
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 





 

  

 

  



 

 

 

 

 

 

 

For My Parents 

(with apologies to my liver) 

 

  



 

  

 

 



i 
 

Abstract 

 

Metal-organic frameworks are porous nanomaterials of modular construction that have 

shown themselves amenable to different modes of functionalization. Thermolytic deprotection 

(thermolysis) of incorporated thermolabile protecting groups (TPGs) has been one of these 

methods applied to tune the chemistry of MOFs and their material properties, accessing 

otherwise unattainable MOF topologies with enhanced porosity and reactive functionalities of 

particular interest in gas storage and separation and catalytic applications. In this thesis the 

TPG post-synthetic modification (PSM) technique is expanded upon in two ways. Firstly, 

through investigation of mono-and dual-functionalization within a flexible pillar-layer MOF 

family: localization of the TPG, influence on framework topology and gas sorption 

characteristics. Secondly, in synthesis of a set of novel ketene-protecting TPG ligands: ligand 

characterization, and endeavours at MOF incorporation. 
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From a materials perspective, commonly MOFs are understood to have the minimal 

properties of crystallinity, (potential) permanent porosity and optionally high thermal stability 

(many zirconium-based MOFs retain the former two properties up to temperatures exceeding 

500 oC).5 These two main features: high crystallinity and impressive internal surface areas 

(7140 m2/g for NU-110 MOF material in 2012)6 are the key properties that have stimulated 

research further into this novel class of porous nanomaterials, fulfilling within three decades 

the visionary predictions made upon first discovery by Hoskins and Robson.7-8 In 1990 Robson, 

remarking upon the spontaneous self-assembly of four-coordinate tetrahedral or six-coordinate 

octahedral metal nodes with divergently coordinating linear organic ligands, insightfully 

predicted materials with the following features:  

1) Low density in combination with high crystallinity, porosity, chemical, mechanical, 

and thermal stability; 

2) Pores allowing the diffusion, inclusion and separation of guest molecules, which 

enable; 

3) Post-synthetic modification of the organic linkers, i.e. chemical transformation of 

ligands post incorporation into the metal-organic framework, 

4) Active catalytic sites for heterogeneous catalytic applications, and 

5) Cooperative catalytic activity through interaction between multiple sites. 

 

Figure 1.3: General MOF applications. 
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Additionally, the reversibility of the metal-ligand binding is key to the synthesis of highly 

crystalline MOFs and is related to the size of the crystallites formed. Zirconium UiO MOFs 

frequently form microcrystalline powders instead of large single crystals; this can have 

important implications for processing of MOF materials on an industrial scale.  

Regarding ligands, larger ligands of appropriate geometry for choice of MOF topology can 

lead to mesoporous (>2 nm) materials and impressive internal surface areas. Topologies 

including mesopores but precluding interpenetration (formation of another lattice within the 

pores of the first) have been of great interest in bio-applications for drug delivery and 

biomolecule sensing. An example is the honeycomb structure of MOF-7411 (Figure 1.6). MOF-

74 also contains unsaturated metal coordination spheres, termed open metal sites (OMS), by 

removal of the exchangeable axial ligand pointing into the pores. The presence of OMS or 

decoration by polar functionalities can determine host-guest interactions and location of guest 

molecules within the MOF structure. 

 
Figure 1.5: The Zr6O4(OH)4(CO2)12 secondary building unit (SBU) of the UiO-MOF series 

(right) alongside the copper paddlewheel Cu2(OH)2(CO2)4 SBU (left). 

 
Figure 1.6: The honeycomb structure of MOF-74 resists interpenetration maintaining open 1D 
channels that can be systematically expanded well into the 2-50 nanometre (mesoporous) size 

range through simply increasing the organic ligand length.12 
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ultrahigh porosity. Additionally, an unusual cluster precursor approach, resulting in minimal 

side product formation in the solvothermal synthesis, was used to produce the new crystalline 

framework. Despite the highest recorded accessible pore volume (5.02 cm3/g) to date, the 

robust ith-d topology of DUT-60 provides an average bulk and shear modulus (4.97 GPa and 

0.50 GPa, respectively) that suppresses pore collapse during desolvation.  

From Dresden University also came the MOF, DUT-49.50 DUT-49 demonstrated the 

unheard of and counter-intuitive phenomenon of decreasing gas volume uptake upon increasing 

pressure, termed negative gas adsorption.51 

Many of these existing MOFs went on to application-ready developments such as HKUST-

1 in 2013 meeting the Department of Energy (DoE) requirements for methane uptake - 227 v/v 

STP at 35 bar, 267 v/v STP at 65 bar, and 190 v/v STP working capacity.52-53 

Or MOF-74, which went on to take up proteins in 2012, undergo cooperative CO2 insertion 

in 2015, and incorporate a peptide into the MOF pores through seven post-synthetic reactions. 

In 2009, SURMOF-1 study was carried out demonstrating the potential of surface 

functionalization with MOFs to form hierarchical nanomaterials of distinct properties.54 

Further highlights are summarized in Figure 1.9. 

From this auspicious beginning, a plethora of MOF papers has since been published, 

pushing further the boundaries of surface area and pore volume.29 Still, the field continues to 

rapidly grow with progress made into many other research areas such as catalysis,55-58 

sensing,59-62 and conductivity.63-65 
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Figure 1.9:  MOF annotated timeline. 
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1.2. Notable applications 

1.2.1. Gas storage and separation 

The most immediate application of MOFs is use of their high stability and porosity for CO2 

capture from industrial flue gas and for hydrogen and methane fuel storage. In this area MOFs 

are leading the way with a number of highly stable materials with high porosity and excess gas 

uptake available (Table 1.1).29 For practical translation, in carbon dioxide storage a pressurised 

(35 bar) tank of MOF-200 would hold 17 times as much CO2 as an empty one.29 In hydrogen 

and methane storage it is important to distinguish the total uptake of a material from the volume 

of fuel delivered (working capacity). The working capacity is determined by the uptake of 

MOFs at high pressure where the larger the volume of gas adsorbed the better, to delivery of 

the fuel at low pressure where minimum adsorption of the gas on the framework is desirable. 

Although much progress has been made in tailoring gas uptake through polar decoration of 

MOF pores by open metal sites and added amino functionalities there is still further research 

needed66 to achieve the 2017 U.S. Department of Energy (DOE) system targets for hydrogen 

adsorption (5.5 wt%, and 40 g/L at -40 oC to 60 oC below 60 bar). However, progress is 

sufficiently promising for Mercedes-Benz to deploy a fuel cell-powered demonstration model 

(F125) showcasing MOF hydrogen fuel tanks67 and current tests by BASF on a natural gas 

powered vehicle using MOF tanks are also underway.68 

Table 1.1: Leading MOFs in gas-uptake related properties.29 

Property or application  Compound  Value achieved  

Lowest reported value 

Density 

 

NU-1301 

 

0.124 g/cm3    69 

Highest reported value 

Pore aperture  

 

IRMOF-74-XI  

 

98 Å              12  

BET surface area NU-110 7140 m2/g      6  

Pore volume DUT-60 5.02 cm3/g    49 

Excess H2 uptake NU-100  9.0 wt%        70  

Excess CH4 uptake (290 K, 35 bar) PCN-14  212 mg/g      71 

Excess CO2 uptake (298 K, 50 bar) MOF-200 2347 g          72  
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1.2.2. Other separations and notable applications 

Other separations have also been undertaken in efforts to find more energy efficient 

alternatives to industrial separations using cryogenic distillation, such as in petroleum 

enrichment or CO2 separation from steel manufacturing where high temperatures are required 

to operate or regenerate absorbents. Break through experiments with gas mixtures are vital to 

determining practical MOFs for applications and computational screening of structures is now 

doing the heavy-lifting  of discovery.73 

Toxic gas storage 

MOFs are now commercially available as adsorbents for toxic gases such as arsine.74 These 

materials enable the use of negative pressure gas canisters which, upon perforation, cause 

atmosphere to enter as opposed to the expulsion of toxic gas, avoiding the current hazard 

involved in using the pressurized canisters which are standard in the field. Additionally, they 

are finding use in ammonia storage, a key chemical in the food supply chain.75 

MOFs as heating/cooling system adsorbents 

A significant contributor to the recent increase in global energy demand was the reliance 

on heating/cooling systems in the face of extreme weather patterns (harsh winters and heat 

waves). This energy consumption is only going to rise as climate change disruption deepens. 

Therefore, more energy efficient systems must be developed to face this growing demand and 

MOFs have become well-placed to meet this need with water-sorption-driven systems already 

underway.76-78 

Explosive materials 

Nitrogen rich materials have long been used for their violent expulsion of gas and heat upon 

oxidation. MOF materials have been designed to similarly react upon sudden impact. Given 

the range of stimuli available for triggering reactions in MOFs a new class of selectively inert 

and safe to handle explosives could be designed.79 

 

1.2.3. Catalysis 

Similarly to copper80 and MIL-101 (aluminium,81 chromium and iron82) structures, UiO-

MOFs also show inherent catalytic activity offered by open metal sites through missing ligand 

defects.83 Additionally this porous, non-interpenetrating framework has been extensively 

modified by post-synthetic modification (PSM) to produce a range of heterogeneous catalysts 
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resistant to degradation under many different reaction conditions.84-88  A simple but clear 

example of modified MOF catalysis is the use of an amino functionalized linker for the 

cycloaddition of CO2 to styrene epoxide where the catalytic activity of UiO-66-NH2 was shown 

alongside comparably robust frameworks (Table 1.2).89 

 

Table 1.2: Textural properties of MOFs and their catalytic activities for 
cycloaddition of CO2 to styrene oxide. 

Sample 
Textural Property Conversion (%)a 

SBET (m2/g)b VPORE (cm3/g)c 1h 4h 

UiO-66-NH2 970 0.31 70 95 

UiO-66 1121 0.43 48 94 

Mg-MOF-74 1525 0.62 59 94 

MIL -101 3098 1.57 - 63 

Cu3(btc)2/HKUST-1 1737 0.72 - 48 
a  Reaction conditions: 30 mL of solvent (chlorobenzene) and 5 mmol of styrene oxide at 373 K and 2.0 MPa 
of CO2 pressure using 20 mg of catalyst. b  SBET = BET surface area. c  VPore = Total pore volume. 

Even after three cycles, no change was observed in the yield obtained using the UiO66-

NH2 catalyst.89  

As demonstrated, even with a humble amino group introduced to the pore environment 

novel catalytic materials can be developed. This only scratches the surface of possibilities 

within MOF catalysis. As earlier introduced with the multivariate MOFs, multiple different 

functionalities can be introduced into one material, giving rise to synergistic effects and the 

building of domains. Core-shell or similar stepwise hierarchical structures could isolate these 

domains allowing for a production line of reactions within one material. 

Another exciting direction lies within enzyme-like materials. Either enabling cooperative 

effects to occur from guest-responsive frameworks or construction of a highly ordered and 

conserved activation site. Multicomponent MOFs with two or more distinct ligands have shown 

ordering of functional groups on these ligands within the MOF pores. In particular, 

programmed pores introduced by Telfer et al. demonstrate how a homogenously distributed 

ordered catalytic site can be tuned to control reaction substrate and chirality.90 
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1.3. MOF structural diversity  

Already from a short history and overview of key MOFs the structural diversity of these 

materials can be clearly shown (Figure 1.10). As of 2017, the total number of MOFs structures 

deposited in the CCD according to a targeted search was 69,999,91 although a high duplicate 

rate has been found even in the MOF CoRe database of computational-ready structures.92  

 

 

 
Figure 1.10: Overview of the diversity of MOF organic linkers illustrating (top) key ligand 

coordinating moieties and backbones and (bottom) types and modes of backbone functionalization 
such as intra-linker or appended functional groups which can be biological, charged, or reactive to 

stimuli such as heat and light. 
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1.4.  MOF synthesis and introduction of functionality into MOFs  

1.4.1. MOF synthesis methods and direct incorporation  of functionality  

The first MOF-5 synthesis used traditional vapour diffusion to form MOF crystals, as 

established within other crystallography-centric fields. In this synthesis, triethylamine was 

allowed to diffuse into a solution (DMF/chlorobenzene) of zinc nitrate, 1,4-

benzenedicarboxylic acid (bdc) and a small volume of hydrogen peroxide at room 

temperature.25 Triethylamine deprotonated the carboxylic acid groups and it was thought that 

hydrogen peroxide contributed oxygen to form the Zn4O metal nodes. Shortly after, it was 

found the same MOF could be formed by heating in amide solvent alone. In this case, acid-

catalyzed decomposition of diethylformamide (or other formamide), occurs in the presence of 

water at elevated temperature93 to generate diethylamine which then gradually deprotonates the 

ligand94-95 removing the need for the separate addition of a base (Figure 1.11).96  

This is termed solvothermal synthesis and is the most general method used for MOF 

synthesis today. 

Apart from participating in the above reaction, water is also thought to contribute oxygen 

to the metal node cluster in some MOFs. Additionally, water has an important role to play in 

MOF phase or morphology in favouring a more stable MOF over one less resistant to 

hydrolysis and in promoting larger crystal formation through increasing the reversibility of 

ligand metal coordination and thus slowing the growth of the MOF material. In this last respect 

water is a classic example of a modulator where at high concentrations, degradation of the 

MOF and formation of multiple or amorphous phases93, 97-98 can occur but in small volume 

percentages, crystal size and quality are enhanced.99-100 

Modulators  

Modulators are a class of compounds added to a MOF synthesis mixture (metal plus ligand 

plus solvent) specifically to control the phase or morphology of the resultant MOF without 

themselves being involved in the final construction (Figure 1.12). Modulators have been 

employed in the synthesis of MOFs of desired properties such as single crystal quality and 

size,101 defect-free structure,102 enhanced gas uptake103 and catalytic activity.104-105  

 

Figure 1.11:  Formamide solvents in the presence of water generate base. R = Me, Et, iPr, nBu. 
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of custom complexity. Consequently, PSM has been the subject of energetic research over the 

past decade and there are excellent recent perspectives published on this subject.130-131  

The most general post-synthetic methods are post-synthetic (covalent) modification (PSM), 

exchange (PSE), insertion (PSI), deprotection (PSD), and polymerization (PSP), (Figure 1.14). 

Post-synthetic modification (PSM) addresses many of these limitations. Recent strides in 

research have seen the development of a toolbox of techniques centred on increasing robustness 

or functionality through chemical treatment or making use of inherent framework robustness 

to introduce sensitive and thus interestingly reactive moieties into MOFs. The broad field of 

PSM can be roughly divided into three categories: covalent, dative and postsynthetic 

deprotection (PSD).133 

 

1.4.3. Covalent PSM 

Covalent PSM, involving the use of a (generally) chemical reagent to form a new covalent 

bond is among the most thoroughly investigated, successfully introducing reactive and thus 

interesting functionalities into frameworks. As with the post-synthetic techniques themselves, 

orthogonal chemistry can also play a role in this modification technique allowing parallel or 

sequential reactions to take place in the same material for the controlled introduction of 

 

Figure 1.14: Post-synthetic methods.132 



21 
 

otherwise incompatible functionalities. This was shown early in the field by Cohen et al. where 

a UiO-66 framework containing two different ligands carrying a bromine or amine group (UiO-

66-(Br)(NH2)) underwent cyanation and acylation respectively in an orthogonal manner to 

generate the dual-functionalized UiO-66-(CN)(AM1) MOF (Figure 1.15).89, 134 

With establishment of ever more chemically robust MOFs covalent PSM has become 

among the most thoroughly investigated PSM methods, successfully introducing an array of 

reactive and thus interesting functionalities into frameworks.131, 135  

PSM on a MOF has recently been extended up to seven separate steps. In a process 

reminiscent of the industrial assembly line, the robust MOF-74 framework was selected and 

subjected to a series of PSM and PSD steps to install a tripeptide functionality within the pores 

which was then shown to mimic the activity and spatial selectivity of the enzyme inspiration.136 

Post-synthetic polymerization 

The brittle nature of most MOF materials is a limiting factor in their application. Synthesis 

of hybrid MOF-polymer mixed-matrix membranes (MMMs) is thus an area of explosive 

research subject to its own reviews.137-138 Post-synthetic polymerization (PSP) is carried out 

through three main modes; (1) using polymerizable guest molecules, (2) self-polymerization 

of functionalized organic ligands in a MOF in the absence of guest molecules, and (3) direct 

synthesis of MOFs from polymeric organic ligands, although the last is not truly post-synthetic.  

 
Figure 1.15:  Tandem covalent PSM in the UiO-66-(Br)(NH2) MOF. Figure reproduced 

from reference (86). 
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Drawbacks:  

1. Not all MOF topologies have open metal sites suitable for ligand insertion or possess 

sufficiently labile ligands for exchange. 

2. As with PSM and PSP, this method is diffusion and equilibrium driven, so incomplete 

exchange is likely, reducing MOF functional group loading. 

3. Dependence on a concentration gradient to drive ligand exchange makes this method 

costly due to amount of functionalized ligand required and potential time-delay to allow 

multiple refreshes of solution. 

4. No guaranteed capability of recycling of exchange solvent and ligands presents a 

significant hurdle for industrial applications requiring scaling. 

 

1.4.5. Post-synthetic deprotection (PSD) 

Post-synthetic deprotection (PSD), involving the cleavage of a chemical bond within the 

MOF framework, has been of particular interest to the Telfer research group with seminal work 

published on the use of photo and thermolabile protecting groups in MOFs to prevent 

interpenetration and incorporate otherwise MOF-incompatible chemical functionalities.152-153 

In Figure 1.16 a photolabile nitrobenzyl protecting group was used in a PSD route whereby the 

protected catechol ligand is introduced during MOF synthesis then the metal coordinating 

functionality revealed by post-synthetic photolytic treatment. 

In addition to serving as a trigger for cleavage of thermolabile protecting groups, heating 

of the thermally robust MOF materials (generally stable to above 300 oC) with an appropriately 

functionalized organic ligand can accomplish post-synthetic rearrangement (PSR) in a reagent-

less transformation on the linker itself.154 

 

1.5.  Thermolabile protecting groups (TPGs) 

1.5.1. Overview 

There are some challenges to searching for TPGs, in light of the variable nature of their 

composition, action, broad area of application and naming. In this thesis they are defined as 

involving a thermally-triggered chemical change, this can be within a set number of atoms, as 

in a rearrangement or cyclization to reveal a novel configuration, or loss of atoms, as in 

expulsion of a fragment to uncover another chemical functionality. 
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1.6.  Introduction to selected experimental techniques 

1.6.1. TGA technique 

Thermogravimetric analysis (TGA) measures the weight loss of a sample over time at 

constant or varying temperature, allowing for the percentage of thermolabile groups present to 

be estimated and the thermal stability of a material determined (Figure 1.21). 

Additionally, guest solvent volume or loading capacity in MOFs may be approximated 

while coordinated solvent molecules in the MOF formula can be calculated. 

 

1.6.2. Gas adsorption  

1.6.2.1. Adsorption process 

Key concepts in the diffusion of a gas molecule through a porous material are the surface 

area available and the nature of the adsorbate-surface interaction. Diffusion is assumed to be a 

mixture of Knudsen and molecular diffusion (Figure 1.22) in a regular porous material with a 

mixed pore size regime. 
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Figure 1.21:   Process of thermogravimetric analysis (TGA). 

 

Figure 1.22: Diffusion processes in a porous solid. 
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 Increasing the surface area a molecule can interact with increases the volume of gas 

adsorbed (Figure 1.23a). Where the adsorbing molecule interacts with the surface a monolayer 

can form. Members of this monolayer may be chemisorbed or physisorbed (Figure 1.23b and 

c). At pressure ranges where a monolayer of physisorbed molecules occurs a probe-accessible 

surface area can be calculated. Measuring gas sorption in a porous solid at a constant 

temperature by dosing with a known volume of gas to an equilibrated pressure gives rise to a 

gas sorption isotherm. Figure 1.23d and e illustrates the key points during a gas sorption 

isotherm and relevant isotherm phenomenon related to pore-filling by the guest gas molecules. 

 
Figure 1.23:  Different diffusion processes during gas adsorption as a function of surface area 
and physisorption versus chemisorption.163 a) The amount of gas molecules adsorbed (gold) vs 

free (purple) increases with surface area, enabling a larger gas storage volume. From left to right 
can be viewed as going from a surface, to a typical gas cylinder, to a porous nanomaterial. b) In 
a regular porous material, if the probe molecule forms a chemical bond with the pore surface, 
chemisorption occurs. However, if the probe molecule only interacts with the van der Waals 
surface of the pore walls then physisorption occurs. At pressure ranges where a monolayer of 

physisorbed molecules occurs a probe accessible surface area can be calculated. c) The two main 
interactions the diffusing gas molecule can undergo with the pore walls - physisorption and 

chemisorption - depend on the intermolecular distance. d) A gas sorption isotherm illustrating 
key points during measurement and relevant phenomenon related to e) pore-fil ling by the guest 

gas molecules. 
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Gas adsorption isotherms can take on various shapes depending on the nature of the 

adsorbate surface and pore size distribution (Figure 1.24). Within the MOF field, Type II 

isotherms and IV/V isotherms are associated with rigid and flexible MOF structures 

respectively.  

These different isotherm shapes yield themselves to different analysis, such as Henry, 

Langmuir, and Brunauer-Emmet-Teller (BET) models. 

 

 

 

Figure 1.24: Definition of gas sorption isotherm shapes, updated by IUPAC in 2015.164 
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1.6.2.2. Gas adsorption apparatus 

To record these isotherms there are two main approaches: gravimetric and manometric; 

both rely on accurate measurement of change in sample weight or volume respectively during 

gas dosing. Although manometric is considered more suitable for physisorption measurements 

with N2, Ar, and Kr at cryogenic temperatures, gravimetric analysis is popular due to 

accessibility of highly accurate scales and excellent high vacuum turbo pumps (Figure 1.25). 

 

In a typical gas sorption isotherm measurement, the sample is first loaded onto a degasser 

station with a cold trap to capture the removed solvent upon activation before placing onto the 

sample port (Figure 1.25). During isotherm collection the sample is kept at a constant 

temperature in an isothermal bath and the pressure monitored for equilibrium post dosing with 

a known volume of gas (adsorption). A desorption isotherm is then measured by removing gas 

by vacuum pump, allowing pressure to equilibrate at each point.  

 

 
Figure 1.25: Gas sorption general apparatus showing degassing stations for sample 

activation and sample port within an isothermal bath. Different gas sorption isotherms can be 
collected on the same sample by changing the gas selected in the dosing unit. Fine and coarse 

vacuum enables both rapid and accurate gas sorption characterization. 
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gas, following along the desorption curve, the reverse is observed where the narrowing of the 

framework pores results in a rapid expulsion of guest molecules to resume the 'closed' structure 

at the initial low pressure. This allows a larger volume of gas to be delivered over a smaller 

pressure range than a more gradually sloped gas sorption isotherm (Figure 2.2). 

A key component to the surface area in larger pore or flexible MOF structures is the 

presence, and extent, of interpenetration. With the capacity to allow the bulk of another lattice 

within the first, through large pores or flexibility, formation of a second (or more) lattice 

interpenetrating the first is favoured due to increased van der Waals interactions. While this 

results in a reduction of gravimetric pore volume, the surface area available for adsorption of 

gas molecules greatly increases and stability of the material improves. 

Further fine tuning within the pores can also be seen to dramatically affect the observed 

gas uptake, especially if the interaction with the gas can be enhanced or optimised. This 

strength of the interaction between an adsorbate and a solid adsorbent is called the heat 

(enthalpy) of adsorption and for MOFs specifically refers to the isosteric heat of adsorption, 

determined from the analysis of gas adsorption isotherms at different temperatures. The greater 

the isosteric heat of adsorption the stronger the interaction of the gas with the framework and 

so the higher the expected volumetric gas uptake at low gas pressures. 

Although open metal sites (OMS) have also been established as having a beneficial effect 

on gas uptake from their high enthalpy of adsorption with most gases, due to the consequently 

larger energy penalty in removing gas molecules from these sites, the more limited options for 

coordinating to OMS, and their susceptibility to water, the organic linker presents a more 

promising target for modification to deliver an effective working capacity. 

 
Figure 2.2: Deliverable capacity isotherm. Figure adapted from reference.169 
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The TGA curves have characteristic steps associated with triggered decomposition of the TPG 

functionality and subsequent release of volatile fragments isobutylene and CO2 (Figure 2.7). 

 

Additional ligand decomposition pathways at higher temperatures can also be identified 

such as decarboxylation at ~300 oC for the bpdc backbone ligands. The dramatic low 

temperature weight loss of the bpy was determined to be due to the high volatility of the bpy 

itself (bare bpy was observed to begin weight loss at 69 oC) and thus is not a feature of the TPG 

functionality. The ligand percentage weight loss steps can be measured and compared against 

the expected weight loss of the theoretical TPG fragments.  

Due to the gradual nature of weight loss as local thermal energy approaches the required 

threshold for bond cleavage there is ambiguity in determining start and end points of the 

thermolytic process. This results in the slight differences noted between experimental and 

calculated (see Table 2.1). Precise curve coordinates used to calculate weight percentages can 

be found in the Appendix. 

 

 

 
Figure 2.7: Thermolysis of TPG-functionalized ligands to reveal amine and carboxylic acid 

species with approximate starting temperature of thermolysis as indicated by TGA.  
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equilibrium pressure at constant temperature to form a gas isotherm. The endpoint of the 

isotherm at the highest pressure is termed the total gas uptake of the material and is understood 

to be when the pore volume is completely occupied by gas molecules. 

Worth noting is that, as the MOF field has grown, knowledge surrounding the importance 

and range of activation conditions has also deepened180-181 and been shown to be critical in 

accurately and reproducibly recording the gas sorption isotherms of a material.165 Judicious 

choice of solvent is required as the violent removal of large volumes of guest molecules can 

degrade MOF structure182 and recent studies post this data collection have shed light in this 

area for optimization of activation procedures.183 Further trials of different activation 

conditions could therefore improve upon the results presented herein. 

 

Challenges in flexible MOF gas sorption measurements 

A remaining challenge in gas sorption measurements, specifically of flexible framework 

materials, is the presence of hysteresis. In rigid frameworks hysteresis can largely be attributed 

to mesopore filling and inadequate equilibration time. However, in measuring flexible 

frameworks the hysteresis arising from an overly short equilibration time must be separated 

from hysteresis arising from phase changes in the materials upon reaching a gate-opening 

pressure. Therefore, trials were undertaken to investigate equilibration times (Figure 2.19). 
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Huge variation in the isotherm shape occurred upon changing the equilibration time of the 

first measurement (Point 1) from 2 to 8 min. Inadequate equilibration time at the start of gas 

adsorption leads to an initial negative slope, i.e. decreasing gas uptake at higher pressures and 

upon desorption causes a positive slope to be recorded, i.e. increasing gas uptake at lower 

pressures, due to the slow kinetics of gas diffusion in the adsorbent. This is reminiscent of both 

soft porous crystals with shape memory effects where initial measurement conditions affect 

later values and of observed dependence of isotherm shape and uptake on the allowed time at 

each data point and cumulative exposure to gas prior to that point.184 In this case insufficient 

equilibration time at point one caused the recorded isotherm to lag behind true values for the 

rest of the collection. Further increase in the initial point equilibration time or increasing the 

first 10 measurement equilibration times did not significantly affect the isotherm.  

Increasing the equilibration time across the collection flattened the hysteresis loop and 

increased the total gas uptake slightly but this difference was within observed sample variation 

and made collections prohibitively time costly. Therefore, an equilibration time of 8 min for 
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Figure 2.19:  Volumetric N2 adsorption (filled) and desorption (open) isotherms measured at 77 K 

on one sample under different conditions (2 versus 8 min equilibration time) and two samples 
under the same conditions (8 min equilibration time). Point 1 is the first measurement point 

collected of the gas sorption isotherm. Lines are a guide to the eye only. 













63 
 

TPG doubles the total gas uptake (76 to 156 cm3/g) going from the bpy to bpdc backbone in 

line with the TPG concentration doubling due the MUF20 ligand ratio, [Zn2(bpdc)2(bpy)]. 

However, the -TBE group shows the most drastic effect, going from the lowest gas uptake of 

N2 at 77 K to the highest (30 to 229 cm3/g). By doubling the concentration of TBE groups 

through placement in the carboxylate layer the total gas uptake of the MOF is increased 8-fold, 

indicating that there is more than just a concentration effect at play.  

 

Modification of the bpdc backbone by the -TBE group surprisingly changes the pore shape 

and framework to dramatically increase the total pore volume. This effect occurs despite 

doubling the number of TBE groups present in the MOF with an expected occlusion of pores, 

reduction of pore volume, and decrease in volumetric gas uptake. This implies that a TPG on 

the bpdc backbone is in fact opening the pores of the framework to a greater extent than the 

bpy or non-functionalized MOFs.  

However, as all functionalized materials have a total gas uptake greater than that of the 

parent material at 77 K (> 15 cc/g reported by Cohen et al), this suggests that the bulk does in 

fact open the pores of the pillar-layer framework to guest molecules.171 A narrower pore 
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Figure 2.24: Volumetric N2 adsorption (filled) and desorption (open) isotherms measured at 

77 K. Lines are a guide to the eye only. 
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on a Bruker-500 Avance instrument, with the use of the solvent proton as an internal standard. 

Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50 instrument.  

    

2.4.2. Ligand synthesis and characterization 

Only the final steps are shown below, full bpdc-TBE ligand synthesis is included in Appendix. 

 2-tert-Butyl 4,4`-dimethyl biphenyl-2,4,4 -̀tricarboxylate 

 

Dimethyl 2-carboxylic acid biphenyl-4,4̀ -dicarboxylate (1.50 g, 4.78 mmol) and DMAP 

(518 mg, 4.24 mmol) were suspended in dry THF (30 mL) and placed under Ar(g) before 

refluxing at 88 oC for 15 minutes. Di-tert-butyl dicarbonate (7.61 g, 34.9 mmol) in dry THF (5 

mL) was then added dropwise over 25 minutes via syringe during which time the opaque 

suspension formed a clear yellow solution, gradually darkening to a dark brown. The 

brown/black solution was refluxed for 15 hours. After cooling to room temperature, additional 

4-dimethylaminopyridine (DMAP) (512 mg, 4.19 mmol) was added before returning to reflux 

followed by dropwise addition of di-tert-butyl dicarbonate (6.01 g, 27.5 mmol) in dry THF (5 
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2.4.3. MOF synthesis and characterization 

1H NMR analysis of digested MUF20 MOF samples 

For 1H NMR spectroscopy, the mother liquor of the as-synthesized MOF crystals was 

replaced with fresh dry DMF multiple times, followed by repeated washing (>3) and 

subsequent soaking in dry CH2Cl2 for several hours. The excess CH2Cl2 was then decanted and 

the samples placed under vacuum overnight to remove residual solvent from the pores. The 

crystals were then digested using the following protocol: 23 µL of a 35% DCl solution in D2O 

was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock solution. Around 5 mg of 

MOF was digested in 150 µL of this stock solution together with 480 µL of DMSO-d6. Samples 

were briefly sonicated as needed and spectra were acquired immediately following dissolution. 

Thermogravimetric Analysis (TGA)  

Thermogravimetric analyses were performed on a TA Instruments Q50 instrument.  Fresh 

MOF samples were prepared as for NMR analysis except that samples were placed under high 

 
Figure 2.40: Thermogravimetric analysis (TGA) traces of unfunctionalized, unprotected and 

TPG-protected bpy and bpdc ligands. 
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