 Fe H 4.87 2.44 -  Non-crystalline phase 

MUF-16 6 Co NH2 3.47 2.74 0 N/A  

JETJOI 115 Zn & Na H 3.45 2.73 0 ✓  

ACOHUW03127 Mn NH2 3.54 2.34 -  Made different phase 

TILHEC 128 Co & Na H 3.32 2.75 0  Mixed phase only 

LARPIF 129 Fe & Na H 3.29 2.73 0  Mixed phase only 

SABXEB 130 Co & Tb NO2 3.46 2.60 -  Mixed phase only 

SABYUS 130 Co & Eu NO2 3.56 2.52 -  Mixed phase only 

EMIDEJ02 131 Ca H 3.52 1.53 - ✓  

RUGXOI01 132 Zn OH 3.64 1.58 - ✓ Unable to scale up 

MUF-17 78 Co NH2 4.49 2.24 0 N/A  

OGUPIQ 133 Co NH2 4.30 2.74 0  Mixed phase only 

COXFOL 134 Co H 4.69 2.87 113  Unable to reproduce 

XOBGUT 135 Eu NO2 4.60 2.93 53.7   

LOWQIX 136 Zn H 4.08 2.28 -  Made different phase 

 *The difference between this structure (called a metal organic polyhedra AKA MOP) and a 

MOF is that the MOP is a discrete cage, unlike a MOF which can build infinitely.125  
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The synthesis of the majority of the MOFs in the ‘Priority List’ could not be reproduced in 

our laboratory. The successfully made MOFs were XADDOX, JETJOI and EMIDEJ02, of 

which their results will be outlined in sections 2.2.3, 2.2.4 and 2.2.6 respectively. RUGXOI01 

was also synthesized at a small scale, however, scale up for gas adsorption experiments did not 

work. For the syntheses that did not work, either no crystals would grow, amorphous phases 

would form, a mixed phase of the desired MOF alongside another phase or a mixed phase of 

two completely new phases would form instead. When the published synthetic protocol did not 

work, different reaction variables were altered to see if that would produce the desired MOF. 

These altered reactions either produced a mixed phase, or an alternative non-porous phase. An 

example of the latter is ACOHUW03 synthesis attempts often produced a non-porous MOF 

called WEGDAP.  

 

3.2.2 ‘Larger Pore’ List Results  

Much like the ‘Priority List’, the ‘Larger Pore List’ was introduced in Chapter 2 and details 

about this list can be found in Table 3.2 with information about if the MOF was successfully 

synthesized (made) and any other additional notes. 

The MOFs that were successfully made from the ‘Larger Pore List’ were WAMRIN, 

EDOTUN, OFEJAM and RUGXUO. The results of WAMRIN, EDOTUN, and RUGXUO will 

be outlined in section 3.2.7. In the paper that published OFEJAM, the structure contained a 

polyoxometalate.144 When using that method without the templating polyoxometalate, a 

different phase was produced, which had an inconclusive PXRD pattern as it did not fully 

match the expected phase.144, 145 For this reason, OFEJAM was not investigated further for this 

project, however, its synthetic method was used to develop several more MOFs which will be 

explained in greater detail in Chapters 4 and 5. TAGQUQ was not successfully synthesized 

(with the paper method or different methods), however, an analogue with H2ipa was made 

using a protocol devised from a student in a different research group (Mutjalin Limlamthong). 

The results of this analogue will be outlined in section 3.2.6. 

Much like the ‘Priority List’, the ‘Larger Pore List’ had many MOFs that could not be made. 

For this list, there were a few MOFs where the synthesis protocols had other organic 

compounds present that were not incorporated into the structure. For some of these, we did not 

have those compounds in the laboratory and thus the synthesis was either not attempted or it 

was attempted without the organic compound.  
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Table 3.2 PoreBlazer parameters for the ‘Larger Pore’ MOFs. Key: ✓ means 

synthesized,  means could not be synthesized, – means did not attempt and  means 

an inconclusive result. 

CCDC Code Metal 

Centre 

R= LCD 

(Å) 

PLD 

(Å) 

ASA 

(m2/g) 

Made 

✓/ 

Notes 

QULMOA 137 In SO3 10.05 2.66 -   

IPIREG 138 Zn NH2 9.51 8.19 601 - 
Did not have solvent 

amounts in method 

KIXKOS 139 Co H 8.27 2.64 -   

NAGKEO 123 Zn Br 8.12 3.39 1240  Reagents unavailable 

TACYED 140 In H 7.98 5.73 1470  Non-crystalline phase 

QULMIU 137 In NH2 7.21 4.03 391   

WAMRIN 113 Mg NH2 7.16 5.59 1450 ✓  

AJIHOQ 141 Cu H 7.07 6.25 584  Copper oxide 

TOWMID 126 Fe OMe 7.07 2.34 -  Non-crystalline phase 

TAGQUQ 142 Cu NO2 7.02 6.45 362  
Made with different 

ligand 

FILYEG 143 Co H 6.67 3.8 1350  Reagents unavailable 

TOWMEZ 126 Fe Br 6.45 2.28 -  Non-crystalline phase 

EDOTUN 114 Co & Zn H 6.35 4.49 201 ✓  

OFEJAM 144 Cu H 6.28 3.6 456  Inconclusive  

RUGXUO 132 Zn OH 6.13 4.91 702 ✓  

  

3.2.3 MUF-15 Analogues 

XADDOX is one of the MOFs from the ‘Priority List’ was reproduced.124 MUF-200 is a 

new phase that was formed while trying to make TILHEC (another MOF on the ‘Priority List’). 

Upon further examination and SCXRD analysis, it was determined that these MOFs are almost 

identical in structure to MUF-15.87 In addition, there are two more known Co2+/ipa MOFs that 

are also practically identical to MUF-15; these are known as FILYEC and FILYEG.143 
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Figure 3.1 Framework of XADDOX used as a representative portrayal of the MUF-15 

analogues. (A) Structure of the hexanuclear cluster with an asterisk beside the variable 

terminal positions. (B) Assembly of the ipa ligands to connect the hexanuclear clusters. (C) 

Framework viewed along the c axis. Atom colours: carbon: black, oxygen: red, and cobalt: 

magenta. Hydrogen atoms omitted for clarity. 

 

All five of these MOFs contain a hexanuclear cluster made of six Co2+ ions, ten bridging 

dianionic ipa ligands and two μ3-OH ligands. These clusters are connected together by ipa 

bridges to form a three-dimensional framework. XADDOX is given as a representative 

framework in Figure 3.1. 

 

Table 3.3 Parameters of the MUF-15 analogues. 

 Crystal System Space 

group 

Coordinated 

solvent 

Disordered 

(Yes/No) 

PoreBlazer 

Values (Å) 

MUF-15 87 Orthorhombic Pnna 2 H2O Yes PLD: 3.23 

LCD: 5.01 

XADDOX124 Orthorhombic P21212 5 H2O No PLD: 3.43 

LCD: 5.85 

MUF-200 Orthorhombic Pnn2 4 DMF No PLD: 2.28 

LCD: 4.08 

FILYEG143 Monoclinic P21/c 2 H2O Yes PLD: 3.80 

LCD: 6.97 

FILYAC143 Orthorhombic Pnna 2 H2O, 2 DMF No PLD: 3.20 

LCD: 4.40 
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The difference between these five MOFs is in the nature of the occupancies on each of the 

two outer Co2+ ions of the hexanuclear clusters. There are four available sites that can be filled 

with coordinated solvent which differs between the five MOFs, as shown in Table 3.3. 

Furthermore, for MUF-15 and FILYEG, only two of the four sites are filled, with the two bound 

solvent molecules being disordered over the sites.87, 143 These MOFs also have different crystal 

systems and space groups, even though the overall framework is the same. These different 

coordinated solvent molecules influence the pore sizes calculated by PoreBlazer.  

More details about the properties of XADDOX and MUF-200 are presented below. 

XADDOX could not be reliably reproduced in our lab (vide infra), however MUF-200 could. 

The reagents were unavailable to make FILYEG and FILYAC is added for structural 

comparison only. Comparing the gas adsorption abilities of XADDOX, MUF-200, and MUF-

15, there is variation between the uptake values and the order of gases with the highest uptakes. 

This shows that the activation conditions play a significant role in the gas adsorption abilities 

of these MOFs, noting that the coordinated solvent may be fully or partially lost during the 

activation procedure. XADDOX and MUF-15 have the same activation conditions of heating 

under vacuum at 120 °C for 20 hours, whilst MUF-200 was heated to 100 °C for 24 hours.  

 

3.2.3.1 XADDOX 

XADDOX (Cheng et. al., 2010) is made by a solvothermal reaction with Co(OAc)2·5H2O 

and H2ipa resulting in a MOF with the formula of [Co6(μ3-OH)2(ipa)5(H2O)5]·8H2O.124 More 

detail about the experimental procedure and PXRD patterns can be found in the appendix. 

 

 

Figure 3.2 Adsorption isotherms of XADDOX at 273 K (left) and 293 K (right). 

Coloured circles represent adsorption points and open circles represent desorption points. 
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XADDOX strongly adsorbs CO2 (40.3 cm3/g), ethane (47.9 cm3/g), ethylene (46.1 cm3/g), 

propane (47.9 cm3/g), and propylene (55.4 cm3/g), all at 293 K and 760 torr. As introduced in 

Chapter 1, CO2 and N2 are a key gas pair, thus the high CO2 uptake compared to the low N2 

uptake (2.33 cm3/g, at 293 K and 760 torr) is ideal. Another key gas pair is Xe/Kr, of which 

XADDOX displays promising selectivity due to the lower Kr uptake compared to the Xe 

uptake (10.4 cm3/g for Kr compared to 43.5 cm3/g for Xe). The C3 pair also displays decent 

differences in uptake, which is ideal as this pair is hard to separate by conventional means.  

The isotherms do, however, display a degree of hysteresis, mainly for the C3 gases, 

especially propane at 273 K. These isotherms were originally meant to be preliminary data, 

with the intention of collecting a better set of isotherms at a later date, however XADDOX is 

quite difficult to synthesize. Even upon varying the reaction conditions and following the exact 

same protocols as that of the paper itself, and of the successful method, most times resulted in 

an amorphous phase, or a mixed phase. Thus, while XADDOX has good gas uptakes, this MOF 

would have difficulty with practical application as it is hard to reproduce, hence why in the 

‘Priority List’ it is classified as an inconclusive result.  

It is also noteworthy that these isotherms display ‘negative’ uptake. This is not a true result 

as there cannot be a negative uptake, but this is rather due to limitations of the instrument due 

to there being a small sample size and low gas uptake. Thus, more sample will be required, in 

future work, to obtain better isotherms. 

 

   

Figure 3.3 (Left) Qst plots for Xe, CO2, ethane, propylene, and propane uptake of 

XADDOX. (Right) Uptake ratio vs pressure of propylene/propane and Xe/Kr for 

XADDOX at 293 K. The axis and corresponding gas pair are colour coordinated;  
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Qst values were calculated for the top five adsorbing gases using the isotherms collected at 

273 and 293 K (Figure 3.3). All gases displayed a negative trend with propane having the 

highest Qst at zero coverage of 128 kJ/mol. While such a high Qst indicates that that gas interacts 

very strongly with XADDOX, it is much higher than expected for physisorption and is probably 

a consequence of imperfections in the experimental data. The second highest Qst0 was 

propylene at 50.8 kJ/mol, followed by Xe at 33.8 kJ/mol, ethane at 32.4 kJ/mol, and lastly, CO2 

at 27.7 kJ/mol. The similar values of Xe, ethane and CO2 indicate they all have similar binding 

strengths to XADDOX.  

Due to the lack of decent isotherm data, IAST was not determined for the key gas pairs of 

interest. However, for the C3 gases and Xe/Kr, the uptake ratios were determined to give a 

preliminary idea at the selectivity of XADDOX (Figure 3.3). For the C3 gases at around 100 

kPa, there is an uptake ratio of 1.15, showing that propylene is slightly preferred over propane. 

For Xe/Kr, the uptake ratio was highly dependent on the pressure. Very low pressure data 

points were removed due to Kr having ‘negative’ uptakes in this region (vide supra for 

explanation). At lower pressure, there is a high uptake ratio, for example at 15.5 kPa the ratio 

is 28.6, with this ratio decreasing exponentially until it is around 4.19 at 100 kPa. This shows 

that whilst Xe uptake is continually preferred over Kr, it is especially preferred at low pressure. 

IAST is generally used to compare the selective performance of a MOF. Due to the lack of 

IAST values for XADDOX, no literature comparison will be made. 

 

3.2.3.2 MUF-200 

Whilst trying to make TILHEC, which is a MOF that is found on the ‘Priority List’, a new 

phase was produced, which we named MUF-200 (MUF = Massey University Framework).128 

MUF-200 crystallizes in a Pnn2 space group, with unit cell dimensions of 21.4 x 28.6 x 10.9 

Å, with 90° angles. The formula for MUF-200 is [Co6(μ3-OH)2(ipa)5(DMF)4]. More 

crystallographic detail can be found in the Table 3.4.  

PoreBlazer calculations were performed using the SCXRD data for MUF-200. Using the 

direct SCXRD structure, MUF-200 has an LCD of 4.08 Å, PLD of 2.28 Å, and no value for 

ASA was given due to the small PLD. The BET (Brunauer-Emmett-Teller) surface area was 

calculated from experimental data (N2 at 77 K isotherm) and was determined to be 405 m2/g 

(Figure A.42).  
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Table 3.4 SCXRD data collection and structure refinement details for MUF-200. 

Formula [Co6(μ3-OH)2(ipa)5(DMF)4] 

Empirical Formula C13H12.5Co1.5NO6.5 

Formula weight 375.13 

Temperature (K) 273 

Crystal system orthorhombic 

Space group Pnn2 

a (Å) 21.388(3) 

b (Å) 28.631(4) 

c (Å) 10.8700(14) 

α = β = γ (°) 90 

Volume (Å3) 6656.2(15) 

Z 16 

ρcalc (g/cm3) 1.497 

μ (mm-1) 12.121 

F(000) 3040.0 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection (°) 5.158 to 149.318 

Index ranges -26 ≤ h ≤ 25, -35 ≤ k ≤ 35, -13 ≤ l ≤ 12 

Reflections collected 79190 

Independent reflections 13179 [Rint = 0.0633, Rsigma = 0.0502] 

Data/restraints/parameters 13179/115/781 

Goodness-of-fit on F2 1.038 

Final R indexes [I>=2σ (I)] R1 = 0.0614, wR2 = 0.1655 

Final R indexes [all data] R1 = 0.0785, wR2 = 0.1840 

Largest diff. peak/hole (e Å-3) 0.70/-0.79 

Flack parameter 0.5 
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Figure 3.4 PXRD patterns of MUF-200 simulated (black), as synthesized (red), after gas 

adsorption (lime), after exposure to air for 24 hours (royal blue), and after water exposure 

for 24 hours (dark green). 

 

Comparison of experimental PXRD patterns to the simulated pattern from the SCXRD data 

can be seen in Figure 3.4. There is a decent match between the simulated and experimental 

patterns, however there is a peak at 14.3° that does not quite fit. The patterns also show 

fluctuations in peak height, which was also observed between batches. Peak positions can also 

vary slightly due to sample treatment before measurement. Due to the slight differences in the 

experimental patterns compared to the SCXRD pattern, it was hypothesized that removal the 

coordinated DMF could cause variation (such removal could occur upon activation). 1H nuclear 

magnetic resonance (NMR) spectroscopy on a dissolved a sample showed 1.3 DMF molecules 

for every five ipa ligands indicating that the majority of the DMF is removed upon activation 

(Figure A.46). For this reason, PoreBlazer was run with a structure that had no DMF and it 

showed an LCD of 5.45 Å, PLD of 3.60 Å, and an ASA of 701.7 m2/g. Whilst this is not the 

fully correct model, as some DMF will still be present, this is close to the actual structure that 

was exposed to the gases. PoreBlazer determined a higher BET than the experimental data, 

which is expected as it was assuming no DMF present, where there actually would still be some.  
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Figure 3.5 TGA curve for MUF-200. 

 

The framework is stable after gas adsorption and when exposed to the laboratory 

atmosphere, however it is unstable in water (Figure 3.4). TGA analysis showed that MUF-200 

is stable until around 250 °C before it starts to decompose (Figure 3.5).  

 

 

Figure 3.6 Adsorption isotherms of MUF-200 at 273 K (left) and 293 K (right). Coloured 

circles represent adsorption points and open circles represent desorption points. 

 

MUF-200 has similar uptakes to XADDOX with the highest gases being the C2 and C3 

gases, alongside CO2 and Xe (all at 293 K and 760 torr). These can all be seen in Figure 3.6. 

Acetylene had the highest uptake at 40.7 cm3/g, followed by propylene (34.9 cm3/g) and 

propane (34.1 cm3/g). Ethane and ethylene had almost identical uptakes at 33.1 and 32.8 cm3/g 
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respectively. These uptakes were closely followed by CO2 at 31.2 cm3/g and Xe at 30.3 cm3/g. 

No hysteresis was observed in these isotherms.  

 

 

Figure 3.7 (Left) Qst plots for Xe, CO2, acetylene, propylene, and propane uptakes of 

MUF-200. (Right) IAST selectivity of 50:50 mixtures of CO2/N2, CO2/CH4, Xe/Kr, 

C2H2/CO2, and C2H2/C2H4. A logarithmic scale was used for the y axis. 

 

Due to there being a number of gases with high uptakes and thus a few interesting gas pairs, 

Qst was calculated for five of the highest adsorbing gases using pure component isotherms 

collected at 273 and 293 K (Figure 3.7). At zero coverage, the Qst values were 26.8 kJ/mol for 

Xe, 25.3 kJ/mol for CO2, 29.6 kJ/mol for acetylene, 55.0 kJ/mol for propylene and 57.4 kJ/mol 

for propane. The C3 gases both have much higher Qst0 values, suggesting they are the gases 

which interact the strongest with the framework, as expected.  

There are several key gas pairs that are of interest for MUF-200 which were followed up 

by IAST analysis. The gas pair with the highest selectivity was CO2/N2 with a selectivity of 

32.8 at 100 kPa. Followed by CO2/CH4 selectivity of 7.28, then Xe and Kr selectivity of 7.51. 

The lowest two selectivity values were for acetylene/CO2 at 2.08 and acetylene/ethylene at 

1.43. All gas pairs were analysed for a 50:50 mixture. For comparison to a non-extensive 

literature search, MUF-200 displays a relatively low CO2/N2 selectivity, when using a 15:85 

mixture.146 MUF-200 also displays relatively low CO2/CH4 selectivity, as many benchmark 

materials have higher CO2 capacity.146 Compared to Xe/Kr literature, MUF-200 displays 

moderate to low uptakes and selectivities.147, 148 MUF-200 has low selectivity and uptakes for 

both acetylene/CO2 and acetylene/ethylene gas mixtures.149-151 Therefore overall, MUF-200 
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does not display new benchmark selectivities though nonetheless it is selective for a range of 

key gas pairs. 

 

3.2.4 JETJOI 

JETJOI was published by He et. al. in 2005.115 It was made via a solvothermal reaction 

with Zn(NO3)2·6H2O, H2ipa, and NaOH in N, N-dimethylformamide (DMF) resulting in 

colourless rod-shaped crystals.115 JETJOI has a formula of NH2(CH3)2[ZnNa(ipa)2]. 

 

 

Figure 3.8 Structure of JETJOI viewed along the a axis (left) and the c axis (right). Atom 

colours: carbon: black, oxygen: red, nitrogen: periwinkle blue, zinc: pale blue, and sodium: 

lilac. Hydrogen atoms omitted for clarity. 

 

The structure for JETJOI can be seen in Figure 3.8. The Zn2+ ions have a tetrahedral 

geometry, and the Na+ ions have an octahedral geometry. These build into infinite rod-shaped 

SBUs, with the Zn2+ alternating with the Na+.115 Each rod is linked to another through ipa 

ligands and there are also dimethylamine cations present which play a templating role.115 More 

detail about the experimental procedure and PXRD patterns can be found in the appendix. 
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Figure 3.9 Adsorption isotherms of JETJOI at 273 K (left) and 293 K (right). Coloured 

circles represent adsorption points and open circles represent desorption points. 

 

JETJOI displayed moderate gas uptakes (Figure 3.9). Unlike XADDOX, for JETJOI only 

one gas has a high uptake, whereas the rest are considerably lower. This type of uptake was 

observed with MUF-16 where only one gas is highly preferred. CO2 has the highest uptake for 

JETJOI with 6.87 cm3/g (at 293 K and 760 torr), with all the other gases having lower uptakes, 

with the second highest gas uptake being for propylene at 2.72 cm3/g. This is ideal behaviour 

for gas adsorption experiments as one gas is high preferred over all the other gases, here the 

gas being CO2. 

 

  

Figure 3.10 (Left) Qst plots for CO2 uptake of JETJOI. (Right) IAST selectivity of a 

50:50 mixture of CO2 and N2. A logarithmic scale is used for the y axis. 
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The Qst of JETJOI for CO2 was calculated using pure component isotherms collected at 273 

and 293 K and can be seen in Figure 3.10. The Qst value at zero coverage is 34.5 kJ/mol and it 

decreases as uptake increases, which is expected for Qst as the sites with the highest affinity 

get filled first. Due to the clear difference in CO2 uptake to the other gases, the IAST selectivity 

of CO2/N2 was calculated as this is a key gas pair. At 100 kPa, JETJOI has a selectivity of 1075 

for this gas pair (in a 50:50 mixture). Compared to a non-comprehensive literature search, the 

IAST of JETJOI for CO2/N2 is low, as is the uptakes.146   

 

3.2.5 UC-MUF-201 (TAGQUQ Analogue) 

This MOF, named UC-MUF-201, was found by another student from a different university 

(University of Canterbury, UC), using the MUF-15 protocol, hence the joint name. It has the 

same PXRD pattern as TAGQUQ but it is made from H2ipa, not H2ipa-NO2.
142 UC-MUF-201 

was made by a solvothermal reaction of Cu(OAc)2·H2O and H2ipa in a solution of MeOH and 

water at 120 °C. This yielded a blue powder product with a formula of [Cu2(ipa)2(H2O)2] . 

More details about the experimental procedure can be found in the appendix.  

 

 

Figure 3.11 (Left) Coordination at the paddlewheel cluster of UC-MUF-201. (Right) 

Framework of UC-MUF-201 viewed along the c axis. Atom colours: carbon: black, 

oxygen: red, hydrogen: peach, and copper: royal blue. Most hydrogen atoms are omitted 

for clarity. 

 

The Cu2+ ions in UC-MOF-201 both have an octahedral geometry and form a paddlewheel 

cluster with four ipa ligands connecting the two Cu2+ ions together (Figure 3.11). Each Cu2+ 

ion has a water molecule bound in the axial position. The ipa ligands bridge the paddlewheels 

with one carboxylate binding to set of Cu2+ ions in a paddlewheel, while the other carboxylate 
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binds to the Cu2+ ions of a different paddlewheel. This builds the structure into two-dimensional 

layers, with non-covalent interactions connecting these layers into a three-dimensional 

framework. There are two kinds of pore environments in UC-MUF-201; one made of six ipa 

ligands and six paddlewheel clusters, and the other made of three ipa ligands and three 

paddlewheel clusters. This structure is the same as TAGQUQ except that ipa is present rather 

than ipa-NO2.
142 

 

 

Figure 3.12 PXRD patterns of TAGQUQ simulated (black), UC-MUF-201 simulated 

(red), as synthesized (lime), and after gas sorption (royal blue). 

 

The simulated PXRD patterns of TAGQUQ and UC-MUF-201 show that they are 

isoreticular analogues of each other (Figure 3.12). The majority of the as synthesized pattern 

matches the simulated structure however there is one small peak at 8.4° that does not quite 

match. . The structure was retained after gas adsorption measurements. 

UC-MUF-201 was run through PoreBlazer which calculated an LCD of 8.04 Å, a PLD of 

7.31 Å and an ASA of 688 m2/g. All of these values are larger than those for TAGQUQ (LCD: 

7.02 Å, PLD: 6.45 Å, and ASA: 362 m2/g) which is expected as the UC-MUF-201 ligand has 

a smaller 5′ functional group than TAGQUQ. BET analysis with a N2 at 77 K isotherm showed 

a surface area of 434 m2/g, which is lower than the calculated surface area.  
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Figure 3.13 Adsorption isotherms of UC-MUF-201 at 273 K (left) and 293 K (right). 

Coloured circles represent adsorption points and open circles represent desorption points.  

 

UC-MUF-201 displays relatively high gas uptakes for a small pore MOF (Figure 3.13). The 

gases with the highest uptakes are propylene (64.3 cm3/g) and propane (54.6 cm3/g), followed 

closely by ethane (54.9 cm3/g) and ethylene (51.6 cm3/g). These results are recorded at 293 K 

and 760 torr. Acetylene had the next highest uptake at 46.4 cm3/g, followed by Xe at 40.5 cm3/g 

and CO2 at 37.8 cm3/g. Minor hysteresis was observed in the propylene and propane isotherms.  

 

 

Figure 3.14 (Left) Qst plots for propylene, propane, Xe, ethylene, and ethane uptakes of 

UC-MUF-201. (Right) IAST selectivity of 50:50 mixtures of CO2/N2, CO2/CH4, Xe/Kr, 

and C3H6/C3H8. A logarithmic scale was used for the y axis. 
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Due to there being a few key gas pairs with high uptakes, Qst was calculated for the five 

highest adsorbing gases using pure component isotherms collected at 273 and 293 K (Figure 

3.14). All gases have a mostly negative Qst trend except for propylene which has a slight 

positive trend. The negative trends indicate that the strongest adsorbing sites get filled first, 

whilst the positive trends suggest there may cooperative binding once gases adsorb in the pores. 

At zero coverage, the Qst values are 20.8 kJ/mol for Xe, 29.6 kJ/mol for ethylene, and 18.0 

kJ/mol for ethane. Qst0 was not determined for the C3 gases due to the lack of low pressure data 

points. Despite that, it can be seen that the C3 gases interact more strongly with UC-MUF-201 

than the C2 gases or Xe. This is consistent with the higher uptakes of the C3 gases.   

There were several key gas pairs that showed promise for good selectivity, thus IAST 

analysis was performed for UC-MUF-201. The gas pair with the highest selectivity was for 

CO2/N2 with a selectivity of 10170 at 100 kPa. This was followed by Xe/Kr selectivity of 32.5, 

then CO2/CH4 at 3.46 and lastly the C3 gases at 1.74 (all at 100 kPa). These are all for 50:50 

mixtures and can be found in Figure 3.14. In comparison to a preliminary literature search, UC-

MUF-201 displays very good CO2/N2 selectivity but CO2/CH4 selectivity is quite low, as is the 

CO2 uptake compared to the best materials in literature.146 The Xe/Kr selectivity is quite good, 

alongside a decent uptake.147, 148 The selectivity between the C3 gases is low, however the 

uptakes of both gases are quite good.152 Thus, the most interesting gas pairs for separation by 

UC-MUF-201 are CO2/N2  and Xe/Kr. While these selectivities are not new benchmark values, 

these two separations are comparable to some of the better materials in literature. 

 

3.2.6 EMIDEJ02, WAMRIN, EDOTUN, and RUGXUO 

Whilst some of the MOFs in this project were successful, displaying good to moderate gas 

uptakes and selectivities, we expected that not all of the MOFs would have this kind of 

behaviour. EMIDEJ02, WAMRIN, EDOTUN, and RUGXUO are examples of this. 

EMIDEJ02 is from the ‘Priority List’ whilst WAMRIN, EDOTUN, and RUGXUO are from 

the ‘Larger Pore List’. 
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Figure 3.15 Structures (A) EMIDEJ02, (B) WAMRIN, (C) EDOTUN, (D) RUGXUO 

viewed along the b axis. Atom colours: carbon: black, oxygen: red, nitrogen: periwinkle 

blue, calcium: dusty blue, magnesium: orange, zinc: pale blue, and cobalt: magenta. 

Hydrogen atoms omitted for clarity. 

 

EMIDEJ02 was published by Al-Terkawi et. al. in 2018 and has a formula of 

[Ca(ipa)(H2O)3.4].
131 This MOF was made by ball-milling Ca(OH)2 with H2ipa and is built up 

from eight- and nine-fold coordinated Ca2+ ions.131 Carboxylate oxygens from the ligands, 

alongside water molecules, bridge the Ca2+ ions together to create one-dimensional helical 

strands, which are connected through hydrogen bonding.131 The structure can be seen in Figure 
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3.15A. According to PoreBlazer, EMIDEJ02 has an LCD and PLD of 3.52 and 1.53 Å 

respectively, with the LCD being on par with MUF-16 (3.47 Å). However, EMIDEJ02 

displayed poor gas uptakes for five gases, with the highest being for CO2 at 1.37 cm3/g at 293 

K, with significant hysteresis (Figure A.31).  

WAMRIN is a Mg2+ and H2ipa-NH2 MOF which was published by Wang et. al. in 2012 

with a formula of [Mg3(H2O)4(ipa-NH2)2(Hipa-NH2)2]·4DMA.113 This MOF is made by a 

solvothermal reaction and is built up from octahedrally coordinated Mg2+ trinuclear clusters.113 

This results in a eight-fold coordinated SBU with bridging ipa-NH2 ligands, which create the 

three-dimensional framework.113 This framework contains rhombic one-dimensional channels 

along the b axis, as seen in Figure 3.15B, with a  PoreBlazer calculated LCD and PLD of 7.16 

and 5.59 Å respectively. In terms of both LCD and PLD, WAMRIN contains one of the largest 

pore volumes of the ‘Larger Pore’ MOFs, however this does not necessarily correspond to high 

uptakes. Of the five gases analysed (at 293 K), the highest uptake was CO2 at 3.94 cm3/g 

(Figure A.32). There was some hysteresis observed for all gases, but it was not quite as large 

as for EMIDEJ02.  

Thirdly, EDOTUN was published by Chen et. al. in 2007 with a formula of 

[Co3Zn3(ipa)4(μ3-OH)2(μ2-OH)2(H2O)4]·4.5H2O.114 This MOF is made by a hydrothermal 

reaction and is built up from octahedrally coordinated Co2+ ions and tetrahedrally coordinated 

Zn2+
 ions.114 These metals form Co3Zn2 heteropentanculear clusters.114 The clusters are 

connected by ipa ligands which adopt various coordination modes, to generate a two-

dimensional grid, which stacks to build a three-dimensional MOF (Figure 3.15C).114 According 

to PoreBlazer, EDOTUN has an LCD and PLD of 6.35 and 4.49 Å respectively, which are 

relatively large pores. Much like with WAMRIN, EDOTUN had low gas uptakes across the 

five gases tested (at 293 K) with the highest being CO2 at 3.35 cm3/g, with hysteresis displayed 

(Figure A.33). The other gases did not have much hysteresis. EDOTUN was fragile as 

activation caused the MOF to collapse.   

Lastly, RUGXUO was published by Hill et. al. in 2015 with a formula of 

[Me2NH2][Me4N]2[Zn4(ipa-OH)2(Hipa-OH)2.5]·3DMF.132 RUGXUO is made by a 

solvothermal reaction and is built up from five- and six-fold coordinated Zn2+ ions.132 Both the 

hydroxyl and carboxylate groups on the ligand coordinate to the Zn2+ ions, through different 

coordination modes, which builds the structure into a three-dimensional framework, alongside 

the templating Me4N
+ and Me2NH2

+ cations.132 The structure of this MOF can be seen in Figure 

3.15. According to PoreBlazer, RUGXUO has an LCD and PLD of 6.13 and 4.91 Å, 
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respectively, which are moderately large pores for this project. RUGXUO was tested for five 

gases at 293 K and showed very low uptakes with significant hysteresis (Figure A.34). The 

highest uptake was for CO2 at 1.79 cm3/g. Upon closer inspection, Hill et al. reported that 

RUGXUO is ‘effectively non-porous after activation’, even though the structure is retained.132 

This lack of porosity is evidenced by the low uptakes. 

The results from EMIDEJ02, WAMRIN, EDOTUN, and RUGXUO are interesting as they 

display that while simulation software like PoreBlazer gives a good indication of pore sizes, 

experimental work is very much required to see if a MOF will have good gas uptakes or not. 

According to PoreBlazer, both WAMRIN and EDOTUN had plenty large enough pores to 

accommodate gases and would thus be expected to have relatively high uptakes, but in practice 

neither did. This shows that even though PoreBlazer determined a large pore size, there are 

other variables in play which determine uptake. The flipside is also true. PoreBlazer reported 

an LCD similar to MUF-16 for EMIDEJ02, however looking at the structure of the MOF 

(Figure 3.15A), there are very narrow channels, which are far too small to accommodate gases, 

which is shown by the very low gas uptakes. PoreBlazer works best when the MOF in question 

strictly obeys its SCXRD structure, as this is what PoreBlazer uses to determine PLD and LCD. 

However, in reality, a MOF structure can vary due to solvent removal, flexing, or sample 

treatment, thus the results from PoreBlazer become less accurate and experimental data is more 

heavily relied upon. RUGXUO is a good example of this, because in theory, it would have high 

gas uptakes however activation renders the MOF non-porous. 

 

3.3 Conclusion 

This chapter outlined the results of working through the ‘Priority’ and ‘Larger Pore’ lists. 

Majority of the MOFs on these lists could not be synthesized, which shows how sensitive MOF 

reactions can be to particular laboratory conditions. This chapter outlined the successful results 

of MOFs from the lists (XADDOX and JETJOI) but also delved into the less-successful MOFs 

(EMIDEJ02, WAMRIN, EDOTUN, and RUGXUO) and why they likely had the results that 

they did. These results show that PoreBlazer information, whilst still valuable, relies on a strict 

dependence on the SCXRD structure, but in reality, structures can vary. Trying to synthesize 

the MOFs on these lists showed that unexpected new MOFs can be found along the way, in 

this case MUF-200 and UC-MUF-201. Both MUF-200 and UC-MUF-201 displayed good gas 

adsorption abilities, alongside being easy to synthesize and they are air stable. MUF-200 and 

UC-MUF-201 were not the only new phases discovered, as Chapters 4 and 5 will divulge.   
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Chapter 4 – Low Porosity MOFs 

 

4.1 Introduction 

One of the most advantageous characteristics about MOFs is their permanent porosity. 

Their ability to be crystalline whilst still containing porous voids goes against the norm for 

molecular materials. Nature favours the formation of dense, symmetrical structures as they are 

held together by more interactions and are thus more thermodynamically favoured.54, 153 

However, majority of MOFs do not follow this trend and instead are open and porous. The 

permanent porosity that is found in MOFs is what makes them such attractive materials to work 

with. In saying that, not all MOFs are porous.154, 155 Some have densely packed structures with 

small, virtually non-existent pores. Non-porous, or low porosity, MOFs can be formed by 

interpenetration or using small linkers that result in tight packing and thus very small voids.156-

158 Examples of the latter include some MOFs made with H2ipa and its 5′ derivatives.157, 158 

The MOFs that will be discussed in this chapter are all low-porosity MOFs that have been 

discovered along the course of this project.  

As outlined in Chapter 3, many of the MOFs on the ‘Priority List’ and the ‘Larger Pore 

List’ could not be synthesized.  This resulted in altering the synthetic conditions in attempt to 

make the desired MOF. Oftentimes, this did not work and instead, another MOF phase was 

produced. These MOFs are still worthwhile exploring as even unexpected results can be good; 

for example, see MUF-200 in Chapter 3. Many of the new MOFs found, as introduced above, 

have low porosity. All of the MOFs reported in this chapter were checked against the CSD to 

see if they have been reported before and all bar one has not. Thus the aim of this chapter is to 

discuss several new MOF materials that were discovered whilst trying to make MOFs from the 

‘Priority List’ and the ‘Larger Pore List’. Detailed crystallographic data, PXRD patterns, and 

all gas adsorption isotherms can be found in the appendix as these MOFs are not suitable for 

the application of this project and are thus only briefly mentioned.   

 

4.2 Results and Discussion 

4.2.1 MUF-202 

This MOF, named MUF-202, was found when altering the synthetic conditions used to 

produce MUF-15-NO2.
79 It is formed by ball-milling Co(OAc)2·5H2O and 5-nitroisophthalic 
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acid (H2ipa-NO2) in butanol and isopropanol before transferring into a Teflon-lined autoclave 

reaction vessel with some water and heating to 120°C for 20 hours. The resultant pink, plate 

crystals have a monoclinic space group, P21/C, and a formula of [Co(ipa-NO2)(H2O)3]. The 

unit cell dimensions are 11.1 x 14.0 x 7.56 Å with a  angle of 109°. 

 

 

Figure 4.1 (A) Coordination at the metal node of MUF-202. Framework MUF-202 viewed 

along the b axis (B) and the c axis (C). The red dotted lines denote hydrogen-bonding. 

Atom colours: carbon: black, oxygen: red, nitrogen: periwinkle blue, cobalt: magenta, and 

hydrogen: peach. Hydrogen atoms omitted for clarity in (B) and (C). 

 

The Co2+
 ion has an octahedral geometry and is coordinated to three water molecules and 

the oxygen atoms of three different ipa-NO2 molecules (Figure 4.1A). On the ipa-NO2
 ligand, 

one carboxylate bridges two Co2+ ions, while the other carboxylate only coordinates to one. 

The nitro group remains uncoordinated. Two-dimensional rows of ligand and Co2+ then form, 

with the rows connecting to each other via hydrogen bonding between the bound water 

molecules (red lines on Figure 4.1B and C). The bridging carboxylate groups on the ipa-NO2 

ligand connect the two-dimensional sheets into a three-dimensional framework (Figure 4.1B 

and C). 

PoreBlazer calculations on MUF-202 showed that the framework has an LCD of 1.68 Å, a 

PLD of 0.84 Å and no ASA value was determined (due to the small PLD). This alone indicates 

that MUF-202 is likely to have low gas uptakes, as the pores are too small to accommodate gas 

molecules. Gas adsorption experiments were nonetheless undertaken. The highest gas uptake 

was for CO2 with an uptake of 2.38cm3/g and the second highest being 2.09 cm3/g for propylene. 

These low values are consistent with surface adsorption to the exterior surface as PXRD 

patterns also show that the MOF collapsed upon activation (Figure A.26). 
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4.2.2 MUF-203 

MUF-203 was found when trying to make LOWQIX, which is a MOF from the ‘Priority 

List’. The reaction conditions that made MUF-203 ended up being considerably different to 

the published method for LOWQIX. In theory, LOWQIX crystals form by combining ZnCl2 

with H2ipa in DMF, with the addition of methylamine in acetonitrile.136 The crystals then grow 

undisturbed at room temperature.136 For MUF-203, Zn(NO3)2·6H2O and H2ipa were dissolved 

in DMF and acetonitrile in a vial and heated to 85°C for 48 hours. The resultant colourless, 

prismatic crystals have a cubic space group of F4̅ 3m and a formula of [Zn4O(ipa)3]. The unit 

cell dimension is 15.5 Å. 

 

 

Figure 4.2 (A) Framework of MUF-203 including the disorder. (B) Possible arrangements 

of the ipa ligand and the schematic tile used to depict them. (C) Metal cluster with the 

disorder and possible arrangements without disorder. (D) One possible model of MUF-203 

without disorder. (E) One possible model of the pore network of MUF-203 without 

disorder. Atom colours: carbon: black, oxygen: red, and zinc: grey. Hydrogen atoms 

omitted for clarity. Figure from Meekel et. al.159 
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Upon writing up this thesis, it was discovered that another group had simultaneously and 

independently discovered this MOF, which they named TRUMOF-1.159 Due to the difficulty 

in modelling and presenting the disorder in MUF-203 (vide infra), Figure 4.2 is an adaptation 

from the figures in the paper by Meekel et. al..159    

The Zn2+ ions all coordinate with tetrahedral geometry and form a Zn4O cluster. These 

clusters are connected via ipa ligands which build the structure up into a three-dimensional 

framework. However, MUF-203 is much more complicated than that, as shown in Figure 4.2. 

This MOF is highly disordered thus all the oxygen and carbon atoms have partial occupancies, 

which means that the ligands and oxygen atoms on the clusters are not always present or are 

not always in that orientation. For the ipa ligand, there are three possible arrangements, each at 

120° to each other (Figure 4.2B). These ligands are also present at each particular site 25% of 

the time.159 There is also disorder at the metal cluster, where each of the possible 12 sites is 

occupied 50% of the time (Figure 4.2C).159 An average structure, without modelling the 

disorder, is shown in Figure 4.2A whereas one of the many, many possible structures is 

modelled in Figure 4.2D. Due to the different types of disorder in MUF-203 and thus hundreds 

of possible structures, PoreBlazer calculations could not be performed as it would not be 

representative of the actual framework. Furthermore, the pore network and pore environments 

are highly variable, due to the disorder (Figure 4.2E) which would render PoreBlazer results 

inaccurate. 

Gas adsorption experiments showed fairly low gas uptakes. The highest uptake was for 

acetylene at 12.9 cm3/g followed by CO2 at 12.2 cm3/g. There was not significant separation 

evident for any key gas pairs except for CO2 and N2 (with a N2 uptake of 1.24 cm3/g) and 

ethane (6.42 cm3/g) and ethylene (9.94 cm3/g). There was also hysteresis in many of the 

isotherms. This hysteresis is due to restricted diffusion, likely due to the small pore windows. 

Due to the low overall uptakes, this MOF was not investigated any further. Interestingly, the 

Meekel et. al. preprint also presents a few gas adsorption isotherms. They recorded much higher 

uptakes of around 55 cm3/g for CO2 and around 25 cm3/g for CH4.
159 They used a different 

activation protocol, suggesting that this affects the adsorption performance of the MOF. Since 

they only report CO2 and CH4 isotherms (at 273 and 293 K) alongside H2 and N2 (at 77 and 87 

K), future work could be done on MUF-203 with their activation protocol and different gases 

to explore the potentially interesting selectivity.  
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4.2.3 MUF-204 

MUF-204 was found when altering the synthetic conditions of WAMRIN, which had both  

H2ipa and H2ipa-NH2 present.113 To ensure that only H2ipa-NH2 was incorporated into the 

WAMRIN structure, the H2ipa was removed from the synthesis. This instead formed MUF-

204, which is structurally unrelated to WAMRIN. MUF-204 was made via a solvothermal 

reaction of Mg(OAc)2·4H2O and H2ipa-NH2 in a solution of N,N-dimethylacetamide (DMA), 

ethanol and water in a Teflon-lined autoclave reaction vessel at 110 °C for 3 days. The resultant 

peach, plate crystals have a triclinic space group of P-1 and a formula of [Mg(ipa-NH2)(H2O)2]. 

The unit cell dimensions are 7.55 x 8.19 x 8.93 Å with angles of 99.2, 101, and 116°. 

 

 

Figure 4.3 (Left) Coordination at two metal nodes of MUF-204. (Right) Framework of 

MUF-204 viewed along the a axis. Atom colours: carbon: black, oxygen: red, nitrogen: 

periwinkle blue, and magnesium: orange. Hydrogen atoms omitted for clarity. 

 

The Mg2+ ion has a pseudo-octahedral geometry with two water ligands coordinated, in the 

axial positions, and four oxygens from the carboxylate groups of three different ipa-NH2 

ligands, in the equatorial positions (Figure 4.3 left). On the ipa-NH2 ligands, one carboxylate 

group bridges two different Mg2+ ions, whilst the other binds to a third Mg2+ ion. The amino 

group remains uncoordinated. Combining the metal and ligand arrangement results in the 

formation of two-dimensional sheets which connect into a three-dimensional framework 

(Figure 4.3 right) via hydrogen bonding between the coordinated water molecules and the 

amino groups on the ligand. 

PoreBlazer calculations on MUF-204 showed that the framework has an LCD of 1.66 Å, a 

PLD of 0.83 Å and no ASA value was determined (due to the small pore sizes). This MOF has 
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very similar pore sizes to MUF-202 and is thus expected to have low gas uptakes. Only two 

isotherms were collected for this MOF: CO2 and N2, with uptakes of 2.47 and 1.69 cm3/g, 

respectively at 293 K. Some ‘negative’ uptakes were observed, which is physically impossible 

but is due to the low uptakes and instrument error. Hysteresis was also observed, which would 

be due to restricted diffusion because of the small pores. These low uptakes back up the low 

porosity seen in both the SCXRD structure and the PoreBlazer calculations.  

 

4.2.4 MUF-205 

MUF-205 was discovered when trying to synthesize analogues of WAMRIN with different 

5′ functional groups. Whilst WAMRIN itself had poor gas adsorption abilities; the framework 

does have large pore sizes. Therefore, a different pore environment, created by using a different 

ligand, could improve the gas adsorption abilities. Therefore, 5-bromoisophthalic acid (H2ipa-

Br) was used in place of H2ipa-NH2 in the same synthetic protocol as MUF-204 except that a 

Schott bottle was used as the reaction vessel. The resultant colourless plate crystals have a 

monoclinic space group of P21/m and a formula of [Mg3(ipa-Br)3(H2O)(DMA)2(EtOH)]·H2O. 

The unit cell has dimensions of 9.49 x 22.1 x 20.4 Å, with a  angle of 101°. 

 

 

Figure 4.4 (A) Trinuclear cluster of MUF-205. (B) Ligand coordination to the trinuclear 

cluster. (C) Framework of MUF-205 viewed along the a axis. Atom colours: carbon: black, 

oxygen: red, nitrogen: periwinkle blue, magnesium: orange and bromine: brown. Hydrogen 

atoms omitted for clarity. 

 



Chapter 4 – Low Porosity MOFs 

 

75 

 

There are three distinct Mg2+ ions, all of which have an octahedral geometry. They connect 

together to form a trinuclear cluster connected by six bridging ipa-Br ligands (Figure 4.4A). 

Mg2 is the central Mg2+ ion and has six different ipa-Br ligands attached through their 

carboxylate groups. All of these six ligands bridge to connect Mg2 to Mg1 and Mg3. Mg1 is 

connected to three different ipa-Br ligands, one coordinated water molecule and one DMA 

molecule. The water and DMA molecules are on the periphery of the cluster. Mg3 is connected 

to three different ipa-Br ligands and one coordinated DMA molecule, however instead of the 

water, Mg3 has an ethanol molecule attached. Again, the DMA and ethanol are on the periphery. 

The DMA attached to Mg3 displayed positional disorder as the entire moiety could be in two 

different positions. For Figure 4.4, only one of these orientations was modelled. Coordination 

of ligands to the trinuclear cluster is shown in Figure 4.4B. The carboxylate groups on the ipa-

Br ligands have two coordination modes: one carboxylate bridging two Mg2+ ions, and one 

carboxylate coordinating to one Mg2+ ion whilst also bridging two Mg2+ ions. Bridging ipa-Br 

ligands connect the trinuclear clusters together to form a three-dimensional framework (Figure 

4.4C). 

PoreBlazer calculations on MUF-205 showed that the framework has an LCD of 2.75 Å, a 

PLD of 1.37 Å and no ASA value was determined due to the small PLD. These values are quite 

low and suggest that MUF-205 may have low uptakes, which it does. Two attempts at gas 

adsorption experiments were performed on MUF-205 with different activation conditions to 

see if that influenced the gas uptakes. Initially, the MOF was activated from ethanol and 

subsequently it was activated from acetone. From ethanol, the highest uptake was for CO2 at 

1.13cm3/g followed by CH4 at 1.02 cm3/g. From acetone, CO2 remained the highest at 2.16 

cm3/g, however the second highest this time was H2 at 1.60 cm3/g.  Some ‘negative’ uptakes 

were observed, due to instrument error and low uptakes. These low uptakes are not due to 

framework collapse as the crystallinity and structure was retained after both activation 

protocols. Whilst the new activation conditions did not greatly improve the uptake, it did 

increase it a little bit which shows that activation conditions can influence the final gas uptake. 

Future work could focus on the activation conditions to achieve higher gas uptakes. 

 

4.2.5 Copper MOFs Using the OFEJAM Protocol 

OFEJAM (found on the ‘Larger Pore List’) is made with H2ipa, however, upon attempting 

to synthesize this MOF the PXRD pattern was inconclusive, and the material was not 

investigated further (as mentioned in Chapter 3).144 Nonetheless, the synthetic protocol was 
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used to see if analogues could be made by changing the 5′ functional group. This resulted in 

the formation of other MOF phases. Three of these will be outlined in this chapter while the 

rest will be outlined in Chapter 5. 

 

4.2.5.1 With 5-nitroisophthalic acid (H2ipa-NO2) 

This MOF was made by a solvothermal reaction of Cu(NO3)2·3H2O and H2ipa-NO2 in a 

solution of DMF, ethanol and water at 85 °C for 24 hours. Gas adsorption experiments were 

undertaken; however this MOF did not have high uptakes. The highest uptake was for 

propylene at 3.59 cm3/g, followed by CO2 at 3.51 cm3/g and ethylene at 2.91 cm3/g. There was 

some hysteresis observed, due to restricted diffusion, and also some ‘negative’ uptakes, due to 

low uptakes and instrument error. The low uptakes suggest that there is adsorption primarily to 

the exterior surface of the MOF, and no further experiments were performed. No structure was 

determined for this MOF as it only grew in powder form (and not as single crystals) and, due 

to the low uptakes, we were not incentivised to push for a structure. This also precluded 

PoreBlazer calculations. 

 

4.2.5.2 With 5-aminoisophthalic acid (H2ipa-NH2) 

This MOF was made by combining Cu(NO3)2·3H2O and H2ipa-NH2 in DMF at 65 °C for 

six hours to produce a pale green powder. Gas adsorption experiments displayed that this 

material does not have high uptakes. All of the isotherms were noisy and had significant 

hysteresis alongside ‘negative’ uptakes due to instrument limitations. CO2 had the highest 

uptake of 0.96 cm3/g followed by ethylene at 0.39 cm3/g. These low uptakes suggest that this 

material is either non-porous or collapsed under activation and thus no more experiments were 

performed. This MOF only grew as a powder and due to the low uptakes, we were not 

incentivised to push for a SCXRD structure. This also precluded PoreBlazer calculations. 

 

4.2.5.3 MUF-206 

MUF-206 was also discovered when altering the synthetic conditions used for OFEJAM. 

Originally, it co-crystallized with the aforementioned MOF, however further alterations of the 

synthesis resulted the isolation of MUF-206. MUF-206 is formed by a solvothermal reaction 

of Cu(NO3)2·3H2O and H2ipa-NH2 in DMF with a drop of ethanol at 100°C for four hours. The 
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resultant dark green, block crystals have an orthorhombic space group of Pmna and a formula 

of [Cu2(ipa-NH2)2(DMF)2]. The unit cell has dimensions of 15.0 x 7.74 x 10.6 Å. 

 

 

Figure 4.5 (A) Coordination at the paddlewheel cluster of MUF-206. (B) Framework of 

MUF-206 viewed along the b axis. Atom colours: carbon: black, oxygen: red, nitrogen: 

periwinkle blue, and copper: royal blue. Hydrogen atoms omitted for clarity. 

 

The Cu2+ ions both have octahedral geometry and form a paddlewheel cluster with four 

ipa-NH2 ligands connecting two Cu2+ ions together through their carboxylate groups (Figure 

4.5 left). Each paddlewheel also has two DMF molecules bound to the axial sites.  Paddlewheel 

bridging, by each ipa-NH2 bridging two paddlewheels, builds the structure up into a three-

dimensional framework (Figure 4.5 right). 

PoreBlazer calculations on MUF-206 showed that the framework has an LCD of 2.32 Å, a 

PLD of 1.16 Å, and no ASA value was determined due to the small PLD. These values suggest 

that the MOF is likely non-porous, however, gas adsorption experiments were still performed. 

Four isotherms were collected which all show hysteresis, and some showed ‘negative’ uptakes. 

The highest uptake was for CO2 at 1.43 cm3/g followed by CH4 at 0.61 cm3/g, ethylene at 0.47 

cm3/g and N2 at 0.41 cm3/g. The low uptakes agree with the low PoreBlazer numbers. 

Interestingly, the coordinated DMF ligands point into the pores of MUF-206. In some studies, 

coordinated solvent molecules can be removed upon activation.160 If that were to happen in this 

case, there would likely be an increase in uptake due to the pore size increasing. Infrared (IR) 

spectroscopy on a solid sample and 1H NMR spectroscopy on a dissolved sample was used to 

see if the DMF was removed or not after activation (Figure A.47, Figure A.49 and Figure A.50). 

Both techniques showed that DMF is still present, however peak integrations showed that there 

is approximately 0.09 DMF molecules per ipa-NH2 ligand. In MUF-206’s structure, there is a 
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1:1 ratio of DMF to ipa-NH2, suggesting that most but not quite all of the DMF is removed 

upon activation. The same crystal structure and crystallinity is retained after activation 

suggesting that the MOF is stable upon DMF removal. PoreBlazer calculations were performed 

on MUF-206 without DMF and they showed that DMF-free MUF-206 has an LCD of 5.57 Å, 

a PLD of 4.52 Å, and an ASA of 826 m2/g which is more than large enough to accommodate 

gas molecules. Therefore, future work could be done on MUF-206 to improve the activation 

protocol to fully remove the DMF.  

 

4.3 Conclusion 

These MOFs presented in this chapter were all found while trying to synthesize different 

MOFs or when trying to create an isoreticular series of MOFs. This chapter outlines how MOF 

synthesis can be unpredictable; resulting in new and different phases to those expected, which 

was anticipated at the outset of this project. While these new MOFs displayed low porosities 

and gas uptake, they could have possible uses for other applications such as luminescent or 

magnetic applications, or  more work could be done on these MOFs to improve their gas uptake 

abilities. 
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Chapter 5 – Copper MOFs 

 

5.1 Introduction 

As introduced back in Chapter 1, the isoreticular principle states that a series of MOFs 

with the same topology can be made using different ligands that share the same backbone.54 

This concept, in theory, is a simple way to be able to make new MOFs. Whilst the isoreticular 

principle has worked for many different MOFs, expanding the scope from just one MOF into 

a family of MOFs, in practice, it does not always work. As shown many times throughout this 

thesis, MOF synthesis is quite unpredictable. Thus, one may apply the isoreticular principle to 

try and produce a family of MOFs, however, in practise, alternative frameworks may arise. 

OFEJAM, a MOF made from copper ions and H2ipa, was introduced in Chapters 3 and 4. 

However, in the original article, OFEJAM contains a polyoxometalate, which sits inside the 

pores.144 As the polyoxometalate would block the pores for gas adsorption, we removed it from 

the synthetic protocol to generate an experimental starting point. This protocol is a simple 

method which could easily be altered to produce an isoreticular series. To achieve this H2ipa 

ligands with different 5′ functional groups were used in place of H2ipa. The 5′ functional groups 

investigated were CH3, OMe, Br, OH, NO2 and NH2, of which the latter two were discussed in 

Chapter 4.  

The aim of this chapter is to discuss some of the MOFs that were made using the modified 

OFEJAM protocol. Three of the four mentioned in this chapter are isoreticular to each other 

and all of these MOFs appear to be new phases (they are not in the CSD database, and none 

appear to have been published before). This chapter will also compare the IAST selectivities 

calculated for these MOFs to some benchmark MOFs from literature (from a non-extensive 

literature search). For all MOFs, more details about the synthetic procedures, and Qst and IAST 

analyses can be found in the appendix.   

 

5.2 Results and Discussion 

5.2.1 MUF-207, MUF-208 and MUF-209. 

MUF-207, MUF-208 and MUF-209 were produced by dissolving Cu(NO3)2·3H2O and 

either 5-methylisophthalic acid (H2ipa-CH3), 5-methoxyisophthalic acid (H2ipa-OMe), or 

H2ipa-Br in a solution of DMF, ethanol and water then heating to 85 °C for 24 hours. H2ipa-
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CH3 resulted in blue plate crystals of MUF-207, H2ipa-OMe resulted in blue aggregated 

crystals of MUF-208, and H2ipa-Br resulted in blue plate crystals of MUF-209. SCXRD 

structures of MUF-207 and MUF-209 showed that this MOF series crystallizes in the 

monoclinic C2/m space group with unit cell dimensions around 14.1 x 18.8 x 16.8 Å with a β 

angle of 113° (Table 5.1). The general formula for this series is [Cu2(ipa-X)2(H2O)2] (where 

X= CH3, OMe or Br). MUF-208 grew as aggregates, which prevented SCXRD analysis. 

However, given the similarity of their PXRD patterns it was concluded that MUF-208 is 

isoreticular to MUF-207 and MUF-209 (Figure 5.3 and Figure 5.8). 

 

 

Figure 5.1 Coordination at two of the possible paddlewheel clusters of MUF-207 to MUF-

209, where the left paddlewheel has axial coordinated water and the right has coordinated 

ethanol (the ethanol disorder is modelled). Atom colours: carbon: black, oxygen: red, 

orange: CH3, OMe or Br, and copper: royal blue. Hydrogens omitted for clarity. 

 

The Cu2+ ions of this MOF series both have an octahedral geometry and form a paddlewheel 

cluster with four ipa-X ligands connecting two Cu2+ ions together through their carboxylate 

groups (Figure 5.1). In the axial positions of the paddlewheels there is coordinated solvent. The 

MUF-207 paddlewheels have either water or ethanol coordinated. The ethanol is disordered as 

the carbon bound to the oxygen can be in one of two positions (with an occupancy of 0.5). The 

paddlewheels of MUF-209 have only water coordinated. Each ipa-X bridges two paddlewheels, 

building the structure up into a three-dimensional framework (Figure 5.2). 
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Figure 5.2 In two orientations, the frameworks of MUF-207 (A), MUF-208 (B) and MUF-

209 (C) are displayed. The coordinates are simulated for MUF-208 but determined by 

SCXRD for MUF-207 and MUF-209. Atom colours: carbon: black, oxygen: red, bromine: 

brown, and copper: royal blue. Hydrogens omitted for clarity. 
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The structure of MUF-208 shown in Figure 5.2 was made by altering the cif file of MUF-

207 to change the methyl groups into methoxy. This allowed for models to be made. The 

methoxy functional group displayed some disorder when added to the structure, as the methyl 

portion has free rotation. Therefore one orientation was modelled for the figures and 

calculations. It was unknown if in MUF-208 there was both ethanol and water coordinated, like 

in MUF-207, or just water, like in MUF-209. Therefore, for simplicity, it was treated as if there 

was just water bound. 

 

 

Figure 5.3 PXRD patterns of MUF-207 simulated (black) and as synthesized (red), 

MUF-208 simulated (lime) and as synthesized (royal blue), and MUF-209 simulated 

(dark green) and as synthesized (brown). 

 

PXRD patterns highlight the isoreticular nature of MUF-207 to MUF-209, with some 

variations observed due to the different functional groups and coordinated solvents (Figure 5.3). 
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Table 5.1 SCXRD data collection and structure refinement details for MUF-207 and 

MUF-209. 

Name MUF-207 MUF-209 

Formula [Cu2(ipa-CH3)2(EtOH)(H2O)] [Cu2(ipa-Br)2(H2O)2] 

Empirical formula C14.5H12Cu1.5O7.5 C8H5BrCuO5 

Formula weight 50.26 324.57 

Temperature (K) 200.0 150.0 

Crystal system monoclinic monoclinic 

Space group C2/m C2/m 

a (Å) 14.1094(6) 14.0967(8) 

b (Å) 18.7763(7) 18.8104(11) 

c (Å) 16.7390(7) 16.8645(11) 

α = γ (°) 90 90 

β (°) 112.391(2) 112.682(3) 

Volume (Å3) 4100.2(3) 4126.0(4) 

Z 64 12 

ρcalc (g/cm3) 1.303 1.568 

μ (mm-1) 2.302 5.675 

F(000) 1624.0 1884.0 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data collection (°) 5.71 to 132.024 5.68 to 118.778 

Index ranges 
-16 ≤ h ≤ 16, -21 ≤ k ≤ 20, -19 

≤ l ≤ 19 

-15 ≤ h ≤ 15, -20 ≤ k 

≤ 20, -17 ≤ l ≤ 18 

Reflections collected 25320 19709 

Independent reflections 
3482 [Rint = 0.0452,       

Rsigma = 0.0382] 

2994 [Rint = 0.0525, 

Rsigma = 0.0402] 

Data/restraints/parameters 3482/300/231 2994/139/213 

Goodness-of-fit on F2 1.261 1.126 

Final R indexes [I>=2σ (I)] 
R1 = 0.1430,                             

wR2 = 0.3447 

R1 = 0.0840,       

wR2 = 0.2065 

Final R indexes [all data] R1 = 0.1486, wR2 = 0.3469 
R1 = 0.0929,       

wR2 = 0.2105 

Largest diff. peak/hole (e Å-3) 1.74/-1.41 1.76/-1.24 
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5.2.1.1 MUF-207 Properties 

PoreBlazer calculations on MUF-207 gave an LCD of 7.00 Å and a PLD of 2.32 Å. No 

ASA value was determined due to the small PLD. An experimental BET surface area of 301 

m2/g was determined from a CO2 isotherm at 195 K. Slow diffusion prevented the uptake of 

N2 at 77 K. 

 

 

Figure 5.4 PXRD patterns of MUF-207 simulated (black), as synthesized (red), after gas 

adsorption (lime), after exposure to air for 24 hours (royal blue), after exposure to water 

for 24 hours (dark green), and after solvent exchange to water (brown). 

 

A comparison of the experimental and simulated PXRD patterns of MUF-207 show a good 

match with slight shifts after gas adsorption and exposure to the atmosphere (Figure 5.4). The 

PXRD patterns show a shift in the structure of MUF-207 upon immersion in water (after gas 

adsorption) and upon solvent exchange from ethanol into water. These two structures appear 

very similar except the water exposure sample has additional peaks at 5.11, 7.22, 11.1, and 

11.4°. 
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Figure 5.5 TGA curve for MUF-207. 

 

TGA analysis shows that the MOF is stable until around 325 °C where it starts to 

decompose (Figure 5.5). The weight loss prior to the point corresponds to the removal of 

solvent trapped in the pores.  

 

 

Figure 5.6 Adsorption isotherms of MUF-207 at 273 K (left) and 293 K (right). Coloured 

circles represent adsorption points and open circles represent desorption points. 

 

MUF-207 displays high uptakes for a number of gases (Figure 5.6). At 293 K and 760 Torr, 

the highest uptake is seen for CO2 (38.1 cm3/g), followed by ethylene (32.7 cm3/g), acetylene 

(32.1 cm3/g), Xe (30.2 cm3/g), propylene (29.4 cm3/g), and ethane (28.8 cm3/g). No hysteresis 

was observed in these isotherms. Both propylene and propane show hints of flexibility as these 

isotherms have subtle steps. 
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Figure 5.7 (Left) Qst plots for CO2  and Xe uptakes of MUF-207. (Right) IAST 

selectivity of 50:50 mixtures of CO2/N2, CO2/CH4, and Xe/Kr. A logarithmic scale is 

used for the y axis 

 

Even though there were a number of highly adsorbing gases for MUF-207, Qst was 

calculated for only two of the highest using the 273 and 293 K isotherms. These are all found 

in Figure 5.7. At zero coverage, the Qst values were 24.3 kJ/mol for CO2 and 10.6 kJ/mol for 

Xe. While propylene displayed high uptakes, Qst was not determined due to the lack of low 

pressure data points which resulted in higher values than expected for physisorption. Acetylene 

and ethylene also presented irregular Qst values. Remeasurement of these isotherms (and also 

propane for interest) with more low pressure data points would result in more reliable Qst values.  

IAST selectivities were determined for 50/50 mixtures of three key gas pairs: CO2/N2, 

CO2/CH4, and Xe/Kr (Figure 5.7). Of these, CO2/N2 had the highest IAST at 66.2, followed by 

Xe/Kr at 27.5, then CO2/CH4 at 18.2 (all at 100 kPa). Comparing both the uptake and the IAST 

values to a preliminary literature search, MUF-207 has low CO2/N2 selectivity, low to moderate 

CO2/CH4 selectivity and moderate Xe/Kr selectivity.146-148 Overall, even though MUF-207 

does not have any ground-breaking selectivities, it has advantages of being quick and easy to 

synthesize and stable when dried.  

 

5.2.1.2 MUF-208 Properties 

PoreBlazer calculations on the model of MUF-208 gave an LCD of 6.02 Å and a PLD of 

2.61 Å. No ASA value was determined due to the small pore size. These numbers are 

reasonable compared to those calculated for MUF-207 suggesting that the structural model is 
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acceptable. An experimental BET surface area of 371 m2/g was determined from a CO2 

isotherm at 195 K. 

 

 

Figure 5.8 PXRD patterns of MUF-207 simulated (black), MUF-207 experimental (red), 

MUF-208 small scale (lime), MUF-208 larger scale used for gas adsorption (royal blue) 

after gas adsorption (dark green), after exposure to air for 24 hours (brown), after 

exposure to water for 24 hours (orange), and after solvent exchange to water (grey). 

  

Figure 5.8 displays the PXRD patterns of MUF-208 compared to MUF-207. There is fairly 

good similarity between the patterns with the main peaks shifting slightly. Both samples were 

soaked in DBF to help the patterns match each other better to validate that these MOFs are 

isoreticular to each other. However, there are additional peaks in the MUF-207 PXRD pattern 

at 6.18, 10.5 and 17.8°, and additional peaks in the MUF-208 PXRD pattern at 6.80 and 15.9°.  

MUF-208 also appears to retain its structure after gas adsorption and exposure to the 

atmosphere. Upon exposure to water after gas adsorption or by solvent exchange from ethanol, 

the structure changes. The structure after water exchange is similar to the water exchange 

structure for MUF-207, however there is an additional peak in MUF-207 at 6.52° and additional 

peaks in MUF-208 at 10.9, 11.7, 17.4, and 24.9°.  
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Figure 5.9 TGA curve for MUF-208. 

 

TGA analysis (Figure 5.9) shows that MUF-208 is stable until around 325°C until it starts 

to decompose. Drops in weight before this stage would correspond to the removal of solvent 

molecules, such as water, trapped in the pores. This is very similar to the TGA curve for MUF-

207.  

 

 

Figure 5.10 Adsorption isotherms of MUF-208 at 273 K (left) and 293 K (right). 

Coloured circles represent adsorption points and open circles represent desorption points. 

 

MUF-208 displayed generally higher uptakes than MUF-207 (Figure 5.10). Much like 

MUF-207, the order of the highest adsorbing gases changes between 293 K and 273 K. At 293 

K and 760 torr, the highest adsorbing gas was propylene (56.5cm3/g), followed by acetylene 

(41.5 cm3/g), CO2 (29.5 cm3/g), propane (22.8 cm3/g), and ethylene (21.4 cm3/g). The step in 
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the acetylene isotherm shows that the framework is flexible, which leads to considerable 

hysteresis. The propane and propylene isotherms also indicate some flexibility, with minor 

steps and hysteresis.  

 

  

Figure 5.11 (Left) Qst plots for propylene, CO2, ethylene, and acetylene uptakes of 

MUF-208. (Right) IAST selectivity of 50:50 mixtures of C3H6/C3H8, C2H2/C2H4 and 

CO2/N2. A logarithmic scale is used for the y axis.  

 

The Qst of the highest adsorbing gases was calculated using the 273 and 293 K isotherms 

(Figure 5.11). The Qst at zero coverage was calculated to be 67.5 kJ/mol for propylene, 36.2 

kJ/mol for CO2, 35.5 kJ/mol for ethylene, and 39.3 kJ/mol for acetylene. Propylene displays a 

high binding affinity for MUF-208 which is expected due to its high uptakes and slow kinetics 

(Figure 5.12). All gases display a negative trend however propylene and ethylene have a slight 

positive trend at high pressures, suggesting there may be some cooperative binding between 

co-adsorbed gas molecules. 

Since several key gas showed good differences in uptake, IAST calculations were 

performed. These key pairs were: C3H6/C3H8, C2H2/C2H4 and CO2/N2 (Figure 5.11). The C3 

gases display the highest IAST at 192, followed by the C2 gases at 38, then lastly by CO2/N2 at 

11.9 (all at 100 kPa with 50/50 composition). These values show that MUF-208 displays very 

good C2 and C3 selectivity and modest CO2/N2 selectivity compared to a selection of literature 

benchmarks.146, 150, 152 An advantage of the C2 and C3 uptakes and IASTs is that neither appear 

to be at saturation and are thus likely to keep increasing at higher pressures.  
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Figure 5.12 Rate of gas uptake by MUF-208 for CO2, propylene and propane measured 

at low pressure (left) and high pressure (right). Low pressure measurements were taken 

at 130 torr for CO2, 90 torr for propylene and 85 torr for propane. High pressure 

measurements were taken at 736 torr for CO2, 743 torr for propylene and 695 torr for 

propane. 

 

Due to the good C3 selectivity of MUF-208, kinetics experiments were run to investigate 

the rates of gas uptake (Figure 5.12). This data was collected at both low and high pressures. 

CO2 was used as a comparison since it has rapid uptake kinetics. Propylene showed slow uptake 

at low pressure, similar to propane, but a fast uptake at high pressure, similar to CO2. Propane 

shows slow uptake low pressure and an even slower uptake at high pressure. The slow propane 

uptake explains the hysteresis observed in the adsorption isotherm as the pores take a long time 

to fill with gas to reach equilibrium. It also shows that kinetic selectivity may work in 

agreement with thermodynamic selectivity to enhance the separation of propane and propylene 

by this MOF. 

In conclusion, MUF-208 displays very good selectivities for C2 and C3 gases with a good 

difference in kinetic rates for the C3 gases. This MOF is also quick and easy to synthesize and 

is stable in air and after activation.  

 

5.2.1.3 MUF-209 Properties 

PoreBlazer calculations were performed on MUF-209 which showed that that MOF has an 

LCD of 6.12 Å, a PLD of 2.42 Å and no ASA value was determined due to the small PLD. The 

pore dimensions and environments of MUF-207 to MUF-209 are subtly different, which 

highlights the power of the isoreticular approach in MOF design. BET calculations were 
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performed using a CO2 at 195 K isotherm and determined that the surface area of MUF-209 is 

149 m2/g.  

 

 

Figure 5.13 PXRD patterns of MUF-209 simulated (black), as synthesized (red), after 

gas adsorption (lime), after exposure to air for 24 hours (royal blue), after exposure to 

water for 24 hours (dark green), after exposure to water for 7 days (brown) and after 

solvent exchange to water (orange). 

 

A comparison of experimental to simulated PXRD patterns can be found in Figure 5.13. 

There is a good match between the as synthesized and simulated PXRD patterns. However, 

there does appear to be a shift in peak intensities and the appearance of new peaks at 6.23, 10.5 

and 13.2° after gas adsorption. These changes are retained upon exposure to the laboratory 

atmosphere. The MOF also appears to change structure upon exposure to water (after gas 

adsorption) and this structure continues to shift until seven days of soaking. Interestingly, even 

though the structure changes upon exposure to water after gas adsorption, the structure of 

MUF-209 remains the same after solvent exchange from ethanol to water. The additional peaks 

at 7.25, 10.3 and 27.3° can be attributed to water adsorption in the pores.  
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Figure 5.14 TGA curve for MUF-209. 

 

MUF-209 is stable until around 325 °C at which point it starts to decompose (Figure 5.14). 

The drop in weight before 100 °C corresponds to the removal of solvent trapped in the pores.  

 

  

Figure 5.15 Adsorption isotherms of MUF-209 at 273 K (left) and 293 K (right). 

Coloured circles represent adsorption points and open circles represent desorption points. 

 

MUF-209 shows lower uptakes gas than MUF-207 and MUF-208 (Figure 5.15). As 

previously observed, the order of gases with the highest uptake changes depending on the 

temperature. At 293 K and 760 torr, the highest uptake is for propylene (15.2 cm3/g), followed 

closely by acetylene (12.0 cm3/g) and CO2 (11.8 cm3/g), then ethylene (10.9 cm3/g). 

Interestingly, even though propylene had the highest uptake at 293 K, no adsorption points 

could be measured at 273 K. No isotherms at either 273 or 293 K were able to be measured for 
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propane. A possible reason for this is that there is slow diffusion of these large gases into the 

pores of MUF-209. The rate of diffusion is thus so slow that an isotherm cannot be collected. 

 

 

Figure 5.16 (Left) Qst plots for CO2, acetylene, ethylene, and ethane uptakes of MUF-

209. (Right) IAST selectivity of 50:50 mixtures of CO2/N2, C2H4/C2H6 and Xe/Kr. 

 

Qst values were determined for four of the highest adsorbing gases of MUF-209: 112 kJ/mol 

for CO2, 62.4 kJ/mol for acetylene, 142.2 kJ/mol for ethylene, and 68 kJ/mol for ethane (Figure 

5.16). These values are all much higher than expected for physisorption and further 

investigation is warranted. We speculate that the framework changes structure around this 

temperature, which amplifies the uptake at 273 K and precludes Qst calculations by 

conventional methods. 

As there were a few key gas pairs with interesting uptakes, IAST selectivities were 

calculated for CO2/N2, ethylene/ethane and Xe/Kr. CO2/N2 has the highest selectivity of 730, 

followed by Xe/Kr of 5.86 and ethylene/ethane of 3.72. Compared to the uptakes and 

selectivities of benchmark materials in a preliminary search, MUF-209 displays good CO2/N2 

selectivity (the IAST selectivity itself is very good but the uptakes are quite low), but modest 

ethylene/ethane and Xe/Kr selectivities.147, 148, 161 
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Figure 5.17 PXRD patterns of MUF-209 as synthesized (black), at -100°C (red), at         

-50°C (lime), at 0°C (royal blue), at 50°C (dark green), and at 100°C (brown). 

 

 

Figure 5.18 PXRD patterns of MUF-209 as synthesized (black), at 100°C (red), at 50°C 

(lime), at 0°C (royal blue), at -50°C (dark green), and at -100°C (brown). 
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The temperature-dependent hypothesis mentioned previously was investigated by checking 

the PXRD patterns at different temperatures to see if any changes occur which could be 

indicative of the MOF flexing or entirely changing its structure after activation (Figure 5.17 

and Figure 5.18). First the sample was cooled to -100 °C then slowly heated to +100 °C with 

PXRD patterns taken at 25 °C intervals (only 50°C intervals are shown in the figures). The 

pattern started to shift at 50 °C and was completed by 100 °C (Figure 5.17). To test if the 

structural change was reversible, the opposite experiment was performed i.e. starting at 

+100 °C and cooling to -100 °C (Figure 5.18). This experiment showed that the change is 

irreversible, as upon cooling the new structure remained the same. SCXRD experiments were 

performed at 75°C to try capture this structure. While a clear picture did not emerge, the “high 

temperature’ unit cell could be determined (32.1 x 18.8 x 12.9Å, with a β angle of 101°), which 

was different to the original cell (14.1 x 18.8 x 16.9 Å, with a β angle of 113°). Interestingly, 

this shifted structure is not a great match to the structure of MUF-209 after gas adsorption as 

the new peaks seen after gas adsorption do not correspond to the new or shifted peaks in the 

“high temperature” structure. MUF-209 was heated at 100 °C under vacuum for activation thus 

after gas adsorption, one would expect the PXRD pattern to match the high temperature ones 

here. This suggests that the vacuum and thus solvation of the MOF could play a role in its 

structure. While these experiments open more doors than they close, it introduces the 

interesting behaviour of MUF-209 which would be worth further investigation.  

 

5.2.2 MUF-210 

We attempted to extend this isoreticular series of MOFs by using 5-hydroxyisophthalic acid 

(H2ipa-OH). This resulted in green crystals (named MUF-210), unlike H2ipa-CH3, H2ipa-OMe, 

and H2ipa-Br, which formed blue crystals. The only change to the general synthetic procedure 

was the omission of water.  

SCXRD analysis of MUF-210 shows that the MOF crystallizes in the monoclinic P21/c 

space group, with unit cell dimensions of 7.68 x 10.7 x 15.1 Å, with a β angle 93.2°. The 

formula of MUF-210 is [Cu2(ipa-OH)2(DMF)2]. Additional crystallographic details can be 

found in Table 5.2. 
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Table 5.2 SCXRD data collection and structure refinement details for MUF-210. 

Formula [Cu2(ipa-OH)2(DMF)2] 

Empirical formula C11H11CuNO6 

Formula weight 316.75 

Temperature (K) 293.15 

Crystal system monoclinic 

Space group P21/c 

a (Å) 7.679(4) 

b (Å) 10.690(4) 

c (Å) 15.099(5) 

α = γ (°) 90 

β (°) 93.155(18) 

Volume (Å3) 1237.6(8) 

Z 4 

ρcalc (g/cm3) 1.700 

μ (mm-1) 2.735 

F(000) 644.0 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection (°) 10.144 to 96.182 

Index ranges -7 ≤ h ≤ 7, -10 ≤ k ≤ 10, -14 ≤ l ≤ 14 

Reflections collected 4180 

Independent reflections 1154 [Rint = 0.1412, Rsigma = 0.1530] 

Data/restraints/parameters 1154/93/175 

Goodness-of-fit on F2 1.077 

Final R indexes [I>=2σ (I)] R1 = 0.0998, wR2 = 0.2505 

Final R indexes [all data] R1 = 0.1962, wR2 = 0.3128 

Largest diff. peak/hole (e Å-3) 0.64/-0.56 
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Figure 5.19 (Left) Coordination at the paddlewheel cluster of MUF-210. (Right) 

Framework of MUF-210 viewed along the a axis. Atom colours: carbon: black, oxygen: 

red, nitrogen: periwinkle blue, and copper: royal blue. Hydrogens omitted for clarity. 

 

Much like MUF-207 to MUF-209, the Cu2+ ions have an octahedral geometry and form a 

paddlewheel cluster with four ipa-OH ligands coordinated in the equatorial positions (Figure 

5.19). However, instead of water in the axial positions, MUF-210 has coordinated DMF 

molecules which point inside the pores. Each ipa-OH ligand coordinates to two paddlewheels 

through its two carboxylate groups, thus bridging the paddlewheels and building the structure 

up into a three dimensional framework (Figure 5.19). The hydroxyl groups on the ligand remain 

uncoordinated.  

MUF-210 tended to grow either as a powder or as crystal aggregates, which made it very 

difficult to collect SCXRD data. Single crystals were eventually synthesized. The PXRD 

pattern simulated from the SCXRD structure is compared to experimental PXRD patterns 

below (Figure 5.20). Many of the peaks match however there are several extra peaks in the 

experimental pattern compared to the simulated pattern when the MOF was prepared on a 

larger scale. The differences arise due to non-zero intensities of the reflections around 5.9, 8.3, 

12.7, 13.3, and 21.7° in the experimental patterns, which are predicted to have zero intensity 

using the SCXRD model. This likely arises from differences in solvent occupying the pores. 

There are unexpected minor peaks in the experimental pattern (6.6 and 9.05°), which may arise 

from an impurity phase. The PXRD patterns show that MUF-210 maintains its structure and 

crystallinity after gas adsorption and after exposure to the laboratory atmosphere. However, 

the framework is not stable when immersed in water (Figure 5.20). 
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Figure 5.20 PXRD patterns of MUF-210 simulated from the SCXRD structure (black), 

as synthesized (red and lime), after gas adsorption (royal blue), after exposure to air for 

24 hours (dark green), and after exposure to water for 24 hours (brown). 

 

We determined the pore size distribution (PSD) using a CO2 at 273 K isotherm. For PSD, 

a N2 at 77 K isotherm is normally used, however an appropriate model for the small pore sizes 

could not be found. Using the CO2 at 273 K isotherm, the calculated pore size was 5.73 Å with 

a surface area of 110 m2/g (Figure A.45). This pore size can be compared to the PoreBlazer 

results from the SCXRD data but with the DMF removed from the axial paddlewheel sites. 

This gave an LCD of 5.59 Å and a PLD of 4.53 Å, which is similar to the calculated PSD, 

which indicates a good match between the experimental PSD and the SCXRD structure. 

Clearly the DMF is removed upon activation, which was confirmed by IR spectroscopy on a 

solid sample and 1H NMR spectroscopy on a dissolved sample (Figure A.48, Figure A.51 and 

Figure A.52). It is worth noting that leaving the coordinated DMF in place results in an LCD 

of 2.03 Å and PLD of 1.25 Å, which is much smaller than the PSD calculated from the 

adsorption isotherm. 

The surface area of MUF-210 was determined by BET analysis of the N2 at 77 K isotherm 

(Figure A.44). This BET surface area is 233 m2/g which, as expected, is higher than that 

calculated from the CO2 at 273 K isotherm. The ASA calculated by PoreBlazer for DMF-free 
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MUF-210 (939 m2/g) is considerably higher than both of these, which provides scope for 

further work.   

 

Figure 5.21 TGA curve for MUF-210. 

 

MUF-210 is stable upon heating to 300°C until it starts to decompose (Figure 5.21). Weight 

loss up to this point can be attributed to the removal of solvent from the pores.   

 

 

Figure 5.22 Adsorption isotherms of MUF-210 at 273 K (left) and 293 K (right). 

Coloured circles represent adsorption points and open circles represent desorption points. 

 

Gas adsorption isotherms at 273 and 293 K show that MUF-210 has decent uptakes across 

a range of gases (Figure 5.22). The highest adsorbing gas (at 293 K and 760 torr) is acetylene 

(47.2 cm3/g), followed by CO2 (38.6 cm3/g), propylene (36.4 cm3/g), ethylene (35.9 cm3/g) and 

ethane (33.4 cm3/g). There is no hysteresis observed in the isotherms. These isotherms indicate 
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that there are several key gas pairs worth investigating with IAST, such as the C3 gases or 

acetylene/CO2. 

 

  

Figure 5.23 (Left) Qst plots for Xe, CO2, acetylene, ethylene, and propylene uptakes of 

MUF-210. (Right) IAST selectivity of 50:50 mixtures of CO2/N2, CO2/CH4, Xe/Kr, 

C2H2/CO2, and C3H6/C3H8 at 293 K. 

 

Qst values were determined for five of the highest adsorbing gases of MUF-210 (Figure 

5.23) using 273 and 293 K isotherms. The Qst at zero coverage was calculated to be 28.7 kJ/mol 

for Xe, 34.7 kJ/mol for CO2, 43.9 kJ/mol for acetylene, and 45.2 kJ/mol for ethylene. Qst0 was 

not determined for propylene due to the lack of data points at very low pressures. All gases 

display a negative trend for Qst which is expected. 

IAST selectivities using 293 K isotherms were calculated for five key gas pairs for MUF-

210 (Figure 5.23). These pairs are CO2/N2, CO2/CH4, Xe/Kr, C2H2/CO2, and C3H6/C3H8. Of 

these five, CO2/N2 has the highest selectivity (at 100 kPa) of 34.3, followed by CO2/CH4 at 

9.24, then Xe/Kr at 6.79, then propylene/propane at 6.36, and lastly acetylene/CO2 at 4.04. 

These values combined with the corresponding gas uptakes were compared to a preliminary 

literature search. This showed that MUF-210 displays moderate CO2/N2 selectivity, low 

CO2/CH4 selectivity, low Xe/Kr selectivity, low-moderate acetylene/CO2, and low-moderate 

propylene/propane selectivity.146-149, 152 While MUF-210 does not set a new benchmark for gas 

separations, it is easy to synthesize, has a low cost, and is stable in air and after gas adsorption.  
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5.3 Conclusion 

This chapter discussed four new copper-based MOFs, MUF-207 – MUF-210, that were 

found using the synthesis of a MOF from the ‘Larger Pore List’. The first three of these MOFs 

form an isoreticular series with different 5′ functional groups protruding into the pores to tune 

the pore environments and thus gas uptakes and selectivities. MUF-207 displays moderate 

selectivities while MUF-208 displays very good propylene/propane and acetylene/ethylene 

selectivities, and MUF-209 displays good CO2/N2 selectivity. MUF-210, which is the MOF in 

this chapter that is not part of the isoreticular family, displays low to moderate selectivities. All 

of these MOFs are easy to synthesize, are air stable, and can potentially be scaled up.
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Chapter 6 – Conclusions and Future Work 

 

6.1 Conclusions 

The overall aim of this project was to explore MOFs derived from isophthalic acids for the 

adsorptive separation of key gas pairs. To achieve this goal, we formed the ‘Priority List’ and 

‘Larger Pore List’ as starting points. Some of these MOFs were made and other new phases 

were discovered over the course of the project. 

PoreBlazer was a very important tool in this project as the values it produced were pivotal 

in forming the two lists. This project showed that PoreBlazer is a very useful guide in finding 

materials that may show good gas uptake. However, PoreBlazer relies heavily on the 

experimental structure being exactly the same as the SCXRD structure and that this remains 

static. In practice this is not always the case since activation can bring about structural changes. 

This shows that PoreBlazer is a good guide, however it should be one of many variables kept 

in consideration when targeting MOFs for gas adsorption studies.  

Another important conclusion from this project is that many literature protocols are not 

reproducible. This was a disappointing discovery as it meant that the majority of the MOFs on 

our lists could not be reproduced, which hindered the discovery of high-performance materials. 

In spite of this, reported protocols do provide an experimental basis for discovering new phases, 

which led to some exciting results.  

Overall, the approach adopted to tackle this research was successful as it allowed for a 

streamlined process with clear objectives. The lists not only provided clear starting points, but 

they narrowed down what is a vast pool of MOFs allowing the focus to be made on ones that 

have the potential to separate important gas pairs. This approach also allowed us to explore 

new phases that formed, of which there were many. And, as the previous chapters have outlined, 

several of these new phases had good results which could be further investigated in the future. 

Thus, this thesis is able to report many positive results and has generated exciting avenues for 

future work. 

 

6.2 Future Work 

• Though counted as a successful MOFs from the ‘Priority List’, XADDOX which 

has a formula of [Co6(μ3-OH)2(ipa)5(H2O)5]·8H2O, has proven difficult to 

reproduce and scale up. Thus, more work could be done on this synthesis to 
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reproduce and scale it up to be able to collect a better set of isotherms. IAST 

calculations and a literature comparison can then be done on the new isotherms.   

• XADDOX displays high uptakes for ethylene and ethane, thus suggesting that 

acetylene may have high uptakes too. Therefore, if more XADDOX was made, then 

acetylene isotherms could be measured, as well as CH4, which was also missed out.  

• UC-MUF-201 displays good C3 selectivity and relatively high uptakes, indicating 

that it would be worthwhile performing kinetics studies to explore if there is a 

degree of kinetic selectivity that is complementary to the thermodynamic selectivity.   

• Meekel et. al. reported CO2 and CH4 isotherms which had higher uptakes than we 

found for MUF-203.159 Thus, future work could be done on the activation 

conditions of MUF-203 to first replicate the reported uptakes (likely by using the 

reported activation conditions), then to test the range of gases we have available to 

see if MUF-203 displays any promising selectivities. 

• Further work could be done on optimising the activation conditions of MUF-205 

and MUF-206 to increase their gas uptakes. MUF-205 has already indicated 

improved gas adsorption abilities with different activation conditions, and MUF-

206 has pore sizes that are favourable to accommodate gas molecules and is thus 

likely to have improved uptakes. Optimization can include changing the solvent that 

MOF is activated from and/or the activation temperature.   

• When exchanged from ethanol to water, MUF-207 formed singular bright blue 

crystals (Figure 6.1). SCXRD analysis could be performed on these crystals to see 

if they have an interesting, stable structure. Furthermore, if it is a stable structure, 

gas adsorption studies could be undertaken. 

 

 

Figure 6.1 Optical micrograph of MUF-207 after water exchange. 
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• Recollection of the acetylene and ethylene isotherms of MUF-207 could also be 

performed to produce more reliable Qst values.  

• The PXRD patterns of MUF-209 displayed a shift in the framework structure at 

temperatures greater than 75 °C. More investigation on this framework shift could 

be done, such as determining a SCXRD structure and determining what was the 

exact framework structure that the gas adsorption studies were performed on. 

• The calculated and experimentally determined ASA values of MUF-210 were 

considerably different to each other, which provides scope for future work to 

investigate why there is such a difference.  

• UC-MUF-201, MUF-207 and MUF-210 all displayed high uptakes for propylene 

and propane, however, these isotherms lacked data points in the very low pressure 

regions. This made reliable Qst calculations difficult. Therefore, these isotherms 

could be recollected with more low pressure points, and Qst redetermined. 

• Whilst making the copper-based MOFs with the OFEJAM synthesis, a few more 

ligands were tried (structures below in Figure 6.2). These all resulted in the 

formation of MOFs which had different PXRD patterns to the MUF-207-209 series. 

The middle MOF had a PXRD pattern very similar to UC-MUF-201 and TAGQUQ, 

suggesting another possible analogue. Due to time constraints, these MOFs were 

not investigated any further. It would be interesting to continue investigating these 

MOFs and their gas adsorption properties as they are more exotic H2ipa derivative 

ligands.   

 

 

Figure 6.2 Optical micrographs of copper MOFs made with the corresponding ligand 

below.  
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• The isophthalic acids used for this project are only a small number of potential 5′ 

isophthalic acids that could be used. Thus future work could expand on the ligand 

reaction scope to include other 5′ derivative H2ipa ligands such as F, Cl, I, CN, or 

PO3H 

• As mentioned throughout this thesis, many of the MOFs on the ‘Priority List’ and 

the ‘Larger Pore List’ could not be made. Many had several attempts however due 

to time contains, some only had a few. Therefore, more work could be done on these 

MOFs had only a few synthesis attempts, to see if they could be made in the future.  

• Also due to time constraints, gas breakthrough analysis was not performed on any 

of the successful MOFs in this project. Many of them, such as UC-MUF-201, MUF-

208 and MUF-209, could display very interesting breakthrough profiles. To achieve 

this, the syntheses should be scaled up (to ≈ 1 g) and breakthrough experiments 

conducted using the setup in our laboratory.
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Appendix 

 

A.1 General Procedures 

All reagents and solvents used were obtained from commercial sources and used without 

further purification.  

 

A.1.1 Synthesis of XADDOX 124 

Co(OAc)2·4H2O (62.3 mg, 0.25 mmol), H2ipa (66.6 mg, 0.40 mmol) and methanol (5 mL) 

was continuously stirred for 30 min in air, then transferred into a Teflon liner and sealed in an 

autoclave reaction vessel, which was heated to 160°C for 3 days. After cooling to room 

temperature, the small purple crystals were collected by decanting off the mother liquor and 

washing several times with fresh methanol. 

 

 

Figure A.1 Optical micrograph of XADDOX. 

 

A.1.2 Synthesis of MUF-200 

Under constant stirring, H2ipa (83.0 mg, 0.50 mmol) then NaOH (40.4 mg, 1.01 mmol) 

then Co(NO3)2·6H2O (146 mg. 0.50 mmol) were dissolved in DMF (12 mL). The pink solution 

was then transferred into a Teflon liner, sealed in an autoclave reaction vessel, and heated to 

170°C for 2 days. After cooling to room temperature, the resultant purple crystals were 

collected by decanting off the mother liquor and washing well with fresh DMF. 

To grow single crystals, a solvent mixture of N,N-diethylformamide AKA DEF (6 mL) and 

DMF (6 mL) was used instead of just DMF. Everything else remained the same. 
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Figure A.2 Optical micrograph of MUF-200. 

 

A.1.3 Synthesis of JETJOI 115 

Under constant stirring, H2ipa (84.2 mg, 0.51 mmol) then NaOH (40.3 mg, 1.01 mmol) 

then Zn(NO3)2·6H2O (145 mg, 0.49 mmol) were dissolved in DMF (8 mL). The solution was 

then transferred into a Teflon liner, sealed in an autoclave reaction vessel, and heated to 170°C 

for 2 days. After cooling to room temperature, the resultant colourless crystals were collected 

by decanting off the mother liquor and washing well with fresh DMF. 

 

 

Figure A.3 Optical micrograph of JETJOI. 

 

A.1.4 Synthesis of UC-MUF-201 

Methanol (6 mL) and water (0.5 mL) were added to Cu(OAc)2·H2O (102 mg, 0.51 mmol) 

and H2ipa (166 mg, 1.00 mmol) in a 20 mL vial. This was sonicated for 10 min and produced 

a bright blue suspension. This was transferred into a Teflon liner, sealed in an autoclave 

reaction vessel, and heated to 120°C for 2 days. Once cooled to room temperature, the bright 

blue crystals were collected by vacuum filtration, being washed several times with fresh 

methanol. 

 



 Appendix 

121 
 

 

Figure A.4 Optical micrograph of UC-MUF-201. 

 

A.1.5 Synthesis of EMIDEJ02 131 

Ca(OH)2 (167 mg, 2.25 mmol) and H2ipa (374 mg, 2.25 mmol) were added to a ball mill 

with water (65 μL). Five medium sized zirconium balls were added, and the mixture was milled 

at 600 rpm for 1 hour. The white powder formed was collected by scraping off the sides of the 

mill. 

 

 

Figure A.5 Optical micrograph of EMIDEJ02. 

  

 

A.1.6 Synthesis of WAMRIN 113 

Mg(OAc)2·4H2O (105 mg, 0.49 mmol) and H2ipa-NH2 (200 mg, 1.00 mmol) were added 

to a swirled mixture of DMA (5 mL), ethanol (2 mL) and water (1 mL) in a Schott bottle. This 

was heated to 110°C for 3 days. The mother liquor was decanted off whilst still warm and the 

crystals were washed well with fresh ethanol.  
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Figure A.6 Optical micrograph of WAMRIN. 

 

A.1.7 Synthesis of EDOTUN 114 

Zn(NO3)2·6H2O (298 mg, 1.00 mmol), CoCl2·6H2O (357 mg, 1.50 mmol), H2ipa (333 mg, 

2.00 mmol), and imidazole (68.5 mg, 1.00 mmol) were mixed in water (8 mL). Under constant 

stirring, the pH was adjusted to approximately 7 using 2 M KOH. Not all of the reactants 

appeared to dissolve. The mixture was then transferred into a Teflon liner, sealed in an 

autoclave reaction vessel, and heated to 180°C for 4 days. Once cooled to room temperature, 

the dark purple crystals were collected by decanting off the mother liquor and washing with 

fresh water several times.  

 

 

Figure A.7 Optical micrograph of EDOTUN. 

 

A.1.8 Synthesis of RUGXUO 132 

A solution of H2ipa-OH (73.0 mg, 0.04 mmol) in DMF (4 mL) was added to a solution of 

Zn(NO3)2·6H2O (120 mg, 0.4 mmol) in DMF (4 mL) alongside (CH3)4NCl (44.8 mg, 0.41 

mmol) in a 25 mL Schott bottle. The Schott bottle was then put into a 120°C oven for 3 days. 

Afterward, the mother liquor was decanted off the yellow ‘sea-urchin’ crystal aggregate, then 

it was washed well with fresh DMF. 
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Figure A.8 Optical micrograph of RUGXUO. 

 

A.1.9 Synthesis of MUF-202 

Co(OAc)2·4H2O (125 mg, 0.50 mmol), H2ipa-NO2 (158 mg, 0.75 mmol), 1.5 mL isopropanol 

and 1.5 mL butan-1-ol was mixed in a ball mill with 15 small zirconium balls for 30 minutes 

at 30 Hz. After such time, a pink solution resulted. This was transferred into a Teflon liner with 

another 1.5 mL isopropanol and 1.5 mL butan-1-ol. 0.5 mL water was also added. After sealing 

in an autoclave reaction vessel, the vessel was put into a 120°C oven for approximately 20 

hours. After cooling to room temperature, the pink crystals were collected by decanting off the 

mother liquor and washing with isopropanol. A small amount of a pale pink phase formed but 

almost was able to be picked out. 

 

 

Figure A.9 Optical micrograph of MUF-202. 

 

A.1.10 Synthesis of MUF-203 

H2ipa (39.8 mg, 0.24 mmol) and Zn(NO3)2·6H2O (131 mg, 0.44 mmol) were dissolved in 

a solution of DMF (5 mL) and acetonitrile (5 mL) in a 20 mL vial. This was heated to 85°C for 
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48 hours. The colourless crystals were collected by decanting off the mother liquor while warm 

and washing with fresh acetonitrile. 

 

 

Figure A.10 Optical micrograph of MUF-203. 

 

A.1.11 Synthesis of MUF-204 

Mg(OAc)2·4H2O (105 mg, 0.49 mmol) and H2ipa-NH2 (90.2 mg, 0.49 mmol) was added 

to a stirred mixture of DMA (5 mL), ethanol (2 mL) and water (1 mL). The suspension was 

transferred into a Teflon liner and sealed in an autoclave reaction vessel which was heated to 

110°C for 3 days. After cooling to room temperature, the pale peach crystals were collected by 

decanting off the mother liquor and washing well with fresh ethanol. 

 

 

Figure A.11 Optical micrograph of MUF-204. 

 

A.1.12 Synthesis of MUF-205 

Mg(OAc)2·4H2O (105 mg, 0.49 mmol) and H2ipa-Br (270 mg, 1.10 mmol) were combined 

dry then added to a Schott bottle containing solution of DMA (5 mL), ethanol (2 mL) and water 

(1 mL). The reactants were mixed by swirling before the bottle was heated in an oven to 110°C 
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for 2 days. The mother liquor was then decanted off the colourless crystals whilst still warm 

and the crystals were washed with fresh ethanol several times.  

 

 

Figure A.12 Optical micrograph of MUF-205. 

 

A.1.13 Copper/H2ipa-NO2 MOF 

Cu(NO3)2·3H2O (20 mg, 0.084 mmol) and H2ipa-NO2 (18 mg, 0.083 mmol) was combined 

dry then dissolved in a solution of DMF (0.75 mL), ethanol (0.75 mL) and water (0.5 mL) by 

swirling, in a 4 mL vial. This vial was then tightly capped and put into an 85°C oven for around 

24 hours. The mother liquor was then decanted off whilst still warm and the turquoise crystals 

were washed with fresh ethanol several times.  

 

 

Figure A.13 Optical micrograph of the Copper/H2ipa-NO2 MOF. 

 

A.1.14 Copper/H2ipa-NH2 MOF 

H2ipa-NH2 (15 mg, 0.084 mmol) was dissolved in DMF (0.75 mL) then the 

Cu(NO3)2·3H2O solution* (0.75 mL, 0.083 mmol) and H2O (0.5) were added. The pale blue 

solution was put into a 65°C dry bath for 6 hours. The mother liquor was then decanted off and 

the light green crystals were collected by washing several times with fresh ethanol. 
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*See note at the end of the section 

 

 

Figure A.14 Optical micrograph of the Copper/H2ipa-NH2 MOF. 

 

A.1.15 Synthesis of MUF-206 

Cu(NO3)2·3H2O (20 mg, 0.084 mmol) and H2ipa-NH2 (15 mg, 0.085 mmol) was combined 

dry then dissolved in DMF (1 mL) and a drop of ethanol, in a 4 mL vial. This vial was put into 

a 100°C dry bath for around 4 hours. The mother liquor was then decanted off whilst still warm 

and the dark green crystals were washed with fresh ethanol several times.  

 

 

Figure A.15 Optical micrograph of MUF-206. 

 

A.1.16 Synthesis of MUF-207 

Cu(NO3)2·3H2O (20 mg, 0.084 mmol) and H2ipa-CH3 (15 mg, 0.083 mmol) was combined 

dry then dissolved in a solution of DMF (0.75 mL), ethanol (0.75 mL) and water (0.5 mL) by 

swirling, in a 4 mL vial. This vial was then tightly capped and put into an 85°C oven for around 

24 hours. The mother liquor was then decanted off whilst still warm and the bright blue crystals 

were washed with fresh ethanol several times.  
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Instead of Cu(NO3)2·3H2O and ethanol, a copper solution (0.75 mL) can be used. See note 

at the end of this section. 

To grow single crystals, a quarter scale of the reagents was used; Cu(NO3)2·3H2O (5 mg, 

0.02 mmol) and H2ipa-CH3 (4 mg, 0.0 mmol). Also, DEF (0.75 mL) was used instead of DMF. 

Everything else remained the same.   

 

 

Figure A.16 Optical micrograph of MUF-207. 

 

A.1.17 Synthesis of MUF-208 

Cu(NO3)2·3H2O (20 mg, 0.084 mmol) and H2ipa-OMe (16 mg, 0.083 mmol) was combined 

dry then dissolved in a solution of DMF (0.75 mL), ethanol (0.75 mL) and water (0.5 mL) by 

swirling, in a 4 mL vial. This vial was then tightly capped and put into an 85°C oven for around 

24 hours. The mother liquor was then decanted off whilst still warm and the bright blue crystals 

were washed with fresh ethanol several times.  

Instead of Cu(NO3)2·3H2O and ethanol, a copper solution (0.75 mL) can be used. See note 

at the end of this section. 

 

 

Figure A.17 Optical micrograph of MUF-208. 
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A.1.18 Synthesis of MUF-209 

Cu(NO3)2·3H2O (20 mg, 0.084 mmol) and H2ipa-Br (21 mg, 0.084 mmol) was combined 

dry then dissolved in a solution of DMF (0.75 mL), ethanol (0.75 mL) and water (0.5 mL) by 

swirling, in a 4 mL vial. This vial was then tightly capped and put into an 85°C oven for around 

24 hours. The mother liquor was then decanted off whilst still warm and the bright blue crystals 

were washed with fresh ethanol several times.  

Instead of Cu(NO3)2·3H2O and ethanol, a copper solution (0.75 mL) can be used. See note 

at the end of this section. 

To grow single crystals, benzoic acid (10.3 mg, 0.084 mmol) was added to the synthesis 

and DMF was replaced with DEF (0.75 mL). Everything else remained the same.  

 

 

Figure A.18 Optical micrograph of MUF-209. 

 

A.1.19 Synthesis of MUF-210 

H2ipa-OH (15 mg, 0.084 mmol) dissolved in a solution of DMF (0.75 mL) and 

Cu(NO3)2·3H2O solution* (0.75 mL, 0.083 mmol), in a 4 mL vial. This vial was then tightly 

capped and put into an 85°C oven for around 48 hours. The mother liquor was then decanted 

off whilst still warm and the green crystals were washed with fresh ethanol several times.  

*See note at the end of the section. 

To grow single crystals, the vial was rinsed with Sigmacote then water before putting in all 

the reagents as per above.  
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Figure A.19 Optical micrograph of MUF-210. 

 

Note 

For the MOFs described in sections A.1.13 to A.1.19, a Cu(NO3)2·3H2O solution can 

replace the Cu(NO3)2·3H2O salt and ethanol. A stock solution was made by dissolving 

Cu(NO3)2·3H2O (533 mg, 2.21 mmol) in ethanol (20 mL) so that 0.75 mL of this solution 

would have the equivalent of 20 mg of Cu(NO3)2·3H2O.  

 

A.2 Single Crystal X-ray Diffraction (SCXRD) 

All SCXRD data was collected using a Bruker Venture D8 diffractometer equipped with a 

Microfocus generator (Cuα radiation, 1.54178 Å) using a Photon III detector. 

The SCXRD data collection and structure refinement details for all of the low porosity 

MOFs can be found in Table A.1. Olex2 was used for structural refinement.162
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Table A.1 SCXRD data collection and structure refinement details for MUF-202 to MUF-206 using a CuKα (λ = 1.54178) radiation source. 

 MUF-202 MUF-203 MUF-204 MUF-205 MUF-206 

Formula [Co(ipa-NO2)(H2O)3] [Zn4O(ipa)3] [Mg(ipa-NH2)(H2O)2] [Mg3(ipa-Br)3(H2O)(DMA)2(EtOH)]·H2O [Cu2(ipa-NH2)2(DMF)2] 

Empirical formula C8H9CoNO9 C0.25H0.08O0.19Zn0.06 C8H10MgNO6 C34H35Br3Mg3N2O17 C6H6.5Cu0.5NO2.5 

Formula weight 322.09 49.98 240.48 4225.19 164.39 

Temperature (K) 296.0 297.0 295.0 200.0 293.15 

Crystal system monoclinic cubic triclinic monoclinic orthorhombic 

Space group P21/c F4̅ 3m P-1 P21/n Pmna 

a (Å) 11.1475(10) 15.4516(5) 7.5542(8) 9.4930(4) 14.989(4) 

b (Å) 14.0328(13) 15.4516(5) 8.1914(8) 22.0659(10) 7.741(2) 

c (Å) 7.5636(7) 15.4516(5) 8.9297(9) 20.3859(9) 10.645(2) 

α (°) 90 90 99.207(3) 90 90 

β (°) 108.974(4) 90 100.847(3) 100.567(2) 90 

γ (°) 90 90 116.261(2) 90 90 

Volume (Å3) 1118.89(18) 3689.1(4) 467.75(8) 4197.8(3) 1235.2(5) 

Z 4 56 2 4 8 

ρcalc (g/cm3) 1.912 1.260 1.707 1.671 1.768 

μ (mm-1) 12.525 3.349 1.853 4.652 2.728 

F(000) 652.0 1368.0 250.0 2120.0 672.0 

2Θ range for data 

collection (°) 
8.388 to 117.782 9.914 to 129.26 10.494 to 148.896 5.958 to 144.742 10.192 to 129.662 

Index ranges 
-11 ≤ h ≤ 12, -15 ≤ k ≤ 

15, -8 ≤ l ≤ 8 

-16 ≤ h ≤ 18, -17 ≤ 

k ≤ 18, -17 ≤ l ≤ 16 

-9 ≤ h ≤ 8, -10 ≤ k ≤ 

10, -11 ≤ l ≤ 11 
-11 ≤ h ≤ 11, -26 ≤ k ≤ 25, -23 ≤ l ≤ 25 

-11 ≤ h ≤ 17, -9 ≤ k ≤ 8, -

10 ≤ l ≤ 12 

Reflections collected 8091 3189 11525 61048 5879 

Independent reflections 
1583 [Rint = 0.0701, 

Rsigma = 0.0554] 

354 [Rint = 0.0231, 

Rsigma = 0.0166] 

1866 [Rint = 0.0367, 

Rsigma = 0.0312] 
7991 [Rint = 0.0495, Rsigma = 0.0328] 

1017 [Rint = 0.0745, 

Rsigma = 0.0640] 

Data/restraints/parameters 1583/0/175 354/0/33 1866/0/162 7991/33/601 1017/45/99 

Goodness-of-fit on F2 1.701 1.317 1.081 1.151 1.209 

Final R indexes [I>=2σ (I)] 
R1 = 0.1217,  

wR2 = 0.3461 

R1 = 0.0788,  

wR2 = 0.2186 

R1 = 0.0380, wR2 = 

0.1064 
R1 = 0.1764, wR2 = 0.3912 R1 = 0.1930, wR2 = 0.4340 

Final R indexes [all data] 
R1 = 0.1240,  

wR2 = 0.3486 

R1 = 0.0810,  

wR2 = 0.2207 

R1 = 0.0387, wR2 = 

0.1069 
R1 = 0.1796, wR2 = 0.3924 R1 = 0.2001, wR2 = 0.4367 

Largest diff. peak/hole (e 

Å-3) 
1.63/-1.74 0.84/-0.51 0.22/-0.59 2.22/-1.71 1.91/-2.42 

Flack parameter - 0.5 - - - 
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A.3 Powder X-ray Diffraction (PXRD) 

All PXRD data was collected at room temperature, except for the temperature variable 

PXRD patterns of MUF-209, using a Bruker Venture D8 diffractometer equipped with a 

Microfocus generator (Cuα radiation, 1.54178 Å) using a Photon III detector.  

Sample preparation involved dropping a small amount of the MOF in solvent onto the 

slide. If the solvent was volatile, once it has mostly evaporated, a small drop of oil was placed 

on top then the MOF was mounted onto a nylon loop for analysis. If the solvent was non-

volatile, the MOF could be mounted onto the loop without oil. 

The PXRD patterns for all known, synthesized MOFs and all of the low porosity MOFs 

can be found in Figure A.20 to Figure A.30. The after gas adsorption PXRD patterns for 

EMIDEJ02, WAMRIN, and RUGXUO (Figure A.22, Figure A.23, and Figure A.25) were 

done several months after the gas adsorption experiments took place. Therefore, the patterns 

can not conclusively say if the MOF collapsed from activation or from being left dry for 

several months.  

 

 

Figure A.20 PXRD patterns of XADDOX simulated (black), as synthesized (red), after 

gas adsorption (lime). 
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Figure A.21 PXRD patterns of JETJOI simulated (black) and as synthesized (red), and 

after gas adsorption (lime). 

 

 

Figure A.22 PXRD patterns of EMIDEJ02 simulated (black) and as synthesized (red), 

and after gas adsorption (lime). 
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Figure A.23 PXRD patterns of WAMRIN simulated (black) and as synthesized (red), 

and after gas adsorption (lime). 

 

 

Figure A.24 PXRD patterns of EDOTUN simulated (black) and as synthesized (red), 

and after gas adsorption (lime). 
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Figure A.25 PXRD patterns of RUGXUO simulated (black) and as synthesized (red), 

and after gas adsorption (lime). 

 

 

Figure A.26 PXRD patterns of MUF-202 simulated (black), as synthesized (red), and 

after gas adsorption (lime). 
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Figure A.27 PXRD patterns of MUF-203 simulated (black), as synthesized (red), and 

after gas adsorption (lime). 

 

 

Figure A.28 PXRD patterns of MUF-204 simulated (black) and as synthesized (red), 

and after gas adsorption (lime). 
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Figure A.29 PXRD patterns of MUF-205 simulated (black), as synthesized (red), and 

after gas adsorption (lime). 

 

 

Figure A.30 PXRD patterns of MUF-205 simulated (black), as synthesized (red), and 

after gas adsorption (lime). 
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A.4 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q50 

instrument with 1-5 mg of activated sample (generally after gas adsorption studies were 

performed) under a N2 flow with a heating rate of 5°C/min. For MUF-200 and MUF-209, 

the samples were pre-treated at 50°C before the TGA was measured. Low temperature 

weight loss is attributed to the loss of solvent that was trapped in the pores.  

 

A.5 Stability Tests 

A small amount of sample (1-10 mg) was placed into a 2 mL vial. For air stability tests, 

a needle was inserted into the rubber portion of the lid of the vial, allowing the sample to be 

exposed to the air. This was left on the benchtop. For water stability tests, approximately 1 

mL of Milli-Q water was added to the vial.  

 

A.6 Gas Adsorption 

The isotherms were measured using a volumetric adsorption Quantachrome Autosorb 

iQ2 instrument. High purity gases were used a received from BOC Gases. Approximately 

30-150 mg of as synthesized sample was either solvent- or dry-loaded into a pre-weighed 

sample tube. The sample was then activated, generally at 100°C for 24 hours at a heating 

rate of 5°C/min under a dynamic vacuum. The accurate sample mass was then recorded with 

the activated sample after the sample tube was backfilled with N2. For 273 K and 293 K 

measurements, the temperatures were controlled with a circulating thermostat controlled 

bath filled with a mixture of water and ethylene glycol. For 77 K measurements, a dewar 

filled with liquid N2 was used. For 195 K measurements, a dewar filled with dry ice and 

acetone was used. 

For all isotherms in this appendix, coloured circles represent adsorption points and open 

circles represent desorption points. 

The isotherms for all the low uptake MOFs can be found in Figure A.31 to Figure A.41. 
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Figure A.31 Adsorption isotherms of EMIDEJ02 at 293 K. 

 

 

Figure A.32 Adsorption isotherms of WAMRIN at 293 K. 

 

 

Figure A.33 Adsorption isotherms of EDOTUN at 293 K. 
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Figure A.34 Adsorption isotherms of RUGXUO at 293 K. 

 

 

Figure A.35 Adsorption isotherms of MUF-202 at 293 K.  

 

   

Figure A.36 Adsorption isotherms of MUF-203 at 273 K (left) and 293 K (right). 
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Figure A.37 Adsorption isotherms of MUF-204 at 293 K. 

 

 

Figure A.38 Adsorption isotherms of MUF-205 (left) activated from ethanol and (right) 

activated from acetone. Both sets were measured at 293 K. 

 

 

Figure A.39 Adsorption isotherms of Copper/H2ipa-NO2 MOF at 293 K.  
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Figure A.40 Adsorption isotherms of Copper/H2ipa-NH2 MOF at 293 K. 

 

 

Figure A.41 Adsorption isotherms of MUF-206 at 293 K. 

 

BET fittings using N2 at 77 K isotherms can be found in Figure A.42 to Figure A.44.  
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Figure A.42 N2 adsorption isotherm at 77 K alongside the BET surface area plots of 

MUF-200. 

 

 

Figure A.43 N2 adsorption isotherm at 77 K alongside the BET surface area plots of 

UC-MUF-201. 
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Figure A.44 N2 adsorption isotherm at 77 K alongside the BET surface area plots of 

MUF-210. 

 

The pore size distribution (PSD) was calculated using a NLDFT model with a CO2 at 

273 K isotherm. The results of this calculation can be found in Figure A.45. 

 

 

Figure A.45 PSD of MUF-210. 
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A.7 Isosteric Heat of Adsorption (Qst) 

Isosteric heat of adsorption (Qst) values were calculated using isotherms measured at 273 

and 293 K. For more information about the fitting and calculation process, see Chapter 1, 

section 1.4.3.3. Fitting parameters for MOFs with Qst analyses are found below (Table A.2 

to Table A.9), including those calculated by Elnaz Jangodaz (noted in their respective tables).  

 

A.7.1 Qst data for XADDOX 

 

Table A.2 Virial equation fitting parameters for the Qst plots of XADDOX. 

 Xe CO2 * C2H6 C3H6 C3H8 

a0 -4060 ± 550 -3340 ± 1380 -3900 ± 112 -6110 ± 382 -15400 ± 

161 

a1 10.8 ± 22.8 -17.0 ± 63.5 -5.36 ± 3.65 27.4 ± 9.97 345 ± 55.6 

a2 1.12 ± 0.284 0.680 ± 0.540 0.279 ± 

0.0455 

0.446 ± 0.140 0.802 ± 

0.962 

a3 -0.0106 ± 

3.74 x 10-3 

-5.84 x 10-3 ±  

6.22 x 10-3 

-2.75 x 10-4 ±  

5.33 x 10-4 

-7.08 x 10-4 ±  

1.29 x 10-3 

-4.49 x 10-4 

±  0.0104 

b0 17.2 ± 1.93 14.7 ± 4.87 14.8 ± 0.389 19.9 ± 1.28 51.8 ± 5.18 

b1 -0.142 ± 

0.0777 

-0.0104 ± 

0.218 

1.83 x 10-3 ±  

0.0122 

-0.102 ± 0.0285 -1.23 ± 

0.134 

R2 0.96544 0.80628 0.99915 0.998 0.98079 

* Low R2 value however increasing the number of parameters used did not improve the fit. 

 

A.7.2 Qst data for JETJOI 

 

Table A.3 Virial equation fitting parameters for the Qst plots of JETJOI. 

 CO2 

 a0 -4150 ± 43.0 

a1 275 ± 11.3 

a2 -11.5 ± 0.624 

a3 0.503 ± 0.0437 

b0 17.5 ± 0.150 

b1 -0.553 ± 0.0375 

R2 0.99984 
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A.7.3 Qst data for MUF-200 

 

Table A.4 Virial equation fitting parameters for the Qst plots of MUF-200. 

 Xe CO2  C2H2 C3H6 C3H8 

a0 -3050 ± 24.4 -3800 ± 20.9 -3710 ± 34.8 -6620 ± 225 -6910 ± 305 

a1 -13.4 ± 1.37 21.0 ± 1.20 1.09 ± 1.40 33.9 ± 8.67 78.6 ± 13.8 

a2 0.177 ± 0.0222 -0.200 ± 

0.0159 

-0.278 ± 

0.0194 

1.10 ± 0.193 -0.915 ± 0.386 

a3 1.47 x 10-3 ±  

3.88 x 10-4 

3.01 x 10-3 ±  

2.60 x 10-4 

6.57 x 10-3 ±  

2.63 x 10-4 

-5.38 x 10-4 ±  

2.42 x 10-3 

0.0360 ± 5.23 

x 10-3 

b0 12.5 ± 0.0853 14.9 ± 0.0733 14.0 ± 0.121 21.6 ± 0.744 21.5 ± 0.996 

b1 0.0602 ± 4.63 

x 10-3 

-0.0194 ± 

4.09 x 10-3 

0.0378 ± 4.67 

x 10-3 

-0.147 ± 

0.0234 

-0.151 ± 

0.0341 

R2 0.99994 0.99996 0.9999 0.99957 0.99933 

 

A.7.4 Qst data for UC-MUF-201 

 

Table A.5 Virial equation fitting parameters for the Qst plots of UC-MUF-201. 

 C3H6 C3H8 Xe** C2H4
** C2H6

** 

a0 -4890 ± 374 -4760 ± 276 -2170 ± 113 -2510 ± 190 -3570 ± 203 

a1 33.9 ± 9.00 46.3 ± 7.78 -8.29 ± 3.84 -23.6 ± 5.49 35.4 ± 7.92 

a2 -1.23 ± 0.111 -1.54 ± 0.127 1.61 ± 0.170 1.54 ± 0.199 -0.0474 ± 0.240 

a3 0.0100 ± 8.00 

x 10-4 

0.0166 ± 1.11 

x 10-3 

-0.0233 ± 

2.24 x 10-3 

-0.0161 ± 

2.14 x 10-3 

-2.7 x 10-3 ± 

2.26 x 10-3 

b0 12.5 ± 1.22 12.8 ± 0.911 7.82 ± 0.377 9.12 ± 0.619 10.1 ± 0.607 

b1 0.118 ± 

0.0241 

0.0715 ± 

0.0206 

- - - 

R2 0.99779 0.99856 0.99511 0.98738 0.988 

** Calculated by Elnaz Jangodaz 
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A.7.5 Qst data for MUF-207 

 

Table A.6 Virial equation fitting parameters for the Qst plots of MUF-207. 

 CO2  Xe** 

a0 -2920 ± 94.3 -1280 ± 64.4 

a1 35.7 ± 3.97 1.39 ± 3.32 

a2 -0.361 ± 0.0116 1.49 ± 0.227 

a3 - -0.260 ± 4.57 x 10-3 

b0 9.473 ± 0.327 5.31 ± 0.219 

b1 0.0166 ± 0.0132 - 

R2 0.99949 0.99827 

** Calculated by Elnaz Jangodaz. 

 

A.7.6 Qst data for MUF-208 

 

Table A.7 Virial equation fitting parameters for the Qst plots of MUF-208. 

 C3H6 CO2  C2H4 C2H2 

a0 -8120 ± 442 -4350 ± 32.3 -4270 ± 83.3 -4730 ± 90.9 

a1 437 ± 37.5   68.8 ± 1.99 164 ± 17.2 66.5 ± 4.26 

a2 -17.5 ± 1.48 -0.18 ± 5.68 x 10-3 -4.25 ± 0.771 -0.489 ± 0.0308 

a3 0.450 ± 0.0454 - 0.0192 ± 1.93 x 

10-3 

2.86 x 10-3 ±  

3.20 x 10-4 

a4 -6.51 x 10-3 ±  

7.35 x 10-4 

- - - 

a5 3.65 10-5 ±  4.43 

x 10-6 

- - - 

b0 24.7 ± 1.42 16.9 ± 0.112 16.5 ± 0.290 17.5 ± 0.316 

b1 -0.746 ± 0.0998 -0.176 ± 6.73 x 10-3 -0.410 ± 0.0594 -0.136 ± 0.0142 

b2 9.91 x 10-3 ±  

1.49 x 10-3 

- 9.65 x 10-3 ±  2.58 

x 10-3 

- 

R2 0.99785 0.99989 0.99974 0.9992 
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A.7.7 Qst data for MUF-209 

 

Table A.8 Virial equation fitting parameters for the Qst plots of MUF-209. 

 CO2  C2H2 C2H4 C2H6 

a0 -13500 ± 102 -7510 ± 43.1 -17100 ± 252 -8180 ± 73.2 

a1 435 ± 12.7 306 ± 5.70 742 ± 30.5 9.89 ± 12.2 

a2 -3.54 ± 0.172 -8.90 ± 0.186 -5.83 ± 0.606 1.92 ± 0.32 

a3 0.0385 ± 4.47 x 10-3 0.223 ± 6.76 x 10-3 0.0556 ± 0.0190 -0.0963 ± 0.0130 

b0 47.4 ± 0.344 26.1 ± 0.146 58.0 ± 0.840 29.4 ± 0.0380 

b1 -1.13 ± 0.0397 -0.482 ± 0.0176 -1.92 ± 0.0929 0.243 ± 0.0380 

R2 0.99983 0.99994 0.99957 0.99987 

 

A.7.8 Qst data for MUF-210 

 

Table A.9 Virial equation fitting parameters for the Qst plots of MUF-210. 

 Xe CO2  C2H2 C2H4 C3H6** 

a0 -3450 ± 37.0 -4180 ± 48.2 -5280 ± 119 -5440 ± 92.4 -3090 ± 1230 

a1 16.1 ± 1.88 50.3 ± 2.09 65.2 ± 3.93 92.5 ± 4.03 -3200 ± 3020 

a2 0.301 ± 

0.0428 

-0.202 ± 

0.0344 

-0.711 ± 

0.0666 

-0.506 ± 

0.0876 

3820 ± 2460 

a3 4.05 x 10-3 ± 

8.22 x 10-4 

4.01 x 10-3 ± 

5.12 x 10-4 

9.36 x 10-3 ± 

7.33 x 10-4 

0.0103 ± 1.29 

x 10-3 

-940 ± 657 

b0 13.2 ± 0.130 15.3 ± 0.167 16.8 ± 0.399 17.9 ± 0.312 12.2 ±0.639 

b1 -0.0383 ± 

6.48 x 10-3 

-0.113 ± 6.78 x 

10-3  

-0.0897 ± 

0.011 

-0.194 ± 

0.0117 

- 

R2 0.9999 0.99982 0.99957 0.99973 0.98599 

** Calculated by Elnaz Jangodaz. 

 

A.8 Ideal Adsorbed Solution Theory (IAST) 

IAST values were calculated using isotherms measured at 293 K. For more information 

about the fitting and calculation process, see Chapter 1, section 1.4.3.4. Fitting parameters 

for all MOFs with IAST analysis can be found in the tables below (Table A.10 to Table A.16)
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A.8.1 IAST data for MUF-200 

Table A.10 Fitting parameters for the IAST plots of MUF-200. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 7.12 ± 0.255 0.0875 ± 2.64 x 10-3 1 ± 0 49.6 ± 0.104 9.87 x 10-3 ± 1.57 x 10-4 1 ± 0 1 

N2 SSL 31.2 ± 1.22 1.09 x 10-3 ± 4.58 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99993 

CH4  SSL 58.2 ± 1.64 1.98 x 10-3 ± 6.30 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99989 

Xe SSLF 42.1 ± 0.114 0.0230 ± 8.91 x 10-5 0.981 ± 2.23 x 10-3 0 ± 0 0 ± 0 1 ± 0 0.99999 

Kr SSL 44.8 ± 0.589 2.67 x 10-3 ± 4.12 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99996 

C2H2 DSL 4.44 ± 1.05 0.147 ± 0.0272 1 ± 0 50.5 ± 0.871 0.0258 ± 7.66 x 10-4 1 ± 0 0.9998 

C2H4 DSL 35.4 ± 0.170 0.0434 ± 1.63 x 10-4 1 ± 0 21.2 ± 1.82 2.26 x 10-3 ± 3.19 x 10-4 1 ± 0 1 

 

A.8.2 IAST data for JETJOI 

Table A.11 Fitting parameters for the IAST plots of JETJOI. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 1.21 ± 0.0724 0.144 ± 0.0107 1 ± 0 15.3 ± 0.256 5.96 x 10-3 ± 2.47 x 10-4 1 ± 0 0.99997 

N2  SSL 9.09 ± 0.864 1.85 x 10-3 ± 1.98 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99908 
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A.8.3 IAST data for UC-MUF-201 

Table A.12 Fitting parameters for the IAST plots of UC-MUF-201. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 SSL 58.2 ± 0.378 0.0176 ± 2.13 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99978 

N2 SSLF 12.1 ± 1.18 8.55 x 10-4 ± 6.05 x 10-5 0.686 ± 0.0210 0 ± 0 0 ± 0 1 ± 0 0.99881 

CH4 SSL 45.8 ± 0.792 7.27 x 10-3 ± 1.79 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99961 

Xe SSLF 65.1 ± 7.34 0.108 ± 9.39 x 10-3 1.76 ± 0.127 0 ± 0 0 ± 0 1 ± 0 0.99187 

Kr SSL 49.0 ± 1.37 66.6 x 10-3 ± 2.58 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99911 

C3H6 DSL 47.6 ± 0.983 0.0739 ± 5.17 x 10-3  1 ± 0 20.9 ± 1.23 3.93 ± 0.939 1 ± 0 0.99834 

C3H8 DSL 17.8 ± 1.11  2.89 ± 0.523 1 ± 0 39.6 ± 0.912 0.0956 ± 5.78 x 10-3 1 ± 0 0.99913 

  

A.8.4 IAST data for MUF-207 

Table A.13 Fitting parameters for the IAST plots of MUF-207. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 15.3 ± 0.246 0.496 ± 0.0168 1 ± 0 46.1 ± 0.823 9.65 x 10-3 ± 4.51 x 10-4 1 ± 0 0.99986 

N2 SSL 34.0 ± 0.288 1.93 x 10-3 ± 1.84 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99999 

CH4 SSL 33.1 ± 0.153 7.50 x 10-3 ± 4.99 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.9997 

Xe DSL 41.2 ± 0.658 3.52 x 10-3 ± 9.39 x 10-5 1 ± 0 20.8 ± 0.0566 0.135 ± 4.76 x 10-4 1 ± 0 1 

Kr SSL 22.3 ± 0.114 5.90 x 10-3 ± 4.08 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99998 
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A.8.5 IAST data for MUF-208 

Table A.14 Fitting parameters for the IAST plots of MUF-208. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 69.1 ± 1.50 4.38 x 10-3 ± 2.19 x 10-4 1 ± 0 9.32 ± 0.383 0.0743 ± 2.86 x 10-3 1 ± 0 0.99999 

N2 SSL 63.4 ± 7.91  9.27 x 10-4 ± 1.23 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.9995 

C2H2 *** DSLF 124 ± 23.2 0.0159 ± 2.79 x 10-3 1.42 ± 0.0256 5.23 x 105 ± 1.70 x 1010 2.10 x 10-14 ± 6.81 x 10-10 0.231 ± 0.85 0.99995 

C2H4 DSL 47.3 ± 0.860 5.26 x 10-3 ± 2.02 x 10-4 1 ± 0 5.22 ± 0.160 0.156 ± 6.39 x 10-3 1 ± 0 0.99997 

C3H6 DSLF 97.6 ± 35.2 0.0643 ± 0.0227 1.92 ± 0.296 16.6 ± 2.79 2.24 x 10-4 ± 3.11 x 10-4 0.262 ± 

0.0435 

0.99892 

C3H8 DSL 43.8 ± 1.55 7.17 x 10-3 ± 4.49 x 10-4 1 ± 0 4.36 ± 0.132 2.74 ± 0.448 1 ± 0 0.99928 

*** Due to the isotherm not reaching saturation, we struggled to get a good fit that converged. Thus this fit was the best we could obtain.  
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A.8.6 IAST data for MUF-209 

Table A.15 Fitting parameters for the IAST plots of MUF-209. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 9.04 ± 0.126 1.36 ± 0.062 1 ± 0 22.0 ± 0.332 0.0143 ± 6.40 x 10-4 1 ± 0 0.99966 

N2 SSL 9.84 ± 0.0981 4.47 x 10-3 ± 5.69 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99994 

Xe DSL 2.81 ± 0.565 0.190 ± 0.0409 1 ± 0 7.62 ± 0.336 0.0189 ± 3.37 x 10-3 1 ± 0 0.99926 

Kr SSL 7.49 ± 0.0541 0.0129 ± 1.55 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99983 

C2H4 DSL 10.73 ± 0.186 0.0281 ± 2.10 x 10-3 1 ± 0 8.87 ± 0.155 3.76 ± 0.338 1 ± 0 0.99825 

C2H6 DSL 10.5 ± 0.103 0.0252 ± 1.25 x 10-3 1 ± 0 7.02 ± 0.122 1.13 ± 0.0502 1 ± 0 0.99966 

 

A.8.7 IAST data for MUF-210 

Table A.16 Fitting parameters for the IAST plots of MUF-210. 

Gas Model q1 b1 t1 q2 b2 t2 R2 

CO2 DSL 44.8 ± 0.240 0.0105 ± 3.67 x 10-4 1 ± 0 16.6 ± 0.427 0.123 ± 3.17 x 10-3 1 ± 0 0.99999 

N2 SSL 46.1 ± 2.08 1.21 x 10-3 ± 5.91 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99989 

CH4 SSL 44.9 ± 0.361 4.63 x 10-3 ± 4.80 x 10-5 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99996 

Xe DSL 17.3 ± 3.45 4.19 x 10-3 ± 1.92 x 10-3 1 ± 0 28.7 ± 0.887 0.0669 ± 1.84 x 10-3 1 ± 0 0.99996 

Kr SSL 46.1 ± 0.887 4.87 x 10-3 ± 1.22 x 10-4 1 ± 0 0 ± 0 0 ± 0 1 ± 0 0.99974 

C2H2 DSL 35.1 ± 0.480 0.292  1 ± 0 20.8 ± 0.737 0.699 ± 0.0468 1 ± 0 0.99961 

C3H6 DSL 24.8 ± 0.197 4.48 ± 0.212 1 ± 0 15.8 ± 0.284 0.0256 ± 1.83 x 10-3 1 ± 0 0.99868 

C3H8 DSLF 5.22 ± 1.24 8.45 x 10-3 ± 5.98 x 10-3 0.738 ± 0.105 24.0 ± 1.17 1.58 ± 0.195 1.61 ± 0.123 0.99977 
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A.9 1H Nuclear Magnetic Resonance (NMR) Spectroscopy    

A Bruker Avance 500 MHz NMR was used to collect the 1H NMR spectroscopic data. 

The activated samples were digested in 1 mL of a NaOH/D2O solution (0.1 mL NaOD in 0.9 

mL D2O). Some samples contained copper or cobalt (which are paramagnetic and not desired 

in an NMR solution) which often precipitated out, the supernatant was taken for NMR 

analysis. The resulting spectra are found below (Figure A.46 to Figure A.48). 

 

 

Figure A.46 1H NMR spectrum of activated MUF-200 digested in NaOD/D2O.  

 

 

Figure A.47 1H NMR spectrum of activated MUF-206 digested in NaOD/D2O. 
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Figure A.48 1H NMR spectrum of activated MUF-210 digested in NaOD/D2O. 

 

A.10 Infrared (IR) Spectroscopy 

A Thermo Scientific Nicolet iS5 IR with iD7 ATR accessory was used to collect the IR 

spectroscopic data. The sample used was either exchanged into acetone (from its original 

solvent) then vacuum dried briefly or it was activated on the iQ2. The resulting spectra are 

found below (Figure A.49 to Figure A.52). 

 

 

Figure A.49 IR spectrum of vacuumed dried MUF-206. 
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Figure A.50 IR spectrum of activated MUF-206. 

 

 

Figure A.51 IR spectrum of vacuumed dried MUF-210. 

 

 

Figure A.52 IR spectrum of activated MUF-210. 
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