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Abstract 

Supramolecular chemistry has quickly developed from simple host-guest chemistry to the 

self-assembly of molecular building blocks to form large aggregates, both in solution and the 

solid state. Currently, supramolecular structures are being developed for several 

applications, including gas storage technologies, heterogeneous catalysis, chemical sensors 

and drug delivery systems. Among these structures are metal-organic frameworks (MOFs), 

metal-organic polyhedra (MOPs) and vesicles. Here, we assess the ability of MOFs to remove 

cholesterol from the bloodstream. A diverse series of MOFs were first selected from the 

literature and then synthesised, characterised and their ability to uptake cholesterol 

quantified by liquid phase 1H NMR analysis. Further work was undertaken where different 

methodologies to encapsulate MOF particles within a vesicle - a lipid bilayer cell model - were 

explored. This process is designed to improve the biostability and bioavailability of the MOF 

candidates in their role as cholesterol-removal agents. This study led to the serendipitous 

finding that micron-sized MOF particles can be used to immobilise vesicles, which may 

provide an alternative strategy to the study of their biophysical and mechanical properties. 

Finally, two novel, fluorine-rich MOPs have been designed for the selective uptake of 

chlorofluorocarbons (CFCs), and for eventual use within the environmental chemistry 

domain. The molecular building blocks that comprise these MOPs have been synthesised and 

characterised, and the final steps of MOP synthesis and characterisation are currently 

ongoing. 
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Chapter 1 - Introduction 

 

1.1. Metal Organic Frameworks (MOFs) - A General Overview 

 

1.1.1.  The Unique Properties and Huge Potential of MOFs 

Since the appearance of two highly porous and unusually robust coordination polymers in 

1999: HKUST-1, developed at the Hong Kong University of Science and Technology,1 and 

MOF-5, developed by Yaghi et al.,2 metal-organic frameworks (MOFs) have quickly garnered 

interest across numerous areas of research. MOFs consist of metal-based clusters or metal 

ions (nodes) that are coordinated together by organic ligands (also referred to as ‘linker’ 

molecules) to form regular two-, or three-dimensional macrostructures. The study of linking 

molecular building blocks together to form porous solids has been termed ‘reticular 

chemistry’ and is a rapidly-expanding field of research. The growing prevalence of MOFs can, 

in large part, be attributed to the fact that a theoretically infinite number of combinations of 

metal nodes and organic ligands can be used, each producing a MOF with distinct and unique 

properties. The structures of approximately 6,000 new MOFs are currently published each 

year3 and, in recent years, an increasing number are being brought through for commercial 

applications. The chemical architecture of MOFs also lies at the root of the large amount of 

attention that they have received. The coordination of metal nodes and organic linker 

molecules will typically create an environment that is naturally rich in free space - two-

dimensional pores and three-dimensional cavities make up the interior of most MOFs and 

this porosity is their most attractive and exploitable property. The structure of MOF-5 is 

shown in Figure 1.1, where 3D channels of free space are displayed. 
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Figure 1.1 - Molecular cross-section of MOF-5 (yellow = Zn, white = C, grey = O, H not shown). Used with 

permission from BEAUTIFULCHEMISTRY.NET/SCIENCE PHOTO LIBRARY © 

 

MOFs were quickly recognised as among the most porous materials developed to date. MOFs 

with surface areas of over 7,000 m2/g have been reported, yet this is still less than half of the 

stated theoretical limit.4 For a comparison, other highly porous materials such as carbon, 

mesoporous silica and zeolites usually have surface areas of up to 1,000 m2/g. The internal 

surface areas of MOFs are regularly compared to sports fields for a clearer visualisation of 

these values - the experimentally reported value of 7,000 m2/g for example, means that one 

gram of the material has an internal surface area approximately equal to a football pitch.   

 

1.1.2.  MOFs as Tools for Gas Storage 

Initial research efforts were heavily focussed on the application of MOFs as tools for gas 

storage. Small, molecular gases such as hydrogen, carbon dioxide and methane will occupy a 

large amount of space under normal circumstances, but when adsorbed into the interior of 

a MOF, such gases can be compacted much more than if they were in the gas phase. From 

their large capacity for the storage of gases, alongside their structural and chemical 



3 
 

tunability, it was quickly realised that MOFs provide an ideal platform for the development 

of next-generation gas-capture materials. MOFs have since been widely studied for gas-

storage.5-9  

Significant interest has been placed on MOF-based CO2-sequestering agents in order to meet 

the ever-increasing need to address the environmental concerns of rising anthropogenic CO2 

emissions. The Global Energy and CO2 Status Report 2019 described CO2 emissions having 

reached a historic high of 33.1 gigatonnes for 2018 alone.10 Dozens of MOFs have been 

screened for their capacity as CO2-capture agents11 and some notable examples are              

MIL-53 (Cr)12 and Zn2(atz)2(ox).13,14 The former, chromium-based MOF is of particular interest 

due to the structural flexibility of its diamond-shaped pores, in that the uptake of CO2 by this 

MOF results in a substantial expansion of its pore dimensions (Fig. 1.2). Because of this 

phenomenon, MIL-53 (Cr), and other MOFs that behave in the same way have been labelled 

‘breathing MOFs’.  

 

Figure 1.2 - MIL-53 (Cr) in narrow pore phase (left) and wide pore phase after dosing with CO2 (right) (Cr = green; 

O = red; C = grey; H not shown). Adapted with permission from ref. 15. Copyright © 2017, American Chemical 

Society. 

 

Zn2(atz)2(ox), which is made up of two-dimensional layers of Zn2+ ions coordinated by amine-

functionalised triazole ligands, which are in turn connected by oxalate ligands, also possesses 

a remarkable capacity to uptake CO2. However, unlike MIL-53 (Cr), this capacity is not a result 

of structural flexibility, but rather the chemical functionalisation of the atz ligand. X-ray 
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crystallography of CO2-dosed Zn2(atz)2(ox) shows a short C···N distance between the carbon 

of a CO2 guest molecule and the nitrogen of the free amine on the atz linker of 3.152(6) Å, 

suggesting enthalpically localised adsorption of CO2 at these sites (Fig. 1.3). 

 

Figure 1.3 - A portion of the single crystal structure of Zn2(atz)2(ox) following the administration of CO2                      

(Zn = yellow; O = red; C = grey; N = blue; H not shown). Inset shows interaction of amine group of atz linker with 

CO2 guest molecule. Used with permission from ref. 11. Copyright © 2012, American Chemical Society. 

 

In addition to as tools for greenhouse gas capture, MOFs have also been investigated for fuel 

storage. Effectively using gaseous fuels such as hydrogen or methane represents a vital step 

forward for the development of next-generation vehicles. Molecular hydrogen has the 

highest specific energy of any fuel and, on a weight basis, has an energy content that is nearly 

three times higher than commercial petroleum. This property, in addition to its 

environmentally benign combustion products, has led to global interest in hydrogen as a 

readily available and commercially viable source of fuel. The U.S. Department of Energy (DOE) 

has set up a list of specific targets for on-board H2 storage systems to guide researchers in 

the field and while a wide range of materials have been screened as hydrogen storage 

materials, including metal hydrides,16 carbohydrates,17 inorganic nanotubes18 and a variety 

of MOFs,19,20 the DOE target currently remains unmet. Methane, the main constituent of 

natural gas, is another energy source with the potential to replace liquid hydrocarbons in the 

transport and automotive industry. Benefits of using methane include its high natural 

abundance and low CO2 emission profile (owing to its hydrogen/carbon ratio) - the highest 
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among any hydrocarbon fuel. In the same vein to hydrogen storage, enhancing the energy 

density of methane is crucial for its large-scale transportation and use. In addition to those 

for on-board H2 storage systems, the DOE has set targets for on-board methane storage 

systems outlining a range of specific goals. MOFs have been reported whose total methane 

uptakes exceed the DOE target, however some of the more practical problems, e.g. lowering 

the cost and increasing the reusability of the MOFs, improving the packing efficiency of MOF 

particles and achieving controlled kinetics of methane adsorption/release, are still being 

addressed currently.21  

 

1.1.3.  MOFs in Heterogeneous Catalysis 

Heterogeneous catalysis is another of the first-proposed and widely researched applications 

of MOFs. MOFs are outstanding candidates for heterogeneous catalysis for their enormous 

surface areas, tunable porosity and diversity in metal nodes and organic ligands. A 2018 

review by Zhou et al.22 on the topic summarises the details of 42 different MOF-catalysed 

organic reactions and, despite this extensive scope, the authors still regard the field to be in 

its infancy. The nodes of most MOFs are good Lewis acids, and this property is key for many 

MOF-catalysed reactions. One of the earliest examples of this is the use of MOF-5 to catalyse 

the Friedel-Crafts tert-butylation of both toluene and biphenyl (with tert-butyl chloride as 

the butylating agent).23 Under common Friedel-Crafts conditions (with AlCl3 as the Lewis acid 

catalyst) these transformations show little regioselectivity, producing a mixture of ortho- and 

para- products, with the reaction of biphenyl also forming a large amount of dialkylated 

product. In both cases, using MOF-5 in place of AlCl3 was shown to result in significantly 

improved regioselectivities. The two tert-butylation reactions of biphenyl are shown in 

Scheme 1.1. 
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Scheme 1.1 - Friedel-Crafts tert-butylation of biphenyl with AlCl3 (reaction A) and MOF-5 (reaction B) catalysts. 

 

More recently, MOFs have influenced the field of asymmetric catalysis. Employing ‘chiral 

MOFs’ - i.e. MOFs with chiral linker molecules - as catalysts can afford stereospecificity to 

reactions that would otherwise lead to different stereoisomeric products. Some of the 

organic reactions that have been improved in this way include the asymmetric cyanosilylation 

of aldehydes,24 asymmetric aldol reactions,25 asymmetric Grignard type reactions26 and the 

asymmetric epoxidations of alkenes.27 

 

1.1.4.  Sensing and Biological Imaging  

Recent progress has also been made on using MOFs as sensors and biosensors.28-30 In such 

cases, MOFs will uptake a gaseous or liquid analyte and then signal a response through an 

observable change of an intrinsic property. Various means of transducing these signals with 

MOFs have been explored, e.g. solvatochromic31 or vapochromic32 effects, luminescence-

based sensing33,34 and - among the more sophisticated MOF sensors - with electromechanical 

responses.35 A particularly illustrative example of a solvochromic MOF sensor was recently 

reported by Takashima and co-workers.36 Their sensor, an interpenetrated N,N′-di(4-pyridyl)-

1,4,5,8-naphthalenediimide (dpNDI)-containing MOF, was shown to photoluminesce with 

markedly different emission wavelengths when different volatile organic compounds (VOCs) 
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were adsorbed. As the VOCs vary in structure, so does the extent to which the 

interpenetrated MOF sensor undergoes structural displacement in order to accommodate a 

given VOC guest. Consequently, multicolour luminescent emissions arise from variations in 

both dpNDI-VOC and inherent dpNDI-dpNDI interactions. Some of the tested VOCs were 

benzene, tolene, xylene, anisole and iodobenzene and when this MOF was suspended in 

these compounds and excited, blue, cyan, green, yellow and red light was emitted, 

respectively. The dpNDI linker molecule and an image of this sensor in action are shown in 

Figure 1.4. 

 

Figure 1.4 - (A) Structure of dpNDI linker molecule and (B) resulting multicolour luminescence of the MOF sensor 

reported by Takashima et al. when suspended in different VOCs and then excited at 365 nm. Image B is 

used/adapted from ref. 36. 

 

MOFs have also shown recent promise as sensors within the biological arena. The europium-

based ITQMOF-3-Eu showed an encouraging balance between absorption, energy transfer 

and emission rate and was investigated as a biologically relevant, photoluminescence-based 

pH sensor.37 The MOF produced sensitive responses within the pH range of 5 - 7.5, which 

encompasses several biological environments such as blood and culture cell media.   

ITQMOF-3 was also reported to be thermally stable up to 573 K in air. Another lanthanide-

based MOF, featuring both ytterbium and neodymium, has been successfully employed as a 

highly sensitive and self-calibrated thermometer that is active across physiological 

temperatures.38 This MOF displays exceptional temperature-dependent photoluminescence 
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properties in the region of 303 - 333 K, and, with a temperature resolution as low as 0.01 K, 

is capable of discerning the temperature difference between pathological and normal cells. 

Furthermore, MOFs have garnered attention as potential contrast agents for magnetic 

resonance imaging (MRI). Improved MRI contrast agents are highly sought-after and 

extensive research has been carried out towards the development of tools to enhance the 

resulting pictures. Complexes of gadolinium (GdIII) are the most commonly used contrast 

agents for their high electronic spin value (S = 7/2) and remarkably slow relaxation rate.39 

GdIII-based nanoscale MOFs have been developed by Lin et al.40,41 and show relaxivities 

several orders of magnitude greater than those of other commercially available GdIII-based 

contrast agents. It is the toxicity of these GdIII-based nanoMOFs that ultimately inhibits their 

transition to clinical use. In an effort to address this, less toxic nanoMOFs composed of 

manganese (MnII)-containing nodes were developed and tested by the same group. The 

relaxivities of these MnII-based alternatives were much more modest, to the point of not 

being therapeutically relevant contrast agents. However, it was hypothesised that the 

breakdown of these nanoMOFs in the body might provide the efficient delivery of Mn2+ ions, 

which are known to exhibit a high relaxivity in cells.42 It was also proven as part of this study 

that imaging at a specific site is possible if the nanoMOF has a silica-based coating to delay 

the leaching of Mn2+ ions until the nanoMOF reaches the specific site.43  

 

1.1.5.  MOFs as Drug Delivery Systems 

Much of the work in this thesis is focussed on extending the current and exploring new 

applications of MOFs within the biological arena. At present, the most well-researched 

biological application of MOFs is as drug delivery vehicles. One of the major challenges in 

drug delivery research is the design and development of nontoxic nanocarriers to safely and 

efficiently transport therapeutic agents through the body. NanoMOFs are one of several 
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materials currently under investigation to meet these needs. Other systems include 

liposomes,44 micelles45 functional hydrogels46,47 and a variety of nanoparticles.48 The MIL 

(Materials of Institut Lavoisier) family was the first group of MOFs to be scrutinised as 

potential drug delivery systems. MIL-100 and MIL-101 were prepared and tested for their 

ability to uptake and deliver ibuprofen - a common analgesic.49 The two MOFs were found to 

show excellent uptake of ibuprofen, but did so to drastically different extents (0.35 g of drug 

per g of MOF for MIL-100 and 1.4 g g-1 for MIL-101) as a result of their different pore sizes. 

MIL-100 features pore diameters of 25-29 Å with smaller windows of 4.8 and 8.6 Å, while 

MIL-101 contains pores of 29-34 Å with windows of 12 and 16 Å. These early results 

underscored the importance of precisely fine-tuning a MOF’s pore-size to achieve optimised 

drug loading. The flexible breathing MOF MIL-53 was later studied by the same group, also 

for the uptake and delivery of ibuprofen.50 MIL-53 MOFs based on iron and chromium were 

tested, and both showed a similar ability to adsorb ibuprofen to that of MIL-101, though, 

interestingly, the two MOFs released the guest over a much longer timeframe. These 

derivatives of MIL-53 completely released the ibuprofen cargo across approximately three 

weeks, whereas the complete delivery for MIL-101 took just six days. This controlled, slow 

release offers the benefit of reducing the number of drug administrations that a patient 

would require over a specific timeframe. These findings are explained by the flexibility of the 

MIL-53 materials to bend around the ibuprofen molecules, thereby maximising the bonding 

interactions while minimising steric hindrance within the pores, resulting in a much slower 

release of the guest. 

In 2010, Stoddart et al. reported the synthesis of a series of biocompatible MOFs termed    

CD-MOFs.51 The first, CD-MOF-1, is made up from γ-cyclodextrin (γ-CD) rings (six rings per 

repeating MOF unit) held together by potassium ions. CD-MOF-1 was grown as orange cubic 

crystals following the slow diffusion of ethanol into an aqueous solution of the 

oligosaccharide and KOH salt (Fig. 1.5). Rubidium and caesium analogues of CD-MOF-1 - 
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termed CD-MOF-2 and CD-MOF-3 - were also synthesised and grew as red and transparent 

cubes, respectively. The toroidal structure of the γ-CD molecules and how they are arranged 

in the CD-MOF structures generates a hydrophilic exterior surface and a nonpolar interior to 

the MOFs’ cavities. This unique chemical environment makes these CD-MOFs excellent 

candidates for the uptake of appropriately sized drugs to produce an inclusion complex. 

Recently, the encapsulation of ibuprofen into CD-MOF-1 has been investigated.52 Different 

methods of incorporating the ibuprofen guest were detailed, including loading the guest into 

the pre-formed MOF, and, more successfully, co-crystallisation. Both in vivo and in vitro 

studies were then conducted to show the viability of CD-MOF-1 as a drug delivery tool for 

ibuprofen and other NSAIDs. The in vitro studies confirmed that the system did not inherently 

affect the viability of cells, with no IC50 (half maximal inhibitory concentration) value 

determined up to a concentration of 100 µM. The in vivo investigations revealed that, 

following oral administration, CD-MOF-1/ibuprofen cocrystals have a similar bioavailability 

and efficient uptake into the bloodstream to pure ibuprofen, but the drug’s half-life was 

observed to have doubled in blood plasma samples. These results strongly suggest that         

CD-MOF-1 is an effective delivery vehicle for ibuprofen and other NSAIDs, providing similarly 

quick pain relief over an extended duration than for the pure drug.  

 

 

Figure 1.5 - (A) Structural formula of γ-cyclodextrin molecule, (B) Schematic of the γ-cyclodextrin torus, with non-

polar inner (top) and hydrophilic outer (bottom) faces outlined and (C) A wireframe representation of the 

repeating structural motif of CD-MOF-1 which represents its unit cell (K = purple; O = red; C = grey; H not shown; 

the yellow sphere denotes the vacant space of the MOF’s pore). Image C is used with permission from ref. 51. 

Copyright © 2010, WILEY‐VCH. 
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The most current research on this topic goes beyond the encapsulation of everyday drugs 

such as ibuprofen. An example of this is the application of ZIF-8 (zeolitic imidazole 

framework-8) for the controlled delivery of an autophagy inhibitor, 3-methyladenine (3-MA), 

to cancerous tumours.53 This work exploits the pH-sensitive degradation of ZIF-8 in order to 

prevent the release of the drug prior to reaching alkaline tumour cells. When transported by 

ZIF-8 nanoparticles, 3-MA exhibited a higher cytotoxicity and showed increased autophagy 

inhibition in comparison to an equivalent concentration of free 3-MA. The ZIF-8 delivery 

system also facilitated a more precise and controlled drug release, and the authors report 

that this mediated delivery can increase drug accumulations in tumours, which bodes 

extremely well for MOFs to be an excellent tool for the targeted therapy of cancers.  

 

1.2. Metal Organic Polyhedra (MOPs) - The Molecular Relative of MOFs 

The pioneering discovery of crown ethers,54 cryptands55 and spherands56 and their fascinating 

ability to form inclusion complexes with appropriate guest molecules led to Pedersen, Lehn 

and Cram being awarded the 1987 Chemistry Nobel Prize. More generally, it also set the 

scene for what is currently known as host-guest chemistry. Such small, discrete host 

molecules provide a platform for guest uptake through the presence of non-covalent 

interactions between the host and guest, i.e. hydrogen bonding, Van der Waals and π-π 

interactions, etc. In contrast to MOFs, that by definition comprise vast three-dimensional 

architectures, MOPs are individual, closed, cage-like molecular structures that bear more 

similarity to the three seminal examples of molecular hosts given above. MOPs are often 

categorised based on the polyhedron that is formed, and can form as any viable geometric 

polyhedron. The list of these is far too extensive to fully enumerate in this document, 

however some examples of MOPs with simple, Platonic geometries are outlined in Figure 1.6. 

IRMOP-51 is an example of a MOP based on the tetrahedron, and is composed of sulfate-
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capped iron carboxylate trimer cluster SBUs with biphenyl linking ligands.57 MOP-28 is based 

on octahedral geometry, and is made up of Cu-based paddlewheels which are connected by 

2,2’:5’,2’’-terthiophene-5-5’’-dicarboxylate (ttdc) linkers.58 A final example is MOC-1 (metal-

organic cube-1), [Ni8(HImDC)12]8-, was synthesised by connecting eight tri-connected Ni 

nodes with twelve doubly deprotonated bis(bidentate) imidazoledicarboxylic acid ligands 

(HImDC).59 Due to the inherent structural similarities between MOPs and MOFs - namely their 

large porosities and high degrees of tunability - the two classes of materials have shown 

promising applicability across the same fields. MOPs have recently featured in the literature 

as tools for gas adsorption/separation,60,61 catalysis,62 molecular sensing63 and biomedical 

applications,64,65 and continue to enrich each of these sectors - and more - in much the same 

ways as MOFs. 

 

 

Figure 1.6 - (A) The tetrahedral structure of IRMOP-51 (Fe = blue; S = orange; O = red; C = black; N = green; H not 

shown), (B) The octahedral MOP-28 (Cu = blue; C = black; O = red; S = orange; H not shown; the yellow spheres in 

A and B denote the vacant space in the centre of the molecules) and (C) The cubic structure of MOC-1 (Ni = blue; 

C = black; N = green; O = red; H not shown). Used with permission from ref. 66. Copyright © 2008, WILEY‐VCH.  
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1.3. Lipidic Vesicles: A Biomimetic Tool for the Transport of Small Cargo 

 

1.3.1.  Composition and Properties 

Liposomes, or lipid vesicles, are self-assembled structures in which lipid molecules aggregate 

in the shape of a closed capsule. This happens in such a way that the polar, hydrophilic head 

groups are at the inner and outer surfaces of the capsule and the hydrophobic tail groups 

assemble to form the bilayer (Fig. 1.7). Vesicles are one of the defined organelles (specialised 

sub-units of a cell) and, as such, isolated or synthesised vesicles have been extensively 

studied in medical and pharmaceutical research as biomimetic cell models.67,68 Natural cells 

feature an extremely diverse range of lipid molecules within their membranes and the exact 

molecular makeup differs vastly from cell to cell. However, simple phospholipids such as         

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (sodium salt) (POPG) are typically all that is needed in order to 

artificially form vesicles.  

 

Figure 1.7 - Schematic outlining vesicle formation from the aggregation of POPC lipid molecules in aqueous 

solution.  

 

Vesicles can exist in a range of sizes, from a diameter of a few tens of nanometres to 

hundreds of micrometres. This property depends largely on the method of formation that is 

employed. Depending on their size, vesicles are often denoted by the following acronyms: 

SUV (small unilamellar vesicle); LUV (large unilamellar vesicle) and GUV (giant unilamellar 
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vesicle). A commonly used classification system for these terms is summarised in Figure 8. 

Another important aspect of a vesicle’s membrane structure is its lamellarity - a term 

describing the number of bilayers that make up the vesicle. A membrane composed of a 

single bilayer is unilamellar, whereas a membrane composed of many bilayers is 

multilamellar (also shown in Fig. 1.8). Unilamellar vesicles most closely resemble living cells 

in both structure and function and are used in the majority of vesicle-based studies, in 

particular for investigations concerning the inclusion of proteins into the membrane.69,70 

Multilamellar vesicles can also be useful tools, for example in the delivery of cargo, as 

additional membrane strength results from multiple lipid bilayers. Multilamellar vesicles are 

often formed alongside unilamellar vesicles in batch production, and controlling the 

lamellarity of vesicles remains an unaddressed challenge in the field.  

 

 

Figure 1.8 - A typical vesicle size and lamellarity classification system. Small unilamellar vesicles (SUVs) have a 

diameter of less than 100 nm, large unilamellar vesicles (LUVs) are between 100 nm and 1 µm in diameter, and 

giant unilamellar vesicles (GUVs) are larger than 1 µm. Multilamellar vesicles have many membrane layers, and 

multivesicular vesicles encapsulate smaller vesicles. Redrawn from an image in ref. 71 with permission from the 

Royal Society of Chemistry. 

 

Vesicles are stable on timescales ranging from minutes to weeks, and their longevity depends 

on various factors. Their stability is not only governed by inherent properties such as size and 

lipid composition, but also by the properties of internal and external environments such as 

pH, temperature, salinity and the presence of an osmotic gradient.72,73 Since most of these 

conditions are determined by the method of formation, the chosen methodology will have a 
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profound effect on the formed vesicles’ lifespans. Long-lasting vesicles are typically more 

desirable as they allow for more flexibility in their use after being made. For example, vesicles 

that are used as tools for drug delivery or as containers for MRI contrast agents must be 

robust enough to stay intact during their transit through the body, which may be anywhere 

from a few hours to a few days. Vesicle instability can manifest itself through a number of 

processes - the most commonly observed being: (i) lysis; (ii) budding; (iii) aggregation and   

(iv) merging. These processes are outlined below in Figure 1.9.  

 

 

Figure 1.9 - Vesicle instability exhibited through four different processes. Redrawn from an image in ref. 71 with 

permission from the Royal Society of Chemistry. 

 

1.3.2.  Methods of Vesicle Formation 

Vesicles can be made using a number of techniques. Many preparation methods start with 

the growing of multilamellar vesicles through a simple and robust film-hydration technique.74 

This entails spreading a solution of lipids onto a surface and allowing the solvent to 

evaporate, leaving behind a uniform lipid film. An aqueous buffer solution is then added, and, 
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over time, the lipid layers will spontaneously peel off and self-assemble into vesicles. Micron-

sized vesicles can be formed this way, however, since this peeling is an uncontrolled process, 

the resulting vesicles are polydisperse and multilamellar. Many procedures will then go on to 

modify these multilamellar vesicles to form a more homogeneous sample of unilamellar 

vesicles.  

The process of extrusion was first described by Olson et al. in 1979,75 and is the repeated 

passing of a solution of vesicles through a polycarbonate membrane with pores of a specific 

diameter. This process breaks down the outer membranes of multilamellar vesicles and leads 

to more uniform and homogenous unilamellar vesicles. Here, vesicle size is controlled by: (i) 

the size of the polycarbonate membrane pores, (ii) the pressure applied during the extrusion 

process and (iii) the number of times that the solution is passed through the membrane.76 

Sonication is another simple method for reducing the size and increasing the uniform 

lamellarity of a sample of vesicles.77 In this case, the outer layers of multilamellar vesicles are 

broken down by sonic agitation, leading to a similar result as with extrusion. 

Recently developed vesicle-forming techniques include some elegant approaches. Pulsed 

jetting, which was first described by Funakoshi et al.,78 is among such approaches. This 

process mimics the action of blowing soap bubbles through a loop that is supporting a thin 

film of soapy solution. A bilayer membrane is carefully established between two solid 

supports, and using a micro-nozzle or micro-pipette, small jets of aqueous solution are shot 

across the membrane. The jetted solutions are wrapped by the membrane as they pass 

through, and free vesicles are released into the external solution (Fig. 1.10). This method has 

been shown to form a monodisperse solution of GUVs, but does have its shortcomings, e.g. 

that it is non-trivial to set up, it is very sensitive to both the operating conditions and the 

materials being used, and it is not a suitable method for the preparation of a large bulk 

sample of GUVs.  
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Figure 1.10 - Schematic diagram (A) and sequential images captured by a high-speed camera (B) of vesicle 

formation with the pulsed jetting method. Used/adapted with permission from ref. 78. Copyright © 2007, 

American Chemical Society.  

 

Generating oil-water mixtures with lipids at the interface are another tool that can be 

manipulated to form vesicles. First described on the macroscale in 2003,79 liposomes are 

prepared in the ‘droplet emulsion transfer method’ by transferring water-oil droplets that 

are coated by lipid molecules from the oil phase to the water phase of a stabilised oil-water 

mixture using an external force such as centrifugation. When passing from the oil to the 

water phase, the droplets pass through the stabilising layer of lipids at the interface, picking 

up a second lipid layer. The final result is a sample of vesicles with intact bilayer membranes. 

Since the original macroscale application of this method used high-speed centrifugation - 

conditions which engender unpredictable and random vesicle formation - the resulting 

vesicles were not monodisperse. Harvesting vesicles in this way has been improved by the 

incorporation of different microfluidic devices to the process.80,81 An additional drawback of 

this method is the likely presence of oil contamination within the lipid bilayer after vesicle 

formation. This is almost guaranteed, as the process involves the transfer of droplets though 

oil. Circumnavigating this obstacle remains an important challenge to overcome in order to 

optimise this technique.  

Since it was first described by Angelova and Dimitrov in 1986,82 electroformation has become 

one of the most regularly used methods for producing vesicles. This process involves (i) the 
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spreading of lipids, dissolved in an organic solvent such as chloroform, on the surface of an 

electrically conductive electrode, (ii) the evaporation of that solvent to leave behind a dry 

lipid film, (iii) immersing the coated electrode in an aqueous buffer solution and (iv) applying 

a voltage across the lipid film. Indium-tin oxide (ITO)-coated glass is typically used as the 

conductive electrode surfaces, across which the gentle voltage modulates the spontaneous 

swelling of the lipid film into the surrounding aqueous buffer solution. It is worth noting that 

the film-hydration technique proceeds in the same way, however, with electroformation, 

applying a gentle voltage results in GUVs that are larger and more uniform in size, while 

producing significantly fewer multilamellar and multivesicular vesicles. Electroformation is 

also a good technique for the production of large batch samples of GUVs in solution.  

Producing GUVs by centrifuging an oil-water mixture and by electroformation are major parts 

of the work undertaken in this thesis. As such, both techniques are expounded further in 

Chapters 3 and 4. 

 

1.3.3.  Applications of Vesicles in the Literature 

There is a rapidly-growing interest in the use of vesicles across a range of analytical 

applications. The various techniques currently being developed have been explored in a 

number of review articles.83-85 These techniques include, but are not limited to, liquid 

chromatography, capillary electrophoresis, immunoassays and biological sensors. In addition 

to analytical techniques, vesicle-centred research has also led to new technological solutions 

for medicinal and pharmaceutical purposes. Applications within this scope are also 

numerous, diverse and fast-growing.86,87 

Recent progress in identifying various functional genes has led to novel, modern medical 

techniques such as gene vaccination and gene therapy.88 Vesicles have emerged as a 

promising tool to complement these techniques, and have been shown to efficiently deliver 
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plasmid DNA while shielding the DNA from enzymatic degradation.89 The encapsulation and 

delivery of genetic material was further improved by the use of cationic liposomes to encase 

anionic strands of DNA. In this case, the pairing of the negative charges of the phosphate 

backbone with the positive charges of the vesicles’ component lipid molecules leads to a 

charge-stabilised vesicle/DNA complex. Audouy and Hoekstra90 and Segura and Shea91 have 

authored reviews that outline the success of such charge-mediated gene delivery systems.  

Vesicles have more recently been used as picolitre-sized chambers for chemical reactions. It 

has been reported that on such a small scale, the size and dimensionality of a reactor are 

important properties that can strongly influence the dynamic properties of a reaction. For 

example, the spatial confinement of enzymes in certain enzyme-catalysed reactions was 

shown to result in significantly enhanced enzyme stability.92 Karlsson et al. made early 

developments in the use of GUV-based networks connected by vesicular nanoconduits as a 

means of transporting reactive materials between GUV containers for the initiation and 

control of chemical reactions.93 The production of fluorescein by an enzyme-catalysed 

reaction in a network of connected GUV reactors has also been reported.94 The progress of 

this reaction was clearly observable by confocal fluorescence microscopy and was seen to 

follow unusual reaction kinetics that are governed by the small tube entrances of the 

network. Karlsson et al. have also authored a comprehensive review on this topic, in which 

further details and examples are outlined.95 

One of the major applications of vesicles is as carriers for the delivery of drugs and 

macromolecules. This is highlighted by the successful encapsulation and transport of 

numerous anticancer, antifungal and antibiotic drugs, as well as anaesthetics and anti-

inflammatory agents.96 Using a vesicular delivery system to transport such substances 

through the body brings a number of advantages - namely the protection of the agents from 

the body’s natural defence systems, the improved biocompatibility of many therapeutic 
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drugs and the increased control and selectivity of the release of the agent. The use of 

liposomes as drug delivery systems was further established by the development of sterically 

stabilised, or PEGylated liposomes. These are phospholipid vesicles that are surface modified 

by the incorporation of hydrophilic polymers, such as PEG, in the bilayer.97,98 Coating the 

liposome carriers in this fashion provides extra stabilisation of the system as well as 

additional protection of the encapsulated substances. 

 

1.3.4.  Vesicle-Encapsulated Porous Nanoparticles as Drug Delivery Systems 

Liposome-surrounded porous nanoparticles as nanocarriers for the delivery of drugs have 

recently emerged as a promising tool. Combining highly porous nanoparticles and vesicles in 

this way allows each component to complement the inherent weaknesses of the other. On 

the one hand, harnessing the high internal surface area of MOFs, mesoporous silica or other 

porous nanomaterials enables a consistently high loading capacity, something that is difficult 

to achieve with liposomes alone. On the other hand, encasing porous nanoparticles within a 

vesicular capsule can significantly improve its biocompatibility and efficiency of transit 

through the body, while also ‘camouflaging’ the cargo from the body’s natural defence 

systems, e.g. the mononuclear phagocyte system, which may capture and lead to the 

eventual excretion of uncoated nanoparticles.  

Much of the pioneering work in this field was conducted by Brinker et al., who developed a 

method to support a lipid bilayer coating onto mesoporous silica nanoparticles,99,100 and later 

demonstrated the efficacy of these so-called ‘protocells’ through extensive in vivo testing.101 

The protocells are assembled by exploiting the ionic properties of positively charged vesicles 

and a negatively charged mesoporous silica core. These systems were initially shown to 

synergistically load and seal negatively charged cargo within their cores - the dye calcein was 

used to show this as it is membrane impermeable and highly fluorescent. An enhanced 
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release rate was observed at a lower pH, indicating that protocells can efficiently deliver their 

contents within cells. In their later and more comprehensive work, Brinker and co-workers 

functionalised the lipid bilayer with a number of surface modifications. The zwitterionic lipids 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and dipalmitoylphosphatidylcholine 

(DPPE) were used to enable the chemical binding of specific peptides to the outer surface of 

the lipid bilayer. The fusogenic H5WYG peptide, that improves the favourable interaction 

between the protocells and natural target cells, and the targeting peptide SP94 were both 

appended to the bilayer surface in this way. 18:1 PEG-2000 PE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt)) lipids were 

also incorporated into the membrane bilayer to confer some of the additional benefits of 

PEGylation. A general depiction of a protocell with these functionalisations is outlined below 

in Figure 1.11.  

 

Figure 1.11 - Schematic representation of the protocell - a mesoporous silica nanoparticle (shown in grey) within 

a lipid-bilayer coating - depicting the disparate types of functionalising ligands that Brinker et al. appended to the 

surface of the lipid bilayer. Redrawn with permission from ref. 101. Copyright © 2011, Nature Publishing Group. 

 

The protocells were loaded with a number of cargos, including the anticancer drug 

doxorubicin, anticancer drug cocktails, small interfering RNA (siRNA) cocktails and protein 

toxins. It is worth noting that the exceptionally high uptake capacity of these protocells (for 

example, protocells were reported to uptake 1,000 times more siRNA than similarly sized 
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vesicles with the same bilayer composition) leads to the possibility of loading the cargo with 

varied drug cocktails. Loaded protocells showed great promise across a number of in vivo 

studies. However, possibly the most striking result is that a single protocell loaded with a 

cocktail of doxorubicin, 5-fluorouracil and cisplatin (a drug cocktail that is known to be 

particularly effective against certain drug-resistant strains of liver cancer) was capable of 

killing individual cancerous Hep3B cells while maintaining over 90 % viability with the 

surrounding healthy cells. Such results are not possible with other methods, i.e. liposome 

loading, as drug cocktails cannot be introduced to liposomal carriers in the way that they can 

in protocells. The use of specifically functionalised lipid-bilayers to coat porous nanoparticles 

that are loaded with cocktails of therapeutic agents presents itself as a nascent, yet 

potentially very significant therapeutic tool. 

A 2017 paper by Engelke et al.102 outlines the use of a lipid bilayer-coated MOF nanoparticles 

to improve the efficacy of the anticancer drug suberohydroxamic acid (SBHA). Nanoparticles 

based on MIL-88A - a MOF composed of highly biocompatible iron(III)-based nodes and 

fumaric acid linkers - was used. MIL-88A breaks down in the reducing nature of cells - a highly 

desirable property for the controlled intracellular release of cargo. MTT assays gave an IC50 

value for this system (after 3 days’ incubation) of 4.78 µg/mL, which is three times higher 

than the IC50 of free SBHA. This improvement is primarily attributed to the lipid bilayer casing 

preventing premature release of the enclosed SBHA. The authors state that this type of 

therapeutic system has great potential looking forward. They predict that the most promising 

developments lie in optimising these systems in much the same way as Brinker et al. are 

optimising their protocells. That is to say that the loading of mixed drug cocktails and the 

insertion of various functional peptides (fusogenic, targeting, PEGylated, etc.) into the 

exterior of the lipid bilayer are prudent means to advance these tools towards broader use. 
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1.4. Project Aims 

We are generally interested in advancing metal-organic frameworks (MOFs) as tools for new 

biomedical and environmental applications. In particular, we propose that lipid-bilayer 

encased MOFs - if carefully tailored - may be suitable candidates to pass through the 

bloodstream and sequester cholesterol in the blood. If successful, these materials may serve 

as an alternative therapy for atherosclerosis. Further, we also set out to design and 

synthesise a fluorine-rich metal-organic polyhedron (MOP) for the targeted removal of 

chlorofluorocarbons (CFCs) from the upper atmosphere. To this end, three major objectives 

were set out for this PhD project. These were as follows: 

 

• To repeat the synthesis and characterisation of literature-based MOFs, and to 

repurpose these materials by testing their ability to adsorb cholesterol. Cholesterol 

uptake studies are to be performed using liquid-phase 1H NMR experiments that can 

quantify a given MOF’s cholesterol uptake. In order to properly investigate the ideal 

features that facilitate cholesterol uptake, the MOFs in this series must vary in 

topology - especially pore size and shape. Once established, outstanding candidates 

may be taken forward for further in vitro and in vivo testing. 

 

• To develop a facile and reproducible methodology to encapsulate these MOF 

particles within lipid-bilayers. A number of approaches are to be explored in order 

to establish a method that (i) works well, (ii) is simple and reproducible and (iii) is 

inexpensive to carry out. This aim is principally in place to confer the many benefits 

of encasing porous materials in lipid-bilayers to our MOFs for their intended use in 

lowering blood-cholesterol. 
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• To design, synthesise and characterise a fluorinated MOP capable of selectively and 

efficiently taking up CFC molecules, and to test this uptake ability. This work also 

entails the synthesis and characterisation of new organic molecules as MOP-

precursors. Finally, we aim to fully resolve the molecular structure of this MOP 

through single-crystal X-ray diffraction. 
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Abstract 

High levels of low-density lipoprotein (LDL) cholesterol are linked to atherosclerosis, which is 

the accumulation of cholesterol-rich fatty pockets within the bloodstream. This process can 

lead to major clinical complications including serious illness and death. Understanding the 

interactions between an adsorbent and cholesterol is paramount for designing materials that 

can effectively break down these cholesterol-rich pockets. In this study we report on the 

cholesterol uptake capacity of thirteen different metal-organic frameworks (MOFs). This 

selection comprises previously-reported MOFs, and literature protocols were followed for 

the synthesis of each material. The MOFs were characterised through powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA) and scanning electron microscopy 

(SEM) imaging. Two Zr-based MOFs - DUT-67 and MOF-808 - offer the best sequestration of 

the thirteen candidates. MOFs possessing narrower pores as well as some with wider pores 

were also tested, but in either case, limited uptake was measured. These results further 

establish the fundamental design principles of using MOFs to adsorb medium-to-large 

molecular guests.   

Introduction 

Atherosclerosis is a chronic inflammatory disease in which the build-up of cholesterol-rich 

plaque leads to the thickening and loss of elasticity of the arteries. This build-up also causes 

the arteries themselves to narrow, which can lead to reduced or completely blocked blood 

flow. Over longer periods, atherosclerosis can also adversely affect the medium and large 

arteries of the brain, heart, kidneys and legs. Blockages in these arteries are the root cause 

of strokes, heart attacks, renal hypertension and peripheral arterial disease/gangrene, 

respectively.1 Statin-based therapy remains the cornerstone for the medical treatment of 

atherosclerotic disease,2 though the accumulation of plaque can, to date, only be effectively 

reversed through invasive and high-risk surgeries (e.g. angioplasty or arterial bypass 

grafting). A number of polymer-based adsorbents have been developed for the direct 
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extraction of cholesterol and cholesterol-rich lipoproteins,3-5 though these agents suffer from 

the typical limitations of amorphous porous solids. These are namely their relatively low 

adsorption capacities and inherent difficulties with quantitative uptake measurements. 

Crystalline materials, on the other hand, can offer several advantages over their amorphous 

counterparts apropos both of these drawbacks. Rigid and highly regular molecular 

macrostructures generally result in higher degrees of porosity and a much wider selection of 

experimental techniques can be used to quantitatively measure uptake and elucidate exact 

binding motifs. Metal-organic frameworks (MOFs) are a class of crystalline coordination 

polymer that comprise metal-based clusters/metal ions (nodes) and organic linking 

molecules.6-8 MOFs have shown great promise across a number of applications, including, 

but not limited to, gas storage and separation,9 batteries and semiconductors,10 catalysis,11,12 

chemical sensors13,14 and drug delivery.15,16 MOFs have garnered this attention, in large part, 

due to their extraordinarily high tunability. Since MOFs can a priori be composed of any metal 

node and any polytopic organic linker, a judicious choice of each allows for the design of 

materials with extremely fine-tuned macroscopic properties. Previously, MOFs have been 

purposed for artificial kidney application to remove creatinine17 and p-cresyl sulfate,18 two 

uremic toxins, from aqueous solution. Even more recently, MOFs have been investigated as 

adsorbents for cholesterol removal,19 with two of the seven MOFs that were trialled 

approaching the uptake capacity of solvated β-cyclodextrin. Moreover, we have reported a 

MOF composed of β-cyclodextrin molecules and potassium ions that sequesters cholesterol, 

and two structurally similar sterols, from solution.20 In spite of its biological interest, this 

material rapidly degrades in aqueous media, limiting its practical use. Here, we further 

establish the cholesterol-sequestering efficacy of MOFs by evaluating a series of previously 

reported materials, varying in core metal and organic linking units, as well as in topological 

properties such as pore size and shape. We quantify this cholesterol uptake efficacy by liquid 

phase 1H NMR analysis. 
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Results and Discussion 

To elucidate the relationship between the structural features and cholesterol uptake ability 

of MOFs, thirteen candidates were selected, that included a selection of core metals, linker 

structures and pore size and shape. Selected scanning electron microscope (SEM) 

micrographs of twelve of the thirteen MOFs are displayed in Figure 2.1. All thirteen 

candidates were synthesised following literature protocols, and the details of these synthetic 

procedures, in addition to powder X-ray diffraction (PXRD) patterns, thermogravimetric 

analysis (TGA) curves and additional SEM images are provided in the Supporting Information. 

A number of keystone requirements had to be met, namely that the MOF materials: (i) were 

air-and-moisture stable, (ii) were feasible to be synthesised on a gram-scale and (iii) were not 

paramagnetic insofar as 1H NMR experiments cannot be interpreted. All thirteen candidates 

are given in Table 2.1. 

 

 

Figure 2.1 - Digitally colourised SEM micrographs of (A) DUT-52, (B) ZIF-6, (C) MIL-53 (Al), (D) MOF-5, (E) UiO-67, 

(F) DUT-67, (G) MOF-808, (H) MOF-180, (I) UMCM-1, (J) MOF-205, (K) IRMOF-16 and (L) MOF-210.  
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Table 2.1 - Summary of MOF structures and cholesterol uptake from solution. A ‘cholesterol molecules per cavity’ 

ratio of 1:2 denotes 1 cholesterol molecule per every 2 cavities. Entries indexed with an asterisk are coordination 

polymers with different structures to those originally reported in the literature - as a result of either synthetic or 

post-synthetic effects - as evidenced by PXRD data in the Supporting Information. 

 
 

(C6H10O5)7 = β-cyclodextrin, C5H8NO2
- = L-proline anion, NDC2- = naphthalene-2,6-dicarboxylate, Im- = imidazole 

anion, IDC3- = imidazole-4,5-dicarboxylate, ox2- = oxalate, BDC2- = benzene-1,4-dicarboxylate (terephthalate), 

BPDC2- = biphenyl-4,4’-dicarboxylate, TDC2- = thiophene-2,5-dicarboxylate, BTC3- = benzene-1,3,5-tricarboxylate 

(trimesate), BTE3- = 1,3,5-triscarboxyphenylethynylbenzene, BTB = 1,3,5-tris(4-carboxyphenyl)benzene, TPDC2- = 

p-terphenyl-4,4″-dicarboxylate.  

 

A sensible starting point was to identify MOFs with pore limiting diameters similar to the 

diameter of a β-cyclodextrin molecule, as inclusion complexes of β-cyclodextrin and 

cholesterol are well documented.32,33 Indeed, the former, and its modified derivatives, 

comprise a class of pharmacological agents routinely used to remove membrane cholesterol 

from cells.34,35 Five of the trialled MOFs (DUT-52, ZIF-6, COD4302828 (Eu), MIL-53 (Al) and 

MOF-5) feature pore-limiting diameters (PLDs) relatively close to 6.0 - 6.5 Å - the diameter of 

a β-cyclodextrin cavity.36 The series proceeds through MOFs of increasing PLDs, with five 

mesoporous materials also being featured (MOF-180, UMCM-1, MOF-205, IRMOF-16 and 

MOF-210). Mesoporous materials are defined by IUPAC convention as those with periodic 

pores sized between 20 and 500 Å.37 Mesoporous MOFs are extremely promising and 

attractive tools for the uptake of medium-to-large molecular guests.38 For example, the redox 
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reactivity of methylene blue has been studied when the tricyclic dye is bound in the pores of 

UMCM-1.39 Mesoporous MOFs are commonly synthesised by bridging well-known metal-

carboxylate clusters with atypically large, or long, organic linkers. However, this strategy can 

meet limitations; longer linkers are often more flexible, less soluble and more synthetically 

challenging to make than their shorter analogues.40 Here, as it was not viable to commercially 

source, the long p-terphenyl-4,4′′-dicarboxylic acid linker 2 - that would eventually be used 

in the formation of IRMOF-16 - was furnished following a microwave-heated Suzuki reaction 

and ester saponification (Scheme 2.1, full synthetic details provided in Supporting 

Information S.2.12). Moreover, longer linkers can also inevitably lead to MOFs with limited 

porosity by virtue of interpenetration of the MOF matrix.41,42 As network interpenetration 

significantly enhances the crystal density and stability of a framework, it is, in some cases, 

incredibly difficult to prevent.43 Among the candidates in this study with larger PLDs, four 

(DUT-67, MOF-180, MOF-205 and MOF-210) feature hierarchical structures with more than 

one size of pore. Including such MOFs allowed for insights into whether hierarchical 

structures would benefit or hamper guest uptake, through either limiting the extent of 

network interpenetration during MOF crystallisation, or compromising on the number of 

appropriately large pores, respectively.  

 

Scheme 2.1 - Synthesis of ditopic terphenyl linker 2. 

 

With all thirteen MOFs in hand, cholesterol uptake studies were carried out. This entailed 

soaking samples of the activated MOFs in solutions of ethanolic cholesterol (5 mM, 10 mM 

and 20 mM solutions were prepared). A concentration of 5 mM simulates a healthy adult’s 

blood cholesterol content (at, or under, 200 mg cholesterol per dL blood).44 We undertook 
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soaking experiments in 10 mM and 20 mM solutions to confirm that cholesterol uptake was 

commensurate with the concentration of the surrounding solution. The MOF samples were 

then collected and dried, before digestion and dissolution into an NMR solvent of DMSO-d6 

with D2SO4. From the 1H NMR spectra, distinctive peaks corresponding to both MOF linker 

and cholesterol guest were identified. The relative integrations of these peaks, in addition to 

considerations of how many linker molecules comprise a cavity, were used to calculate a ratio 

of cholesterol molecules per MOF cavity. Further details of this procedure and calculations 

are provided in the Supporting Information and the collected data for the MOF with the 

highest cholesterol uptake - MOF-808 - is shown in Figure 2.2. 

 

Figure 2.2 - Stacked 1H NMR plots of: (i) digested MOF-808, (ii) cholesterol in DMSO-d6, (iii) digested MOF-808 

after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-808 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested MOF-808 after soaking in a 20 mM ethanolic cholesterol solution. Both MOF 

linker (trimesic acid) and cholesterol molecules are shown, with characteristic protons HH and HB highlighted. 

Cavity cross section of MOF-808 is shown in an inset (bottom left). Spectra and MOF cavities for all thirteen 

candidates are given in the Supporting Information. 
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Somewhat counterintuitively, no cholesterol uptake was observed for the entries with PLDs 

in the region of that of β-cyclodextrin. UiO-67, which contains pores of 11.5 Å, showed limited 

cholesterol uptake, but it was not before MOFs with PLDs of   1̴7 Å were used that optimal 

sequestration was observed. As the PLDs of the candidate materials increased beyond   1̴7 Å, 

mixed performances were observed. These results are recapitulated in Table 2.1 (see page 

33). Also highlighted in Table 2.1 are eight entries, for which the characterisation data suggest 

the formation of structures that differ to the originally reported MOF materials. Our PXRD 

analysis suggests that this is for two distinct reasons: synthetic or post-synthetic. That is, for 

some entries (ZIF-6, COD4302828, MIL-53 (Al), MOF-180 and UMCM-1), our PXRD data 

reflects different structures to the originally reported materials. However, for the remaining 

asterisked entries (MOF-205, IRMOF-16 and MOF-210), the measured PXRD patterns broadly 

reflect the previously reported MOF structures, though amorphisation is observed. We posit 

that the latter is the result of post-synthesis framework collapse. This report will proceed to 

discuss both of these effects in more detail. 

For three of the first five MOFs in Table 2.1 - ZIF-6, COD4302828 (Eu) and MIL-53 (Al) - as well 

as for two later entries - MOF-180 and UMCM-1 - the measured PXRD patterns indicate the 

formation of crystalline materials with different crystal phases to the MOFs as previously 

reported (raw data provided in Supporting Information). While initially surprising, given that 

original protocols were carefully followed, a review of the literature revealed that such 

results are not entirely uncommon. In recent years, the significance of polymorphism in 

MOFs - a phenomenon also referred to as supramolecular isomerism or framework 

isomerism - has been recognised.45,46 Part of the discussion surrounding this topic addresses 

the fact that extremely small changes in the kinetic criteria of MOF formation can have 

profound effects on the final topology. Perhaps the most illustrative example of this is a 

report by Zhou et al. in which two different structural forms of a MOF were grown with just 

a 5 oC difference in synthetic conditions.47 It is also worth considering that the formation of 
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COD4302828 (Eu) and MIL-53 (Al) required particularly harsh conditions with autoclave-

based syntheses, and such harsh conditions may result in divergent reaction paths and, 

ultimately, unpredictable outcomes. We hypothesise that in this work, for COD4302828 (Eu) 

and MIL-53 (Al), in addition to ZIF-6, MOF-180 and UMCM-1, structurally different products 

formed as a result of their syntheses following different thermodynamic pathways. However, 

further studies - namely XRD-resolved structures of our products in addition to an 

investigation into these exact thermodynamic pathways - would be required to fully vindicate 

this claim. 

Also included in Table 2.1 is our previous work on K+β-CD MOF (potassium-β-cyclodextrin 

MOF), for which cholesterol uptake was measured following soaking in a 5 mM solution.20 

The fact that no cholesterol was taken up by DUT-52 or MOF-5 - two MOFs with similar PLDs 

to K+β-CD MOF - despite K+β-CD MOF adsorbing cholesterol very well, indicates that the 

uptake is, for K+β-CD MOF, likely driven by hydrophobic interactions. β-cyclodextrin is 

toroidal in shape, and its functional groups are arranged such that the interior surface is 

highly hydrophobic and the exterior highly hydrophilic.48 A more typical MOF (constructed 

from metal-based nodes and organic multi-carboxylate linkers) is expected to have 2D pores 

and 3D cavities that are largely hydrophobic, though unlikely as hydrophobic as the interior 

environment of K+β-CD MOF. It therefore stands to reason that no cholesterol uptake was 

observed for DUT-52 and MOF-5 as without a sufficiently large hydrophobic effect to drive 

guest uptake, larger PLDs would be required to comfortably accommodate cholesterol 

molecules.  

An important aside is that the structural topology of MIL-53 (Al) is a 44 net (Figure 2.3), and 

it, along with MOFs of the same ‘wine rack-like’ sql topology, are known to exhibit breathing 

behaviour.49,50 This is described as the narrowing or widening of the rhomboidal pores in 

response to guest uptake, heat, or other external stimuli and could lead to the ‘true’ PLD of 
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activated MIL-53 (Al) being lower than the given literature value. This would be an important 

consideration if MIL-53 (Al) were synthesised as previously reported. 

 

Figure 2.3 - Structure of a rhomboidal pore of MIL-53 (Al). CSD reference: SABVUN01. 

 

As the MOFs in Table 2.1 increase in PLD, cholesterol uptake was then observed. UiO-67, a 

MOF that consists of 12-connected Zr6 nodes bridged by biphenyl-4,4’-dicarboxylate linkers, 

shows very limited cholesterol uptake (1 molecule of cholesterol found in every 125 cavities 

when soaked in the most concentrated solution of cholesterol). These results suggested that 

the optimal PLD would be only slightly larger than 11.5 Å. Indeed, the next two MOFs in the 

series were the highest-performing materials for cholesterol uptake. DUT-67 and MOF-808, 

comprising Zr6 nodes linked by thiophene-2,5-dicarboxylate and                                                

benzene-1,3,5-tricarboxylate units, respectively, both showed superior cholesterol uptake to 

K+β-CD MOF from a 5 mM solution (note: while the numerical values for MOF-808’s 

cholesterol uptake are extreme, which is likely a result of accumulated experimental error, 

the general trends that are shown by Table 2.1 are still completely sensible). Therefore, it 

can be reasonably concluded that a PLD between 15 - 20 Å is an ideal size to accommodate 

cholesterol as a guest molecule, in that maximal Van der Waals forces are available between 

cholesterol and the internal surface of the MOF’s pores. Moreover, DUT-67 and MOF-808 are 

the only two entries with topologies (reo and spn) that result in circular pores and/or cavities 

(shown in Supplementary Figs. 2.7.5 and 2.8.5). These pores imitate the interior of a                   

β-cyclodextrin molecule, and the exceptional uptake capability of these MOFs suggest that it 
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is important to consider pore shape (inherently linked to MOF topology) in addition to pore 

size when designing porous materials as molecular hosts. We also sought to exploit hydroxyl 

ligands found in the MOF nodes to interact favourably with the hydroxyl group of cholesterol. 

If this were the case, the MOFs possessing the most (4) hydroxyl groups per node - UiO-67 

and MOF-808 - should have a high uptake. Although the PLD of UiO-67 was evidently too 

narrow for optimal uptake, MOF-808 outperformed DUT-67, a MOF analogous in pore shape 

and size, that features half as many hydroxyl ligands per node. If these hydroxyl ligands on 

the Zr6 nodes do interact favourably with cholesterol, then MOF-808 should indeed have the 

higher uptake. This was seen to be the case. Nonetheless, single crystal XRD-resolved 

structural data of adsorbed cholesterol within these MOFs would need to be collected to fully 

prove that this was the underlying cause of this disparity. To summarise, the outstanding 

cholesterol uptake of DUT-67 and MOF-808 are indicative of a complex uptake mechanism 

which, as our data suggests, is contingent on: (i) pore size, (ii) pore shape and (iii) electrostatic 

environment of the pore surface. 

As the series continues to mesoporous MOFs (PLDs exceeding 20 Å), a notable reduction in 

cholesterol uptake is observed. All five of the final candidates - MOF-180 through to            

MOF-210- showed moderate uptake, though surprisingly, for IRMOF-16 this was only the 

case when soaked in the 20 mM ethanolic cholesterol solution. A number of challenges are 

encountered when mesoporous MOFs are used for molecular uptake. For example, the large 

pore sizes can allow for rapid diffusion of the guest in and out of the MOF material. Further, 

increased pore and cavity sizes can encourage different topological effects, such as 

interpenetration through the MOF matrix. An additional challenge that we encountered was 

that upon MOF digestion, the long/large polyaromatic linkers that comprise the mesoporous 

entries did not readily dissolve into the solvent mixture used for liquid phase 1H NMR 

experiments.  It was particularly difficult to encourage terphenyl linker 2 to dissolve, which 
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may justify our observations that IRMOF-16 adsorbed no cholesterol when submerged in a 5 

mM solution, but sequestered significant quantities when submerged in a 20 mM solution.   

The measured PXRD patterns of the final three entries - MOF-205, IRMOF-16 and MOF-210 - 

all showed evidence of framework collapse, i.e. an overall amorphisation with peaks roughly 

aligning along the 2θ axis with simulated patterns. The tendency of mesoporous MOFs to 

undergo framework collapse under typical ‘solvent exchange’ activation protocols, and how 

to diagnose this with PXRD, has been recently reported by Matzger et al.51 Interestingly, the 

three MOFs all showed decent cholesterol uptake in spite of the apparent structural collapse. 

Nonetheless, in order to successfully activate these entries for use in uptake studies, more 

sophisticated techniques such as using supercritical carbon dioxide, benzene freeze-drying 

or other chemical treatment may be required.52 

 

Conclusions 

Thirteen MOF materials were synthesised following literature procedures, and then 

characterised by PXRD, TGA and SEM imaging. The ability of each MOF to remove cholesterol 

from ethanolic solution was quantified by liquid phase 1H NMR studies. Two of the entries, 

DUT-67 and MOF-808, showed exceptional uptake, which we attribute to a combination of 

favourable pore size, pore shape and electrostatic environment around the pore surface. 

Candidates with PLDs narrower than these entries were shown to uptake little to no 

cholesterol, as were the majority of candidates with larger, meso- PLDs. The characterisation 

data indicate that eight of the thirteen entries formed with different topologies to their 

originally referenced materials, three of which we ascribe to framework collapse during 

activation. This work further elucidates the intricate relationship between MOF adsorbents 

of varying lattice structures and cholesterol as a guest molecule. The outstanding cholesterol 
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uptake abilities of MOF-808 and DUT-67 are encouraging results that indicate that these two 

MOFs may be appropriate therapeutic tools for atherosclerosis remediation.   
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S1. General Methods 

All reagents were purchased from Sigma Aldrich or Fischer Scientific and were used as 

received.  

 

NMR Spectroscopy. 1H NMR spectra were recorded on a Varian Unity 400 MHz spectrometer 

(measurements taken at 399.945 MHz) at a constant temperature of 298 K, and were 

processed using MestReNova version 6.0.2.  

 

Powder X-Ray Diffraction. PXRD analysis was shared between Dr. Ven Reddy at the UNB        

X-ray Facility and Dr. Donna Arnold at the School of Physical Sciences, University of Kent. 

PXRD analysis for all samples except for IRMOF-16 (12 materials) was carried out by Dr. Ven 

Reddy at the UNB X-ray facility. X-ray powder patterns for all samples were measured using 

a Bruker D8 Advance spectrometer. Samples were packed into the circular well on the 

sample-holder, which was placed on the sample stage with three reference points for sample 

height. The diffractometer was equipped with a two circle (theta-theta) goniometer housed 

in a radiation safety enclosure. The X-ray source was a sealed, 2.2 kW Cu X-ray tube, 

maintained at an operating voltage/current of 40 kV and 25 mA, respectively. The X-ray optics 

was that of standard Bragg-Brentano para-focusing mode with the X-rays diverging from a 

divergence slit (1.00 mm) at the tube to strike the sample and then converging through an 

anti-scatter receiving slit (1.00 mm) and a detector slit (0.20 mm). The goniometer was 

computer controlled with independent stepper motors and optical encoders for the θ and 2θ 

circles with the smallest angular step size of 0.0001° 2θ. Samples were scanned in the range 

of 3-50° 2θ. A step size of 0.02° and a step time of 1.0 sec were used during the 

measurements. A peltier-cooled solid-state [Si(Li)] detector (Sol-X) with a useful energy range 
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of 1 to 60 KeV was used as the detector. No correction was made for Kβ radiation. A set of 2° 

Soller slits were used in order to lower horizontal beam divergence. The software suite for 

data collection and evaluation was Windows based. Data collection was a manually-

controlled JOB program that employs a DQL parameter file. The raw data obtained from the 

spectrometer was analyzed and refined by the program EVA (Bruker), and plots were 

produced using Microsoft Excel 2016. PXRD data is shown alongside a ‘simulated’ plot 

collected from a given MOF’s crystallographic data (.cif files sourced from CSD). 

PXRD analysis of IRMOF-16 was conducted by Dr. Donna Arnold at the School of Physical 

Sciences, University of Kent. Dr Arnold also performed second analyses of DUT-52, ZIF-6, 

COD4302828 (Eu), MIL-53 (Al), MOF-180, UMCM-1, MOF-205 and MOF-210. Room 

temperature x-ray diffraction data were collected on the Rigaku Miniflex 600 diffractometer 

equipped with Cu Kα radiation (λ = 1.5406 Å) operating at 40 kV and 15 mA. Data were 

collected over a two theta range of 3-50° with a step size of 0.02 degrees and a scan rate/step 

of 0.5 seconds. The raw data obtained from the spectrometer was analyzed and refined by 

the program EVA (Bruker), and plots were produced using Microsoft Excel 2016. PXRD data 

is shown alongside a ‘simulated’ plot collected from a given MOF’s crystallographic data (.cif 

files sourced from CSD). 

 

Thermogravimetric Analysis. TGA was carried out on a LABSYS evo instrument.  40 - 50 mg 

of dry MOF powder was loaded into a crucible prior to analysis. The sample was pre-heated 

to 30 oC, and then heated to 800 oC at a rate of 10 oC /min. Nitrogen gas was flushed through 

the setup at a flow rate of 40 mL/min. Data was collected over this range and processed, 

converted from absolute mass to weight percentage, and plotted in Microsoft Excel 2016.  
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Scanning Electron Microscopy. Secondary electron images were collected at the UNB 

Microscopy and Microanalysis Facility with a JEOL JSM-6400 Scanning Electron Microscope 

using an accelerating voltage of 15 kV. Images were acquired using a Digiscan II controlled by 

Gatan Digital Micrograph software. Samples were attached to mounting stubs with carbon 

tape, and coated with gold for conductivity by sputtering using an Edwards S150A coater.  

Note: SEM images shown in Figure 1 were digitally colourised using Adobe Photoshop Version 

20.0.0. 

 

Cholesterol Uptake Studies. Four small samples (  2̴0 mg) of each MOF were placed into 

labelled vials and the following preparations were carried out: (i) a control sample was left 

untouched, (ii) MOF powder was soaked in a 5 mM ethanolic solution of cholesterol, (iii) MOF 

powder was soaked in a 10 mM ethanolic solution of cholesterol and (iv) MOF powder was 

soaked in a 20 mM ethanolic solution of cholesterol. Samples ii - iv were left to soak for 24 h, 

after which the MOF samples were individually recollected by vacuum filtration and washed 

with a small amount of ethanol. All samples were then dissolved/digested into a deuterated 

solvent mixture of DMSO-d6 (0.5 mL) and D2SO4 (2 drops). 1H NMR spectra were collected of 

each sample and distinct peaks corresponding to protons of linker molecules and cholesterol 

were used to calculate how many cholesterol molecules were present per MOF cavity. A 1H 

NMR spectrum of cholesterol in DMSO-d6 was also taken for reference. 
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S2. MOF Portfolio: Synthesis, PXRD, TGA, SEM and cholesterol uptake study 

 

S2.1. DUT-52  

 

ZrCl4 (0.650 g, 2.79 mmol), 2,6-napthlene dicarboxylic acid, 0.200 g, 0.922 mmol) and                 

L-proline (0.650 g, 5.65 mmol) were added to a WHEATON pressure plus bottle and dissolved 

in DMF (50 mL) by sonication. The mixture was heated in an oven at 120 °C for 24 h. A white 

powder formed during this time, which was collected by vacuum filtration. The solid was 

washed with DMF (3 x 15 mL) and DCM (3 x 15 mL). The product was then left to sit 

submerged in DCM over two days, replenishing the DCM after one day, and was then dried 

under high vacuum overnight to give DUT-52 as a white powder.   

 

 

Supplementary Figure 2.1.1 - PXRD plots (measured and simulated) for DUT-52. 
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Supplementary Figure 2.1.2 - TGA curve for DUT-52. 

 

 

 

 

 

Supplementary Figure 2.1.3 - SEM Images of DUT-52. 
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Supplementary Figure 2.1.4 - 1H NMR plots of: (i) digested DUT-52, (ii) cholesterol in DMSO-d6, (iii) digested DUT-

52 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested DUT-52 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested DUT-52 after soaking in a 20 mM ethanolic cholesterol solution. 
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S2.2. ZIF-6  

 

The synthesis of ZIF-6 was carried out by following a conventional solvothermal method from 

the literature.1 Zn(NO3)2·4H2O (0.500 g, 1.912 mmol) and imidazole (1.302 g, 19.12 mmol) 

were added to a WHEATON pressure plus bottle and dissolved in DMF (15 mL). The mixture 

was sonicated until total dissolution was observed, and then heated in an oven at 85 °C for 

72 h. A white, crystalline solid evolved during this time, which was collected by vacuum 

filtration and washed with DMF (3 x 10 mL) and DCM (3 x 10 mL). The product was then left 

to sit submerged in DCM over two days, replenishing the DCM after one day, and dried under 

high vacuum overnight to give ZIF-6 as a white crystalline solid.  

 

 

 

Supplementary Figure 2.2.1 - PXRD plots (measured and simulated) for ZIF-6. 
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Supplementary Figure 2.2.2 - TGA curve for ZIF-6. 

 

 

 

 

 

Supplementary Figure 2.2.3 - SEM Images of ZIF-6. 
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Supplementary Figure 2.2.4 - 1H NMR plots of: (i) digested ZIF-6, (ii) cholesterol in DMSO-d6, (iii) digested ZIF-6 

after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested ZIF-6 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested ZIF-6 after soaking in a 20 mM ethanolic cholesterol solution. 
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S2.3 COD4302828 (Eu) 

 

Synthesis of COD4302828 (Eu) was carried out following a procedure from the literature.2 A 

mixture of Eu(NO3)3·6H2O (0.223 g, 0.500 mmol), imidazole-4,5-dicarboxylic acid (H3IDC, 

0.078 g, 0.500 mmol), oxalic acid (0.068 g, 0.755 mmol) and KOH (0.140 g, 2.50 mmol) in 

water (10 mL) was homogenised by sonication at room temperature for 20 minutes. The 

resulting mixture was transferred to a 20 mL Teflon-lined stainless steel autoclave and the 

vessel was tightly sealed, before it was heated at 170 oC for 3 days under autogenous 

pressure. COD4302828 (Eu) was observed as a flaky white solid which required no further 

isolation.  

 

 

 

Supplementary Figure 2.3.1 - PXRD plots (measured and simulated) for COD4302828 (Eu). 
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Supplementary Figure 2.3.2 - TGA curve for COD4302828 (Eu). 

 

 

 

 

 

Supplementary Figure 2.3.3 - SEM Images of COD4302828 (Eu). 
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Supplementary Figure 2.3.4 - 1H NMR plots of: (i) digested COD4302828 (Eu), (ii) cholesterol in DMSO-d6, (iii) 

digested COD4302828 (Eu) after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested COD4302828 (Eu) 

after soaking in a 10 mM ethanolic cholesterol solution and (v) digested COD4302828 (Eu) after soaking in a 20 

mM ethanolic cholesterol solution. 
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S2.4. MIL-53 (Al) 

 

MIL-53 (Al) was synthesised by a solvothermal method following a literature procedure.3 

Al(NO3)3·9H2O (1.30 g, 3.50 mmol) and terephthalic acid (H2BDC, 0.288 g, 1.75 mmol) were 

mixed in water (5 mL) and transferred to a 20 mL Teflon-lined stainless steel autoclave. The 

vessel was placed in an oven at 220 oC and left for 72 h. After completion of the reaction, the 

autoclave was allowed to cool to room temperature, the product was filtered and washed 

four times with deionised water, twice with DMF and four times with DCM. The product was 

then left to sit submerged in DCM over two days, replenishing the DCM after one day, and 

dried under high vacuum overnight to give MIL-53 (Al) as a pale yellow powder.   

 

 

 

Supplementary Figure 2.4.1 - PXRD plots (measured and simulated) for MIL-53 (Al).  
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Supplementary Figure 2.4.2 - TGA curve for MIL-53 (Al). 

 

 

 

 

 

Supplementary Figure 2.4.3 - SEM Images of MIL-53 (Al). 
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Supplementary Figure 2.4.4 - 1H NMR plots of: (i) digested MIL-53 (Al), (ii) cholesterol in DMSO-d6, (iii) digested 

MIL-53 (Al) after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MIL-53 (Al) after soaking in a 10 

mM ethanolic cholesterol solution and (v) digested MIL-53 (Al) after soaking in a 20 mM ethanolic cholesterol 

solution. 
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S2.5. MOF-5  

 

The synthesis of MOF-5 was carried out by following a conventional solvothermal method 

from the literature.4 Zn(NO3)2·4H2O (0.446 g, 2.335 mmol) and terephthalic acid (0.083 g,    

0.50 mmol) were added to a WHEATON pressure plus bottle and dissolved in a mixture of 

DMF (49 mL) and H2O (1 mL). The mixture was sonicated until total dissolution was observed, 

and then heated in an oven at 100 °C for 7 h. A white powder evolved during this time, which 

was collected by vacuum filtration and washed with DMF (3 x 15 mL) and DCM (3 x 15 mL). 

The product was then left to sit submerged in DCM over two days, replenishing the DCM 

after one day, and dried under high vacuum overnight to give MOF-5 as a white powder.   

 

 

 

Supplementary Figure 2.5.1 - PXRD plots (measured and simulated) for MOF-5. 
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Supplementary Figure 2.5.2 - TGA curve for MOF-5. 

 

 

 

 

 

Supplementary Figure 2.5.3 - SEM Images of MOF-5. 
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Supplementary Figure 2.5.4 - 1H NMR plots of: (i) digested MOF-5, (ii) cholesterol in DMSO-d6, (iii) digested MOF-

5 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-5 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested MOF-5 after soaking in a 20 mM ethanolic cholesterol solution. 
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S2.6. UiO-67  

 

The synthesis of UiO-67 was carried out by following a conventional solvothermal method 

from the literature.5 A WHEATON pressure plus bottle was charged with ZrCl4 (251 mg, 1.08 

mmol), HCl (35 %, 76 µL, 0.86 mmol HCl, 3.2 mmol H2O), benzoic acid (1.32 g, 10.8 mmol) and 

4,4-biphenyl dicarboxylic acid (255 mg, 1.08 mmol), and to this mixture was added DMF (25 

mL). The bottle was placed into the oven at 120 °C with the lid left loose, to allow for the 

escape of volatile by-products, and was left heating for 48 h. A white powder was recovered 

from the bottom of the flask, and this was washed with DMF (3 x 10 mL) and THF (3 x 10 mL). 

The solid was then left to sit submerged in DCM, over two days, replenishing the DCM after 

one day, and then dried under vacuum overnight to give UiO-67 as a white powder. 

 

 

 

Supplementary Figure 2.6.1 - PXRD plots (measured and simulated) for UiO-67. 
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Supplementary Figure 2.6.2 - TGA curve for UiO-67. 

 

 

 

 

 

Supplementary Figure 2.6.3 - SEM Images of UiO-67. 
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Supplementary Figure 2.6.4 - 1H NMR plots of: (i) digested UiO-67, (ii) cholesterol in DMSO-d6, (iii) digested UiO-

67 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested UiO-67 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested  UiO-67 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.6.5 - Cavity cross section of UiO-67. CSD refcode: WIZMAV. 

 

The cross section above in Supp. Fig. 2.6.5 shows 8 inward-facing protons of the type HF. 

There are an additional 8 HF protons provided by struts in and out of the page (to complete 

an octahedral cavity). With 16 total HF protons per cavity, and 6 HB protons per cholesterol 

molecule, the relative integration values shown in Supp. Fig. 2.6.4 lead to the following 

numbers of cholesterol molecules per cavity: 1 : 36 (5 mM soak), 1 : 36 (10 mM soak) and 1 : 

18 (20 mM soak). 
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S2.7. DUT-67 

 

DUT-87 was synthesised following a literature procedure.6 H2TDC (0.345 g, 2.00 mmol) and 

zirconyl chloride octahydrate (0.95 g, 3.00 mmol) were placed into a 250 mL WHEATON 

pressure plus bottle. DMF (100 mL) and formic acid (55 mL) were added and the solids were 

dissolved by sonication. The bottle was capped and placed into an oven at 130 oC for 72 

hours. A white powder emerged from solution over this time and was allowed to cool to 

room temperature and collected by vacuum filtration, before being washed with DMF (3 x 

30 mL) and acetone (3 x 20 mL). The solid was then soaked in acetone for three days, which 

was replenished each 24-hour soaking period, and dried under vacuum to give DUT-67 as a 

white, crystalline powder.  

 

 

 
Supplementary Figure 2.7.1 - PXRD plots (measured and simulated) for DUT-67. 
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Supplementary Figure 2.7.2 - TGA curve for DUT-67. 

 

 

 

 

 

Supplementary Figure 2.7.3 - SEM Images of DUT-67. 
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Supplementary Figure 2.7.4 - 1H NMR plots of: (i) digested DUT-67, (ii) cholesterol in DMSO-d6, (iii) digested DUT-

67 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested DUT-67 after soaking in a 10 mM ethanolic 

cholesterol solution and (v) digested DUT-67 after soaking in a 20 mM ethanolic cholesterol solution. 



70 
 

 
Supplementary Figure 2.7.5 - Half of a cavity of DUT-67. CSD refcode: XICNOO. 

 

The half cavity above in Supp. Fig. 2.7.5 shows 12 molecules of H2TDC - there are 24 molecules 

in a whole cavity. These 24 H2TDC molecules confer 48 protons of the type HG. Each molecule 

is an edge between three other cavities, meaning that there are 12 HG protons per cavity. 

With 12 total HG protons per cavity, and 6 HB protons per cholesterol molecule, the relative 

integration values shown in Supp. Fig. 2.7.4 lead to the following numbers of cholesterol 

molecules per cavity: 1.4 : 1 (5 mM soak), 1.7 : 1 (10 mM soak) and 1.8 : 1 (20 mM soak). 
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S2.8. MOF-808 

 

 

Caution! A large pressure build-up occurs over the course of this reaction, and great care 

should be taken in opening the pressure flask. Moreover, the reaction should only be scaled 

up with proper precautions. 

The synthesis of MOF-808 was carried out by following a conventional solvothermal method 

from the literature.7 ZrCl4 (0.2330 g, 1 mmol) and trimesic acid (0.0701 g, 0.333 mmol) were 

added to a WHEATON pressure plus bottle and dissolved in a mixture of DMF (15 mL) and 

formic acid (>98%, ACROS, 15 mL, 400 mmol). The mixture was sonicated until total 

dissolution, and then left in an oven at 130 °C for 24 h. A white powder evolved during this 

time, which was collected by vacuum filtration and washed with DMF (3 x 15 mL) and acetone 

(3 x 15 mL). The solid was then left submerged in acetone, over two days, replenishing the 

acetone after one day, and dried in vacuo overnight to give MOF-808 as a white powder.   
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Supplementary Figure 2.8.1 - PXRD plots (measured and simulated) for MOF-808. 

 

 

 

 

Supplementary Figure 2.8.2 - TGA curve for MOF-808. 
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Supplementary Figure 2.8.3 - SEM Images of MOF-808. 

 

 

 

 

Supplementary Figure 2.8.4 - 1H NMR plots of: (i) digested MOF-808, (ii) cholesterol in DMSO-d6, (iii) digested 

MOF-808 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-808 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested MOF-808 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.8.5 - Cavity cross section of MOF-808. CSD refcode: BOHWUS. 

 

The cross section above in Supp. Fig. 2.8.5 shows 6 inward-facing protons of the type HH. In 

addition to the H3BTC linkers shown above, there are a second set of linkers binding the same 

Zr nodes (not pictured purely for clarity). These 12 inward-facing HH protons, and an 

additional 18 from struts in and out of the page, give 30 HH protons per cavity. With a total 

of 30 HH protons per cavity, and 6 HB protons per cholesterol molecule, the relative 

integration values shown in Supp. Fig. 2.8.4 lead to the following numbers of cholesterol 

molecules per cavity: 11 : 1 (5 mM soak), 16 : 1 (10 mM soak) and 32 : 1 (20 mM soak). 
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S2.9. MOF-180 

 

MOF-180 was synthesised according to a literature procedure.8 A solid mixture of zinc (II) 

nitrate hexahydrate (3.00 g, 10.08 mmol) and H3BTE (0.300 g, 0.5877 mmol) was dissolved 

into a mixture of DMF (25 mL) and NMP (25 mL) in a WHEATON pressure plus bottle by 

sonicating. The bottle was then sealed and placed into an oven at 85 oC for 96 hours. A brown 

powder formed from the solution over this time, which was collected by vacuum filtration 

once the reaction mixture had cooled to room temperature. The solid was washed with DMF 

(3 x 10 mL) and acetone (3 x 10 mL) and was then soaked in acetone over three days, with 

the acetone being replenished after each day. The solid was then dried under vacuum to give 

MOF-180 as a pale brown powder.    

 

 

 
Supplementary Figure 2.9.1 - PXRD plots (measured and simulated) for MOF-180. 
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Supplementary Figure 2.9.2 - TGA curve for MOF-180. 

 

 

 

 

 

Supplementary Figure 2.9.3 - SEM Images of MOF-180. 

 

 

 

 



77 
 

 

 

Supplementary Figure 2.9.4 - 1H NMR plots of: (i) digested MOF-180, (ii) cholesterol in DMSO-d6, (iii) digested 

MOF-180 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-180 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested MOF-180 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.9.5 - Half of a cavity in MOF-180. CSD refcode: CUSXIY. 

 

The half cavity above in Supp. Fig. 2.9.5 shows 7 molecules of H3BTE, with an eighth molecule 

hidden from view (behind the central H3BTE linker). These 8 H3BTE molecules confer 24 

protons of the type HI, and are not shared with any other cavities. With 24 total HI protons 

per cavity, and 6 HB protons per cholesterol molecule, the relative integration values shown 

in Supp. Fig. 2.9.4 lead to the following numbers of cholesterol molecules per cavity: 1 : 1.6  

(5 mM soak), 1 : 1.4 (10 mM soak) and 1 : 1.0 (20 mM soak). 
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S2.10. UMCM1 

 

UMCM1 was synthesised following a literature procedure.9 Zinc nitrate hexahydrate        

(0.664 g, 2.539 mmol) was placed inside a 250 mL WHEATON pressure plus bottle and 

dissolved in 30 mL DEF alongside terephthalic acid (0.105 g, 0.635 mmol) and H3BTB          

(0.250 g, 0.562 mmol). The mixture was sonicated for 15 minutes, the bottle was sealed and 

heated in an isothermal oven at 85 oC for three days. Colourless crystals were observed to 

have formed over this time. The reaction was then left to cool to room temperature and the 

solid was collected by vacuum filtration, and washed with fresh DMF (3 x 10 mL). The washed 

solid was then left to sit in DCM over three days, with the DCM being replenished after each 

day of soaking. The solid was dried under vacuum to give UMCM-1 as a white solid.   

 

 

 
Supplementary Figure 2.10.1 - PXRD plots (measured and simulated) for UMCM-1. 
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Supplementary Figure 2.10.2 - TGA curve for UMCM-1. 

 

 

 

 

 

Supplementary Figure 2.10.3 - SEM Images of UMCM-1. 
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Supplementary Figure 2.10.4 - 1H NMR plots of: (i) digested UMCM-1, (ii) cholesterol in DMSO-d6, (iii) digested 

UMCM-1 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested UMCM-1 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested UMCM-1 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.10.5 - Part of a UMCM-1 cavity. CSD refcode: KISXIU. 

 

The partial cavity above in Supp. Fig. 2.10.5 shows 3 molecules of terephthalic acid. An 

additional 3 are present per tetrahedral unit shown above. However, larger hexagonal 

cavities are formed between six tetrahedral units (this has been illustrated more clearly by 

Halls et al.10). There are therefore 36 terephthalic acid molecules in a whole cavity, and 4 

protons of the type HE per terephthalic acid molecule, though each molecule is shared 

between two cavities. Resultantly, there are a total of 72 HE protons per cavity. With 72 total 

HE protons per cavity, and 6 HB protons per cholesterol molecule, the relative integration 

values shown in Supp. Fig. 2.10.4 lead to the following numbers of cholesterol molecules per 

cavity: 1 : 5.5 (5 mM soak), 1 : 3.4 (10 mM soak) and 1 : 2.8 (20 mM soak). 
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S2.11. MOF-205 

 

MOF-205 was synthesised following a literature procedure.8 A solid mixture of zinc nitrate 

hexahydrate (0.830 g, 0.273 mmol), 2,6-napthalene dicarboxylic acid (0.205 g, 0.957 mmol) 

and H3BTB (0.250 g, 0.566 mmol) was placed into a 250 mL WHEATON pressure plus bottle 

and dissolved into a mixture of DMF (50 mL) and EtOH (5 mL). The bottle was capped and 

heated in an oven at 95 oC for 24 h. The reaction mixture was then allowed to cool to room 

temperature and a white powder had formed, which was collected by vacuum filtration and 

washed with DMF (3 x 10 mL) and acetone (3 x 10 mL). The solid was then soaked in acetone 

over three days, replenishing the acetone after each day of soaking, before it was dried under 

vacuum to give MOF-205 as a white powder.  

 

 

 
Supplementary Figure 2.11.1 - PXRD plots (measured and simulated) for MOF-205. 
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Supplementary Figure 2.11.2 - TGA curve for MOF-205. 

 

 

 

 

 

Supplementary Figure 2.11.3 - SEM Images of MOF-205. 
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Supplementary Figure 2.11.4 - 1H NMR plots of: (i) digested MOF-205, (ii) cholesterol in DMSO-d6, (iii) digested 

MOF-205 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-205 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested MOF-205 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.11.5 - Half of a MOF-205 cavity. CSD refcode: SUKXUS. 

 

The half cavity above in Supp. Fig. 2.11.5 shows 3 molecules of 2,6-napthalene dicarboxylic 

acid - an additional 3 molecules are provided by the second half of the cavity. These 6 

molecules of 2,6-napthalene dicarboxylic acid confer 12 protons of the type HA. Each 

molecule is an edge between three other cavities, so there are 3 HA protons per cavity. With 

3 total HA protons per cavity, and 6 HB protons per cholesterol molecule, the relative 

integration values shown in Supp. Fig. 2.11.4 lead to the following numbers of cholesterol 

molecules per cavity: 1 : 24.5 (5 mM soak), 1 : 17.6 (10 mM soak) and 1 : 14.5 (20 mM soak). 
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S2.12. IRMOF-16 

 

4-methoxycarbonylphenyl boronic acid (0.250 g, 1.39 mmol, 2.4 eq.), 1,4-diiodobenzene 

(0.191 g, 0.5788 mmol, 1.0 eq.), Pd(PPh3)4 (0.0335 g, 0.029 mmol, 0.5 mol %) and Na2CO3 

(0.6623 g, 6.250 mmol) were added to a 30 mL microwave tube and the mixture of solids was 

kept under a gentle stream of nitrogen. A mixture of THF (12 mL) and water (6 mL) was 

degassed by bubbling nitrogen through it for 20 minutes. The degassed solvents were 

transferred to the microwave tube containing the solids and the tube was sealed. The 

reaction mixture was then heated by microwave irradiation (Anton Paar Monowave 300) at 

140 oC for 11 minutes. Once the reaction was complete, the microwave tube was cooled in 

an ice bath for 10 minutes before being filtered. The collected solid was washed with water 

(2 x 10 mL) and then THF (2 x 10 mL) before being allowed to air dry overnight. 1 was collected 

as a brown solid (0.110 g, 54.9 % yield).  

δH (400 MHz, DMSO-d6) 8.09 (d, J = 8.0 Hz, 4H), 7.97-7.91 (m, 8H), 3.91 (s, 6H).  

Literature11 - δH = 7.61 (s, 4H), 7.57 (d, 4H, J = 8.75 Hz), 6.99 (d, 4H, J = 8.75 Hz), 3.86 (s, 6H). 
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Supplementary Figure 2.12.1 - 1H NMR spectrum (400 MHz, DMSO-d6) of compound 1. 
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1 (0.464 g, 1.340 mmol, 1.0 eq.) was suspended in THF (60 mL) by stirring. Separately, NaOH 

(0.536 g, 13.40 mmol, 10 eq.) was dissolved in water (60 mL) and added to the suspension 

containing the diester. The reaction mixture was heated to 75 oC and allowed to reflux 

overnight. The flask was then removed from the heat and allowed to cool to room 

temperature, before 6 M HCl was added until the solution’s pH was ~ 1. The resultant 

precipitate was filtered and washed with water (2 x 15 mL) and THF (2 x 10 mL) before being 

allowed to air dry overnight. 2 was collected as a dark grey solid (0.247 g, 57.9 %).  

δH (400 MHz, DMSO-d6) 12.97 (s, 2H), 8.05 (d, J = 8.0 Hz, 4H) 7.91-7.85 (m, 8H). Note: 1H NMR 

sample had to be warmed with a heat gun to solubilise 2 into DMSO-d6. 

Literature12 - δH (300MHz, CDCl3) 8.23 (d, J = 8.2Hz, 4H), 7.79 (d, J = 8.2Hz, 4H), 7.78 (m, 4H). 
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Supplementary Figure 2.12.2 - 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2. 
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The synthetic protocol used to prepare IRMOF-16 was modified from a Yaghi et al. patent.13 

Zinc nitrate hexahydrate (0.446 g, 1.500 mmol) and 2 (0.120 g, 0.3770 mmol) were mixed 

with a mixture of N,N-diethylformamide (30 mL) and N-methyl-2-pyrrolidone (30 mL) in a 

100 mL WHEATON pressure plus bottle. The solids were dissolved by sonication (20 minutes) 

and the solution was then heated in an oven at 100 oC for 48 hours. Upon cooling the bottle 

to room temperature, the solid that had formed over this time was collected by vacuum 

filtration and washed with fresh DEF (3 x 15 mL). The washed solid was then left to sit in 

acetone over three days, with the acetone being replenished after each day of soaking. The 

solid was then dried in air to give IRMOF-16 as large beige crystals. 

 

 

 
Supplementary Figure 2.12.3 - PXRD plots (measured and simulated) for IRMOF-16. 
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Supplementary Figure 2.12.4 - TGA curve for IRMOF-16. 

 

 

 

 

 

Supplementary Figure 2.12.5 - SEM Images of IRMOF-16. 
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Supplementary Figure 2.12.6 - 1H NMR plots of: (i) digested IRMOF-16, (ii) cholesterol in DMSO-d6, (iii) digested 

IRMOF-16 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested IRMOF-16 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested IRMOF-16 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.12.7 - Cavity cross section (left) and an entire cavity (right) of IRMOF-16. Insufficient data 

was available from the crystal structure file found in the CSD (refcode: EDUWAB) - pictured above are our 

renditions.  

 

A single molecule of linker 2 has a total of eight HJ/HK protons. In the cavity shown in Supp. 

Fig. 2.12.7 (right), there are a total of 12 molecules of 2. Each linker molecule is shared 

between three other adjacent cavities, so 24 protons of the type HJ/HK are present for each 

cavity. With 24 total HJ/HK protons per cavity, and 6 HB protons per cholesterol molecule, the 

relative integration values shown in Supp. Fig. 2.12.6 lead to the following numbers of 

cholesterol molecules per cavity: 1 : 6.0 (10 mM soak) and 3.1 : 1 (20 mM soak). 
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S2.13. MOF-210 

 

MOF-210 was synthesised following a literature procedure.8 A solid mixture of zinc nitrate 

hexahydrate (1.025 g, 3.444 mmol), H3BTE (0.200 g, 0.392 mmol) and 4,4’-biphenyl 

dicarboxylic acid (0.380 g, 1.568 mmol) was dissolved in a mixture of DMF ( 50 mL) and NMP 

(50 mL) in a 250 mL WHEATON pressure plus bottle by sonicating for 15 minutes. Once the 

solids had dissolved, the vessel was sealed and heated in an oven at 95 oC for 72 h. The 

reaction mixture was cooled to room temperature, and the brown solid that had formed over 

this time was collected by vacuum filtration and washed with DMF (3 x 10 mL) and acetone 

(3 x 10 mL). The solid was then immersed in acetone for three days, replenishing the acetone 

after each day of soaking. Drying the solid in vacuo gave MOF-210 as a pale brown solid.  

 

 

 
Supplementary Figure 2.13.1 - PXRD plots (measured and simulated) for MOF-210. 
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Supplementary Figure 2.13.2 - TGA curve for MOF-210. 

 

 

 

 

 

Supplementary Figure 2.13.3 - SEM Images of MOF-210. 
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Supplementary Figure 2.13.4 - Aromatic region of the 1H NMR (400 MHz, DMSO-d6/D2SO4) spectrum of digested 

MOF-210. 

 

A cholesterol uptake 1H NMR study of MOF-210 was performed, and no individual and 

distinct peaks in the 1H NMR spectra could be immediately discerned to use in the following 

calculations. Upon looking closer, and assigning protons from both 4,4’-biphenyl dicarboxylic 

acid and H3BTE linker molecules, it was decided that HF would be the most appropriate 

proton to take forward for cholesterol uptake calculations. 
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Supplementary Figure 2.13.5 - 1H NMR plots of: (i) digested MOF-210, (ii) cholesterol in DMSO-d6, (iii) digested 

MOF-210 after soaking in a 5 mM ethanolic cholesterol solution, (iv) digested MOF-210 after soaking in a 10 mM 

ethanolic cholesterol solution and (v) digested MOF-210 after soaking in a 20 mM ethanolic cholesterol solution. 
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Supplementary Figure 2.13.6 - MOF-210 cavity. CSD refcode: CUSYAR. 

 

The cavity above in Supp. Fig. 2.13.6 shows 6 molecules of 4,4’-biphenyl dicarboxylic acid - 3 

molecules on the left side (one in the top left corner and two in the bottom left corner) and 

three on the right side. These 6 molecules of 4,4’-biphenyl dicarboxylic acid confer 24 protons 

of the type HF. Each molecule is a vertex between another cavity, so there are 12 HF protons 

per cavity. With 12 total HF protons per cavity, and 6 HB protons per cholesterol molecule, 

the relative integration values shown in Supp. Fig. 2.13.5 lead to the following numbers of 

cholesterol molecules per cavity: 1 : 12.5 (5 mM soak), 1 : 14.3 (10 mM soak) and 1 : 7.4        

(20 mM soak). 
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Abstract 

Lipid bilayer-encased porous materials are currently under development for a range of 

biomedical applications. Enclosing porous materials within a lipid bilayer shell brings 

numerous benefits, e.g. ‘camouflaging’ the cargo from the body’s defence systems and 

ameliorating any bodily build-up of the particles. Herein is described our attempts towards 

encapsulating metal-organic framework (MOF) particles within lipid bilayer capsules. Two 

vesicle-producing methodologies - electroformation and the inverse-emulsion technique - 

are explored and the shortcomings of these strategies outlined. Moreover, our ongoing work 

to enclose MOF-808 nanoparticles within vesicles formed by extrusion is also described. 

Introduction 

Metal-organic frameworks (MOFs) have drawn widespread attention across various facets of 

science since they were first reported. Currently, some of the most promising prospective 

applications of MOFs are for gas storage and separation,1 as batteries and semiconductors,2 

in catalysis,3,4 as chemical sensors5,6 and finally, for drug delivery.7,8 Compared with more 

traditional drug delivering materials (such as liposomes,9-12 cyclodextrins,13-15 polymeric 

systems,16-18 iron oxide nanoparticles19,20 and mesoporous silica nanoparticles21,22), MOFs 

typically possess superior porosity, much higher internal surface areas and extraordinary 

tunability. These characteristic qualities make MOFs a unique platform for a variety of state-

of-the-art biomedical applications, including - and beyond - drug delivery.  

Lipid bilayer-coated nanoparticles (also referred to as protocells) have recently been 

developed by Brinker et al. for a number of purposes, including the targeted delivery of drug 

cocktails to cancer cells23-25 and the intracellular delivery of antiviral drug ML336.26 In these 

articles, the authors note that the lipid bilayer coating serves to (i) improve drug retention, 

(ii) increase the uniformity of the nanodispersion (i.e. less self-aggregation), (iii) prevent 

immunogenic responses from the body (such as capture by the mononuclear phagocyte 
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system), (iv) prevent cargo release prior to cell internalisation or some other external trigger 

and (v) enable a greater mobility of protocells through the body, resulting in an improved 

bio-accumulation into tumours or target cells. Brinker and co-workers prepare these 

protocells through the fusion of lipid vesicles onto silica nanoparticle cores, which occurs 

following careful centrifuging and sonicating of the nanoparticles together with a mixture of 

lipids.   

Wuttke et al. employed the same methodology to produce liposome-coated MOF 

nanoparticles. Two mesoporous MOFs - MIL-100 (Fe) and MIL-101(Cr) - were coated with a 

lipid bilayer and both agents were then shown to effectively transport dye molecules into 

cancer cells.27 In two subsequent studies, lipid bilayer-coated MIL-88A was shown to deliver 

both calcein dye and anticancer drugs irinotecan, floxuridine and suberoyl bis-hydroxamic 

acid (SBHA) to cancer cells.28,29 MTT cell viability assays gave an IC50 value (after three days’ 

incubation) for SBHA-loaded, lipid bilayer-encased MIL-88A of 4.78 µg/mL, which, compared 

to free SBHA, represents a three-fold higher cytotoxicity.  

Here, we look to apply the benefits of encasing MOF particles within lipid bilayer capsules - 

namely the improved colloidal stability and protection of the MOF from biodegradation or 

rapid elimination by the immune or excretory systems - to our own work in which MOFs are 

used to sequester bloodstream cholesterol. Two methodologies for the production of 

vesicles - electroformation and the inverse-emulsion method - were explored and while 

neither method resulted in freely suspended, lipid bilayer-enclosed MOF particles, this work 

did lead to an ensuing investigation into MOF-mediated vesicle immobilisation. Finally, we 

also outline our ongoing efforts to form nanoparticles of MOF-808 - an outstanding MOF for 

cholesterol uptake - and encapsulate these smaller particles within vesicles through a 

modified extrusion methodology. 
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Results and Discussion 

Our initial efforts were focussed on using an electroformation protocol. This was on account 

of electroformation being a reliable method to make defect-free, unilamellar vesicles >30 µm 

in diameter, which were seemingly apposite capsules for micron-sized MOF particles. An 

illustration of a standard electroformation setup (as was used in this study) is provided in 

Figure 3.1. During electroformation, vesicles will ‘peel’ away from indium-tin oxide             

(ITO)-coated glass slides and enter the surrounding solution as a low voltage is passed 

through the apparatus. A detailed outline of our electroformation protocol is given in the 

Supplementary Information. 

 

Figure 3.1 - Experimental setup for the electroformation of giant unilamellar vesicles (GUVs) from a lipid film 

applied to ITO-coated glass slides. Reproduced/adapted from ref. 30. 

 

IRMOF-8 - a fluorescent MOF composed of Zn(II)-based nodes and                                                        

2,6-naphthalenedicarboxylic acid linker units - was synthesised and introduced to the 

electroformation setup. Upon finding a suitable voltage and timings for good vesicle growth, 

interactions between IRMOF-8 and vesicles were observed. These experiments, alongside all 

attempted routes towards MOF encapsulation, are summarised in Supplementary Table 3.1. 

The experiment corresponding to Entry 2 of Supplementary Table 3.1 resulted in a collection 

of IRMOF-8 particles binding the external surfaces of multiple surrounding giant unilamellar 

vesicles (GUVs). Further, this whole composite was seen to move freely in solution (Fig. 3.2 

and Supp. Videos 3.1 and 3.2). While these early results showing MOF transit - albeit not 
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through the desired encapsulation - were indeed promising, this phenomenon was a one-off 

occurrence that could not be reproduced. 

 

Figure 3.2 - Confocal microscope images of IRMOF-8 particles being ‘ferried’ by surrounding GUVs. Images A/B 

and C/D are two pairs of corresponding fluorescence (A/C) and brightfield (B/D) images. 

 

An additional challenge that presented itself at this point was properly distinguishing MOF 

particles from vesicles by confocal microscopy. As IRMOF-8 has a fluorescence profile that 

significantly overlaps those of the two fluorescent tags incorporated into the lipid mixes 

(Topfluor® cholesterol and 18:1 Liss Rhod PE), it became difficult to differentiate MOF 

particles from vesicles during analysis. This was particularly troublesome as small particles 

were occasionally observed within electroformed GUVs, though it was impossible to say 

whether it was MOF particles or small accumulations of lipid molecules that were seen in 

such cases. To address this, a zirconium-based MOF featuring a benzothiadiazole-containing 

linker was introduced in the place of IRMOF-8. This MOF, termed Zr-L7 in its initial report31 

and also in this document, exhibits a large bathochromic shift (approx. 90 nm) when 

suspended in an aqueous environment. This redshift results in the fluorescent emission of 

Zr-L7 (max ≈ 590 nm) being far enough away on the visible spectrum from the emission of 

Topfluor® Cholesterol (max = 508 nm) for the MOF particles and GUVs to be distinctly imaged.  

With Zr-L7 in hand, a number of electroformation experiments were carried out. These 

involved changes in lipid composition and the nature in which MOF particles were introduced 

to the setup (Supp. Table 3.1, Entries 7 - 10). The most telling results from these experiments 

are shown in Figure 3.3, where Zr-L7 particles and GUVs are bound through external     
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surface-surface interactions. These unexpected adducts were another promising result, and 

some experiments (Supp. Table 3.1, Entries 9 and 10) resulted in a large number of               

MOF-bound GUVs. While this approach did not lead to the encapsulation of Zr-L7 particles, 

the serendipitous findings of MOF-GUV binding did, however, pave the way for a more 

thorough study into using zirconium-based MOFs for GUV immobilisation, and this work is 

presented in Chapter 4 of this thesis.  

 

Figure 3.3 - Confocal microscope images of Zr-L7 particles (false yellow colour) binding GUVs (false green colour) 

through external surface-surface interactions. 

 

In an attempt to encourage Zr-L7 particles into lipid bilayer capsules, a small sample of Zr-L7 

was heated with an excess of oleic acid to functionalise its exterior surface. This synthetic 

modification to give Zr-L7 (oleic) is outlined in the Supplementary Information. The purpose 

of this transformation was to increase the general hydrophobicity of the MOF particles by 

coating their exterior surface with long hydrocarbon chains. We had hoped that a higher 

hydrophobicity would prompt lipid encapsulation, in that repulsive water-hydrocarbon chain 

interactions would thereby be avoided. In actual fact, when Zr-L7 (oleic) was incorporated 

into electroformation experiments in the place of unfunctionalised Zr-L7 (Supp. Table 3.1, 

Entries 11 and 12), no discernible differences in outcome were observed. It was also not 

possible to prove experimentally that Zr-L7 had been modified as desired. SEM and TEM 

images of both Zr-L7 and Zr-L7 (oleic) were taken (Supp. Image 3.1), which provided little to 

no evidence for any oleic acid-covered surfaces.  
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Having explored electroformation-based approaches towards MOF-in-GUV assemblies, it 

became clear that a different technique was required. Indeed, that electroformation results 

in a poor encapsulation efficiency has been echoed in recent literature.32-36 Inspired by a 

report of living cells being encapsulated within GUVs using the inverse-emulsion technique,37 

we turned our attention towards applying this technique. In their report, Chowdhuri et al. 

illustrate the entrapment of bacteria and yeast cells following centrifugation of an Eppendorf 

tube filled with a mixture of water and lipids in oil. In this case, it is the generated centrifugal 

force driving the cells through the oil/water interface that results in vesicle formation. 

Noteworthy is that this method boasts a significantly improved encapsulation efficiency over 

electroformation. For our aims of encasing MOF particles within a lipid bilayer, MOF solid 

was used in place of bacteria/yeast cells. With a sample of MOF suspended in a solution of 

lipids in paraffin oil, the lipids will theoretically aggregate around the MOF particles head-on 

- akin to a reverse micelle - and, upon centrifuging, the solid particles will pass through the 

lipid-supported oil/water interface to generate lipid bilayer-encased MOF. This setup is 

outlined below in Figure 3.4. 

 

Figure 3.4 - Experimental setup for the generation of lipid bilayer-encapsulated MOF particles using the inverse-

emulsion technique (left) and a photograph of this setup under UV light (right).  

 

Experiments were carried out using this technique, varying the centrifuge spin speed 

between 1500 and 3000 rpm (Supp. Table 3.1, Entries 13 - 16). The clearest results came from 

spinning our setup at 2000 rpm (Supp Table 3.1, Entry 15), and images of these results are 

shown in Figure 3.5. Zr-L7 was used, and - following centrifugation - MOF solids were 
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observed on the base of the imaging chambers within small droplets of oil. In some cases, 

fluorescent lipids were seen within these droplets. Supplementary Video 3.3 shows a 

confocal z-stack of a collection of Zr-L7 particles in a lipid-filled oil droplet.  

 

Figure 3.5 - Confocal microscope images (brightfield-fluorescence overlay) of Zr-L7 particles (false yellow colour) 

in oil droplets. Fluorescently-tagged lipids (false green colour) are also present. 

 

While the inverse-emulsion technique brought us closer to achieving lipid bilayer-encased 

MOF, there were still obstacles in place that needed to be overcome. Foremost of these was 

that all of the MOF sample in both electroformation and inverse-emulsion experiments were 

found on the floor of the imaging chamber (with the exception of the IRMOF-8 particle/GUV 

collection shown in Figure 3.2). This gave us a strong indication that MOF particles on the 

order of 20 - 50 µm were simply too large for our aims, and smaller particles - more likely to 

remain colloidally stable over a longer duration - would be required. 

In addition to their higher colloidal stability, nanometre-sized particles are also more 

appropriate for good bloodstream circulation. In their comprehensive review on MOFs in 

biomedicine, Horcajada et al. note that in order to freely circulate through the narrowest 

capillaries in the body, stable and monodisperse suspensions of nanoparticles no larger than 

200 nm are required.38 With these advantages in mind, we sought to produce MOF 

nanoparticles, for both the ease of lipid bilayer encapsulation and eventual bloodstream 

delivery. 
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NanoMOFs can be synthesised using a number of strategies, including (i) adapting specific 

parameters of conventional hydrothermal routes, e.g. reaction time, temperature, 

stoichiometry, pH, additives, etc.,39-41 (ii) reverse-phase microemulsions,42-45 (iii) 

sonochemical syntheses46,47 and (iv) microwave assisted syntheses.48-50 We found that 

following a typical literature-based protocol for the synthesis of MOF-80851 with the reaction 

stirring in a round-bottom flask (as opposed to unperturbed in a pressurised bottle in an 

oven) resulted in MOF-808 nanoparticles (Scheme 3.1). It is also worth noting that MOF-808 

was - as part of this thesis - shown to have an exceptional affinity for the adsorption of 

cholesterol. Lipid-bilayer encased nanoMOF-808 particles would therefore be perfect 

candidates for our overarching aims of atherosclerosis remediation. 

 

Scheme 3.1 - Round-bottom flask-contained synthesis of MOF-808 nanoparticles. 

 

MOF-808 nanoparticles were characterised with TEM imaging (Fig. 3.6) and PXRD analysis 

(Supp. Fig. 3.2). The TEM data showed that a monodisperse sample of nanoMOF-808, with 

particles on the order of 100 nm, was produced. The measured PXRD pattern was in good 

accordance with a simulated plot generated from previously published single-crystal data for 

MOF-808. Together, these techniques confirmed that the as-synthesised nanoparticles were 

a sample of crystalline and defect-free nanoMOF-808.   
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Figure 3.6 - TEM images of nanoMOF-808 particles. 

 

Our ongoing work is focussed on encasing nanoMOF-808 within lipid bilayer capsules. As         

nanoMOF-808 particles are significantly smaller than MOF particles used in previous 

attempts, GUV producing techniques are no longer required. We are currently exploring the 

extrusion methodology, which entails the following steps: (i) a lipid film freely forms 

multilamellar vesicles (MLVs) in an aqueous buffer, (ii) these MLVs are extruded, i.e. passed 

through a polycarbonate membrane multiple times to strip away the outer bilayers, resulting 

in uniform large unilamellar vesicles (LUVs) and (iii) these LUVs are resuspended/diluted in 

additional buffer solution. A schematic that depicts the second step of this process is shown 

below in Figure 3.7. We anticipate that producing LUVs in this way from an aqueous 

suspension of nanoMOF-808 will result in lipid bilayer shells aggregating around the 

nanoparticles. 

 

Figure 3.7 - Experimental setup for the extrusion of large unilamellar vesicles (LUVs) from pre-formed 

multilamellar vesicles (MLVs). 
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Conclusion 

Outlined in this chapter is a series of attempts towards enclosing MOF particles within lipid 

bilayer capsules. We first explored electroformation as a means of achieving this, varying the 

lipid composition and the MOF that was used, in addition to several other experimental 

parameters. In spite of encouraging preliminary results, these experiments did not result in 

lipid bilayer-encased MOF solid. However, they did form the basis for a follow-up study 

regarding the use of MOFs to immobilise GUVs. The inverse-emulsion method was also 

explored and these experiments resulted in MOF solids surrounded by lipid-rich oil droplets, 

though these formations were solely deposited onto the floor of the imaging wells. Finally, 

our current work towards encapsulating nanoMOF-808 particles is also described. The 

synthesis and characterisation of nanoMOF-808 are both given, and an extrusion-based 

strategy shows great promise for forthcoming lipid bilayer encapsulation. 
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Materials and Methods 

 

General Chemicals. All chemicals were purchased from Sigma Aldrich, Fisher Scientific or 

Avanti Polar Lipids and used as received, unless otherwise stated.  

 

Giant Unilamellar Vesicle Preparation. GUVs were grown using a literature-based 

electroformation technique.1  1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC),             

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG) and 

cholesterol were purchased from Avanti Polar Lipids (dissolved in a chloroform solution to a 

concentration of 10 mg/mL). Topfluor® cholesterol and Liss Rhod PE were also purchased 

from Avanti Polar Lipids and were made up to 1 mg/mL in chloroform. For a typical lipid mix: 

lipids POPC and POPG, and cholesterol were mixed in a 4 : 1 : 1 molar ratio, and the solution 

was made to and an overall concentration of 1 mg/mL. An additional 0.1 mol % of fluorescent 

tag (Topfluor® cholesterol or Liss Rhod PE) was added to the mix for confocal microscopy.  

 

General Electroformation Procedure. The non-conductive sides of two indium−tin oxide 

(ITO)-coated glass plates were marked with a circle of 15 mm diameter in the center of each. 

An aliquot of 10 μL of lipid mixture was gently spread onto the electrically conductive sides 

of the ITO plates within the drawn circles using the tip of the microsyringe, while a gentle 

flow of air was passed over the solution until the chloroform had evaporated, leaving a thin 

lipid film. The ITO slides were dried in a vacuum desiccator for at least 30 mins to fully remove 

the organic solvent. During this time, the slides were loosely covered with aluminium foil to 

keep the samples in the dark. A 2 mm thick O-ring with a diameter of 15 mm had a small 

amount of silicon grease applied to it and was affixed onto one of the two slides. 350 µL of a 

premade electroformation buffer solution (0.1 M sucrose and 1 mM, pH 7.4 HEPES in water) 

was filled into the chamber. Note: MOF solid would typically be introduced immediately 
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before or after the addition of electroformation buffer solution. For exact protocols, see 

Supplementary Table 3.1. The two ITO slides were then put together to form a closed 

chamber. Using the NANION Vesicle Prep Pro, a sinusoidal AC electric field at 10 Hz was 

applied for electroswelling the lipid films. The sample was shielded from external light during 

this time. In the first phase of the electroswelling process, the amplitude of the applied field 

was linearly increased from 0.1 V (peak to peak) to 0.5 V (peak to peak) over 30 mins, while 

the temperature was increased from 21 °C to 35 °C. The voltage was then increased further 

over the next 15 minutes to 1.6 V. Thereafter, the amplitude of the AC field was kept constant 

at 1.6 V for 2 h to grow the vesicles. Finally, during the last 5 mins, the voltage was slowly 

lowered to 0 V. These details are outlined in Supplementary Figure 3.3. Once electroformed, 

GUVs were made up to 5 mL in a resuspension buffer solution (0.1 M glucose and 1 mM, pH 

7.4 HEPES in water). Both this step and transferring the resulting solution of GUVs into 

imaging chambers were done using a sterile plastic pipette with the end cut off to leave an 

opening of at least 5 mm. This was done in order to prevent any pressure build up capable of 

lysing the GUVs during these transfer processes. At soonest notice, the GUV-containing 

solution is transferred to an appropriate imaging chamber and taken to be imaged by 

confocal microscopy. 

 

General Inverse-Emulsion Procedure. To a plastic 2 mL Eppendorf tube was added 750 µL of 

a premade centrifugation buffer solution (0.5 M sucrose and 1 mM, pH 7.4 HEPES in water). 

Separately, a 750 µL solution of mixed lipids (20 µL) in paraffin oil (made up to 750 µL), with 

a microspatula tip of MOF particles suspended in was mixed, and then layered on top of the 

aqueous solution. The two-layered contents were then sealed and centrifuged for a given 

time (for exact rpm and timings see Supp. Table 3.1), before it was left to settle for 5 minutes 
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and samples were taken from the lower, aqueous layer, transferred to an appropriate 

imaging chamber and visualised by confocal microscopy. 

 

Confocal Microscopy. Confocal imaging was performed at the UNB Microscopy and 

Microanalysis Facility with a Leica TCS-SP2 CLSM. Images were collected with the excitation 

wavelength of 488 nm and fluorescence was collected in the following bands: (i) 500-550 nm 

for Topfluor® cholesterol-stained vesicles, (ii) 550-600 nm for Liss Rhod PE-stained vesicles 

and IRMOF-8, and (iii) 600-650 nm for samples of Zr-L7 and Zr-L7 (oleic). False green, red and 

yellow colours were then assigned to each of these collections, respectively. 

 

Transmission Electron Microscopy (TEM) Imaging. TEM Imaging was performed at the UNB 

Microscopy and Microanalysis Facility with a JEOL JEM-2010 (S)TEM. Images were collected 

with a Gatan Ultrascan camera using Digital Micrograph. An accelerating voltage of 200 kV 

was used. 

 

Scanning Electron Microscopy. Secondary electron images were collected at the UNB 

Microscopy and Microanalysis Facility with a JEOL JSM-6400 Scanning Electron Microscope 

using an accelerating voltage of 15 kV. Images were acquired using a Digiscan II controlled by 

Gatan Digital Micrograph software. Samples were attached to mounting stubs with carbon 

tape, and coated with gold for conductivity by sputtering using an Edwards S150A coater.  

 

Powder X-ray Diffraction. PXRD analysis for nanoMOF-808 was carried out by Dr. Ven Reddy 

at the UNB X-ray facility. The X-ray powder pattern was measured using a Bruker D8 Advance 



118 
 

spectrometer. The sample were packed into the circular well on the sample-holder, which 

was placed on the sample stage with three reference points for sample height. The 

diffractometer was equipped with a two circle (theta-theta) goniometer housed in a radiation 

safety enclosure. The X-ray source was a sealed, 2.2 kW Cu X-ray tube, maintained at an 

operating current of 40 kV and 25 mA. The X-ray optics was that of standard Bragg-Brentano 

para-focusing mode with the X-rays diverging from a divergence slit (1.00 mm) at the tube to 

strike the sample and then converging through an anti-scatter receiving slit (1.00 mm) and a 

detector slit (0.20 mm). The goniometer was computer controlled with independent stepper 

motors and optical encoders for the θ and 2θ circles with the smallest angular step size of 

0.0001° 2θ. Samples were scanned in the range of 3-50° 2θ. A step size of 0.02° and a step 

time of 1.0 sec were used during the measurements. A peltier-cooled solid-state [Si(Li)] 

detector (Sol-X) with a useful energy range of 1 to 60 KeV was used as the detector. No 

correction was made for Kβ radiation. A set of 2° Soller slits were used in order to lower 

horizontal beam divergence. The software suite for data collection and evaluation was 

windows based. Data collection was a manually-controlled JOB program that employs a DQL 

parameter file. The raw data obtained from the spectrometer was analysed and refined by 

the program EVA (Bruker), and plots were produced using Microsoft Excel 2016. Measured 

PXRD data is shown alongside a ‘simulated’ plot collected from existing crystallographic data 

of MOF-808 (.cif files sourced from CSD). 
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Synthetic Procedures 

 

IRMOF-8 

 

IRMOF-8 was made following a literature synthesis.2 Into a 250 mL WHEATON pressure plus 

bottle was added Zn(NO3)·6H2O (1.19 g, 4.00 mmol) and 2,6-napthlenedicarboxylic acid 

(0.249 g, 1.15 mmol). 50 mL diethylformamide (DEF) was then added and the mixture 

dissolved with sonication. The bottle was then added to an oven heated to 85 oC and the 

reaction was left to proceed under autogenous pressure for 36 h. A precipitate formed during 

this time and, after the contents of the bottle were allowed to cool to room temperature, 

was collected by vacuum filtration and washed with DEF (2 x 10 mL) and acetone (2 x 10 mL). 

This gave IRMOF-8 as a white powder. 

 

Zr-L7  

 

Zr-L7 was previously synthesised3 and a sample was generously provided by the Forgan 

group. This was then used in this work without any further modifications, unless otherwise 

stated. 
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Zr-L7 (oleic acid) 

 

Zr-L7 (0.0088 g, 0.027 mmol based on ([Zr6O4(OH)4(L7)6]n), 1.0 eq.), oleic acid (0.0076 g, 

0.0085 mL, 0.11 mmol, 4.0 eq.) and DMF (10 mL) were added to a 125 mL WHEATON pressure 

plus bottle and heated at 120 oC for 24 hours. The solid was collected by filtration and washed 

with DMF (3 x 10 mL) and dichloromethane (3 x 10 mL). Zr-L7 (oleic) was used as collected 

without further modifications. 

 

NanoMOF-808 

 

A literature procedure4 was adapted as follows: ZrCl4 (0.350 g, 1.50 mmol) was added to 

glacial acetic acid (15 mL) and in a separate vessel trimesic acid (0.103 g, 0.490 mmol) was 

dissolved in DMF (15 mL). Both mixtures were sonicated for 30 minutes and then combined 

in a 100 mL 3-necked round-bottom flask. The flask was connected to a Schlenk line and, 

under a flow of nitrogen gas, the contents were stirred at 120 oC for 48 h. After allowing the 

flask to cool to room temperature, nanoMOF-808 samples were collected by vacuum 

filtration and the solid was washed with DMF (3 x 10 mL) and acetone (3 x 10 mL), to give 

nanoMOF-808 as a white powder. 
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Supplementary Figure 3.1 - SEM Images of Zr-L7 (A-D) and Zr-L7 (oleic) (I-L), and TEM images of Zr-L7 (E-H) and 

Zr-L7 (oleic) (M-P). 
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Supplementary Figure 3.2 - PXRD patterns for nanoMOF-808 and MOF-808 (measured and simulated, 

respectively). 

 

 

 

Supplementary Figure 3.3 - Protocol parameters displayed on the Nanion Vesicle Prep Pro VesicleControl 

software. 
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Supplementary Videos  

Supplementary Videos for this chapter are freely available for download through the UNB 

Dataverse (https://doi.org/10.25545/NIUAKE). 

Supplementary Videos 3.1 and 3.2 - Corresponding fluorescence and bright-field time-lapse 

videos showing IRMOF-8 particles ‘ferried’ by surrounding GUVs. These videos each comprise 

102 frames and span a real-time duration of 2 minutes 45 seconds. 

Supplementary Video 3.3 - Z-stack video of Zr-L7 MOF particles in a lipid-rich oil droplet. This 

video comprises 101 frames and spans a total length in the z direction of 227.1 μm. 
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Abstract 

Lipid bilayer vesicles have provided a window into the function and fundamental properties 

of cells, and, on the basis of this, all living things. Vesicles are routinely imaged to give 

scientific insights, though, as is the case for most living and soft matter, they do not remain 

still. This necessitates some microscopy experiments to include a preparatory step in order 

to render the sample immobile. Here, we describe a straightforward yet effective method to 

immobilise giant unilamellar vesicles (GUVs) using zirconium-based metal-organic 

frameworks (MOFs). We show that GUVs of differing lipid compositions can be readily 

anchored, and stay in position on a timescale of minutes- to hours. Furthermore, we 

demonstrate that immobilising GUVs in this way has no discernible adverse effect on GUV 

stability and permeability. Our findings indicate that this strategy may prove a powerful tool 

for future studies into lipid membrane function and dynamics.  

 

Introduction 

As a result of their cell-like size (1 - 100 m), spherical shape and single-bilayer composition 

- in addition to their straightforward and low-cost preparation - GUVs represent a best-in-

class biomimetic membrane model.1 GUVs are typically prepared through electroformation, 

a procedure first described by Angelova and Dimitrov in 1986.2 Somewhat surprisingly, this 

protocol remains relatively unchanged as used in recent years.3-5 GUVs have been employed 

as models to provide insights into the presence and composition of membrane domains,6,7 

membrane permeability8,9 and mechanical information such as elasticity.10,11 Many of these 

investigations rely on GUV imaging, or the manipulation of GUVs while under the microscope. 

Long-term observations, or visualising an entire GUV through confocal z-stacking, can be 

especially challenging with non-immobilised GUVs. The diffusive motion of GUVs in aqueous 

media can lead to misalignment of image slices, the introduction of artifacts, or simply 
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preclude data measurement altogether. Moreover, several quantitative fluorescence-based 

techniques such as fluorescence recovery after photobleaching (FRAP),12 fluorescence 

correlation spectroscopy (FCS)13 and fluorescence-lifetime imaging microscopy (FLIM)14 

require that the sample stay fixed during data acquisition. 

At present, the most commonly-used and well-established methods of immobilising GUVs 

entail specific biotin-avidin binding sites. A trace amount of biotinylated lipid15 or 

cholesterol16 is typically incorporated into a sample of vesicles, and immobilisation occurs 

over an avidin-exposing surface. However, this approach can lead to changes in composition 

of the affixed area.17,18 Steric entrapment represents another strategy, and has been 

achieved within silicon matrices,19 hydrogels,20 or, most recently, agarose polymer gel.21  In 

this case, as the vesicles are fully immobilised by the surrounding matrices, experimental 

methods that probe their morphological responses - such as electrodeformation22 or line-

tension-induced membrane curvature23 -  are no longer viable. It is also possible to trap 

vesicles with an electric field,24 though this too will impart tension on the membrane. Finally, 

nanoparticles may be used for vesicle immobilisation. One approach sees encapsulated 

magnetic nanoparticles causing vesicles to settle when an external magnetic field is applied.25 

Alternatively, charged nanoparticles adsorbed to the outer surface of vesicles have been 

shown to affix the vesicles to surfaces with opposite charge.26 While effective, these methods 

require sophisticated experimental setups that may not be universally available. 

Zirconium ions have been shown to strongly bind to the phosphate groups of both 

phosphopeptides27-29 and phospholipid membranes.30 Recently, Li et al. reported a 

liposomes-zirconium-exosomes sandwich structure that effectively detects exosomes using 

zirconium-phosphate coordination chemistry.31 This affinity has also been used to decorate 

the surfaces of zirconium-based metal-organic framework (MOF) nanoparticles with 

phosphate-terminated oligonucleotides32,33 and lipids34 for biological applications. 
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Here, we immobilise GUVs using micron-sized, zirconium-rich MOF particles. GUVs of two 

different lipid compositions were successfully immobilised using a straightforward 

methodology with minimal changes to a typical electroformation protocol. We propose that 

the GUVs are bound by electrostatic interactions between their lipid phosphate groups and 

exposed zirconium ions on the surface of the MOF. This strategy allows for GUV 

immobilisation on a scale of minutes to hours with little to no influence on membrane 

properties. 

 

Results and Discussion 

Three samples of GUVs with differing constituent lipids were electroformed and imaged 

(Supplementary Fig. 4.1). Immediately, we saw measurable differences in the sizes of the 

resulting GUVs, and this disparity is outlined below in Figure 4.1 alongside the three samples’ 

varying lipidic compositions. First, a standard lipid mix of 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(sodium salt) (POPG) and cholesterol in a 4 : 1 : 1 molar ratio (to an overall lipid concentration 

of 1 mg/mL) was made, and stained with 0.1 mol % of either 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss Rhod PE) 

(Fig. 4.1A, left) or Topfluor® cholesterol (Fig. 4.1A, centre). We were also interested in 

probing whether lipids with carboxylate functional groups would encourage GUV-MOF 

binding. As such, a third lipid mix was prepared with 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-

1-carboxypentyl)iminodiacetic acid)succinyl] (ammonium salt) (DGS-NTA) in place of POPG 

(Fig. 4.1A, right). In addition to producing the smallest GUVs, the Liss Rhod PE-containing mix 

led to GUVs with a fluorescence profile close to that of the MOF immobiliser (difference in 

max of just 7 nm), making it difficult to visually separate MOF from GUV during confocal 



129 
 

imaging. For these reasons, only the two Topfluor® cholesterol-containing lipid mixes were 

taken forward. 

 
Figure 4.1 - (A) Schematic showing the disparate sizes of GUVs formed from different lipid compositions; (B) Mean 

diameters of GUVs with differing compositions (error bars reflect one standard deviation); and (C) Size distribution 

of GUVs based on their lipidic makeup (diameters rounded to nearest 5 m). Graphs B and C were produced from 

a data set of 1,761 vesicles in total, which were sampled from nine separate runs (three per lipid mix). 

 

An appropriate MOF was selected from the literature to (i) immobilise GUVs through 

zirconium-phosphate/zirconium-carboxylate coordination chemistry and (ii) fluoresce in a 

region of the visible spectrum so as to be clearly identifiable when imaged alongside GUVs. 

Forgan et al. reported a series of zirconium MOFs, one of which displays a large bathochromic 

shift (around 90 nm) when in aqueous suspension.35 This MOF is termed Zr-L7 in both Ref. 35 
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and this document, and its synthesis is shown in Scheme 4.1. The substantial red shift in the 

presence of water puts the fluorescent emission of Zr-L7 (max ≈ 590 nm) comfortably far 

away from the emission of the Topfluor® Cholesterol tag (max = 508 nm), allowing for clear 

and distinct imaging of both materials.  

 

Scheme 4.1 - Synthesis of Zr-L7 as outlined in ref. 35 (full synthetic method is given in the Supporting Information). 

 

With Zr-L7 in hand, the electroformation procedure was modified so as to incorporate the 

MOF. Immediately prior to sealing the setup and applying a voltage across the lipid-coated 

indium-tin oxide (ITO)-coated slides, a small sample (microspatula tip, approx. 5 mg) of Zr-L7 

was sprinkled into the buffer solution, and allowed to settle onto the ITO slide (the full 

experimental procedure is given in the Supplementary Information). GUVs were then 

electroformed, and naturally adhered to Zr-L7 particles. A CGI animation is provided that 

depicts this entire process (Supplementary Video 4.1). Another important experimental note 

is that the buffer solution used during electroformation contained 0.1 M sucrose, and a 

second buffer solution - containing 0.1 M glucose - was used to dilute and resuspend the 

GUVs once formed. This created a density gradient, whereby the heavier sugar inside the 

lumen of the GUVs causes them to stay towards the bottom of the chamber and, in turn, 

interact with MOF particles deposited there. This is achieved while maintaining an isosmotic 

environment in- and outside of the vesicles. Confocal microscopy images and videos of the 

resulting MOF-GUV adduct is shown below in Figure 4.2 and in Supplementary Videos             

4.2 - 4.4, respectively.  
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Figure 4.2 - Confocal microscopy images of electroformed GUVs (false green colour) immobilised by Zr-L7 particles 

(false yellow colour). Images A and B show vesicles composed of the POPC : POPG : cholesterol lipid mix, while C 

and D show vesicles composed of the  POPC : DGS:NTA : cholesterol mixture. 

 

MOF-immobilised GUVs would typically be observed across the duration of a 3- or 4-hour 

imaging session, confirming that this approach is suitable for long-term observations. This 

proposition is supported by a 1 hour 45-minute time-lapse video of a MOF-immobilised GUV 

(Supplementary Video 4.5). Further, in addition to two-component adducts, three-

component sandwiches of the following types: MOF-GUV-GUV, GUV-MOF-GUV and           

MOF-GUV-MOF were also imaged (Supplementary Fig. 4.2 and Supplementary Videos            

4.6 - 4.9). These unexpected multi-component structures, and the fact that incorporation of 

carboxylate-functionalised lipid molecules into the membrane did not further promote GUV 

interactions with zirconium nodes of the MOF, are a testament to the robustness of the 

zirconium-phosphate binding that underpins their formation. These zirconium-phosphate 

bonds are illustrated in a schematic shown in Figure 4.3. 
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Figure 4.3 - Depiction of the zirconium-phosphate binding (shown in red) that underpins GUV anchoring. 

 

The practical nature of this method was further established by immobilising GUVs with a 

second Zr-based MOF, MOF-808.36 Although MOF-808 does not fluoresce within the visible 

spectrum and our as-synthesised MOF-808 particles were approximately 25 times smaller 

than those of Zr-L7, we were able to show that GUVs were readily affixed with the same 

general procedure (Supplementary Figs. 4.3 and 4.4 and Videos 4.10 and 4.11). The fact that 

this immobilisation technique remained effective when a MOF with contrasting organic 

ligands, intrinsic network topology and particle size was used augurs well its general use in 

future GUV-based studies. 

Finally, experiments to probe membrane stability post-affixation were carried out. GUVs 

were electroformed and then resuspended in a buffer solution containing Lucifer yellow. It 

was then confirmed by confocal microscopy that the vesicle lumen remained dye-free, as 

molecules of Lucifer yellow cannot freely diffuse across the GUVs’ membranes. This was then 

repeated for MOF-immobilised GUVs, and no dye was seen within the GUVs in this case. If 

GUV anchoring were to cause micrometre- or nanometre-sized pores to form in the 

membrane, GUVs would not be discernible by confocal microscopy, as Lucifer yellow would 

permeate into the vesicles and lead to the whole sample fluorescing equally. Figure 4.4 shows 



133 
 

that this did not occur. These results broadly validate that anchoring GUVs with our method 

does not diminish their structural integrity.  

 

Figure 4.4 - Confocal microscopy images of GUVs with Lucifer yellow dye in the surrounding solution (false 

green/yellow-green colour). Images A and B show free GUVs and images C and D show GUVs affixed to MOF 

particles. 

 

Conclusions 

In this work, we have developed a straightforward method to efficiently immobilise GUVs 

with micron-sized zirconium MOF particles. Two lipid mixes were successfully used, though 

the incorporation of carboxylate-functionalised lipid molecules did not further promote GUV-

MOF interactions, which we attribute to the sufficiently strong nature of zirconium-

phosphate bonds. The immobilisation protocol defined here is facile and reproducible - 

simply involving the addition of a small sample of MOF to the lipid-coated ITO slide prior to 

electroformation. GUVs will then autonomously affix to the surface of MOF particles through 

zirconium-phosphate binding. Under these conditions, immobilised MOFs were observed on 

a scale of minutes- to hours, and we have shown that immobilisation in this way does not 

cause any notable damage to the membrane. On account of both its simplicity and efficacy, 

this strategy may find application across long term imaging techniques, e.g. for high-quality 

or 3D imaging, the collection of data via fluorescence-based techniques, single-vesicle drug 

loading, etc. With these prospects in mind, the fact that GUVs are immobilised over an 

extended period without the structural integrity of the membrane being compromised is a 

standout aspect of this method. 
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Materials and Methods 

 

General Chemicals. All reagents were purchased from Sigma Aldrich, Fisher Scientific or 

Avanti Polar Lipids and used as received, unless otherwise stated. 

Giant Unilamellar Vesicle Preparation. GUVs were grown using a literature-based 

electroformation technique.1  1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG) and 

cholesterol were purchased from Avanti Polar Lipids (dissolved in chloroform to a 

concentration of 10 mg/mL). Topfluor® cholesterol and Liss Rhod PE were also purchased 

from Avanti Polar Lipids and were made up to 1 mg/mL in chloroform. For a typical lipid mix: 

lipids POPC and POPG, and cholesterol were mixed in a  4 : 1 : 1 molar ratio, and this solution 

was made to and an overall concentration of 1 mg/mL. An additional 0.1 mol % of fluorescent 

tag (Topfluor® cholesterol or Liss Rhod PE) was added to the mix for confocal microscopy. 

General Electroformation Procedure. The non-conductive sides of two indium−tin oxide 

(ITO)-coated glass plates were marked with a circle of 15 mm diameter in the center of each. 

An aliquot of 10 μL of lipid mixture was gently spread onto the electrically conductive sides 

of the ITO plates within the drawn circles using the tip of the microsyringe, while a gentle 

flow of air was passed over the solution until the chloroform had evaporated, leaving a thin 

lipid film. The ITO slides were dried in a vacuum desiccator for at least 30 mins to fully remove 

the organic solvent. During this time, the slides were loosely covered with aluminium foil to 

keep the samples in the dark. A 2 mm thick O-ring with a diameter of 15 mm had a small 

amount of silicon grease applied to it and was affixed onto one of the two slides. 350 µL of a 

premade electroformation buffer solution (0.1 M sucrose and 1 mM, pH 7.4 HEPES in water) 

was filled into the chamber. NOTE: if MOF immobilisation is desired, a microspatula tip 

(approx. 5 mg) of MOF should be pre-mixed into the electroformation buffer sample by 
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sonication, and when applied to the ITO slide this suspension should be left to settle for 10 to 

15 minutes prior to the next stage. The two ITO slides were then put together to form a closed 

chamber. Using the NANION Vesicle Prep Pro, a sinusoidal AC electric field at 10 Hz was 

applied for electroswelling the lipid films. The sample was shielded from external light during 

this time. In the first phase of the electroswelling process, the amplitude of the applied field 

was linearly increased from 0.1 V (peak to peak) to 0.5 V (peak to peak) over 30 min, while 

the temperature was increased from 21 °C to 35 °C. The voltage was then increased further 

over the next 15 minutes to 1.6 V. Thereafter, the amplitude of the AC field was kept constant 

at 1.6 V for 2 h to grow the vesicles. Finally, during the last 5 mins, the voltage was slowly 

lowered to 0 V. These details are outlined in Supplementary Figure 5. Once electroformed, 

GUVs were made up to 5 mL in a resuspension buffer solution (0.1 M glucose and 1 mM, pH 

7.4 HEPES in water). Both this step and transferring the resulting solution of GUVs into 

imaging chambers were done using a sterile plastic pipette with the end cut off to leave an 

opening of at least 5 mm. This was done in order to prevent any pressure build up capable of 

lysing the GUVs during these transfer processes. At soonest notice, the GUV-containing 

solution is transferred to an appropriate imaging chamber and taken to be imaged by 

confocal microscopy. 

Confocal Microscopy. Confocal imaging was performed at the UNB Microscopy and 

Microanalysis Facility with a Leica TCS-SP2 CLSM microscope using Leica confocal software 

package version 2.61 build 1537. Images were collected with the excitation wavelength of 

488 nm and fluorescence was collected in the following bands: (i) 500-550 nm for Topfluor® 

cholesterol-stained vesicles, (ii) 550-600 nm for Liss Rhod PE-stained vesicles, and (iii) 600-

650 nm for samples of Zr-L7. False green, red and yellow colours were then assigned to each 

of these collections, respectively. 
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Synthetic Procedures 

 

Zr-L7 

 

Zr-L7 was previously synthesised2 and a sample was generously provided by the Forgan 

group. This was then used in this work without any further modifications, unless otherwise 

stated. 

 

MOF-808 

 

MOF-808 was synthesised following a literature procedure.3 ZrCl4 (0.233 g, 1.00 mmol,           

3.0 eq.) and trimesic acid (0.0701 g, 0.333 mmol, 1.0 eq.) were added to a WHEATON 

pressure plus bottle and dissolved in a mixture of DMF (15 mL) and formic acid (>98%, ACROS, 

15 mL, 400 mmol). The mixture was sonicated until total dissolution, and then left in an oven 

at 130 °C for 24 h. A white powder evolved during this time, which was collected by vacuum 

filtration and washed with DMF (3 x 15 mL) and acetone (3 x 15 mL). The solid was dried 

under vacuum overnight to give MOF-808 as a white powder. 
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Supplementary Figures 

 

 

Supplementary Figure 4.1 - Confocal microscope images of GUVs. Images A-D depict GUVs formed from the         

POPC : POPG : cholesterol lipid mix stained with Liss Rhod PE (false red colour), E-H depict GUVs formed from the 

POPC : POPG : cholesterol mix stained with Topfluor® cholesterol (false green colour) and I-L depict GUVs formed 

from the POPC : DGS:NTA : cholesterol mix stained with Topfluor® cholesterol (also false green colour). 
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Supplementary Figure 4.2 - Confocal microscope images of (A) MOF-GUV-GUV, (B) GUV-MOF-GUV and                    

(C) MOF-GUV-MOF sandwiches. 

 

 

Supplementary Figure 4.3 - Confocal microscope images of GUVs (false green colour) immobilised with MOF-808. 

Images A and C are corresponding fluorescence and bright-field images, respectively, and image B is an overlay 

of the two. 

 

 

Supplementary Figure 4.4 - Additional confocal microscope images of GUVs (false green colour) immobilised with 

MOF-808. Images A and C are corresponding fluorescence and bright-field images, respectively, and image B is an 

overlay of the two. 
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Supplementary Figure 4.5 - Electroformation protocol parameters displayed on the Nanion Vesicle Prep Pro 

VesicleControl software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



143 
 

Supplementary Videos 

Supplementary Videos for this chapter are freely available for download through the UNB 

Dataverse (https://doi.org/10.25545/ZP44WS). 

Supplementary Video 4.1 - A computer generated animation depicting GUV 

electroformation and adhesion to Zr-L7 particle. This video was created and rendered using 

Blender version 2.82.  

Supplementary Videos 4.2 and 4.3 - Time-lapse videos showing GUVs anchored by Zr-L7. 

These videos each comprise 100 frames and span a real-time duration of 2 minutes 42 

seconds. 

Supplementary Video 4.4 - Z-stack video of Zr-L7/GUV adduct. This video comprises 41 

frames and spans a total length in the z direction of 91.3 μm. 

Supplementary Video 4.5 - Long time-lapse video of Zr-L7-anchored vesicle. This video 

comprises 420 frames and spans a real-time duration of 1 hour 45 minutes. A timer is 

superimposed in the top left of this video.  

Supplementary Video 4.6 - Time-lapse video depicting Zr-L7/GUV/GUV sandwich. This video 

comprises 100 frames and spans a real-time duration of 2 minutes 42 seconds. 

Supplementary Video 4.7 - Z-stack video of GUV/Zr-L7/GUV sandwich. This video comprises 

36 frames and spans a total length in the z direction of 80.1 μm. 

Supplementary Video 4.8 - Time-lapse video of Zr-L7/GUV/Zr-L7 sandwich. This video 

comprises 100 frames and spans a real-time duration of 2 minutes 42 seconds. 

Supplementary Video 4.9 - Z-stack video of Zr-L7/GUV/Zr-L7 sandwich. This video comprises 

33 frames and spans a total length in the z direction of 73.5 μm. 

Supplementary Video 4.10 - Time-lapse video depicting MOF-808/GUV stability. This video 

comprises 100 frames and spans a real-time duration of 2 minutes 42 seconds. 

Supplementary Video 4.11 - Z-stack video of MOF-808/GUV adduct. This video comprises 77 

frames and spans a total length in the z direction of 171.5 μm. 
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Abstract 

Stratospheric ozone plays a crucial role in absorbing potentially dangerous ultraviolet UV-B 

radiation from the sun - long term exposure to which may cause severe and irreparable 

damage to the skin and eyes. Chlorofluorocarbons (CFCs) have been shown to deplete 

stratospheric ozone if released into the atmosphere, the effects of which are accumulative 

and long-lasting. While the signing of The Montreal Protocol - an international agreement to 

phase out the use of CFCs - by more than 70 countries in 1986 has engendered significant 

ozone restoration, continued work is required in order to (i) reach full ozone regeneration to 

pre-1980s levels and (ii) prevent and effectively control any further CFC release. Here, we 

outline the preparation of two novel metal-organic polyhedra (MOPs) - highly porous 

materials that we have tailored for the efficient uptake and storage of CFC molecules. Two 

separate MOP topologies - an [(M2)2L4] tetragonal cage and an [M3L6] trigonal prism - are 

described and the latter successfully synthesised and characterised by EDS and PXRD 

analysis. The former material has been attempted, though further work is necessary in order 

to achieve its complete synthesis. The attempts towards this MOP are outlined within this 

report in addition to new strategies for its forthcoming synthesis. 

Introduction 

The severe and long-term damage to stratospheric ozone caused by halogen-containing 

substances was first brought to light in a 1974 report by Molina and Rowland.1 At the time, 

the use of chlorofluorocarbons (CFCs) in spray cans, refrigerators and air conditioners was 

widespread. Molina and Rowland’s initial report, alongside a subsequent Shanklin et al. 

publication2 - in which a considerable depletion of ozone in the Antarctic stratosphere (and 

the role of chlorine in this depletion) was outlined - led to a largely successful global response 

to limit the amount of CFCs released into the atmosphere.3 Since then, the role of 

anthropogenic CFCs in the breakdown of stratospheric ozone has been extensively studied 
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and reviewed,4-9 and recent models indicate a gradual restoration of the ozone layer to pre-

1980 levels.10-14 However, while this brief historical perspective recounts a positive end result 

- growing concerns over a recent uptick in CFC-11 (trichlorofluoromethane) emissions15-17 and 

the increasing threat of compounds such as dichloromethane,18 sulfur hexafluoride19 and 

carbon tetrachloride20 suggest that considerable efforts are still required in order to fully 

encourage ozone restoration. A critical part of these efforts is the development of new, 

effective ways to safely capture and store halogen-containing substances such as CFCs. 

Within the last two decades, metal-organic polyhedra (MOPs) have emerged as a pre-

eminent class of porous crystalline materials.21,22 In large part, it is the combination of their 

permanent porosity and precise tunability that make MOPs outstanding candidates for a 

range of applications, including catalysis,23-30 biomedical applications31-36 and gas sorption 

and separation.37-40 While various MOPs have been applied to uptake hydrogen,41 methane,42 

carbon dioxide43,44 and small polyfluorinated molecules,45 CFC sorption has, to our best 

knowledge, only been reported once - in a recent account by Nitschke et al.46 In this study, 

Nitschke et al. show that their zinc-based, PEGylated porous liquid could uptake three CFC 

guest molecules - CFC-11, CFC-12 (dichlorodifluoromethane) and CFC-13 

(chlorotrifluoromethane) - with an affinity that increased with the size of the CFC guest. 

Fluorinated metal-organic frameworks47,48 and a noncovalent organic framework49 have been 

designed for the adsorption of CFCs, while fluorinated MOPs, on the other hand, are yet to 

be realised. 

Here, we report our work towards two novel, fluorinated, Cu-based MOPs. The two materials 

feature differing molecular scaffolds: (i) tetragonal [(M2)2L4] and (ii) triangular prism-shaped 

[M3L6]. The latter has been synthesised and broadly characterised by EDS and PXRD analysis, 

while for the former, we are currently in the final steps of its synthesis. The approaches 

towards the dicarboxylic acid linker molecules that constitute these MOPs (also novel 
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compounds) are elucidated as well. Furthermore, the synthesis of a previously reported, non-

halogenated [(M2)2L4] tetragonal cage was repeated as a control for future uptake studies, 

and this work is also included in this document. 

Results and Discussion 

The self-assembly of C4-symmetric tetragonal MOP structures has been well explored over 

the last two decades.50 MOPs of this variety featuring C2-symmetric bidentate ligands that 

chelate to copper,51,52 palladium,53 cobalt,54 nickel,55 manganese56 and zinc57 secondary 

building units have all been reported. Prakash and co-workers58 synthesised a CuII [(M2)2L4] 

MOP, where L is 3,3’-[1,3-benzenediyldi-(ethynyl)]dibenzoic acid (MOP-1, Fig. 5.1, left). We 

sought to create a MOP with the same self-assembled structure featuring a perfluorinated 

central benzene ring that would encourage CFC sorption (MOP-2, Fig. 5.1, centre). We were 

also interested in altering the bite angle of the bidentate ligand. Li et al.59 have shown that 

employing ligands with different bite angles results in MOPs with fundamentally different 

shapes. With this in mind, we undertook the synthesis of MOP-3 (Fig. 5.1, right), which 

consists of 3,3'-((perfluoro-1,4-phenylene)bis(ethyne-2,1-diyl))dibenzoic acid ligands that 

have a wider, 120o bite angle. The non-fluorinated analogue of MOP-3 - a double-walled 

[M3L6] triangular prismatic MOP - has also been described in the literature,60 though the 

synthesis of this material was not attempted as part of this project. 

 

Figure 5.1 - Represented molecular structures of the three MOPs in this study. Coordinated DMF solvent 

molecules are denoted here as ‘S’. 
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The synthesis of ligand 4 (to be used in the self-assembly of MOP-1) is a four-step procedure 

with an overall yield of 44 % (Scheme 5.1). Two Sonogashira couplings, as well as a silyl ether 

deprotection and ester hydrolysis were required in order to furnish ligand 4. Similar, or 

slightly improved yields to those reported in the literature were obtained for compounds        

1 - 3. However, the hydrolysis of 3 was reported to a 97 % yield,58 whereas our repetition of 

this reaction gave a modest 60 % yield of 4. On the basis of the chemistry behind this 

transformation being very straightforward, we speculate that some of our sample of 4 may 

have remained in solution, and its yield could be readily improved by cooling the reaction 

mixture in an ice bath prior to its collection by vacuum filtration. Despite our yield for this 

step being lower than anticipated, there was ample diacid for the synthesis and 

characterisation of MOP-1. Full experimental details, in addition to characterisation data of 

all compounds and MOPs are provided in the Supplementary Information.  

 

Scheme 5.1 - Synthesis of compounds 1 - 4.   

 

Solvothermally reacting 4 with Cu(NO3)·2.5H2O in DMF resulted in green-blue block crystals, 

which were confirmed to be MOP-1 by SCXRD analysis.  

The synthesis of MOP-2 followed the same four-step synthetic procedure (differing steps 

outlined in Scheme 5.2). In this case, for the transformation of 2 to 5,                                                  

1,3-dibromotetrafluorobenzene was used in the second Sonogashira coupling. While the 

other Sonogashira reactions in this report are with aryl iodo-substrates that proceed in good 
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yield under relatively mild conditions (room temperature in MeCN/Et3N or 50 oC in neat Et3N), 

reactions with aryl bromo-substrates will typically require moderately harsher conditions.61 

Here, we attempted a microwave-based protocol in order to encourage the formation of 5, 

which resulted in an impure precipitate. Following further purification, diester 5 was 

collected in a poor yield of 22 %. We posit that for this particular reaction, the conditions 

used were possibly too harsh and resulted in a number of side products that formed 

alongside 5 as a collective precipitate. On account of their limited solubility in most organic 

solvents, as well as their tendency to streak on TLC/during column chromatography, we have 

found the purification of fluorinated diesters 5 and 7 particularly challenging. The successful 

synthesis of compound 7 was reliant on the diester emerging from solution and requiring no 

purification beyond triturating and washing the resultant solid. Similar Sonogashira couplings 

with aryl bromo-substrates have been reported in the literature62 that employ a 1:1 

DMF/triethylamine mixture as the solvent in reactions that are heated to 80 oC overnight. 

We anticipate that these using these conditions will result in a significantly improved yield of 

5. The hydrolysis of diester 5 to form diacid 6 was attempted, though in what became a small-

scale reaction, 6 was not observed to precipitate from the reaction mixture when acidified. 

Further attempts to isolate 6 were also unsuccessful, though on a larger scale this reaction is 

likely to proceed much more smoothly. 

 

Scheme 5.2 - Synthesis of 5 and attempted synthesis of 6. 

 

For use in MOP-3, bidentate ligand 8 was synthesised following the same general procedure. 

2 was reacted with 1,4-diiodotetrafluorobenzene to give diester 7 in good yield, which was 
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then hydrolysed to give 8 in a near quantitative yield. X-ray quality crystals of diester 7 were 

grown and the resolved molecular structure, in addition to calculated bond lengths and 

angles, are given in the Supplementary Information (Supp. Fig. 5.11 and Supp. Tables 5.1 and 

5.2). 

 

Scheme 5.3 - Synthesis of compounds 7 and 8. 

 

A solvothermal reaction of 8 with Cu(NO3)2·2.5H2O in DMF was carried out, which caused a 

light-blue powder to form. A range of protocols were attempted to encourage crystal growth 

- including different solvent systems, oven temperatures and copper salts - however powder 

samples emerged in all cases. The formation of a powder sample (rather than crystals) 

unfortunately precluded straightforward structural validation by SCXRD. As a result, SEM 

images of MOP-3 were taken and further PXRD and EDS analyses were performed (Supp. Figs 

5.15 - 5.17 and Fig. 5.2). Encouragingly, PXRD analysis revealed that MOP-3 assembled as a 

highly crystalline solid and it was confirmed by EDS analysis that the sample contained both 

copper and fluorine. On account of these promising preliminary results, MOP-3 has been sent 

to an external beamline63 with the aim of fully resolving its molecular structure.  

 

Figure 5.2 - Selected SEM image and corresponding EDS profiles of MOP-3. Additional SEM images and EDS data 

for MOP-3 are provided in Supp. Figs. 15 and 16. 
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Gas uptake studies of both MOP-2 and MOP-3 are still required in order to confirm that these 

materials are fit for purpose to sequester CFCs. Nonetheless, the synthetic work in this 

document provides new contributions to the library of existing MOPs and organic linker 

molecules. Further, the fact that reference material MOP-1 was observed to readily form       

x-ray quality crystals bodes extremely well for the final preparatory steps of our novel 

tetragonal MOP, MOP-2.  

Conclusion 

We have demonstrated the preparation of a novel, fluorine-rich [M3L6] MOP using a pincer-

type C2-symmetric ditopic ligand with a 120o bite angle. This material has been broadly 

characterised with PXRD and EDS analysis, though full structural validation is ongoing. 

Additionally, we have prepared and characterised a C4-symmetric tetragonal MOP from the 

literature and used this work as a basis for its fluorinated congener MOP-2. The synthesis 

leading to MOP-2 was attempted, however, further optimisation of this synthetic procedure 

is required in order to successfully produce this material. Based on this preliminary data, we 

maintain that the MOP-2 and MOP-3 are extremely promising candidates for the selective 

and efficient removal of CFCs, and our continued analysis may prompt the introduction of 

such materials into the environmental sector. 
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Materials and General Methods 

All chemicals were purchased from Sigma Aldrich or Fisher Scientific and used as received. 

NMR Spectroscopy. NMR spectra were recorded on a Varian Unity 400 MHz spectrometer 

(1H at 399.945 MHz, 13C and {19F}13C at 100.0 MHz) or a Varian Inova 300 MHz (19F at 176.5 

MHz) at a constant temperature of 298 K, unless otherwise stated, and were processed using 

MestReNova version 6.0.2. All 19F NMR experiments were proton decoupled. Data are 

reported as follows: chemical shift; integration; multiplicity and coupling constants (J values). 

Chemical shifts for 1H and 13C NMR experiments are calculated in reference to residual 

solvent peaks, whereas for 19F NMR experiments, an external standard of 1,4-

diiodotetrafluorobenzene was used for calibration. 1H, 13C and 19F assignments were - in cases 

that were otherwise unassignable - based on additional data provided by 2D COSY, HSQC and 

HMBC experiments.  

Mass Spectrometry. Low resolution and high resolution mass spectrometry measurements 

were taken by Xiao Feng at Dalhousie University for all newly synthesised compounds. The 

instrument used for the low and high-res analysis is Bruker Daltonics CompactTM. The 

ionisation method used for low-res and high-res analysis was positive or negative ESI 

(electrospray ionization). The samples were introduced by a syringe pump at flow rate of         

3 µL/min. The spray voltage applied to the ESI needle was 3.5 kV. The dry gas flow rate was 

4 L/min. Nebuliser gas was 0.5 Bar and source temperature was 180 oC. 

Elemental Analysis (CHN). CHN analysis was performed for all newly synthesised compounds 

by Patricia Granados at the Centre for Environmental Analysis and Remediation, Department 

of Chemistry, Saint Mary’s University. Analysis was carried out on a Perkin Elmer 2400 Series 

II Analyzer and processed with Perkin Elmer Elemental Analyzer 2400 Data Manager. A 2.5 - 

3.5 mg sample of cyclohexanone-2,4-dinitrophenylhydrazone was run alongside the 

measured samples as a standard for calibration and quality control. The samples and control 
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materials were weighed with a Perkin Elmer AD-6 Ultra Microbalance, and the oven 

temperatures used for combustion and reduction were 924 oC and 624 oC, respectively.    

Melting Points. Melting points were obtained for all newly synthesised compounds using 

DigiMelt melting point apparatus and were uncorrected. 

Single Crystal X-Ray Diffraction. Crystals of 7 were grown by the room temperature slow 

evaporation of dichloromethane (crystals formed over 2 weeks). For analysis, single crystals 

were coated with Paratone-N oil, mounted using a glass fibre and frozen in the cold nitrogen 

stream of the goniometer at -85 oC. A hemisphere of data was collected on a Bruker AXS 

P4/SMART 1000 diffractometer using w and f scans with a scan width of 0.3 ° and 10 s 

exposure times. The detector distance was 5 cm. The crystal was a multiple twin and the 

orientation matrices for the components were determined. The data were reduced and 

corrected for absorption. The structure was solved by direct methods and refined by full-

matrix least squares on all data. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were included in calculated positions and refined using a riding model. 

NOTE: The structure shown in Supp. Image 11 displays the 50% probability level.  

Scanning Electron Microscope (SEM) Imaging. Secondary electron images were collected at 

the UNB Microscopy and Microanalysis Facility with a JEOL JSM-6400 Scanning Electron 

Microscope using an accelerating voltage of 15 kV. Images were acquired using a Digiscan II 

controlled by Gatan Digital Micrograph software. Samples were attached to mounting stubs 

with carbon tape, and coated with gold for conductivity by sputtering using an Edwards 

S150A coater. 

Energy Dispersive X-ray Spectrocopy (EDS). Analysis was performed at the UNB Microscopy 

and Microanalysis Facility with a JEOL JSM-6400 Scanning Electron Microscope equipped with 

an EDAX Genesis 4000 Energy Dispersive X-ray (EDS) analyser. Samples were carbon coated 
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using an Edwards 306A carbon coater before observation in the microscope.  EDS analysis 

was performed at an accelerating voltage of 15 kV and a beam current of 1.5 nA, with a 

working distance of 14 mm.  Collection time was 50 seconds per analysis point. 

Powder X-ray Diffraction (PXRD). PXRD analysis for MOP-3 was carried out by Dr. Ven Reddy 

at the UNB X-ray facility. X-ray powder patterns for all samples were measured using a Bruker 

D8 Advance spectrometer. Samples were packed into the circular well on the sample-holder, 

which was placed on the sample stage with three reference points for sample height. The 

diffractometer was equipped with a two circle (theta-theta) goniometer housed in a radiation 

safety enclosure. The X-ray source was a sealed, 2.2 kW Cu X-ray tube, maintained at an 

operating voltage/current of 40 kV and 25 mA, respectively. The X-ray optics was that of 

standard Bragg-Brentano para-focusing mode with the X-rays diverging from a divergence 

slit (1.00 mm) at the tube to strike the sample and then converging through an anti-scatter 

receiving slit (1.00 mm) and a detector slit (0.20 mm). The goniometer was computer 

controlled with independent stepper motors and optical encoders for the θ and 2θ circles 

with the smallest angular step size of 0.0001° 2θ. Samples were scanned in the range of 3-

50° 2θ. A step size of 0.02° and a step time of 1.0 sec were used during the measurements. 

A peltier-cooled solid-state [Si(Li)] detector (Sol-X) with a useful energy range of 1 to 60 KeV 

was used as the detector. No correction was made for Kβ radiation. A set of 2° Soller slits 

were used in order to lower horizontal beam divergence. The software suite for data 

collection and evaluation was windows based. Data collection was a manually-controlled JOB 

program that employs a DQL parameter file. The raw data obtained from the spectrometer 

was analysed and refined by the program EVA (Bruker), and plots were produced using 

Microsoft Excel 2016.  
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Synthetic Procedures 

Methyl-3-((trimethylsilyl)ethynyl)benzoate (1) 

 

Into an oven-dried 3-necked round-bottom flask were added methyl-3-iodobenzoate        

(1.227 g, 4.683 mmol, 1.0 eq.), PdCl2(PPh3)2 (0.164 g, 0.234 mmol, 5 mol %) and CuI           

(0.0446 g, 0.234 mmol, 5 mol %). The flask was sealed and purged with nitrogen, and then a 

degassed, anhydrous mixture of MeCN (20 mL) and Et3N (4 mL) was added to the flask and 

stirring was started. A final addition of trimethylsilylacetylene (2.0 mL, 1.38 g, 14.05 mmol, 

3.0 eq.) was made and stirring continued at room temperature under a gentle flow of N2 for 

18 h. Reaction completion was confirmed by TLC, at which point the stirring was stopped and 

the solvent removed under reduced pressure. The crude residue was then taken up into DCM 

(50 mL) and extracted with saturated NH4Cl(aq) (50 mL), water (50 mL), and saturated NaCl(aq) 

(50 mL). The organic fractions were combined, dried with MgSO4 and then concentrated in 

vacuo. 1 was purified by column chromatography (DCM) and was collected as a yellow-brown 

oil after being dried under high vacuum (1.066 g, 98 % yield).  

δH (400 MHz, CDCl3) 8.14 (t, J = 1.6 Hz, 1H), 7.98 (dt, J1 = 8.0 Hz, J2 = 1.8 Hz, 1H), 7.63 (dt, J1 = 

8.0 Hz, J2 = 1.6 Hz, 1H),  7.38 (t, J = 8.0 Hz, 1H), 3.92 (s, 3H), 0.26 (s, 9H). 

Literature1 - δH (300 MHz, CDCl3) 8.13 (t, J = 1.6 Hz, 1 H), 7.97 (dt, J = 7.7 Hz, 1.4 Hz, 1H), 7.63 

(dt, J = 7.6 Hz, 1.3 Hz, 1 H), 7.37 (t, J = 7.8 Hz, 1 H), 3.91 (s, 3 H), 0.25 (s, 9 H). 
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Supplementary Figure 5.1 - 1H NMR Spectrum (400 MHz, CDCl3) of 1. 
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Methyl-3-ethynylbenzoate (2) 

 

 To a solution of methyl-(3-trimethylsilyl)ethynyl)benzoate (1.066 g, 4.589 mmol, 1.0 eq.) in 

THF (20 mL) was added dropwise a 1 M tetrabutylammonium fluoride (TBAF) in THF solution 

(4.89 mL, 4.890 mmol TBAF, 1.1 eq.). The mixture was left to stir under nitrogen at room 

temperature for 2 h. Reaction completion was confirmed by TLC and was quenched with 

saturated NH4Cl(aq) (50 mL). 2 was then extracted with Et2O (2 x 50 mL) and the combined 

organic fractions were back-washed with saturated NH4Cl(aq) (2 x 50 mL) and finally dried with 

MgSO4. The solvent was removed in vacuo, and the residue was passed through a short silica 

plug (with DCM) to give title compound as a dark brown solid (0.6246 mg, 86 % yield).  

δH (400 MHz, CDCl3) 8.16 (t, J = 1.6 Hz, 1H), 8.01 (dt, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.66 (dt, J1 = 

8.0 Hz, J2 = 1.6 Hz, 1H),  7.41 (t, J = 8 Hz, 1H), 3.93 (s, 3H), 3.12 (s, 1H). 

Literature1 - δH (300 MHz, CDCl3) 8.16 (t, J = 1.6 Hz, 1H), 8.01 (dt, J = 7.8 Hz, 1.4 Hz, 1H), 7.66 

(dt, J = 7.7 Hz, 1.4 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 3.92 (s, 3H), 3.12 (s, 1H) 
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Supplementary Figure 5.2 - 1H NMR Spectrum (400 MHz, CDCl3) of 2. 
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Dimethyl-3,3’-(1,3-phenylenebis(ethyne-2,1-diyl))dibenzoate (3) 

 
 

To a 100 mL 3-necked RBF was added 2 (0.750 g, 4.683 mmol, 2.4 eq.), 1,3-diiodobenzene 

(0.6437 g, 1.951 mmol, 1.0 eq.), PdCl2(PPh3)2 (0.0685 g, 0.0976 mmol, 5 mol %) and copper 

(I) iodide (0.0186 g, 0.0976 mmol, 5 mol %). The flask was connected to a Schlenk line, sealed 

and degassed (3 x cycles of vacuum/N2) before triethylamine (50 mL, degassed by 30 minutes 

of bubbling N2 gas) was added via syringe. The reaction mixture was stirred at 50 oC for 18 h, 

over which time a precipitate formed. After cooling the mixture to room temperature, the 

precipitate was collected by vacuum filtration and washed with water (3 x 20 mL) and 

hexanes (until washings were clear). The solid was collected and dried under vacuum to give 

3 as a beige solid (0.660 g, 86 %).  

δH (400 MHz, CDCl3) 8.22 (td, J1 = 1.7 Hz, J1 = 0.5 Hz, 2H), 8.02 (dt, J1 = 8.0 Hz, J2 = 1.5 Hz, 2H), 

7.75 - 7.69 (m, 3H), 7.52 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 2H), 7.45 (t, J = 8.0 Hz, 2H), 7.37 (t, J =   

8.0 Hz, 1H), 3.95 (s, 6H). 

Literature:2 δH (CDCl3) 8.22 (t, 2H), 8.02 (t, 2H), 7.73 (m, 2H), 7.71 (t, 1H), 7.54 (d, 1H), 7.51 

(d, 2H), 7.43 (m, 2H), 3.95 (s, 6H). 
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Supplementary Figure 5.3 - 1H NMR Spectrum (400 MHz, CDCl3) of 3. 
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3,3'-(1,3-Phenylenebis(ethyne-2,1-diyl))dibenzoic acid (4) 

 

3 (0.6575, 1.667 mmol, 1.0 eq.) was taken into THF (50 mL) by stirring. NaOH (0.6667 g,        

16.67 mmol, 10 eq.) was dissolved separately in water (50 mL) and added to the flask 

containing the diester. The resulting suspension was stirred at 75 oC overnight. The now 

transparent solution was cooled to room temperature before it was acidified with a 6 M 

solution of HCl. A solid precipitate formed during this addition, and once the pH was tested 

to be   1̴, the solid was collected by vacuum filtration and washed with water (20 mL) and 

acetone (20 mL). Drying under vacuum gave 4 as a flaky white solid (0.3642 g, 60 %). 

δH (400 MHz, DMSO-d6) 13.23 (s, 2H), 8.10 (t, J = 1.6 Hz, 2H), 7.99 (dt, J1 = 7.8 Hz, J2 = 1.4 Hz, 

2H), 7.85 - 7.80 (m, 3H), 7.66 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 2H), 7.59 (t, J = 7.8 Hz, 2H), 7.52 (t, J = 

7.8 Hz, 1H). 

Literature:2 δH (DMSO-d6) 13.00 (s, 2H), 8.10 (t, 1H), 7.99 (d, 2H), 7.82 (d, 2H), 7.79 (s, 1H), 

7.66 (t, 1H), 7.63 (d, 2H), 7.54 (m, 2H). 
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Supplementary Figure 5.4 - 1H NMR Spectrum (400 MHz, DMSO-d6) of 4. 
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MOP-1 

 

A sample of 4 (18.3 mg, 0.050 mmol) was added to a 14 mL borosilicate vial and dissolved 

into DMF (4 mL) with sonication. Separately, Cu(NO3)2 ⋅2.5H2O (46.5 mg, 0.200 mmol) was 

dissolved into 1 mL DMF and then added to the vial containing the diacid, which was then 

sealed and placed into an oven preheated to 85 oC. After four days under autogenous 

pressure, the vial was allowed to cool to room temperature. Green-blue block crystals of 

MOP-1 were observed on the edge and bottom of the vial, which were then taken for single 

crystal XRD analysis. 

Unit cell (298 K): a = 17.6 Å, b = 18.9 Å, c = 19.0 Å, α = 81°, β = 63°, γ = 87°, Volume = 5561 Å3. 

Literature2 (90 K): a = 17.475 (4) Å, b = 18.723 (4) Å, c = 18.789 (4) Å, α = 82.05 (3)°, β = 62.82 

(3)°, γ = 87.67 (3)°, Volume = 5414.3 (19) Å3. 
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Dimethyl 3,3'-((perfluoro-1,3-phenylene)bis(ethyne-2,1-diyl))dibenzoate (5) 

 

 

To a 30 mL microwave tube was added 1 (0.250 g, 1.562 mmol, 2.4 eq.), PdCl2(PPh3)2      

(0.0228 g, 0.0325 mmol, 5 mol %) and copper (I) iodide (0.0062, 0.0325 mmol, 5 mol %). The 

solids were kept under a gentle flow of N2, before Et3N (10 mL, degassed by 30 minutes of 

bubbling N2 gas) and 1,3-dibromotetrafluorobenzene (0.092 mL, 0.2002 g, 0.6504 mmol, 1.0 

eq.) were added and the vial capped. The mixture was heated in a microwave reactor (Anton 

Paar Monowave 300) at 140 oC for 21 minutes. After the flask was cooled to room 

temperature, its contents were passed through vacuum filtration and the collected solids 

washed with water (2 x 15 mL) and hexanes (until washings were clear). The solid was 

thoroughly triturated in hexanes before it was filtered again and washed with hexanes           

(10 mL).  The remaining solid was then dried in vacuo to give a crude sample of 4 as a golden 

brown solid (0.275 g, 91 % crude yield). Crude 4 was then purified by column chromatography 

(10:1 EtOAc:hexanes) to give 4 as a pale yellow solid (0.067 g, 22 %). 

δH (400 MHz, CDCl3) 8.25 (s, 2H), 8.07 (d, J = 7.2 Hz, 2H), 7.75 (t, J = 7.0 Hz, 2H), 7.48 (t, J = 7.5 

Hz, 4H), 3.94 (s, 6H); δC (400 MHz, CDCl3) 166.26, 158.17, 151.36, 137.59 (three peaks 

observed clearly in separate {19F}13C NMR experiment), 136.05, 133.10, 130.83, 130.55, 

128.84, 122.38, 99.56, 80.94, 74.71, 52.54; δF (300 MHz, CDCl3) -108.52 (d, J = 8.25 Hz, 1F), -

127.76 (d, J = 15 Hz, 2F), -163.84 (td, J1 = 18 Hz, J2 = 7.5 Hz, 1F). 
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Supplementary Figure 5.5 - 1H NMR Spectrum (400 MHz, CDCl3) of 5. 

 

 

Supplementary Figure 5.6 - 13C NMR Spectrum (400 MHz, CDCl3) of 5. Insets show aromatic region (left) and 

peaks corresponding to carbons labelled as ‘l’, ‘m’ and ‘n’ from a separate {19F}13C NMR experiment (right).  
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Supplementary Figure 5.7 - 19F NMR Spectrum (300 MHz, CDCl3) of 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



171 
 

Dimethyl 3,3'-((perfluoro-1,4-phenylene)bis(ethyne-2,1-diyl))dibenzoate (7) 

 

A 100 mL, 3-necked round-bottom flask was charged with methyl-3-ethynylbenzoate (2, 

0.400 g, 2.497 mmol, 2.4 eq.), 1,4-diiodotetrafluorobenzene (0.4182 g, 1.0406 mmol, 1.0 eq.), 

Pd(PPh3)2Cl2 (0.0365 g, 0.0520 mmol, 5 mol %) and CuI (0.0099 g, 0.0520 mmol, 5 mol %). The 

flask was connected to a condenser and Schlenk line and purged with N2. An anhydrous, 

degassed solution of Et3N (30 mL) was added and the reaction was stirred at 50 oC for 18 h. 

Over the course of the reaction a precipitate formed from the solution. Following the 18 hour 

reflux, the reaction mixture was cooled to 5 oC in a refrigerator before it was filtered. The 

collected solid was washed with hexanes until the washings were clear. The solid was 

triturated in hexane before it was air-dried overnight. This gave 7 as a white solid (0.4082 g, 

84 %). X-ray quality crystals of 7 were grown by slow evaporation of NMR sample (solvent: 

CDCl3). 

δH (400 MHz, CDCl3) 8.27 (t, J = 1.4 Hz, 1H), 8.09 (dt, J1 = 1.8 Hz, J2 = 0.5 Hz, 1H), 7.78 (dt, J1 = 

1.8 Hz, J2 = 0.5 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H), 3.96 (s, 3H); δC (400 MHz, CDCl3) 166.24, 146.76 

(peak observed clearly in separate {19F}13C NMR experiment), 136.18, 133.23, 130.89, 130.82, 

128.91, 122.19, 102.05, 77.34, 75.33, 52.28; δF (300 MHz, CDCl3) -136.73; HRMS+ m/z = 

489.0716 [M+Na]+ (C26H14F4NaO4
 requires 489.0720); CHN analysis found C, 65.70 %; H, 2.95 

%; N, 0.06 % (C26H14F4O4 requires C, 66.96; H, 3.03; N, 0.00); m.p.: 245 - 245.6 oC. 
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Supplementary Figure 5.8 - 1H NMR Spectrum (400 MHz, CDCl3) of 7. 

 

 

Supplementary Figure 5.9 - 13C NMR Spectrum (400 MHz, CDCl3) of 7. Insets show aromatic region (left) and 

peak corresponding to carbon labelled as ‘l’ from a separate {19F}13C NMR experiment (right).  
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Supplementary Figure 5.10 - 19F NMR Spectrum (300 MHz, CDCl3) of 7. 
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Supplementary Figure 5.11 - Resolved molecular structure of 7. 

 

 

Supplementary Table 5.1 - Calculated bond lengths from resolved molecular structure of 7. 

Number Atom1 Atom2 Type Polymeric Cyclicity Length SybylType 

1 C1 H1A Unknown no acyclic 0.98 1 

2 C1 H1B Unknown no acyclic 0.98 1 

3 C1 H1C Unknown no acyclic 0.98 1 

4 C1 O2 Unknown no acyclic 1.45(3) 1 

5 C2 C3 Unknown no acyclic 1.55(3) un 

6 C2 O1 Unknown no acyclic 1.13(3) 2 

7 C2 O2 Unknown no acyclic 1.42(3) 1 

8 C3 C4 Unknown no cyclic 1.38(3) un 

9 C3 C8 Unknown no cyclic 1.37(4) un 

10 C4 H4 Unknown no acyclic 0.95 1 

11 C4 C5 Unknown no cyclic 1.36(3) un 

12 C5 C6 Unknown no cyclic 1.44(4) un 

13 C5 C9 Unknown no acyclic 1.45(3) un 

14 C6 H6 Unknown no acyclic 0.95 1 

15 C6 C7 Unknown no cyclic 1.38(3) un 

16 C7 H7 Unknown no acyclic 0.95 1 

17 C7 C8 Unknown no cyclic 1.35(3) un 

18 C8 H8 Unknown no acyclic 0.95 1 

19 C9 C10 Unknown no acyclic 1.13(3) un 

20 C10 C11 Unknown no acyclic 1.47(3) un 

21 C11 C12 Unknown no cyclic 1.39(3) un 

22 C11 C13 Unknown no cyclic 1.46(3) un 

23 C12 C13 Unknown no cyclic 1.34(3) un 
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24 C12 F1 Unknown no acyclic 1.34(2) 1 

25 C13 F2 Unknown no acyclic 1.33(3) 1 

26 C13 C11 Unknown no cyclic 1.46(3) un 

27 C1 H1A Unknown no acyclic 0.98 1 

28 C1 H1B Unknown no acyclic 0.98 1 

29 C1 H1C Unknown no acyclic 0.98 1 

30 C1 O2 Unknown no acyclic 1.45(3) 1 

31 C2 C3 Unknown no acyclic 1.55(3) un 

32 C2 O1 Unknown no acyclic 1.13(3) 2 

33 C2 O2 Unknown no acyclic 1.42(3) 1 

34 C3 C4 Unknown no cyclic 1.38(3) un 

35 C3 C8 Unknown no cyclic 1.37(4) un 

36 C4 H4 Unknown no acyclic 0.95 1 

37 C4 C5 Unknown no cyclic 1.36(3) un 

38 C5 C6 Unknown no cyclic 1.44(4) un 

39 C5 C9 Unknown no acyclic 1.45(3) un 

40 C6 H6 Unknown no acyclic 0.95 1 

41 C6 C7 Unknown no cyclic 1.38(3) un 

42 C7 H7 Unknown no acyclic 0.95 1 

43 C7 C8 Unknown no cyclic 1.35(3) un 

44 C8 H8 Unknown no acyclic 0.95 1 

45 C9 C10 Unknown no acyclic 1.13(3) un 

46 C10 C11 Unknown no acyclic 1.47(3) un 

47 C11 C12 Unknown no cyclic 1.39(3) un 

48 C12 C13 Unknown no cyclic 1.34(3) un 

49 C12 F1 Unknown no acyclic 1.34(2) 1 

50 C13 F2 Unknown no acyclic 1.33(3) 1 
 

 

 

Supplementary Table 5.2 - Calculated bond angles from resolved molecular structure of 7. 

Number Atom1 Atom2 Atom3 Angle 

1 H1A C1 H1B 110 

2 H1A C1 H1C 109 

3 H1A C1 O2 109 

4 H1B C1 H1C 110 

5 H1B C1 O2 110 

6 H1C C1 O2 109 

7 C3 C2 O1 128(2) 

8 C3 C2 O2 109(2) 

9 O1 C2 O2 120(2) 

10 C2 C3 C4 122(2) 

11 C2 C3 C8 117(2) 

12 C4 C3 C8 122(2) 
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13 C3 C4 H4 120 

14 C3 C4 C5 120(2) 

15 H4 C4 C5 120 

16 C4 C5 C6 119(2) 

17 C4 C5 C9 121(2) 

18 C6 C5 C9 121(2) 

19 C5 C6 H6 120 

20 C5 C6 C7 119(2) 

21 H6 C6 C7 120 

22 C6 C7 H7 120 

23 C6 C7 C8 120(2) 

24 H7 C7 C8 120 

25 C3 C8 C7 120(2) 

26 C3 C8 H8 120 

27 C7 C8 H8 120 

28 C5 C9 C10 175(3) 

29 C9 C10 C11 179(2) 

30 C10 C11 C12 124(2) 

31 C10 C11 C13 120(2) 

32 C12 C11 C13 116(2) 

33 C11 C12 C13 124(2) 

34 C11 C12 F1 116(2) 

35 C13 C12 F1 120(2) 

36 C12 C13 F2 121(2) 

37 C12 C13 C11 120(2) 

38 F2 C13 C11 119(2) 

39 C1 O2 C2 114(2) 

40 H1A C1 H1B 110 

41 H1A C1 H1C 109 

42 H1A C1 O2 109 

43 H1B C1 H1C 110 

44 H1B C1 O2 110 

45 H1C C1 O2 109 

46 C3 C2 O1 128(2) 

47 C3 C2 O2 109(2) 

48 O1 C2 O2 120(2) 

49 C2 C3 C4 122(2) 

50 C2 C3 C8 117(2) 

51 C4 C3 C8 122(2) 

52 C3 C4 H4 120 

53 C3 C4 C5 120(2) 

54 H4 C4 C5 120 

55 C4 C5 C6 119(2) 

56 C4 C5 C9 121(2) 

57 C6 C5 C9 121(2) 

58 C5 C6 H6 120 
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59 C5 C6 C7 119(2) 

60 H6 C6 C7 120 

61 C6 C7 H7 120 

62 C6 C7 C8 120(2) 

63 H7 C7 C8 120 

64 C3 C8 C7 120(2) 

65 C3 C8 H8 120 

66 C7 C8 H8 120 

67 C5 C9 C10 175(3) 

68 C9 C10 C11 179(2) 

69 C13 C11 C10 120(2) 

70 C13 C11 C12 116(2) 

71 C10 C11 C12 124(2) 

72 C11 C12 C13 124(2) 

73 C11 C12 F1 116(2) 

74 C13 C12 F1 120(2) 

75 C11 C13 C12 120(2) 

76 C11 C13 F2 119(2) 

77 C12 C13 F2 121(2) 

78 C1 O2 C2 114(2) 
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3,3'-((Perfluoro-1,4-phenylene)bis(ethyne-2,1-diyl))dibenzoic acid (8) 

 

7 (0.4082 g, 0.8753 mmol, 1.0 eq.) was taken into THF (50 mL) by stirring. Sodium hydroxide 

(0.350 g, 8.753 mmol, 10 eq.) was dissolved separately in water (50 mL) and added to the 

flask containing the diester. The resulting suspension was stirred at 75 oC overnight. The 

solution cleared over this time, and was removed from the heat. The product precipitated 

from solution upon the addition of 6 M HCl (until pH = 1) and was collected by vacuum 

filtration. The collected precipitate was washed with water (20 mL) and acetone (20 mL) to 

give 8 as a grey/off white flaky solid (0.3668 g, 96 %). 

 δH (400 MHz, DMSO-d6) 13.4 (s, 1H), 8.13 - 8.05 (m, 2H), 7.89 (dt, J1 = 8.0 Hz, J2 = 2.0 Hz, 2H), 

7.64 (t, J = 7.0 Hz, 1H), δC (400 MHz, DMSO-d6) 166.16, 146.09 (peak observed clearly in 

separate {19F} 13C NMR spectrum), 135.63, 132.19, 131.64, 130.98, 129.61, 120.64, 101.83, 

74.84, 73.9; δF (300 MHz, DMSO-d6) -137.07; HRMS+ m/z = 437.0442 [M-H]- (C24H9F4O4
- 

requires 437.0437); CHN analysis found C, 65.73 %; H, 2.38 %; N, 0.00 % (C26H10F4O4 requires 

C, 65.76; H, 2.30; N, 0.00); m.p.: sample remained unmelted at instrument limit of 250 oC. 
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Supplementary Figure 5.12 - 1H NMR Spectrum (400 MHz, DMSO-d6) of 8. 

 

 

Supplementary Figure 5.13 - 13C NMR Spectrum (400 MHz, DMSO-d6) of 8. Insets show aromatic region (left) 

and peak corresponding to carbon labelled as ‘k’ from a separate {19F}13C NMR experiment (right). 
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Supplementary Figure 5.14 - 19F NMR Spectrum (300 MHz, DMSO-d6) of 8. 
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MOP-3 

 

A sample of 8 (21.9 mg, 0.050 mmol) was added to a 14 mL borosilicate vial and dissolved 

into DMF (4 mL) with sonication. Separately, Cu(NO3)2 ⋅2.5H2O (11.8 mg, 0.050 mmol) was 

dissolved into 1 mL DMF and then added to the vial containing the diacid, which was then 

sealed and placed into an oven preheated to 85 oC. After four days under autogenous 

pressure, the vial was allowed to cool to room temperature. A light blue powder evolved over 

this time, which was collected by vacuum filtration and washed with DMF (5 mL). Samples of 

MOP-3 were examined by SEM imaging, EDS analysis and PXRD analysis, before being sent 

to Canadian Light Source for SCXRD data collection. 

 

 

 

Supplementary Figure 5.15 - SEM images of MOP-3. 
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Supplementary Figure 5.16 - Additional SEM images and corresponding EDS maps of MOP-3. Scale bars in SEM 

images represent 5 µm.  

 

 

 

Supplementary Figure 5.17 - Measured PXRD pattern for MOP-3. 
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Chapter 6 - Conclusions and Future Work 

Thesis Conclusions 

The principle aims of this thesis are briefly summarised below: 

•  To repeat the synthesis and characterisation of literature-based metal-organic 

frameworks (MOFs), and to repurpose these materials by testing their ability to 

adsorb cholesterol. 

• To develop a facile and reproducible methodology to encapsulate these MOF 

particles within lipid-bilayers.  

• To design, synthesise and characterise a fluorinated metal organic polyhedron 

(MOP) capable of selectively and efficiently taking up CFC molecules, and to test this 

uptake ability.  

Chapter 2 outlines the synthesis, characterisation and testing for cholesterol uptake of 13 

different MOF materials. These 13 materials were characterised through powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA) and SEM imaging, and cholesterol 

uptake studies entailed liquid phase 1H NMR experiments. This chapter established two 

standout candidates - MOF-808 and DUT-67 - that showed excellent proclivities for adsorbing 

cholesterol. A number of additional conclusions were also drawn from this study. First, we 

showed that despite β-cyclodextrin - which has an internal diameter of 6.0 - 6.5 Å - is well-

known to accommodate cholesterol, pore-limiting diameters (PLDs) of approximately double 

that size are required to see the same results with MOFs. Our results also bolster the fact 

that MOF syntheses can be very sensitive to reaction conditions, in that for some of our 

materials, PXRD patterns indicated the formation of different structures after literature-

based synthetic protocols were followed. Finally, we corroborate that mesoporous MOFs 

(PLDs > 20 Å) must be handled with care during any activation steps, as we saw evidence of 

pore collapse with our mesoporous MOFs. However, modest cholesterol uptake was still 
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seen for some of these candidates. The work in this chapter provides the basis for the use of 

MOFs as atherosclerosis-remediating biomaterials, and enables further in vitro and new in 

vivo experiments to this end. 

Chapter 3 is an account of our attempts towards lipid-bilayer encapsulation of MOF particles. 

Two vesicle-producing methodologies - electroformation and the inverse-emulsion 

technique - were thoroughly explored and our ongoing work using extrusion is also 

described. At the time of writing, the aim of enclosing MOF particles within lipid-bilayer 

capsules has not been achieved, however significant progress has been made and we 

anticipate that the work in Chapter 3 will lead to this aim being successfully met. In particular, 

we anticipate that focussing on nanoMOF particles - as is typically conducted in reports in 

the literature - will facilitate the encapsulation of nanoMOF particles within a lipid-bilayer. 

This work is underway at the time of writing. Also noteworthy is that in our exploration of 

using the electroformation technique, we serendipitously discovered that vesicles could be 

readily immobilised by micon-sized MOF particles. This discovery then became an additional 

study in and of itself, which is outlined in Chapter 4. 

In Chapter 4 we establish using zirconium-based MOF particles as anchors for giant 

unilamellar vesicle (GUV) immobilisation. This novel methodology - which simply entails 

adding a small sample of MOF to a typical electroformation procedure - was shown to 

immobilise GUVs of differing lipid compositions over a timescale of minutes- to hours with 

no noticeable adverse effect on membrane stability or permeability. We are hopeful that this 

work will serve as a useful tool to assist cell biologists and other scientists of varying 

backgrounds with their own experimental research on vesicles. 

Finally, in Chapter 5 is described our work towards two novel, fluorinated, Cu-based MOPs. 

An [M3L6] triangular prismatic MOP, and its organic synthetic precursors, were synthesised 

and characterised. In this case, the MOP was broadly characterised with PXRD and energy 
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dispersive X-ray spectroscopy (EDS) analysis, and it has been sent to an external beamline for 

full structural validation. In addition to this, we outline our ongoing efforts towards an 

[(M2)2L4] tetragonal MOP. For this second MOP, the final synthetic steps require further 

optimisation before it can be fully characterised. Neither material has yet been tested for 

their ability to selectively and efficiently uptake CFCs. Nonetheless, the work in Chapter 5 

represents strong contributions to synthetic approaches towards MOPs, featuring multiple 

new, fully characterised molecules and materials. Furthermore, beyond the scope of these 

two specific MOPs, the outlined synthetic strategies explored in Chapter 5 may be applied in 

order to furnish bespoke MOPs for a wide variety of uptake/storage technologies. 

Broadly speaking, the work in this thesis reflects that the three initial project aims were either 

completely achieved, or, otherwise, were almost realised and will be promptly achieved with 

minor follow-up work. This thesis also provides a good basis for several avenues of future 

work, some of which are explored in the next, and final, section of this document. 
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Future Work 

In order to prepare the work in this document for publication, we plan to promptly finish the 

following experiments: (i) synthesise, characterise and report the cholesterol uptake of     

UiO-68 (ii) encapsulate nanoMOF-808 within extruded LUVs and show this encapsulation 

with cryo-EM images and (iii) synthesise MOP-2 and resolve its structure by SCXRD. 

Completing these final experiments will lead to the submission of at least three publications 

for peer-review. 

Beyond this immediate work, three further projects based on the various avenues of research 

developed in this document are proposed. Brief project outlines of each are given below.  

 

Project 1 - Developing LUV-Encapsulated NanoMOFs as Drug Delivery Agents 

In Chapter 2 we describe the synthesis and characterisation of a selection of MOFs and 

provide an investigation into which of these MOFs perform well as cholesterol adsorbents. 

Two of the thirteen MOFs - MOF-808 and DUT-67 - were shown to have outstanding 

cholesterol uptake ability. This work, paired with the ongoing efforts outlined in Chapter 3 to 

synthesise and enclose nanoMOF-808 within LUVs would, in our opinion, form the basis of a 

straightforward yet highly applicable approach towards drug delivery. The cholesterol 

molecule is structurally alike to corticosteroids - an ever-expanding class of drugs routinely 

administered for various treatments. Glucocorticoids (GCs) represent a sub-category of 

corticosteroids, first reported for the treatment of rheumatoid arthritis in the late 1940s.1,2 

Lühder and Reichardt3 have recently reviewed recent advancements in drug delivery systems 

tailored for improved GC administration. These include liposomes/PEGylated liposomes,4-7 

polymeric micelles,8,9 polymer-drug conjugates,10,11 inorganic drug delivery systems12,13 and - 

among the most recent - inorganic-organic hybrid nanoparticles.14,15 Lühder and Reichardt 



187 
 

note that while each of these nanoformulations has individual drawbacks, using such systems 

to deliver GCs is often much more therapeutically efficient than the administration of free 

GC. 

Continuation of the work that we have outlined in Chapter 2, i.e. further establishing MOFs 

for the storage of therapeutically relevant compounds, and in Chapter 3, i.e. perfecting our 

nanoMOF-liposome encapsulation protocol, leads naturally to the addition of liposome-

encased nanoMOFs to the list of established drug delivery systems. The proposed procedure 

to achieve these systems is broadly outlined below in four-steps (Fig. 6.1). First, based on 

similar uptake studies to those shown in Chapter 2, a MOF-drug ‘pairing’ is to be made based 

on uptake capability. Then, leading on from work outlined in Chapter 3, nanoparticles of this 

MOF are to be synthesised, prior to drug loading, and finally, lipid-bilayer-encapsulation.  

 

Figure 6.1 - Schematic outline of proposed procedure to form liposome-encased MOF drug delivery agents. 

Prednisolone is chosen here as a representative GC, and is paired with MOF-808 on account of this MOF’s 

exceptional ability to adsorb large quantities of cholesterol. 

 

Given the huge number of varied MOFs that have been reported, it stands to reason that 

such MOF-drug pairings may be possible with a wide selection of medications. Being able to 

accurately predict suitable MOF-drug pairings based on the structures of each - which this 

work would eventually establish - could potentially revolutionise the pharmaceutical industry 

at large, with lipid-bilayer-enclosed nanoMOFs improving the efficacy of any given 

medication. 
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Project 2 - In Vesicle Assembly of a Metal-Organic Framework  

Vesicles have been explored as picoliter-sized reaction chambers.16 Enzymatic reactions,17-19 

the intercalation of dye molecules into DNA20 and reactions of polymers with metal ions to 

form hydrogels21 inside vesicles have all been reported. In some cases, the vesicles containing 

reagents are specifically manipulated in order to initiate the reactions. These manipulations 

include techniques such as electrofusion,22,23 electroinjection17,18 and light-induced fusion.24  

Pan and coworkers25 synthesised zeolitic imidazolate framework-8 (ZIF-8) by mixing aqueous 

Zn(NO3)2·6H2O and 2-methylimidazole solutions at room temperature. Although it is highly 

unusual for a MOF synthesis to be carried out in room temperature water, it does set an 

interesting premise as to whether ZIF-8 particles could be grown within GUV chambers. Given 

that - when grown under these conditions - ZIF-8 particles form rapidly (the authors state an 

instant turbidity on mixing the two solutions), we anticipate that the manipulation of multiple 

vesicles could be used to precisely engineer ‘in vesicle MOF growth’. In other words, this 

would entail fusing separate GUVs that contain solutions of each reagent - Zn(NO3)2·6H2O 

and 2-methylimidazole - and the ensuing admixture would result in MOF formation.  

 

Project 3 - Lipophilic [(M2)2L4] Metal-Organic Polyhedra as Novel Oil Spill Cleanup 

Technologies 

Encouraged by the syntheses undertaken in Chapter 5, we posit that tetragonal [(M2)2L4] 

MOPs can be designed as fantastic candidates for the uptake of alkanes common in oil spills. 

Applying the same synthetic chemistry explored in this thesis with slightly different reagents 

would lead to a series of attractive, tailor-made cages. This project would first entail the 

production of synthetic precursors 1 - 3 following a literature procedure26 (Scheme 6.1).   
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Scheme 6.1 - Proposed synthesis of precursor scaffolds 1 - 3. All starting materials are available and inexpensive. 

 

With compounds 3 in hand, X-ray quality crystals of four new MOPs could then be generated 

by following the synthetic strategies used for the [(M2)2L4] MOPs explored in Chapter 5. The 

final structures of these new assemblies are outlined below in Figure 6.2. 

 

Figure 6.2 - Structures of newly proposed MOPs - each with lipophilic inward-facing R groups. 

 

Alongside the synthesis and characterisation of several new compounds and supramolecular 

structures, this project would also involve fairly rudimentary uptake studies. These would be 

simpler, in practice, than gaseous uptake studies (for example, to assess a MOP’s uptake of 

CFCs), in that these materials may simply be weighed before and after soaking in liquid 

alkanes and other organic guests. This approach has been described in recent literature.27 
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Finally, for any MOPs with a particularly high uptake of a given alkane/organic guest, the so-

termed ‘Fujita method’ - wherein SCXRD data are collected for a guest within a cage 

(following soaking) - would be a worthwhile strategy to be able to study precise binding 

motifs.  
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